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Preface

As the 20th century comes to a close, one looks back at the developments that have taken 
place in science and industry. Not only has each discipline within science expanded, but new areas 
of exploration have been added. Like interconnecting pieces of a jigsaw puzzle, all the parts of the 
natural sciences fit together so that no segment of new knowledge remains apparently irrelevant 
for a prolonged period. Within this framework comes the environment and its impact on the quality 
of life. We are fully aware of the effects that people have made on their natural surroundings with 
land development, mining, road building, air pollution, water contamination, the use of hard 
pesticides and fertilizers, and the increasing use of the automobile. However, the interactions that 
take place in nature between organisms are generally ignored by the public who are focused more 
intensely on the “unnatural” forms of environmental change. If, for example, one was to visit a 
climax oak, beech, or pine forest with a group of tourists it is a fair bet that the majority would say, 
“What a magnificent forest!” They would fail to realize that each succession had been a deliberate 
chemical step in the evolution of each forest and that there had been a subtle form of chemical 
warfare taking place. Lichens, mosses, fems, grasses, shrubs and finally trees had each affected 
the growth and development of competitors by exuding chemical compounds from their various 
organs. Added to all these components were the soil microorganisms in the rhizosphere that not 
only produce their individual secondary metabolites, but are also capable of biotransforming those 
synthesized by the surrounding species. This complex interaction we call “Allelopathy”, and in 
order to reaffirm this discipline in the scientific community, the 1st Symposium of the International 
Allelopathy Society (IAS) was held in Cadiz, Spain, in September 1996. The primary aim of the 
Society was to move the science from an observational to a chemical (natural product) basis. In 
addition, it was recognized that the discovery of new secondary metabolites may lead to useful, 
value-added products not only for commerce in the plant sciences, but also for the pharmaceutical 
industry either directly, or indirectly.
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Presentation

Throughout millions years, evolution has endowed the organisms with sophisticated tools 
to establish their relationships with their surrounding organisms. As Science has been discovering 
biochemical interrelation mechanisms, new and promising prospects have been opened to new 
applications that could solve those problems that Society has now posed.

Allelopathy constitutes a paradigmatic example. Its position as a scientific discipline is 
establishing more and more widely between diverse knowledge area researchers. Likewise, its 
possible applications in Agriculture and Ecology are specially promising.

A slight view of contributions collected in this volume is enough to realize that most of 
them correspond to investigations carried out in the University. This reaffirms the role of this 
institution as leader in the scientific innovation in this ambit.

I have to express my personal satisfaction as an Organic Chemist, and as the Rector of the 
University of Cadiz for the fact that our University held the First World Congress on Allelopathy 
of the International Allelopathy Society. Our contribution in the publishing of the first volume of 
the series “Recent Advances in Allelopathy” makes clear the interest of our University for the 
development of this promising scientific discipline.

I would like to thank all those people that have contributed in some way to the publication 
of this book, with special emphases to the members of the Department of Organic Chemistry of 
the University of Cadiz. Their participation has been decisive in the success of this venture.

Guillermo M. Massanet, Rector
University of Cadiz



Introduction

Biochemical interactions between plants (allelopathy) and 
from plants to other organisms influence growth and development in 
biotic communities. These allelochemical activities have been 
recognized by scientists worldwide because they offer alternative uses 
in agriculture, including decreasing reliance on synthetic herbicides, 
insecticides, pesticides, and nematicides. A number of chemical 
classes are represent in the array of known allelopathic chemicals 
with most of them arisingas secondary products of plant metabolism. 
These compounds undergo a variety of reactions with plants, 
microorganisms, viruses, insects, and other animal species that result 
in inhibition or stimulation of growth and development of the receiving 
species.

Allelochemicals may be useful in reducing the quantities of herbicides applied since there 
is evidence that growth inhibition by allelochemicals acts in a cooperative manner with some 
herbicides. In spite of much optimism and some progress on unraveling the complexities of 
physiological and biochemical interactions between species, a firm foundation describing the 
existence and functions of allelopathy is needed if we are to maximize opportunities to capitalize 
on allelopathy in agroecosystems and explain its multiple roles in ecology.

Allelopathy is a component of most natural communities and agroecosystems, but it often 
goes unrecognized. The adverse effects from allelochemicals arising from some weeds and crops 
may reduce production in agricultural fields and managed forest systems. Hence, there is a need 
for evaluating the allelochemical effects of prior plants, residues, associated plants, the 
microorganisms and viruses that give rise to disease, as well as the potential of autotoxicity that 
may occur in many cropping systems Volume I admirably addresses these topics and many other 
problem areas that occur in the field of allelopathy.

The world's need for research, development, and production in the agricultural, biological, 
forestry and ecological systems are known, but our use of the available allelopathy knowledge is 
only beginning. The need to feed the world calls for global changes to be brought about through 
using the tools of biotechnology to create agricultural and forestry plants that produce 
allelochemicals that aid in their own pest, weed, and disease control. The International Allelopathy 
Society emphasizes the evolutionary changes in the nature of these priorities, and this book 
addresses some of these changes. The judicial use of allelopathy reflects these new priorities and 
new values which are evolving within our society.

George R. Waller, President
International Allelopathy Society 
Stillwater, Oklahoma, USA.
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Methodologies for Allelopathic 
Research: from Fields to
Laboratory

Chang-Hung Chou

Institute of Botany, Academia Sinica,
Taipei, Taiwan 115

ABSTRACT

Allelopathy plays an important role in the mechanisms of plant dominance, succession and 
the climax of natural vegetations, and crop productivity in agroecosystems. There are various 
methodologies and techniques for evaluating the allelopathic potential of plants and for elucidating 
the mechanisms that decrease productivity of crops in continuous monocultures. The author has 
made an extensive review and has concluded that there are several steps in conducting allelopathic 
research. These include: (1) field observations and measurements, (2) field experiments, (3) 
greenhouse experiments, and (4) laboratory bioassays. Regarding the first, a unique pattern of 
herb exclusion by California chaparral vegetation, such as Salvia leucophylla and Arctostaphylos 
glandulosa var. Zacaensis, was demonstrated. In the second, two examples serve; one is the clearing 
of chaparral vegetation, another is a pasture-forest intercropping system. Concerning the third, the 
hypothesis that phytotoxins are produced during the decomposition of rice and mungbean residues 
in soil was tested, and it was concluded that both sets of plants induced an autointoxication. In 
order to evaluate the phytotoxic effects of extracts, leachates, or compounds isolated from plants 
on the growth of susceptible plants, five major bioassay techniques were employed. These were a 
standard sponge bioassay, a standard volatile bioassay, a bioassay for root initiation, a sand bioassay 
and a chromatographic bioassay, and they have been employed by many investigators. It is concluded 
that these methodologies and techniques have revealed a bright and rich future for allelopathic 
research and the results will be beneficial to humankind.

INTRODUCTION

Since the 1960s, allelopathy has been increasingly recognized as an important ecological 
mechanism that plays an appreciable role in plant dominance, succession, formation of plant 
communities and climax vegetation, and crop productivity. The allelopathic phenomenon is always 
related to other environmental parameters and is difficult to single out from the environmental 
complex.1 Research has been extensively conducted by scientists in many parts of the world.212
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The research methodology has varied with different situations and could not be unified, although 
many studies were very similar. Nevertheless, the phenomenon obviously occurs in both natural 
and agricultural ecosystems. The author has participated in this discipline since studying the 
isolation and identification of phytotoxins in the sugarcane plant and soil in 1966. Many attempts 
were made to evaluate the phytotoxins present in plants and soils in various habitats. However, no 
general method was established to precisely evaluate allelopathic activity in the field, although 
the patterns exhibited in many habitats were similar. Nevertheless, scientists often set up field 
experiments, greenhouse and laboratory tests to examine the allelopathic hypothesis. This paper 
describes methodologies and techniques that are successfully used in elucidating mechanisms of 
allelopathic phenomena in various habitats observed during the past few decades.

LOGICAL APPROACHES FOR ALLELOPATHIC STUDIES

Requirements for Allelopathic Research

Among the excellent papers dealing with allelopathic studies, Muller’s publication1 has 
been recognized as the most outstanding. Muller’s statements are still excellent guides for students. 
The statements are thus quoted “(1) the plant must produce a toxin, (2) there must exist a means of 
releasing the toxins into the environment, (3) a means of movement and concentration of toxin 
must exist, (4) susceptibility of apparently inhibited plants must be established, (5) elimination by 
controlled experimentation of physical factors and non-chemical biotic factors are completely 
mandatory.” The aforementioned five points have to be confirmed by conducting experiments in 
the field, greenhouse, and laboratory. To my knowledge, the most difficult task of allelopathy is 
the exclusion possibility of competing factors. There is hardly any example in which interference 
of one plant against another is due solely to a single mechanism. It is often found that mechanisms 
including allelopathy or other competition are simultaneously involved. Harper13 has studied the 
demography of plant populations and has not denied the existing mechanism of allelopathy even 
though he has often favored competition.

Figure 1. A unique pattern of relatively bare ground on the floor of Phyllostachys edulis (bamboo) 
(A), and luxuriant growth of understory plants on the floor of Cryptomeria japónica (Conifer) (B) 
at the Shiton Expt. Station of NTU, Taiwan.14

Using competition for light as an example, the response of understory plants on stands of 
bamboo plants (Phylostachys edulis) and of conifer trees {Cryptomeria japonica) are different, 
with an almost total lack of understory plants on the bamboo floor (Fig. 1 A) but a great abundance 
on the conifer floor (Fig. IB). Chou and Yang14 thus established a site at the Shitou Forest Expt. 
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Station of the National Taiwan University, Nantou to measure the distribution of understory 
species along a transect including both conifer and bamboo forests and an ecotone. On a sunny 
day in September 1981, the light intensity ranged from 2000-2500 lux under the canopy of P. 
edulis, from 1000 to 1200 lux in the ecotone, and about 200 lux under that of C. japónica', on a 
cloudy day, the light intensity decreased proportionally, ranging from 350 to 300 lux in the bamboo 
stands, and about 50 lux in the conifer stands. However, the total number and dry weight of 
seedlings per square meter were much higher in the conifer community than in the bamboo forest 
(Fig. 2). Forty-five understory species were found in the conifer floor in the Shitou forest area 
regardless of the planting density of the forest. Most of species reported were also found under the 
canopy of many bamboo species except P. edulis. Some facultative sciophytes, such as Commelina 
undulata, Diphazium dilatatum, Pratia nummularia, and Polygonum chinesis, which disappeared 
from the conifer floor, were not due to low light intensity beneath the canopy of conifer. Other 
species, such as Pellionia scabra, Begonia randaiensis, Ficuspumila, Microlepia strigosa, Piper 
arboricola, and Urtica thunbergiana revealed significantly lower importance value (IV) in the 
bamboo floor than that in the conifer floor, and was not likely due to the higher intensity of fight 
underneath the bamboo canopy. Based on their three-year field observation, we were convinced 
that the exclusion principle of understories in the two types of vegetation was unlikely to be due to 
physical competition for light.

Figure 2. Comparison of light intensity and number of seedling and dry weight of seedlings in 
three vegetation zones, P. edulis, C.japonica and ecotone.14
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Steps in Allelopathic Approaches

To elucidate the mechanisms of allelopathy, an investigator has to first take steps to clarify 
that chemical versus physical competition is not involved. Accordingly, necessary studies include 
(1) field observations and measurements, (2) field experiments, (3) greenhouse experiments, and 
(4) laboratory assays, including chemical and biological assays.15 Based on experience and findings, 
the author now describes the processes and techniques that have been widely applied to allelopathic 
studies since 1960s.

FIELD OBSERVATIONS AND MEASUREMENTS

Figure 3. An unique pattern of bare zone surrounded by a dominant shrub of Salvia leucophylla 
in California chaparral vegetation; a bird's-eye view (A), and a close view (B) (photos taken by C. 
H. Muller)3.

Regardless of detrimental effect of one plant species upon another, or autointoxication, an 
allelopathic phenomenon has to be clearly demonstrated in the field. When we examine a natural 
vegetation, such as a hardwood or coniferous forest, we often note the phenomenon that underneath 
a dominant vegetation there is a lack of understory species, or a low species diversity. One might 
explain the lack of understory plants as being due to the competition for fight, nutrients, or soil 
moisture, and not be concerned about an important aspect of biochemical interaction between the 
dominant plant and its associated understory plants. The biochemical inhibition of one plant upon 
another was termed allelopathy.16 Unique evidence of a bare zone surrounded by a dominant shrub 
of Salvia leucophylla has been shown in California chaparral vegetation (Fig. 3). The bare zone 
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was the result of the release of toxic volatile terpenes from the shrub to the rhizosphere, thereby 
suppressing the growth of associated grassland plants, namely Bromus rigidus, Avena fatua and 
others.3 This unique pattern of herb exclusion by S. leucophylla was observed by an eminent plant 
ecologist, Dr. C. H. Muller, for more than a decade. I present this case simply because he had 
carefully observed the phenomenon for a decade before he tackled in allelopathic study (personal 
communication in 1968, when the author was a graduate student under his supervision). I took his 
advice as an important guideline, and when there is a similar example in the field I always look 
cautiously over the existing pattern for a significant length of time, perhaps even ten years, as in 
the case of Phylostachys edulis (bamboo plants) (Fig. 1 A),14 Leucaena leucocephala (leguminous 
plant) (Fig. 4A),17 Delonix regia (Fig. 4B),18 Zelkova formosana (Fig. 4C),19 and Acacia confusa 
(Fig. 4D) (Chou and Fu, unpublished data). During the observation period, we often use the IV 
and H’ (diversity index) to measure the dynamic distribution of understory species at various 
times and habitats in order to clarify that physical competition, such as fight, nutrient and soil 
moisture, is not responsible for the phenomenon.

Figure 4. An allelopathic pattern of weed exclusion under the canopy of various forests, namely 
Leucaena leucocephala (A), Delonix regia (B) Zelkova formiosana (C), and Acacia confusa (D) 
in subtropical region of Taiwan.

Example of Vegetational Pattern

At an elevation of about 1000 m on the Zaca Ridge, California, USA, extensive pure 
stands of Arctostaphylos glandulosa var. Zacaensis exist on a uniform substrate of Monterey 
Shale of the middle Miocene,20 a deeply fractured, soft, siliceous rock. The shrub stands vary in 
density from completely closed canopies, to about 50% cover. The soil surface may be thickly 
covered with accumulated litter in the dense stands, or only lightly covered, or quite bare in 
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natural openings (Fig. 5). The entire vegetation is a single layer comprising a single dominant 
shrub, the soil beneath being quite devoid of an herb layer regardless of density, or openness of the 
shrub canopy.21

Figure 5. A bare zone between shrubs of Arctostaphylos glandulosa var. zacaensis occurring in 
the Zaca Ridge, California (A), and totally lacking of understory species beneath the shrub (B). 
The photos were taken by the author in 1972.

Field Experiment Setting

Experimental design and settings are usually dependent on the nature of the plants and 
hypothesis being examined. Two case studies follow:
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Clearing Experiment

As mentioned earlier, a dominant chaparral vegetation such as Arctostaphylos glandulosa 
var. Zacaensis is totally lacking in understory species, and a bare zone shows between the shrub 
and its adjacent grassland species.21 Three quadrants, 15x10m each, were selected in a relatively 
pure stand of Arctostaphylos and fenced with iron net. Above ground plant parts, such as leaves, 
stems and branches, were removed by cutting half quadrant plant parts. The remaining half served 
as controls (Fig. 6). Field measurements were taken seasonally after clearing. The experiment was 
designed to test the hypothesis that the exclusion of understory species was due to competition for 
physical factors, including light, soil moisture and nutrient. The number of seedlings appearing 
right after clearing was exceedingly low in the first growing season and was persistently low at the 
end of three years following clearing (Fig. 6), indicating that competition for light and other 
resources was not the primary reason for the diminished understory species in the shrub stand.21 
Comparing Arctostaphylos with Adenostoma fasciculatum, also a dominant shrub in the same 
area, the number of seedlings of Adenostoma was significantly higher than that in Arctostaphylos 
(Fig. 7).22 This difference was also found in the case of fire with both shrubs, reflecting that the 
biochemical inhibition was higher in Arctostaphylos plant parts than in Adenostoma. The mechanism 
for the phenomenon was later proved by bioassay, and chemical identification, that allelopathy 
played an appreciable role in the exclusion of understory plants.21

Figure 6. Lack of herbs in an artificial clearing within an Arctostaphylos thicket photographed at 
the end of the second growing season following shrub removal; a experimental clearing quadrant 
with half quadrant remained non-clearing (A) and a few seedlings appeared on the clearing area 
(B). The photos were taken by the author in 1971.
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Figure 7. The comparison of seed germination response to experimental clearings in Adenostoma 
and in Arctostaphylos sites through two growing seasons.22

Pasture-forest Intercropping Setting

Allelopathic plants can be practically used as weed control agents in the field. There has 
been an increasing awareness of their importance as far as environmental protection is concerned. 
A case study of a pasture-forest intercropping system was demonstrated in the deforested land 
where Kikuyu grass (Pennisetum clandestinum) was introduced to a field previously occupied by 
Chinese fir, Cunninghamia lanceolata. The regeneration of Chinese fir and other coniferous species 
suffered from weed infestation after deforestation. Expensive labor costs in Taiwan and the 
environmental pollution caused by using herbicides are so severe that they generated the idea of 
introducing an aggressive, or an allelopathic, pasture grass into the deforested land to solve the 
weed problem. Two experiments were, therefore, conducted by Chou and his associates.19'23

A study site was located in the farm of the Hoshe Forestry Experiment Station of the 
National Taiwan University at Nantou at about 1300 m in elevation. In this deforested area, with 
a slope of about 15, three transects were set up. Each transect consisted of three replicates of four 
treatment plots (2 X 4 m for each) using a split plot design. Between each plot, a furrow 60-100 
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cm wide was established. The four treatments were designated as follows: (A) surface fir litter 
removed and kikuyu grass planted, (B) surface fir litter left and nothing planted, (C) surface fir 
litter removed and nothing planted, and (D) surface fir Utter left and kikuyu grass planted. Stolon 
cuttings of kikuyu grass (Pennisetum clandestinum Hochst. ex Chiov.) were planted. The area 
was well protected and very little mammal activity occurred during the study.

Another similar experiment was conducted by Chou and his associates (1989) at the same 
site. Instead of four treatments, eight were initiated as follows: (A) open ground with no planting, 
(B) planted with kikuyu grass alone, (C) planted with kikuyu grass and Alnus formosana (Burk.) 
Makino, (D) planted with kikuyu grass and Zelkova formosana Hayata, (E) planted with A. 
formosana alone, (F) planted with Z. formosana alone, and (G) planted with C. camphora alone. 
Stolon cuttings of kikuyu grass (Pennisetum clandestinum Hochst. ex Chiov.) were planted in 25 
X 25 cm density and 25 seedhngs (about 15 cm tall) of each hardwood species were transplanted.

Field measurements, including number of species, number of seedlings, and percent coverage 
of weeds, kikuyu grass, Chinese fir, and three hardwood species were made on a number of dates 
during 1984-1988. The data from field measurements were subjected to statistical analysis of 
variance.

Figure 8. Effect of field treatments on the number of seedlings and species and relative coverage 
harvested in 5 dates in 1984. The treatments are: A: litter removed and nothing planted, B: litter 
left and nothing planted, C: litter removed and kikuyu grass planted, D: Utter left and kikuyu grass 
planted.23

In the first treatment, it was concluded that the kikuyu grass significantly suppressed the 
growth of weeds longer than four months, but did not reduce the growth of fir seedlings (Fig. 8). In the 
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second experiment, it also showed that the weeds grew luxuriantly six months after treatment in 
plots which had not been planted with kikuyu grass. However, the growth of weeds was significantly 
retarded. That of woody plants was not affected when the plots were planted with kikuyu grass 
(Fig- 9).

Figure 9. Effect of field treatments on ground cover expressed in percent per plot of kikuyu grass 
and weed harvested on four dates, (1) November 11, 1986, (2) April 29, 1987, (3) October 28, 
1987 and (4) May 3,1989. The abbreviations: A=open ground without planting any plant, B=planted 
with kikuyu grass, C=planted with kikuyu grass and A. formosana, D=planted with kikuyu grass 
and Z. formosana, E=planted with kikuyu with C. camphor, F=planted with A. formosana, 
G=planted with Z. formosana, and H=planted with C. camphora.19

GREENHOUSE EXPERIMENTS

Autointoxication Mechanism of Crop plants

It is well known that a certain quantity of the unharvestable portion of a plant is left in the 
soil, and the crop debris in soil has always been thought to be beneficial to succeeding crops. 
However, evidence indicates that these residues are sometimes harmful to plant growth.2,24'29 
Autointoxication is a phenomenon caused by plant residues and results in a self-detrimental 
effect. This phenomenon has been known in monocultural crops. Two examples are thus described:

Rice

In order to test the hypothesis of phytotoxicity produced during decomposing rice residues 
in soil, Chou and Lin26 designed a greenhouse pot experiment where a soil chopped-straw mixture 
(10 kg: 100 g) was placed in each clay pot. This mixture was flooded with tap water and allowed 
to decompose for 3, 6, and 8 weeks. Then, 3 rice seedlings (3 weeks old) were transplanted into 
each pot. Soil alone, treated in the same manner, served as the control. The results showed that the 
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growth of rice seedlings was significantly suppressed by the decaying materials at 3 weeks and the 
inhibition on root growth was severe after a decomposition time of 6 to 8 weeks. In addition, 
chopped rice residues to 2.5 cm long were mixed with 3 kg soil and 21 of distilled water and left 
to decompose for 1, 2,4, or 8 weeks. At the end of each period, an aqueous extract was obtained 
by squeezing the residue-soil mixture through cheesecloth and centrifuging at 5,000 rpm. The 
extract was used for chemical analysis and bioassay. The residual soil was returned to the 10-liter 
container, to which 1,500 mL water was added. This mixture was then allowed to decompose 
further for another week, after which this same extraction process was repeated.

Results of bioassays are given in Fig. 10, indicating that the phytotoxicity of the extracts 
from the soil mixed with rice straw was significantly higher than controls. The toxicity was 
obviously high in the straw-soil extract, but gradually decreased with increased decomposition 
time and subsequent extractions. Nevertheless, the phytotoxicity (above 40%) was still persistent 
in extracts after 16 weeks decomposition.

Figure 10. Phytotoxic effect of extracts from decomposition of rice residues in soil on radicle 
growth of lettuce. (A) Extracts were obtained from the soil alone (C) and from soil-straw (T) after 
the indicated periods of decomposition; (B) subsequent extractions were made from the soil and 
soil-straw samples. On the C15 Tj sets of pots, extractions began at the end of the first week; on the 
C2, T2 at the end of the second week; on the C4, T4, at the end of the fourth week; on the C8, T8, at 
the end of the eighth week. After each extraction, the residues were returned to the same pot for a 
period of further decomposition.26

Mungbean

The following experiments describe the effect of growing mungbeans on the same soil that 
was used to grow mungbeans. Control soils, in which no mungbean had been grown for the previous 
3 years, were used. Results revealed that the mungbean soil showed significant inhibition of the 
growth of mungbean plants 40 days after planting. Furthermore, mungbean plant parts (large 
stems 0.5%, root 0.2%, and top 0.9%) were mixed thoroughly into 500g soil, 2 pots per treatment. 
Controls consisted of soil in which no plant parts were mixed. Mungbean seeds were planted and 
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seedlings were measured 40 days after treatments. Results showed that stems of the mungbean 
plant contain the predominant chemicals that exert their allelopathic activity toward mungbean 
plants (Fig. II).30

Figure 11. Allelopathy of mungbeans growing in AVRDC soil for 40 and 81 days. Legend: Control 
soil: 1 week; 4 weeks and 8 weeks.30

Allelopathic Effect of Artificial Leachate or Artificial Raindrops from Plant Parts

Organic and inorganic substances are commonly leached from the above ground plant 
parts by rainfall, mist, fog, and dew.2131 This phenomenon was described by Stephen Hales and de 
Saussure in the early 18th century, and subsequent studies were conducted in many parts of the 
world. Phytotoxic metabolites in leachates often play an important role in the regulation of plant 
dominance, succession, stability of plant communities and agricultural productivity.1’ ’■32 The 
leaching phenomenon in the humid, rainy region of Taiwan is of particular importance (because of 
the substantial amount of annual precipitation). Chou and coworkers studied the ecological functions 
of plant leachates in various vegetations33 and found that some leachates exhibited allelopathic 
properties. Chou34 further investigated the phytotoxic nature of leachates from four subtropical 
grasses, Brachiaria mutica, Digitaria decumbens, Imperata cylindrica, and Panicum repens, in 
order to clarify biochemical interference both intra- and interspecifically.

Because of difficulties in collecting leaf leachates from natural vegetation at the study site, 
a leaf leachate apparatus was designed.34 The apparatus consisted of three layers of plastic containers 
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(each container 50 X 40 X 15 cm) with about 600 holes (less than 0.1 mm in diameter) on the 
bottom of the upper two containers. The top container was filled with 7500 mL of deionized 
water, which simulated natural rainfall. Leaves (250 g) were placed in the middle container, 30 cm 
below the upper container, to receive the artificial rain. The leaf leachate was collected in the 
lowest container and was recirculated through the upper container for 48 hr (Fig. 12). The leachate 
was then stored in a cold room at 5 C prior to analysis. Of the 800 mL leachate, 200 mL was 
filtered through Whatman No. 42 filter paper and used for bioassay or chemical analyses.

Figure 12. The leaching apparatus system: A= a plastic tray, 55X40X15 cm with numerous needle
sized holes (2 cm between holes) was filled with tap water, which dripped through the holes to 
make an artificial raindrop; B= the same as tray A was filled with chopped plant material to 
receive the artificial raindrop from tray A; C= a plastic tray, like that of A and B, without holes to 
receive plant leachate from tray B. The pump recirculated the water from tray C to tray A.

BIOASSAY TECHNIQUES

Among many bioassay techniques used by scientists, convenient and reliable techniques 
used for the study follow:

Standard Sponge Bioassay

The standard sponge bioassay was originally described by McPherson and Muller.35 A 
piece of 5 X 5 cm cellulose sponge, cleaned and dried before use, was soaked with test solutions 
of either plant extracts or with distilled water as a control. This was placed in a plastic petri dish 9 
cm in diameter. A Whatman filter paper, soaked with the test solution, was placed on an identical 
sponge. Ten test seeds, presoaked for 2 hr with either extracts, or distilled water as control, were 
placed on the filter paper. The petri dish was then covered and sealed with parafilm then placed in 
a 25 C ± 2 C incubator in the dark for 48 hr or 72 hr, depending upon the test species. Usually, 
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lettuce seeds took 72 hr and seeds of Bromus rigidus took 48 hr. After inoculation, the number of 
seeds germinated was recorded and the radicle lengths measured (Fig. 13). The data were then 
subjected to statistical analysis.

Standard sponge bioassay

Steps:

1. Sponge saturated 
with Dist. H2O or 
Extract

Filter paper

2. Seeds Soaked with
Dist. H2O or Extract
for 2 hr

5 cm

cellulose sponge

5 cm

5 cm

!
3. Petri dish sealed

with parafilm 4 

4. Incubation at 25 C 
for 48 hr or 72 hr

Figure 13. A scheme of standard sponge bioassay technique.35

Volatile Bioassay

Volatile Compounds from Plant Material

In order to test the phytotoxicity of volatile compounds from plant parts, a standard 
sponge bioassay was described by Muller.3 For testing volatile compounds from fresh leaves,
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about 2 g of leaves were chopped into small pieces and placed in two beakers, 2X2X3 cm, 
which were placed in a glass petri dish, 100 X 15 cm with a prewashed dried Whatman 3 MM 
filter paper (5X5 cm), and were kept moist with distilled water. Ten prewashed seeds of test 
plants were placed on the filter paper using the same techniques described in the standard sponge 
bioassay. The volatile compounds released into the petri dish chamber affected the test plant 
radicle growth (Fig. 14).

Standard volatile bioassay
L------------  10 cm ■— ------------J

volatile compound from fresh meterial

Steps:
1. Fresh plant material (2g) placed in a 2 X 3 cm beaker
2. Chromatographic paper 5 X 5 cm placed on the top 

of cellulose sponge and moistened with dist. H2O
3. Seeds prewashed with tap water placed on the paper
4. Sealed the beaker and incubated at 25 C for 48 hr

Figure 14. A scheme of standard volatile bioassay technique.3

Volatile Compounds from Plant Extracts

To evaluate toxic volatile compounds from plant extracts, another volatile bioassay method 
used was a modification of Muller’s.3 It was carried out in 100 X 15 mm plastic petri dishes. Four 
half-pieces of test tube plug sponge, 0.5 X 3.14 X 8 X 40 mm, were placed around the inside 
periphery of the petri dish. The sponges were saturated with the test extracts, or with distilled 
water as the control, before they were placed in the petri dish. A piece of 2 X 2 cm Whatman 3 
MM chromatographic paper, prewashed with distilled water and dried, was placed in the center of 
the petri dish. The paper was kept moist with distilled water during the bioassay period. Lettuce 
seeds, Lactuca sativa cv. Great Lakes, previously washed for 2 h under running water, were used 
for the bioassays. Ten seeds were placed on the test paper, and the plate was sealed with a 10 X 10 
cm sheet of parafilm. Three replicates were used for each treatment, and for the control. The 
dishes were incubated at 21-22 C for 72 h. The germination of the control seeds was uniformLy 
above 93%. Results were expressed as percentage of controls, using radicle lengths measured to 
the nearest millimeter.
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Bioassay of Root Initiation

This method was used to measure the effect of allelopathic substance from leachate, or 
extracts, on the development of adventitious roots from an excised stem node. Five fresh cuttings 
of target plant, 5 to 6 cm long and each having a node which was a third to a fifth from the apex, 
were put in about 80 mL of leachate or extract, or distilled water (control) in 100 mL beakers, with 
4 replications. The beakers were kept at 25 for 6 days in the dark, and the total length, number, and 
fresh weight of adventitious roots per cutting were recorded.

As mentioned in the previous section, rice roots growing in decomposing rice residues 
were much thriftier than those in the controls. An investigation, therefore, was attempted to 
understand the inhibition of adventitious root initiation from the hypocotyl cuttings of mungbeans, 
to see if they were affected by rice-straw-soil extracts. The results showed that root initiation of 
mungbeans was greatly retarded by extracts from decomposing residues, but proceeded normally 
in control soil extracts. The degree of inhibition decreased with increased decomposition time 
(Fig. 15), and the retarded hypocotyl cuttings became dark brown and quite fragile.26

C«soil T • soil- root-slraw

Figure 15. Inhibition of root initiation of hypocotyl cuttings of mungbeans as affected by extracts 
of soil alone (C) an soil-residue (T) at different decomposition periods.

As to the rooting test of cuttings, it is reported in O. perennis that the development of 
adventitious roots from an excised stem node, sampled at the stage of seed ripening, and sand- 
cultured for 5 days, served as an index of ratooning ability, or perenniality;36 by this method, the 
perenniality index values for the Oryza and Leersia plants used were 2.7 and 2.4 (3 being the 
highest), and the percentages of rooting were 98 and 72, respectively.

Sand Bioassay

Test of Extracts on Plant Seed Germination and Radicle Growth

In a petri dish, 9 cm in diameter, 50 g prewashed sea sand was placed. The sand was 
watered with about 12-15 mL of either test solution, such as leachate or extract, or distilled water as 
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control. Twenty seeds of each test plant were evenly embedded in the sand and the petri dish 
sealed with parafilm and placed in an incubator at 25 C ± 2 C for 48 hr or 72 hr. The seed radicle 
length was measured after incubation.

Test of Extract on Root Initiation of Plant Cutting

Two methods were used, each using two replications. (A), 10 cuttings of each species were 
sand-cultured in a 100 mL beaker at about 25 C for 7 days in the dark, and the total root length of 
each cutting producing roots was recorded. (B), the cuttings were cultured in a tray with moist 
sand a priori for three days, and those initiating roots were selected and their total root lengths 
were recorded.

Chromatographic Bioassay

Chromatographic bioassav

Steps:

1. Chromatogram of 
plant extract

4. Scaled with parafilm 
and incubated at 
25 C for 72 hr

3. Chromatographic 
spot A moistened 
with dist. H.O

Chromatographic spot

2. Lettuce seeds 
prewashed with tap 
water for 2 hr

Sponge (0.1 x 3 
cm) saturated 
with dist. H.O

Figure 16. A scheme of chromatographic bioassay techniques.21
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The question as to the effectiveness of allelopathic compounds, such as water soluble 
phenolics, remained. To answer this question, paper chromatography was employed37 and a specific 
bioassay method called “chromatographic bioassay”21,71 was used. For the test, 30-pl samples of 
the ether fraction of an aqueous plant extracts were spotted on the chromatographic paper strips. 
The same amount of ethanol was spotted on separate paper strips as the control. Paper strips were 
developed with 2% aqueous acetic acid. The paper strips were dried carefully, after developing, to 
avoid solvent contamination. The freshly developed chromatograms were examined under short
wavelength UV light, and sprayed with the reagents DPNA or DQC.37 Based on the Rvalues of 
known compounds, the corresponding spots and the segment of control chromatograms were cut 
out for bioassay. The spots or segments were each placed in petri dishes, moistened with distilled 
water, planted with 10 lettuce seeds, prewashed with tap water for 2 hr, sealed and incubated at 26 
C for 72 hr. All tests were triplicated (Fig. 16).38

By taking the example of Adenostomafasciculatum, the results of chromatographic bioassays 
indicated that considerable toxicity remained when the phenolics were removed from the system. 
In chromatogram bioassays, both germination and growth were suppressed on Rf segments 0.6 
through 1.0, and, while germination was unaffected, growth was reduced in segments 0.3 through 
0.6 as well.38 In addition, a chromatographic bioassay result obtained from the ether fraction of the 
aqueous extract of Coffea arabica is shown in Fig. 17. It shows that the phytotoxicity is located in 
a high Ry region with 2% HO Ac as developing system. The results indicated that most phytotoxins 
present in C. arabica were water soluble and identified as caffeine, theobromine, theophilline, 
and some phenolic acids.

Figure 17. Location of compounds on paper chromatogram and relative phytotoxicity to lettuce 
seed germination and radicle growth of compounds found in the ether fraction of aqueous extract 
of fallen coffee leaves. The corresponding Rf segment of developed papers with or without spotting 
extract was used as test and control, respectively. The paper strip was developed with 2% acetic 
acid.8
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CONCLUSIONS

Generally, there are four processes by which allelopathic substances are released into the 
environment: volatilization, leaching, decomposition of plant residues, and root exudation. The 
compounds accumulated on the surfaces of leaves, stems, and other plant parts may be easily 
released through volatilization when the environment is dry. To detect the biological activity of 
the volatile compounds, such as camphor, a specific bioassay technique as described in the text 
should be adequate. The experiment by Muller3 is an unique example to detect several compounds 
from leaves of Salvia leucophylla. Chou and Patrick28 modified the technique to detect volatile 
compounds from the extracts produced during the decomposition of com residues in soil. These 
techniques were successful and could be applied to similar cases. On the other hand, many 
allelopathic compounds are water soluble and may be leached out from leaves, stems, twigs, 
flowers and other plant parts. A leaching apparatus was designed to collect artitifical raindrops, or 
leachate in the laboratory. The aqueous leachate, raindrop or extracts of plants and soil, or 
decomposing plant residues are detected by various bioassay techniques, as described. Many 
investigators have used the “standard sponge bioassay”, and modified bioassays, to examine many 
allelopathic plants.

In addition, toxins accummulated in the soil are difficult to isolate, so a direct soil bioassay 
proved to be a convenient way to establish the presence of phytotoxicity. The evidence provided 
from the mungbean soil rotated with mungbean for more than two crops showed that phytotoxicity 
existed. Furthermore, isolated fractions of the soil extract were bioassayed and proved to be 
allelopathic. A chromatographic bioassay was also employed to detect the location of toxic spots 
which can be further isolated and confirmed by phytotoxicity and chemical identity. With phytotoxic 
phenolics and alkaloids, we have demonstrated many examples and included techniques developed 
by many other workers. Nevertheless, these techniques as described could not be universally 
applied to any study and have to be modified by workers in individual situations. For example, 
when cellulose sponges are not available, clean cheethcloth, or tissue paper may be used. Regarding 
bioassay test species, one may use any local species if the seed germination is uniformally high. 
Of course, when a bioassay employed, test materials should be as varied as possible, in particular 
the plants present underneath the dominant vegetation or in nearby habitats. Although lettuce 
seeds are the most reHable and convenient for bioassay, other weed seeds which are associated 
with the dominant plant can be used.

Allelopathy is not only a phenomenon in theoretical biology with an important role in the 
evolutionary process, but is also useful in experimental biology and has very practical use in 
agriculture.3215 An allelopathic worker should have the qualities of patience in field observations 
of allelopathy, dedication in field, greenhouse and laboratory experimental design, careful bioassay 
procedures, and absolute chemical identification of allelopathic compounds.39 All these make it 
possible to achieve a successful career in allelopathy. The science has a bright and prosperous 
future, and the findings will certainly be of benefit to humankind.
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ABSTRACT

To assess allelopathic activity in the laboratory, we developed new bioassays named “Plant 
Box Method”, and “Sandwich Method”, and compared the allelopathic activity of more than 400 
plant species and 2000 cultivars. To discriminate allelopathy from other factors of competition, we 
tried 1) Stairstep Method by Rice et al, and Koeppe et al, 2) Continuous Root Exudates Trapping 
System by Tang, and developed two methods named “Rotary Greenhouse Method” and “Revised 
Substitutive Design”.

There are many factors involved in allelopathy, such as competition for light and nutrients. A 
“Weed Suppression Equation” including these factors was proposed, and we found that leguminous 
cover crops such as hairy vetch, velvet bean, and gramineous cover crops, oats, rye, and barley are 
the most promising allelopathic plants to reduce weed populations in the field.

To assess the allelopathic chemicals in a simple way, the TLC-flat-agar method was invented 
by Fukushi et al. This method is very convenient to determine the active chemicals corresponding to 
allelopathy. In combination with the “Plant Box Method” and HPLC separation, we identified L-3, 
4-dihydroxyphenylalanine as the principle allelochemicals exuded from velvet bean root.

EXPERIMENTAL AND RESULTS

Our group has been engaged in a search for allelopathic plants in order to determine allelopathy 

25



Recent Advances in Allelopathy. Vol. I. A Science for the Future

and its mechanism. In the course of these studies, we developed some new methods to discriminate 
and identify allelopathy from other competitive factors such as nutrients, light and water.113 We have 
reported allelopathy in velvetbean,13 hairy vetch,111214 medicinal plants,210 and others.

The “Plant Box Method” was developed,911 and more than 400 species were tested. Young 
plants were cultivated for one to two months in sand and in standing water containing a nutrient 
solution. The receiver plant used for bioassay was lettuce (Great Lakes 366), because it is highly 
sensitive to bioactive substances. The results of screening of candidates for allelopathic cover crops 
from leguminous and gramineous species by the Plant Box Method show that leguminous cover 
crops such as velvetbean (Mucuna pruriens), hairy vetch, yellow sweet clover and white sweet 
clover have strong allelopathic inhibitory activities. Gramineous species, such as oat, wheat, millet, 
rye also show strong inhibitory activity.

The “Sandwich Method” was also developed to assess the allelopathic activity of fallen 
leaves from trees and cover crops. The principle of this method is the same as the Plant Box Method, 
and allows the allelochemicals to move in agar medium. We tested Japanese domestic trees and 
Brazilian tropical trees.81215

For the screening of allelopathic activities, we revised the method developed (by Lehle and 
Putnam (1982)). By using a logistic function (Richards’ Function) fitted to lettuce seed germination 
and growth curves, we were able to 1) determine the parameters of germination and growth rate that 
are biologically significant, namely the final germination percentage (A), germination rate (R), and 
the onset of germination (Ts), 2) determine the optimum conditions for the development of an 
allelopathy bioassay, 3) estimate the mechanism of action of active substances, and 4) quantify the 
activities of allelochemicals. The conditions for testing lettuce seed germination for screening of 
allelopathic properties were as follows: a Whatman No. 1 filter paper was placed in a 5.5 cm petri 
dish, and 1.6 mL of the test solution were added. The osmotic pressure of the test solution should not 
exceed 50 kPa, which is equivalent to an electroconductivity of 1 mS/cm. Twenty seeds of lettuce 
(Great Lakes 366) were put on the filter paper, and incubated in the dark at 25 C.1 By using this 
method we surveyed Japanese weeds and crops for water-extractable allelopathic chemicals,2 and 
medicinal plants.3

To discriminate allelopathy from other competition, we initiated 1) Stairstep Method4,5,16 
and the Continuous Root Exudates Trapping System.4, ’■16 The stairstep method is a sort of sand 
culture, connecting the pot with pipes so that root exudates of one plant could flow into another. We 
tried this method for the discrimination of allelopathy of tomato, common lambsquarters and velvet 
bean. In the case of tomato, we could not show the allelopathic effect from donor plants, but in case 
of common lambsquarters and velvetbean, we could attribute the inhibition by allelopathy through 
root exudates.4,5

In the course of the discrimination study, we developed a new method named the “Rotary 
Greenhouse Method”.4,5 This method is, essentially, a sand culture wherein the upper parts of the 
two plants in the same pot are divided by a wall, through which light cannot penetrate, in order to 
separate the leaves of the plants and to make the fight conditions identical during the growth in a 
rotary green house. The rotary green house is a huge green house located in the National Institute of 
AgroEnvironmental Sciences and its floor rotates about once per hour. By using this greenhouse, we 
could discriminate the allelopathic contribution and found velvetbean the most promising allelopathic 
plant.

Another discrimination method that we developed is the “Revised Substitutive Design”.6,7 
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This method is suitable to discriminate allelopathic contributions in field conditions. We tried the 
discrimination of upland rice, taro, and oat by substitutive experiments and in modified experiments. 
Also, intercropping of velvetbean by substitutive experiments, and it suggests the companion planting 
of velvetbean with com and Kidney bean.

There are many factors involved in allelopathy, such as competition for light and nutrients. A 
“Weed Suppression Equation” including these three factors was proposed.14 Next, the equation 
F = AxRxCxa was postulated. In this equation, “A” means the allelopathic factor, whose upper 
limit is 5, “R” means the growth rate of plant and represents competition for nutrients and water, “C” 
means the covering factor and represents competition for light. We compared the contribution of 
“A”, and found it is far better to simulate the “W”, the real weed suppression rate on the fields.

By applying this equation, we found that leguminous cover crops such as hairy vetch, velvet 
bean, and gramineous cover crops, oats, rye and barley are the most promising allelopathic plants to 
reduce weed populations in the field. We tried practical weed suppression by hairy vetch and found 
this legume to be very promising in suppressing weeds in fields.1718 In a cooperative study between 
Japan and the United States of America, authorized by both governments, we tested weed control 
using the same allelopathic cover crops. The results showed that hairy vetch is the most promising 
allelopathic crop to suppress weeds in fields. We also planted hairy vetch in orchards and obtained 
good results with weed suppression.15-18 Field tests for weed suppression were designed: 1) At the 
experimental station: 1 m x 1 m quadrants were seeded by candidate cover crops, according to statistical 
design, and replicated more than 4 times. 2) On the fields of cooperative farmers, 0.1 to 0.5 ha fields 
were seeded mainly with hairy vetch, the most promising cover crop. Paddy fields and ornamental 
crops, Japanese persimmon, orchards pear, and Japanese mandarin orange plantings were used.

To assess the allelopathic chemicals in a simple way, the “TLC-flat-agar method” was invented, 
and unpublished, personal communication). This method is very convenient in determining the active 
chemicals corresponding to allelopathy.

In the course of screening allelopathic candidates by some specific bioassay and discrimination 
methods, we identified L-3,4-dihydroxyphenylalanine (L-DOPA), an unusual amino acid, as the 
allelopathic candidate from velvetbean, one of the most promising cover crops.10 By combining the 
“Plant Box Method” and HPLC separation, we identified L-DOPA as the principle allelochemical 
exuded from the root of velvet bean.13
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ABSTRACT

Allelopathy studies are often based on cause-and-effect relationships. The specific sequence 
of events which is recognized in studies of this kind is: (1) a phytotoxic chemical is produced by 
a living plant or from plant materials; (2) the chemical is transported from the donor species to the 
recipient species; (3) the target species responds to the chemical if the critical concentration is 
high enough or remains long enough to elicit a response. The above conceptual framework should 
give some idea of the complexity of allelopathy research. Myriad biological, chemical and physical 
factors are interacting at each step of the above sequence of events. The onus is on allelopathy 
researchers to extricate the processes involved, and to successfully link them to a practical situation 
in the natural environment. One critical research requirement is to ensure that the suspected 
allelochemicals are biologically active, and that this activity is retained across all chemical 
fractionations up to the point of field assessment. Own research provided strong evidence that 
three agronomic weeds (Cyperus esculentus, Bidens pilosa, Conyza sumatrensis), which dominate 
on former crop fields where seedlings of Pinus patula fail to establish, significantly suppress the 
growth of ectomycorrhizae (EM) that are critical for pine growth and development. These findings 
are regarded as preliminary and further work must be done to identify the allelochemicals involved, 
and to show that the specific biological activity manifests itself in the field as well as in the 
laboratory.

INTRODUCTION

Bioassay in its simplest form, and the isolation and identification of allelochemicals, are 
regarded by some as techniques for providing initial information only. But both these aspects of 
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allelopathy research are important and should be used together for following allelochemicals and 
their biological activity throughout the research process.1 Failure to do so will make results 
inconclusive and simply add to the controversy regarding the concept of allelopathy. This view 
has been expressed by many allelopathy researchers. Since many aspects of this subject have been 
comprehensively reviewed,2’4 only some of the work relating to the utility of bioassays will be 
touched on here.

The efficacy on bioassays depends to a great extent on the methodology used. Techniques 
can hardly be standardized due to the vast array of plant-derived decomposition products3,5 and 
compounds produced by live plants.4,6 These organic chemicals may be simple or complex,2 and 
many more may result from subsequent syntheses or degradation processes.7 A common problem 
in bioassays is that these compounds differentially affect plants, either directly or indirectly. 
Moreover, not only higher plants are involved in allelopathy but by definition so are other organisms 
which traditionally have been classified under the plant kingdom, viz. fungi, algae and certain 
bacteria.4

The environment in which biological activity is assessed further complicates matters. The 
greatest effects that allelochemicals exert in nature are probably those on sensitive organisms that 
occur in soil. Most biologically active compounds released by plants must eventually reach the 
soil by leaching and/or through the breakdown of plant tissues.8,9 Soil is a dynamic and intricate 
system where allelochemicals are destined for complex interactions with multiple factors. Bioassays 
done under controlled conditions use various growth media, such as natural soil, purified sand, 
agar, and water culture. Of these, soil is the most difficult to work with, and yet, this is the medium 
where eventually allelochemical influence must be proven in order that the discipline be given 
credence for its role in agriculture and ecology. Almost a decade ago Lovett expressed an opinion 
on the future of the allelopathy discipline: “The basic deficiencies in much research concerning 
allelopathy remain. Too few chemicals are identified; even fewer are quantified. Too many 
phenomena are described; too few rigorous investigations of the primary effects of allelochemicals 
are carried out. Serious limitations to the acceptance of allelopathy as an ecological factor of 
significance will remain until these shortcomings are rectified.” This view is shared by others.11

The bioassay technique as it is employed in allelopathy research is extremely varied. Virtually 
no one researcher follows the same procedure. This fact is clearly demonstrated by the vast collection 
of literature references in the latest allelopathy monograph by Rice.4 Lack of cohesiveness in 
methodology may at least partly be due to the varied nature of allelopathy but then there are 
obvious confounding factors that could easily be eliminated. Much can be done to refine the 
bioassay procedure, in order that the technique may attain its full utility in allelopathy research.

A comprehensive review of the bioassay method and its application in allelopathy research 
would overlap into many disciplines. Besides, the topic has been so well reviewed recently, that a 
long treatise is unnecessary. This review will deal with specific aspects of bioassay for assessing 
the allelopathic potential of plants, or of compounds isolated from them. Most attention will be 
given to some common pitfalls in bioassay techniques, and ways to obtain credible results from 
them. The discussion will mostly be general and encompasses virtually all terrains where allelopathy 
has negative economical connotations, viz. crop production, pasture science and forestry.

Bioassay as applied to herbicide research is the measurement of a biological response by a 
living organism to determine the presence and/or concentration of a chemical in a substrate.13 In 
allelopathy studies, bioassays are useful tools for screening of plant species for allelopathic potential, 
and for following the bioactivity of crude extracts and fractionated components.1,14 Thus, bioassays 
provide a means of qualitatively determining the presence or absence of allelochemicals. The 
technique could be used quantitatively, as is generally the case in herbicide research, but then the 
identity of the compound for which biological activity is measured must be known. Although the 
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bioassay method is non-specific (the reaction of indicator species to various phytochemicals may 
be similar) and does not give reliable quantitative measurement of allelochemicals (particularly 
with mixtures of allelochemicals, or with unidentified phytochemicals), its ability to detect low 
concentrations could be greater than that of chemical analysis.14

Detection of allelochemicals is usually done by chemical or biological means, but unless 
allelochemicals are isolated, identified and obtained in significant amounts, bioassays will be 
relegated for use as a qualitative measure only. Bioassays that are rapid and reproducible are 
highly valued aids of techniques for characterizing phytotoxins obtained from plants.15 Biological 
and chemical assays each contribute information of value and each appear to be useful in certain 
circumstances. A major advantage of the bioassay is that it measures only the phytotoxic portion 
of phytochemicals, and therefore, its application is essential to chemists who ultimately seek 
practical solutions for phenomena occurring in the natural environment. Another attribute of 
bioassays is that the phytochemicals that are present in the substrate need not be extracted for 
assessment. In this way problems associated with chemical extraction are avoided. Also, bioassays 
are often more sensitive, usually more economical, simpler to perform, and usually require less 
expensive equipment than chemophysical techniques.

SOME CHALLENGES IN BIOASSAY DESIGN

General

There are difficulties that must be considered when plants are used as indicators of the 
biological activity of chemicals. Plant growth and development are directly influenced by many 
environmental factors such as light, water, temperature, humidity, soil chemophysical properties, 
herbivores, and pathogens. Variation in these factors in bioassays will cloud results. Therefore, 
environmental factors must be kept under close control in bioassays. Untreated check plants, or 
plants treated with known amounts of a specific chemical must be included in experiments. Since 
species vary in their sensitivity towards phytotoxins, the same test organism, and even the exact 
biotype, must be used in repeat experiments. The above conditions must be met in order that 
bioassays be reliable and reproducible. Clearly, allelopathy researchers have to contend with various 
potentially confounding effects in bioassays, and ultimately show that results can be interpreted in 
relation to field observations. Standardization of bioassay methods seems to be the key to evasion 
of criticism directed at the failure sometimes to relate results to the demonstration of allelopathy 
under natural or field conditions. But this aspiration is often thwarted by the great variety in 
facilities, materials and aims of projects.

The substrate used to grow indicator species on, and which contains the chemical to be 
assessed, may have a distinct influence on the amount of the compound that is available for uptake 
by the test species. Both the availability of compounds for uptake and their persistence in substrates 
must be considered. The duration of a bioassay should be dependent on the rate of degradation of 
compounds in specific substrates. Also, plants may recover quickly from sublethal injury, and 
therefore, the ending of bioassays must ideally coincide with maximum effects on the test species. 
Aspects of the substrate and the behavior of allelochemicals in it is discussed in more detail under 
Persistence of biological activity.

Allelopathy research has a complication that is common to all studies of interactions between 
species, i.e., the conditions in which biochemical defenses (toxins) act are the same as those in 
which all other interactions, such as competition, herbivore and pathology, occur.16 Therefore, the 
challenge in experimental design is to separate the allelopathic effect from those of other factors. 
Both proponents17,18 and skeptics19,20 of allelopathy have sought a solution through approaches 
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resembling Koch’s postulates regarding the cause of a disease. Simply put, proof of allelopathy by 
analogy to Koch’s postulates requires application of the suspected allelochemicals under natural 
field conditions, when the plant that produces the compounds is absent or removed, to ascertain if 
the symptoms are recreated in other plants.16 However, the analogy to Koch’s postulates is tenuous 
since allelochemicals, in contrast to microorganisms, can not increase after application, but are 
degraded with time. Furthermore, it may be that only the degradation products are responsible for 
the measured allelopathic effect.21,22 The obligation to distinguish between allelopathy and other 
interference phenomena is central to successful bioassay, and is elaborated on under Separation 
of interference phenomena.

From the early days in 1832 when DeCandolle inspired research through his so-called 
soil-toxin theory many investigators have found evidence in support, or for the rebuttal of the 
theory. Pickering23’25 was one of the first investigators who attempted to eliminate possible 
confounding effects in his experiments. He eliminated nutrition, soil temperature, aeration, 
accumulation of CO2, alkalinity, acidity, and alteration in the physical condition of the soil as 
possible causal factors for the injurious effect of one plant on another. In the absence of other 
possibilities he concluded that the injury was due to some toxin produced by plants. He recognized 
that the toxin might have been excreted from the roots, or released upon decay of root debris, or 
produced as a result of “an alteration in the bacterial contents of the soil incident on the growth of 
the grass”. Pickering provided strong evidence that under certain circumstances, plants formed 
substances that were harmful to others.

Other early studies involved the causes and biochemical aspects of soil unproductivity, 
often referred to as soil fatigue or soil sickness.26-28 In extensive investigations that employed new 
techniques these researchers isolated and identified from unproductive soils many organic 
compounds, which they showed to be phytotoxic to plants.28 Correlations could be established 
between the unproductiveness of a soil and the presence of one or more of these compounds. 
Injury resulting from the addition of the phytotoxic compounds to soil varied between soils. It was 
also found that amelioration of soil with fertilizer, lime, activated carbon, ferric hydrate, and other 
compounds reduced phytotoxicity. Despite showing that a wide range of phytotoxic organic 
compounds occurred in soil, the work of Whitney,26 Schreiner,27 and Skinner28 was criticized for 
not considering factors such as the C:N ratio of decomposing matter, pathogens and the origins of 
the organic chemicals.3 Most of the earlier work has been with crude extracts containing the whole 
complex of substances.29’32 Separation of organic substances into compounds that originated as 
exudates from living plant roots, decomposition products from dead or dying plant material, or 
synthesis products may be impossible or irrelevant in the field environment, and their elucidation 
is probably mostly difficult under controlled conditions, even in modem times.

The Environment and Production of Allelochemicals

Allelochemicals are present in virtually all plant tissues, and are released into the environment 
in various ways, including volatilization,33 root exudation,6 leaching,34 and through decomposition 
of plant matter.35 Of these modes of release, none have had as great an impact as litter leaching and 
decay.21 Plant type and age are extremely important determinants of the nature and concentration 
of allelochemicals produced in plants.15 Species vary greatly in their ability to produce 
allelochemicals, and even within species, genotypes may show variation in this regard.21,36 
Environmental factors that promote the production of allelochemicals in plants are mentioned 
again under Provision for growth factors in limited supply.

Water is not only a critical growth factor, but is also the main medium in which 
allelochemicals are transferred from donor to recipient species. The suggestion that allelochemicals 
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are water-soluble, and more specifically that phytotoxic compounds have been found in leachates 
is well supported in the literature.37’38 Water renders compounds available for transfer to roots 
from which they are transported along a concentration gradient produced by transpirational loss 
of water. Compounds leached from leaves can be absorbed from foliage they come into contact 
with, or they may be taken up by roots after leaching from the soil surface. Therefore, water 
activates allelochemicals, and low soil water levels may reduce the uptake and accumulation of 
the compounds to phytotoxic levels. The activity of soil microorganisms is sensitive to the soil 
water content, and in cases where these organisms act as intermediaries in allelopathic effects, 
water can be expected to influence results. For example, the presence of water was necessary for 
the activity of bacteria that produce allelochemicals in association with the weed Camelina sativa.39

Persistence of Biological Activity

Prolonged biological activity of allelochemicals provides challenging problems and 
opportunities to agronomists and weed scientists. The extended life of an allelochemical could be 
due to inherent high stability of the molecule to abiotic or biotic processes, or to slow release from 
the protective plant residues. The problems associated with stubble-mulch farming and conservation 
tillage practices represent long-term effect.40 Accumulation in soil of allelochemicals released 
from dead or decaying plant matter has been reported.41 A similar accumulation may result from 
the leaching of allelochemicals off live plants.8 It seems logical that if allelochemicals are released 
more rapidly than they are broken down they may accumulate to phytotoxic levels. Of course, 
there are limits to the extent that this accumulation can occur. Rice says that it is abundantly clear 
that if allelopathic compounds that are released into the environment were not decomposed, probably 
no plants could survive.42 An area where allelochemical stability is evident is where these substances 
confer longevity to certain weed seeds, or control their dormancy period.3 The positive application 
of prolonged allelochemical effects entails the use of plant residues for weed management in 
cropping systems,43 and the potential for development of certain compounds into novel herbicides.4’15

Detection and identification of many biologically active compounds known to occur in soil 
have always been particularly difficult.3 Many studies have shown that allelochemicals released 
into soil are quickly transformed into nontoxic forms through abiotic or biotic processes.44-45 Clay 
minerals and humic acids appear to be involved as catalysts in the inactivation of phenolic 
compounds through decomposition, mineralization and adsorption processes. It was suggested 
that in soil the organic-mineral complexes of humic acids may serve to inactivate allelochemicals 
released by plants.45 It is likely that microorganisms that occur in close association with organic 
colloids such as humic acids may, due to easy access to bound organic chemicals, degrade them 
rapidly. Elucidation of the roles of the chemophysical properties of soil and the influence of 
microorganisms in the inactivation of allelochemicals requires considerable attention.

Nevertheless, transformation and transfer processes are involved in the dissipation of organic 
compounds in soil. It was suggested by Cheng46 that knowledge of the latter process is lacking in 
allelopathy research. For an allelochemical to have an effect it needs to be transported from the 
point of release to the target species. In soil, water acts as carrier in transport, or movement may be 
in the gaseous phase following volatilization of compounds. The mobility of organic compounds 
in soil is dependent on the chemophysical character of the compound, that of the soil, and other 
environmental factors such as water and temperature. It is beyond the scope of this review to deal 
in detail with the complex interactions that influence the dissipation of allelochemicals and other 
organic compounds in soil.

The root-soil interface, or the rhizosphere, is where many interactions crucial to plant life 
take place. It is in this environment where the allelochemicals are often released or formed, 
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translocated, and absorbed by the recipient plants.47 Knowledge of the presence of allelochemicals 
in the rhizosphere, and the chemistry and biology at the root-soil interface that affect their activity 
is crucial in the understanding of allelopathy.

Mode of Action Studies

In herbicide context "mode of action” refers to the whole sequence of events that occur 
from uptake of a compound by the plant, its translocation, metabolism, mechanism of action, and 
consequent symptoms of injury that develop. Mode of action studies in allelopathy research is 
progressing relatively slowly. As in the case of research on synthetic phytotoxins (herbicides), it is 
decidedly difficult to separate secondary effects from primary influences.14 48 Also, translation of 
observed effects in isolated biochemical systems to intact plant systems is tenuous. Many, effects 
on crucial life processes of plants have been reported for allelochemicals,49 but relatively little is 
known about the mechanisms at molecular level.15,48

Team Approach

The idealism of emulating Koch’s postulates becomes apparent in the light of the requirement 
for research skills and knowledge, which span the biological sciences, from the biological/ecological 
to the chemical. The task could be regarded as extraordinarily difficult, if not impossible.15,16 The 
futility of solo research attempts that adhere to Koch’s postulates is reflected in the prerequisites 
for such work: the suspected allelochemicals must be isolated, identified, then quantified on a rate 
release basis, synthesized, and finally applied in the field at natural rates over a prolonged period 
of time.16 The challenges are great and undoubtedly require multidisciplinary research teams.15,48,50

The one requirement in allelopathic research that is met with alacrity is structure elucidation, 
and natural product chemists now form an integral part of research teams.15,17,41,51 The rate at 
which new allelochemicals are discovered is constantly increasing, and in most instances specific 
inhibitory effects on test species are reported.4 The contribution of the chemical aspects of 
allelopathy will have to be complemented by bioassay in order that their full utility be attained. In 
fact, to confirm all laboratory results and their utility, field bioassay is a prerequisite.

TYPES OF BIOASSAYS

Depending on the objectives, effective bioassays must be devised to: (a) detect suspected 
allelopathic compounds, (b) follow the biological activity of compounds through the elucidation 
process, (c) develop activity profiles for identified chemicals, and (d) determine the conditions 
(dose-responses) for the chemicals to arrive at the threshold values for specific species. Synergistic 
and antagonistic effects should also be assessed.48 Evaluation under controlled conditions should 
be followed by field experiments for verification of allelopathic effects, and for finding practical 
solutions to the problem.

The type of bioassay will depend on the compound to be tested, the test species and the 
environment. Characteristics of the allelochemical that need to be considered include chemophysical 
properties, the amount available for testing, activity, and stability. Aspects that determine the 
response of test plants are age, level of physiological activity, sensitivity of biochemical processes, 
metabolism rate, translocation rate, and location of sites of action. Comparison of bioassays in 
terms of the responses of indicator species to phenolic acids, flavonoids, and coumarins showed 
the growth and reproduction of cultured Lemna spp. was most sensitive, followed in order of 
decreasing sensitivity by sorghum seedling growth in nutrient culture, seed germination and radicle 
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elongation.14 Environmental factors that determine the availability of allelochemicals for uptake 
by plants (e.g. adsorption, leaching, temperature, water), and those which control structural stability 
of compounds are bound to have a modifying role in bioassays. The pH of media and the presence 
of microorganisms could also affect results.

Various bioassay methods have attempted to simulate the “natural” release of 
allelochemicals. Methods that simulate the leaching effect of rain include the sprinkling of water 
on leaves, or the leaching of water through the root system, and testing the leachate for allelopathic 
effects.52’53 Other techniques involved the assaying of unextracted plant tissues, and partially or 
totally purified extracts by petri dish methods for effects on germination,38’54’55 early growth of 
roots or shoots,38,54’56 and for the development of symptoms on seedlings.14,21,57-59

Collection and bioassay of allelochemicals in root exudates and leaf leachates have an 
important place in assessment of the allelopathic potential of species. Many species release 
substantial amounts of allelochemicals directly from roots and leaves.6,60,61 A hydrophobic resin 
XAD-4 has been used to trap organic root exudates.6,62 Most studies use single pots, or pots 
connected with tubing as in the classical staircase arrangement of pots.42,63 More elaborate 
hydroponic designs make possible easy collection of high volumes of nutrient solution containing 
allelochemicals.61

There are many methods for extracting allelochemicals prior to bioassaying. Since there 
are comprehensive reviews on the subject,4,22,64,65 only selected references will be given here. The 
most commonly used is cold-water extraction through soaking of either dried or live plant parts.38,66-68 
Filtering or centrifuging is done on the exudate before bioassaying by petri dish techniques,66,67■69-71 
or in soil,72 or in nutrient solution.73 Parameters for basing effects on include germination, growth 
of roots or shoots, and other seedling symptoms. Plant tissues are sometimes macerated before 
extraction.5,38 Therefore, all techniques of cold-water extraction cannot imply that the natural 
release of compounds by the action of water on litter or live plants is simulated. More drastic 
measures of extraction have involved boiling water, autoclaving, or organic solvent extraction. 
Testing for phytotoxicity after extraction is usually done by petri dish or nutrient solution 
techniques.2,53 In each of these methods it could be that the compounds extracted and tested are 
not the same as those released naturally by the plant. Structural changes to allelochemicals are 
possible in the extraction process and during bioassaying, and therefore, it is difficult to link 
effects observed under controlled conditions to those occurring in nature. Another potential problem 
in extraction is that the organic solvents used for dissolving allelochemicals to permit testing may 
influence the results of sensitive bioassays. It was found that 0.133% and greater percent (v/v) 
ethanol present in culture medium influenced the growth of Lemna spp.14

Reported cases of allelopathy appear to involve complexes of chemicals which interact 
additively35 or synergistically.18,35,50,74 Scant knowledge on the constituents of the chemical complex, 
the concentration and the modes of action of the components prevail. These facts together with 
techniques that are apparently far removed from natural systems, for example the use for extraction 
of macerated instead of intact plants, have contributed to the reservations about the significance of 
allelopathy research.19,20,75

Assay techniques for collection and testing of root exudates are particularly varied. They 
include studies where aqueous extracts of roots were evaluated in a petri dish technique.76 In other 
tests, donor plants were grown on an agar medium, and afterwards were replaced by the indicator 
species.77 Sand has been used to grow donor and recipient species together,21 and for growing 
donor plants and then leaching the sand to assay the leachate in petri dishes, soil or sand.21,36 In the 
so-called stairstep method pots containing sand are linked for circulation of root leachate from 
donor to indicator species.66,78 It was suggested by Chou45 that exudation from roots into soil may 
be quite different from exudation into solution or sand because of the difference in edaphic
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conditions. Another problem in this regard is the difficulty to distinguish between compounds 
freshly released from roots and those already present in the soil.

A common technique for assaying volatile compounds involves isolation in an air-tight 
chamber of the indicator species either with live donor plants, or their extracts.55 It is arguable that 
this method more than all those mentioned above simulates a worst-case scenario. In natural settings 
environmental factors such as air inversion layers and turbulence will reduce the chances of the 
phenomenon being notable.

The methodology of bioassays is often dictated by the needs of the researcher, the 
environment in which experiments are conducted, the type and way in which plant material is 
collected, and the extraction methods used. There is no exact and single protocol for investigation 
of allelopathy phenomena, although certain methods are preferred by researchers.

SOME OBLIGATIONS IN BIOASSAY METHODOLOGY

Separation of Interference Phenomena

Several major difficulties that plague allelopathy research methodology and the stature of 
the discipline have been identified.1,22 Still nowadays, most notable among these are lack of reliable 
techniques to separate allelopathic effects from other aspects of plant-plant interference, and failure 
to distinguish between direct and indirect influences via intermediate organisms. Insistence on 
stringent criteria for proof of allelopathy contrasts sharply with the lenient criteria for demonstration 
of resource competition. For example, in competition studies the causal factors need not be isolated, 
nor their mechanisms of action identified, but in allelopathy research the requisite is for isolation 
and identification of allelochemicals and their modes of action. Researchers in allelopathy have 
generally accepted the disparity in evaluative criteria for competition and allelopathy investigations,33 
and have responded with some innovative studies. The mere fact that resource competition and 
allelopathy both involve negative interactions between plants compels the researcher of allelopathy 
to dissociate the two phenomena. The relative contribution of the two phenomena in plant-plant 
interactions has seldom been studied, and therefore the debate on which is most important, is 
bound to persist. Stress induced by competition may cause increased production of allelochemicals.79 
Also, growth inhibition by allelopathy would be expected to reduce the competitiveness of the 
affected plant. Although their mechanisms are distinct, the two phenomena are obviously intricately 
linked in the field. Any other factor that could impact negatively on plant growth and development 
needs to be refuted in allelopathy studies.

It has been stated by Rice80 that most hypotheses in allelopathy research permit only the 
inhibitory results to be significant in explaining the biological problem under investigation. By 
definition81 allelopathy can also involve growth stimulatory effects, and therefore, potential 
confounding factors in this regard need to be considered also. Several cases of allelopathic growth 
stimulation of plants by other plants, algae by other algae, and fungi by other fungi are reported in 
thorough reviews.4'80

Provision for Growth Factors in Limited Supply

In bioassays steps are usually taken to avoid limiting and differential nutrition and water 
supply from masking real chemical effects. The nutrient status of soil and plants from different 
treatments are often not measured. The growth factor combination of nutrients, water and light 
govern plant growth and development. Of these light is probably the most difficult to regulate. 
Light under controlled conditions is mostly lacking in both intensity and quality compared to 
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natural light, and therefore, special care should be taken not to exacerbate the situation by injudicious 
arrangement of plants relative to one another. The other growth factor that could be limiting is 
oxygen, particularly in water culture. Aeration of the nutrient solution in which plants are grown 
should be adequate.

Nitrogen management is critical to the success of bioassays in which allelopathic potential 
is assessed through amelioration of the substrate with plant tissue. Addition of significant amounts 
of organic matter may cause transient immobilization of nitrogen.82 Microbial decomposers have 
a C:N ratio of approximately 30:1 and therefore will require an extra source of nitrogen if they are 
to decompose materials with C:N ratios in excess of 30:1. For example, bark of Pinus radiata 
reportedly has a C:N ratio of 500 when fresh and 100:1 when composted, hence there will be a 
considerable demand for nitrogen by the microbes in the medium, which will leave little available 
to the plant.82 Also, there are small pores with interconnecting channels in bark of Pinus radiata in 
which water and nutrients may be retained.83 This may lead to the unavailability of a quantity of 
ammonium and other ions until all the binding sites have been satisfied.84 In a study where growth 
of pine seedlings were inhibited by addition of roots from mature Pinus radiata trees to the growth 
medium, the growth-retarding effect was ascribed in part to nitrogen deficiency due to a high C:N 
ratio in the material added, and partly to phytotoxins released from the root tissue.85

The unwanted influences of either limiting or differential amounts of growth factors also 
have ramifications for the production of allelochemicals in plants. The quantities and types of 
allelochemicals that are produced depend on the environment in which plants are grown.15 Stress 
factors apparently stimulate the production of allelochemicals, and hence, their concentrations in 
plants could be low under greenhouse conditions, which in most instances are set at non-stress 
levels for optimal plant growth. For example, ultraviolet (UV) light is absent in greenhouses, and 
several studies have shown that UV light stimulates the production of allelochemicals.3-86 When 
their effects are not specifically studied, water and nutrient levels are usually kept at relatively 
high levels. Nutrient deficiencies have been shown to induce increased production of 
allelochemicals. A variety of plants deficient in boron, calcium, magnesium, nitrogen, phosphorus, 
potassium and sulfur contained higher than usual concentrations of chlorogenic acids and scopolin.3

Microorganisms

Bioassays that investigate the release of allelochemicals from fresh or decomposing plant 
litter are relatively uncomplicated since the material is simply put either on, or in, the soil.53,87 It 
was pointed out by Rice2 that in all these bioassays it is impossible to know whether the allelopathic 
effect is direct or indirect through intermediary microorganisms. As suggested in the preceding 
section, sterilization of media could negate the influence of microorganisms, but then an exposed 
medium would not remain sterile for long, and in any case, the practical situation is not emulated.

Many allelochemicals appear to be associated with decaying plant matter, although the 
mechanisms for production have not been elucidated in most instances.74-88-89 Microorganisms in 
the rhizosphere of the donor plant may produce the allelochemicals7-15 by enzymatic degradation 
of conjugates or polymers present in the plant tissue.15 A perceived shortcoming of testing for 
allelopathic effects in artificial growth media under aseptic conditions is the absence of 
microorganisms that may be responsible for transforming phytochemicals to allelochemicals. 
Comprehensive reviews dealing with the development of herbicides from secondary substances 
produced by microorganisms have been published.4-18-90 The first successful herbicide of natural 
origin, bialaphos, was developed by this route.91

It is often not clear whether reduced plant growth is a direct result of released toxins, or 
whether the toxins preconditioned the plants to pathogens.15 Efforts to eliminate pathogen effects 
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may create more problems than it solves. Sterilization is usually the means of ridding growth 
media of pathogens. However, there is no guarantee that sterile conditions will prevail, and routine 
investigations to monitor the success of the treatment are rarely undertaken. This difficulty applies 
to both soil and soilless media. Substrates will be more prone to infestation by a single pathogen 
if they had been totally sterilized by dry heat or with steam compared to pasteurization at lower 
temperature (± 70 C).92 In the former case accidental inoculation with a pathogen may result in 
proliferation of that organism due to the absence of other microorganisms. Therefore, total 
sterilization that creates a biological vacuum should be avoided. Furthermore, ammonium and 
manganese toxicity may occur in soil exposed to excessive heating. This is due to the elimination 
of ammonification bacteria which are killed at lower temperatures than nitrifying bacteria with the 
result that NH4+ produced from amino nitrogen accumulates in toxic quantities. In the case of 
manganese the microbes, which promote the conversion of soluble manganese (released by heating) 
in organic matter to less toxic manganese oxides, are also eliminated with the result that toxicity 
occurs.

Autotoxicity

One of the most contradictory aspects of allelopathy16’75 93 is the phenomenon of autotoxicity. 
It is conceivable that autotoxicity may have a confounding influence where the growth of species 
grown together are compared. In settings such as this allelopathic effects may be apparent, not 
real. One way by which autotoxicity could be avoided in nature is the production of phytotoxins 
from plant constituents after removal from the source plant.16 Another avoidance mechanism 
involves the sequestering of autotoxins in specialized structures.94 An attractive positive role 
proposed for the phenomenon is the escape of annual plant species from harmful organisms by 
rapid local extinction of populations following seed dispersal.95

Osmotic Potential of Plant Extracts

Measurement of the effects of plant extract osmotic potential on germination, and pathogen 
investigations are rarely undertaken. High osmotic potential of test solutions could inhibit 
germination,96 and this factor has been considered in some allelopathy studies.97,98 In hitherto 
unpublished work we compared the allelopathic potential of Chenopodium album and C. 
polyspermum under controlled conditions. Extracts of freeze-dried weed material were prepared 
by sequential extraction with hexane, ethyl acetate and MeOH:H2O (50:50). The influence of the 
weed extracts on tomato seed germination was evaluated in a laboratory. The osmotic potential of 
extracts were measured, then simulated with different PEG (polyethylene glycol) concentrations, 
and tested on tomato seed germination. It was suggested that allelochemicals contained in the 
more polar fraction (MeOH:H2O 50:50) of extractable compounds were responsible for inhibiting 
germination. The inhibiting effect on germination of some PEG-produced osmotic potentials 
indicated that data from only the 4 and 8 mg mL1 extract concentrations were valid. Results for 
the 16 mg mL-1 extract concentration had been clouded by a negative osmotic effect on germination, 
and therefore, those data were deemed unreliable. The MeOeH:H2O extract of C. album inhibited 
seed germination, while that of C. polyspermum did not. Germination tests are popular bioassays 
for determination of the allelopathic potential of plant or soil extracts. However, caution in 
interpretation of results is advised since the osmotic potential of test solutions may create artifacts.
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EVIDENCE OF ALLELOPATHY INVOLVEMENT IN THE FAILURE OF PINUS 
PATULA TO ESTABLISH ON FORMER CROP FIELDS

A vexing problem for the South African industry is the failure of Pinus patula and P. 
elliottii to establish on old-lands previously under agronomic production. On these fields, pine 
seedlings exhibit poor growth and, in certain instances, complete stand failure occurred. This 
disorder is referred to as the “the old-land syndrome”. Symptoms observed on seedlings were 
stunted growth, slow root proliferation and die-back of the apical growing point. Chlorosis of the 
fascicles has been observed also.59

The most reported problem in establishing plantations is the failure of tree regeneration. 
This major impediment of afforestation occurs in many parts of the world, and is closely linked to 
weed infestation of those areas.91’99 A comprehensive review of allelopathy with regard to New 
Zealand forestry discusses, amongst other aspects, the replant or regeneration problem, as well as 
establishment problems due to competition for resources in limited supply.99 In most instances 
where plant species interfere with the growth and development of plantation species, competition 
for light, nutrients and water have been identified as the causes. Relatively few studies have 
demonstrated the harmful allelopathic effects of various species, including plantation species, on 
forest regeneration.97'100,101 Many investigations demonstrated the allelopathic effects of conifer 
species on various weed/understorey types.4,102,103 In a recent review on the allelopathic effects of 
herbaceous angiosperms on forestry species Rice4 expresses concern about the relatively small 
amount of research that has been done in this regard.

It is widely accepted that the successful establishment of pine seedlings is dependent on 
the presence of suitable ectomycorrhizae populations.104,105 Most prominent of the suggested 
advantages of mycorrhizal infection is enhanced nutrient uptake,104,106,107 but a growth-promoting 
effect that could not be ascribed to increased nutrient uptake has been reported also.108 In addition 
to the direct physiological advantages of mycorrhizal infection it was suggested109 that mycobionts 
might act as biological deterrents to root pathogenic fungi.

The local problem is unique in the sense that the weed community on old-lands consists 
virtually exclusively of annuals that commonly occur in annual crops. Several unsuccessful attempts 
by various researchers, who focussed mainly on soil chemophysical factors, prompted this 
investigation on the potential allelopathic effect of weeds that dominate on the old-lands. In a field 
survey the senior author found that the floristic composition in the forest floor of pine stands were 
similar to each other, but very different from those of adjacent old-lands. The latter areas were 
heavily infested with annual agronomic weeds, notably Cyperus esculentus, Bidens pilosa, and 
Conyza sumatrensis. It was hypothesized that this weed combination could conceivably inhibit 
pine growth through allelochemicals released by the weeds.

MATERIALS AND METHODS

Two bioassays were conducted to assess the potential allelopathic effects of the three weed 
species that dominate on an old-land showing the “old-land syndrome”. This particular old-land is 
situated on the estate of Mondi Forests (Pty) Ltd. in the Mooi River district of South Africa. Pot 
experiments using soil as substrate were done in a greenhouse at the phytotron of the University of 
Pretoria.

General

Foliar material (flower/stems/leaves) of all the weeds were collected in situ from mature 
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plants growing on the old-land in question. The material was air-dried to copy as closely as possible 
the practice of weed slashing which was the technique used for weed control in that situation. The 
dried plant material was milled to a coarse powder and incorporated in potted soil to achieve a 
weed material content of 1 % (m/m). Pinus patula seedlings that were supplied by the forestry 
company’s nursery were transplanted to the pots without any pre-treatment. The soils were not 
sterilized; neither were any pesticides used. The weed treatment was repeated 1.5 months into the 
experiments, and therefore, the final weed material content was 2% (m/m). The control (check) 
treatment was unameliorated soil. Plant height and stem diameter measurements were made 
fortnightly. All data were subjected to statistical analysis. Pots were arranged according to the 
completely randomized design. Analysis of variance was done by means of the Statistical Analysis 
Program. Differences between treatment means were compared at the 5% level of significance.

Exp. 1: Cyperus esculentus

A single soil from a forested area (formerly virgin land) adjacent to the old-land was collected 
to do the bioassay with. In addition to the treatment comprising weed material incorporation into 
the soil, a second treatment involved testing of leachate obtained from C. esculentus plants growing 
actively in sand culture. As the purpose of this experiment was to determine longer term effects of
C. esculentus, bigger pots, and therefore, more soil per pot (6 Kg) was involved than in Exp. 2 (3 
Kg pot1). A complete nutrient solution was used to water plants. Plants were watered regularly, 
the aim being to at all times prevent stress due to low water and/or nutrients. In this single factor 
(Cyperus esculentus) experiment there were three treatment levels: control, weed material, and 
weed leachate. Treatments are replicated 15 times.

Exp. 2: Bidens pilosa and Conyza sumatrensis

The allelopathic effects of Bidens pilosa and Conyza sumatrensis were tested using two 
batches of soil - one from the same source as that for Exp. 1 (i.e. from the forested area), and the 
other from the adjacent old-land. The two sites were about 30 m apart. A specially prepared 
solution, which supplemented P, N, K, Ca, and Mg in the two soils, was used for watering the 
plants. As the macronutrient levels of the two soils were similar, also with respect to pH, a single 
nutrient solution could be used. Watering/nutrition was done regularly in order to keep the supply 
of these growth factors at optimal levels. Pine plants were harvested three months after they were 
transplanted to the soil. The experiment was a 3 x 2 factorial with 10 replicates. The growth 
parameters for pine were: plant height, stem diameter, root and shoot dry mass, and the number of 
apical and basal side shoots.

On the evidence of previous reports implicating the involvement of Pythium spp. in the 
“old-land syndrome”110 representative root samples were tested for Pythium infection.

Roots were rinsed in tap water, cut into 3 mm long pieces and transferred to a selective 
medium for isolation of Oomycetes.111

Ectomycorrhizal development on the root system of pine seedlings originated from natural 
inoculum present in the pine bark medium used to grow the seedlings in the nursery. For 
ectomycorrhizae (EM) determination fifty randomly selected root pieces per treatment combination 
were analyzed. Cleaned root pieces were placed in a petri dish with water and scanned under 
stereoscope at 10X magnification. The number of ectomycorrhizal morphological types cm'1 of 
root were recorded. The rating numbers 0.5,1.0,2.5 and 6.0 were multiplied by the corresponding 
number of an EM morphological type, viz. monopodial, bifurcated, coralloid (3-5 tips) and coralloid 
(> 5 tips), respectively. This rating system was used to determine more accurately the total number 
of EM tips cm'1 of root.
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RESULTS AND DISCUSSION

Only data for the ectomycorrhizae (EM) investigation are presented at this time. 
Ectomycorrhizae counts from Exp. 1 and Exp. 2 are presented in Tables 1 and 2, respectively. 
Only main effects were significant. From the data in both tables it is evident that all weed treatment 
suppressed the EM colonization of P. patula roots significantly. The effects of the root leachate 
and the foliage incorporated treatments of Cyperus esculentus (Table 1), as well as those of Bidens 
pilosa and Conyza sumatrensis material (Table 2) were not significantly different. Plating of root 
pieces on selective medium rendered no fungal pathogens, and therefore, they could not have 
influenced results. Therefore, it is suggested that hitherto unidentified allelochemichals, which 
are produced by the three weeds, were responsible for the inhibition of EM. It has been reported 
that the growth of the ectomyrrhizal fungi Cenococcum geophilum and Laccaria laccata, which 
are associated with subalpine spruce (Picea abies), were inhibited by certain phenolic acids.112

Table 1. Extent of ectomycorrhizal (EM) colonization in Pinus patula roots grown in soil 
ameliorated with root leachate and leaf material (2% m/m) of Cyperus esculentus

EM morphological types cm1 root (Data are means of 25 root pieces)

1 No weed material added to soil
2 Bidens pilosa (air-dried foliage material incorporated in soil 2% m/m)
3 Conyza sumatrensis (air-dried foliage material incorporated in soil 2% m/m)
4 Rating system for total mycorrhizae count similar to the one used in Table 1

Treatment Monopodial Bifurcated Coralloid
3-5 tips

Coralloid
>5 tips

Rated total’

Control 2.44 ab 1.72 b 0.88 a 2.68 a 20.98 a
Leachate 1.80 b 3.00 b 0.96 a 0.52 b 9.33 b
Leaf tissue 3.52 a 4.60 a 0.28 a 0.20 b 8.28 b

Means sharing a common letter in columns are not significantly different at P=0.05 
’EM rating

Monopodial = 0.5
Bifurcated = 1.0
Coralloid

3-5 =2.5
>5 =6.0

Table 2. Ectomycorrhizal (EM) colonization and growth parameters for Pinus patula seedlings 
exposed to foliage material of Bidens pilosa and Conyza sumatrensis

Treatment Soil source
Ectomycorrhizae 

Rated total4

Control1 Old-land 11.2a
Plantation 15.1 a

Bidens pilosa2 Old-land 8.8 b
Plantation 8.2 b

Conyza sumatrensis3 Old-land 9.6 b
Plantation 7.4 b
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To our knowledge nothing is known about the allelopathic effect of weeds on mycorrhizal 
species that are associated with Pinus spp. In fact, only a few researchers have been able to 
demonstrate general allelopathic effects of herbaceous weed species on certain pines.113,114 Nothing 
has apparently been published on the allelopathic effects of herbaceous weeds on Pinus patula. If 
the growth inhibiting effects on EM of the three agronomic weeds evaluated in the present study 
were not detected their apparent allelopathic influence might have eluded us because the growth 
parameters for pine seedlings were insensitive to the weed treatments. A likely explanation for 
plants not varying in their response to differential inhibition of EM is that the optimal supply of 
water and nutrients in pots negated their expected beneficial effect. It has been reported107 that an 
adequate supply of macronutrients reduces the reliance of P. patula on EM. Findings of the present 
study is at best preliminary and extracts/leachates of the three weeds showing allelopathic potential 
should be analysed chemically, and the biological activity of the fractionated compounds on EM 
of P. patula must be assessed. Work of this nature has been done101 to overcome Kalmia angustifolia 
enduced growth inhibition of black spruce. They found that growth of black spruce seedlings 
improved significantly if they were preinoculated with any of the three ectomycorrhizal strains 
that had been selected out of 19 which were able to grow in the presence of Kalmia leaf extracts.

Some researchers7,101,115 have used soil microorganisms to determine the primary and/or 
secondary events in allelopathy. At present we cannot dispute the remark made by Leather and 
Einhellig1 a decade ago that microorganisms are not used for routine bioassays of allelochemicals. 
This may change, at least for the purpose of future local research on the “old-land syndrome”. A 
paramount obligation in such a research effort will be to relate findings to the field situation. An 
appropriate weed management strategy will eventually have to be instituted by the local forestry 
industry if it is found that the weed/ectomycorrhizae/pine interaction is indeed a practical reality.
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ABSTRACT

Avena sativa, Triticum aestivum, and Viciafaba were studied for their ability to detoxify 
the phytotoxic allelochemical benzoxazolin-2(3//)-one (BOA), ahydroxamate derivative released 
by decomposition e.g., of the glucosylated cyclic hydroxamic acid DIBOA (2,4-dihydroxy-2/7- 
1,4-benzoxazin-3(4/7)-one). According to the time course of BOA-uptake, Avena sativa and 
Triticum aestivum absorbed BOA faster than Viciafaba when roots were incubated with 0.5 mM 
BOA. From incubated roots of oat and wheat three detoxification products were isolated. Two of 
them were identified as 6-hydroxy-BOA and BOA-6-O-ß-D-glucoside by mass spectrometry, 
comparison with synthetic BOA-6-OH, enzymatic cleavage of the glucoside and in vitro production 
of BOA-6-0-/3-D-glucoside using protein extracts prepared from incubated oat roots. Oat roots 
exuded a small amount of BOA-6-OH into the medium, whereas wheat exuded the still unidentified 
product. The amount of the detoxification product BOA-6-OH and its glucoside was much lower 
in incubated roots of broadbean, which did not synthesize the third product nor exuded one of 
them. This is in agreement with the lower uptake of BOA by Viciafaba roots. Moreover, broadbean 
roots blackened when exposed to 0.5 mM BOA for more than 8 days in contrast to wheat and oat. 
The differences in detoxification capacity may be one explanation for the species dependent 
variations in sensitivity to the allelochemical BOA.
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INTRODUCTION

Hydroxamic acids are secondary compounds present in numerous Poaceae, such as Secale 
cereale, Triticum aestivum, and Zea mays, several species of the genus Agropyron, wild Hordeum 
species, and Coix lacryma-jobi.1-8 Furthermore, the compounds were found in some dicotyledonous 
species.9 They are known to be important allelochemicals with inhibitory effects on seedling 
development of various test plants. Reduced growth may be due to compounds-protein interactions, 
e.g., with the chloroplast ATPase coupling factor or the plasma membrane ATPase.10 Moreover, 
benzoxazolinones interfere with auxin-induced growth and have been therefore described as 
antiauxins.11

The compounds can be released into the soil by rotting plant material1215 or as constituents 
of root exudates.3’81617 Cyclic hydroxamic acids, which are unstable in solution, are decomposed 
to benzoxazolinones. For instance, decomposition of glycosylated 2,4-dihydroxy-2//-l,4- 
benzoxazin-3(4/7)-one (DIBOA), a constituent of rye, results in benzoxazolin-2(377)-one (BOA), 
a compound thought to be one of the substances responsible for the phytotoxic properties of rye 
residues. However, the sensitivity of test plants to hydroxamic acids and their derivatives is, however, 
species and dose dependent. As a phenomenon, growth of dicotyledoneous plants was stronger 
inhibited than that of the monocotyledoneous Poaceae, regardless of whether species of the family 
contain hydroxamic acids as natural constituents or not, as it is known from barley, rice, and 
oat.68’14

Reasons for the differences in sensitivity to the allelochemicals are unclear. It can be 
speculated that some species are able to detoxify hydroxamic acids or their decomposition products, 
when absorbed at harmful concentrations. Those detoxification processes could be an important 
part of a plant's survival programme, especially for seedlings, enabling them to overcome inhibitory 
effects of natural phytotoxins such as BOA.

This study is an approach to elucidate whether detoxification reactions in plant can be an 
explanation for the observed differences in sensitivity to allelochemicals. As a model system, 
Avena sativa, Triticum aestivum, and Vicia faba were tested for their ability to detoxify 
benzoxazolin-2(3H)-one (BOA).

MATERIAL AND METHODS

Plant Material and Incubation with BOA

Caryops of oat (Avena sativa cv. Jumbo) and wheat (Triticum aestivum cv. Bussard, Ralle, 
Orestis) were imbibed for 2 h and germinated 7 days at room temperature on plastic nets in water 
filled basins covered with wet filter paper for 4 days.

The roots were excised, rinsed with distilled water and incubated according to Yalpani.18 in 
incubation medium (40 mL/ g fresh weight). The medium consisted of 25 mM MES, 25 mM Tris, 
0.5 mM KC1, 0.25 mM CaSO4, 0.1% (w/v) Na-ascorbate at pH 5.8 supplemented with 0.1 or 0.5 
mM BOA. In some experiments the incubation medium was supplemented with 50 pl/lOmL medium 
of penicillin and streptomycin (SERVA, penicillin G K salt, 6 mg/mL and streptomycin sulfate 10 
mg/mL), and 50pl/10mL kanamycin (SIGMA, 10 mg/mL). The incubation time was 1,4, 5, or 8 
days at room temperature, depending on the purpose of the experiment. During incubation roots 
were continuously aerated.

The imbibed seeds of Vicia faba L. cv. Alfred were germinated after surface sterilization 
with 5% sodium hypochlorite for 20 min. The seeds were germinated on cheesecloth stretched 
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over 5 1 containers filled with tap water continuously aerated in the dark at 21 C for 14 days. The 
roots were harvested and incubated as described for oat and wheat.

Extraction of Detoxification Products

The broadbean roots were frozen in liquid nitrogen, mixed with quartz sand and then 
extracted with 10% methanol acidified with HC1 (pH 4) for 15 min (3 mL/ g fresh weight). The 
homogenate was shaken at 4 C in the dark for 30 min, then squeezed through miracloth, and the 
filtrate centrifuged at 4C and lOOOg for 15 min. The supernatant was extracted 3 times with 3-4 
fold amount of freshly distilled diethyl ether. The combined organic phases were washed two 
times with the 5 fold amount of distilled water and dried over anhydrous MgSO4. The mixture was 
filtered and evaporated to dryness. The residue was dissolved in absolute methanol (100 pl/g 
fresh weight). This solution was used for HPLC analyses. The aqueous phase was also evaporated 
and the residue dissolved in methanol as described above. Extractions of oat and wheat roots were 
performed at room temperature, without first freezing, and no HC1 was added to the methanol. 
Ether extraction was not necessary.

The incubation media were ether-extracted at pH 4.0 like the broadbean root extracts, the 
solutions evaporated to dryness, the residues dissolved in methanol (100 pl methanol/ 40 mL 
medium) and analysed by HPLC.

HPLC

HPLC analyses were performed on a Beckman model 126 chromatograph equipped with a 
diode array detector 168 and an ultrasphere ODS RP 18 column (4.6x250 mm). 0.1% TFA in 
water was taken as eluent A, methanol as eluent B. The media was analyzed using the following 
gradient (gradient 1): 0-1 min: 100% A, 1-10 min 0-100% B (linear), 11-14 min: 100 % B; the 
flow rate was 1 mL per min and detection wavelenghts were 270 nm and 220 nm. For methanolic 
extracts and enzymatic assays another gradient (gradient 2) was used: 0-1 min: 100% A, 1 -20 min: 
20% B (linear), 21-23 min: 100% B (linear), detection wavelenghts were 280 nm and 227 nm, and 
the flow rate was 1 mL/min.

The retention times of the substances were used for initial identification of detoxification 
products.

BOA Uptake Kinetics, Isolation, and Purification of Detoxification Products

Uptake kinetics: The BOA uptake was monitored by sampling at different times aliquots 
from the medium during the course of incubation. The resulting samples were analysed for BOA 
concentrations by HPLC. In addition, roots were extracted for detoxification product analyses 
after corresponding times.

The detoxification products present in the plant extracts or in the media as a result of root 
exudation were separated by HPLC (gradient 1), the corresponding fractions (A and B) collected 
and reduced in volume. Fraction B contained two products which could be separated by TLC 
(65:35:10 trichloromethane: methanol: water, Silicagel 60,0.25 mm, Merck). The corresponding 
areas were scraped out, extracted with methanol and checked for purity by HPLC. Eluted compounds 
were collected, evaporated and dissolved in methanol. Since gradient 1 did not separate the two 
compounds present in fraction B, a second gradient (gradient 2) was required.
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Identification of Detoxification Products

Samples of the highly purified BOA-6-OH obtained after /3-glucosidase treatment of 
compound A were analysed by mass spectrometry. Mass spectra were acquired by electron mass 
spectrometry at 70 eV. High-resolution mass spectra (HRMS) were obtained with a Kratos model 
MS 50. Ultraviolet visible absorption analysis was perfomed with the Beckman diode array detector 
168.

Synthesis of 6-hydroxy-benzoxazolin-2(377)-one: Boron triiodide (784 mg, 2.0 mmol) was 
added in one portion to a suspension of 6-methoxy-benzoxazolin-2(3H)-one (248 mg, 1.5 mmol) 
in absolute dichloromethane (10 mL). The suspension was stirred for 1 day and allowed to warm 
to room temperature. The mixture was then hydrolyzed by dropwise addition of water (10 mL) 
with external cooling in an ice bath. The organic layer was separated and the aqueous phase was 
extracted with ethyl acetate (5 x 20 mL). The combined organic phases were extracted with 10% 
NaOH (3 x 20 mL). The alkaline extracts were acidified with 12 N HC1 (p.a. grade) under cooling. 
The product was isolated from the aqueous solution by repeated ethyl acetate extraction (5 x 20 
mL). The solvent was removed from the dried (MgSO4) combined extracts to yield 144 mg (64%) 
of pale brown crystals, mp. 301-304 C (ethyl acetate, dec.), (lit Zinner:19 288-292 C). The melting 
point was determined on a Boetius melting point apparatus and is corrected.

Spectral data: 'H-NMR (DMSO-d6): 5 6.52 (dd, 1H, J57 = 2.4 Hz, J45 = 8.3 Hz, H-5); 6.67 
(d, 1H,J57 = 2.4Hz, H-7);6.84 (d, 1H,J45 = 8.3 Hz, H-4), 9.44 (br, 1H, OH), 11.01 (br, 1H, NH); 
(lit.: Pratt:9 'H-NMR (300 mHz), CD3COCD3) 8 6.55 (dd, J = 8.5,2), 6.75 (d, J = 2), 6.93 (d, J = 
8.5) 13C-NMR (DMSO-d6): 8 98.9 (C-7), 110.8 (C-5), 111.0 (C-3a), 123.2 (C-4), 145.0 (C-7a), 
154.0 (C-6), 155.8 (C-2). IR (KBr) v (cm1): 3215, 1745,1644, 1499, 964. EI-MS: m/z 151 (M+, 
100), 122 (10), 107 (15), 95 (95), 80 (17), 67 (50), 51 (40); HRMS: m/z 151.0272 (M+), Calcdfor 
C7H5NO3: 151.0269; (lit.: Pratt et al.:9 EI-MS m/z [M]+ 151 (100), 122(6), 107(7), 95(65). UV 
(MeOH) (lg ): 231 nm (6222), 292 nm (3903). ‘H and 13C NMR spectra were recorded at 
199.975 MHz and 50.289 MHz, respectively, using a Varian Gemini 200 spectrometer and 
hexamethyldisiloxane as internal reference. The IR spectrum was obtained on a Carl Zeiss Jena 
spectrometer M80.

Enzymatic Cleavage of BOA-6-O-Glucoside and in vitro Glucosylation of BOA-6-OH

Enzymatic cleavage of the final detoxification product was achieved by incubation of the 
end product with 7 units of /?-glucosidase from almonds (SIGMA) in 100 mM acetate buffer pH 
5.0 or 9.2 units of a-glucosidase (yeast, SIGMA) in 100 mM acetate buffer pH 6.0. After 1 h of 
incubation at 30 C, the assays were boiled for 10 min. and centrifuged. The supernatants were 
analysed by HPLC. Control assays were stopped directly after starting the reaction. Results were 
compared with those obtained from acidic hydrolysis, which was perfomed with 1.5 M HC1,2h at 
110C.

For in vitro glucosylation protein extracts from incubated oat roots were prepared; 7 g of 
roots were homogenized by mortaring with quartz sand in ice cold extraction buffer (100 mM 
MES, 10% glycerol, 1 mM DTT, pH 6.0). The homogenate was extracted for 25 min., then squeezed 
through miracloth, and centrifuged for 20 min at 10,000 g and 4C. The supernatant was used as 
the protein crude extract for the glucosylation assays. Assays were perfomed with 30 pg protein, 
100 pM BOA-6-OH, 500 pM UDP-glucose (SIGMA) in extraction buffer, pH 6.0. The mixtures 
were incubated at 30 C for 75 min.The reaction was stopped by boiling for 10 min. After 
centrifugation at 10,000 g the supernatants were used for HPLC analysis. Control assays were 
mixed without BOA-6-OH, UDP-glucose or without protein.
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RESULTS

Incubation of oat roots in a medium containing 0.5 mM BOA resulted in a drastic time
dependent reduction of the BOA concentration (fig. 1). After a period of three days all BOA 
disappeared from the medium. Thus, a concentration of 20 pmol BOA per g fresh weight should 
be present in the roots if it has not been metabolized. The uptake kinetic has to be performed with 
an antibiotic containing medium to suppress the activities of microorganisms that might metabolize 
BOA as well.10 Exposing Viciafaba roots to the BOA containing medium revealed that the amount 
of the allelochemical is reduced only when its concentration is below 0.5 mM. Total absorption 
was not achieved before 5 days (fig.2). Thus, the uptake was much slower in comparison to oat. 
When broadbean roots are incubated in 0.5 mM BOA, the concentration is hardly reduced during 
the whole incubation period and after 8 days, the roots blackened. Wheat absorbed the allelochemical 
in a concentration of 0.5 mM. The uptake of BOA is thought to be an active process, requiring a 
special protein localized within the plasma membrane.
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HPLC analysis of the methanolic extracts prepared from incubated oat roots revealed the 
existence of compounds which were not previously present in the controls (fig.3).These compounds 
(A, B and C) appeared already after 2-3 h of incubation and increased constantly until reaching a 
plateau. Co-chromatography with BOA indicated that the roots contained only very low amounts 
of free BOA. Therefore, the new substances are presumably products of BOA detoxification. 
Acidic hydrolysis of the more hydrophilic compound (A) (fig. 3, gradient 2: Rt = 14.8 min) yielded 
compound B (fig 3, gradient 2: Rt = 20.3 min), The same result was obtained after incubation with 
/^-glucosidase, but not with a-glucosidase. Because hydroxyl-product B was co-chromatographed 
with synthetic BOA-6-OH, the more polar product A was thought to be BOA-6-O-/3-D-glucoside. 
BOA-6-OH is known as a detoxification product in the urine of rabbits after BOA application.20 
The final proof of product identity was achieved by mass spectrometry performed with the product 
released by acidic and enzymatic hydrolysis, the exuded compound in media after incubation of 
oat roots, and TLC purified compound B (compare below); (EIMS mJz (rel. int.) 151 [M]+ (100), 
95 [M-CCOO]+ (27), 107 [M-CO2]+ (5); HRMS m/z 151.0272 qN^H,. In addition, in vitro 
synthesis of BOA-6-O-/3-D-glucoside was successful in presence of UDP-glucose and synthetic 
BOA-6-OH as substrates using protein extracts prepared from incubated oat roots. The glucoside 
is reported as a new natural compound. Successful detoxification may require the induction of a 
specific sugar transferase or an up regulation of an already existing enzyme activity.

time (min)
... control roots without BOA — roots incubated in 0.5 mM BOA

Figure 3. HPLC of methanolic extracts prepared from incubated oat roots after three days of 
incubation. HPLC analysis was performed with gradient 2.

A third, presumed metabolite of BOA (1^ = 227,272 nm; gradient 2: Rt = 20.8 min) was 
the major detoxification product (approximately 90 % of the fraction) accumulating in oat and 
wheat. At present there is no evidence of its further detoxification. The chemical identification of 
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compound C is still in progress.
The detoxification process obviously takes place in root tissue as BOA is not transported 

into the shoot. When whole seedlings were incubated with BOA and checked for metabolite 
accumulation. The detoxification products were only localized in the roots, no BOA nor any 
related metabolite was present in the shoots.

After removal of the oat roots, media were tested for possibly exuded BOA metabolites. 
During several incubations, regardless of whether antibiotic was present or not, the roots exuded 
BOA-6-OH in low concentrations. However, there was no correlation between the exudation activity 
and the time of incubation. The physiological and biochemical events that induce or trigger exudation 
of BOA-6-OH remain unclear at present.

Incubation of wheat roots resulted in the same detoxification products. In contrast to oat, 
wheat exuded compound C in low amounts into the medium during incubation.

Broadbean has only a low capacity to detoxify BOA. After 8 days of incubation in the 
presence of 0.1 mM BOA a small amount of BOA-6-O-/?-D-glucoside was found in the extracts, 
whereas after 27 h BOA-6-OH could be identified in low concentrations (0.12 mM/g fresh weight). 
Compound C was not synthesized and none of the products were exuded.

DISCUSSION

The presented study demonstrates species dependent variations in the capacity of BOA 
detoxification. One detoxification pathway is identical in the three species tested: putative 
involvement of a mono-oxygenase for introducing the OH-group in position 6 as the first step 
followed by glucosylation in this position (fig 4, tab. 1). Only the investigated Poaceae were able 
to cope with the allelochemical by accomplishing an additional way of BOA detoxification together 
with an alternative way of product deposition: synthesis of compound C and exudation of BOA-6- 
OH (oat) or compound C (wheat). The reasons why the exudation did not always appear with oat 
roots is still obscure, as well as the physiological meaning of the synthesis of an additional 
detoxification product (compound C). For oat, it is possible that exudation is started, when the 
intermediate BOA-6-OH is not converted fast enough into the glucoside.

O

H

HO

BOA BOA-6-OH
(B)

BOA-6-O-glucoside
(A)

H H

COMPOUND C

Figure 4. detoxification pathways.
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Table 1. Comparison of the BOA detoxification capacity in oat, wheat, and broadbean roots

Avena sativa Triticum aestivum Vicia faba

fast, 0.1 mM in less fast, 0.1 mM in less slower, 0.1 mM in
BOA uptake

than 3 days, 0.5 mM in than 3 days, 0.5 mM in more than 4 days, low

3 days, -> 20 pmol/g less than 3 days uptake and blackening

freshweight (with anti- of the roots in media

bioticum) with 0.5 mM BOA

exudation BOA-6-OH compound C n.d.

methanolic BOA-6-OH BOA-6-OH BOA-6-OH

root extract BOA-6-OH-glucoside BOA-6-OH-glucoside BOA-6-OH-glucoside2

compound C compound C1 free BOA

’only after incubation with 0.5 mM BOA 
’traces after several days in 0.1 mM BOA

Molecular mechanisms of allelochemical detoxification have been rarely investigated. 
Among these studies salicylic acid, a compound with phytotoxic properties when present in high 
concentration, is the only allelochemical in which plant detoxification has been intensively studied. 
This includes the biochemical characterization of the sugar transferase responsible for glucosylation.21’23 
As a matter of fact, it is long known that plants are able to detoxify harmful molecules, such as 
herbicides, and with those compounds catabolism mechanisms have been thoroughly studied.24,25 
However, it has to be considered that plants may have developed those mechanisms during evolution 
to reduce or to eliminate the toxic effects of naturally occurring compounds. The ability to 
glucosylate exogeneously applied phenolic compounds is, for instance, a wide spread phenomenon 
in plant kingdom. More or less successful development of detoxification strategies for different 
classes of compounds can be an explanation for differences in sensitivity to allelochemicals. The 
results of this study support this hypothesis. Future investigation of the proteins involved in 
detoxification together with the recognition of putative gene inductions will help to get new insights 
in plant detoxification capacities.
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ABSTRACT

Reports of allelopathic phenomena frequently focus on secondary (visible) effects whereas 
few studies concern primary (metabolic) effects. We propose, herein, to describe both primary 
and secondary allelopathic effects of the following: protocatechuic acid and 2-benzoxazolinone 
(BOA) as allelochemicals and Lactuca sativa var. Great Lakes as the target-plant.

The objective was to try to establish a relationships between the visible allelopathic effects 
(germination) and one of the potentially primary metabolic origin (respiration).

Main results showed, depending on concentration and allelochemical used, inhibition of 
germination. At the same time, respiration of seeds exposed to phenols during germination was 
either reduced or almost never affected.

Thus, relationships between primary and secondary allelopathic effects of protocatechuic 
acid have been established during germination process: observed inhibition was due to the effects 
of phenolics on respiratory metabolism. Nevertheless, with regards to BOA further investigations 
with other main physiological process occurring during seed germination (enzymatic activity, 
cells division...) should be performed before proposing a good model for the relationships between 
primary and secondary allelopathic effects.

INTRODUCTION

Allelopathic interactions between plants play a major role in natural as well in manipulated 
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ecosystems.1 Since the publication of the work by Winter2 and Einhellig,3 allelopathy scientists 
commonly distinguish the primary (metabolic) effects of allelochemicals from the secondary 
(visible) allelopathic effects. If most of the studies on allelopathy dealt with this second aspect 
(mainly germination, or growth experiments), other focused on physiological targets of 
allelochemicals (cell division, membrane permeability, photosynthesis, respiration...), but few of 
them concerned both primary and secondary allelopathic effects. Nevertheless, in order to apply 
allelopathy as a tool for a sustainable management of agricultural and forestry ecosystems, there is 
an urgent need to understand where, when, and how allelochemicals become biologically active 
and induce effects on plant growth and/or development.

In other words, it is necessary to describe the relationships between the target-cell and the 
target-plant of allelochemicals before proposing their use to farmers or foresters. In such a way, 
this paper aims at presenting the preliminary results of a new methodology, obtained when tested 
lettuce (Lactuca sativa) as the target-plant and two phenolics as allelochemicals (protocatechuic 
acid and 2-benzoxazolinone, BOA). The objective was to try to link observed lettuce germination 
(from seed inhibition to radicle emergence) to their respiratory metabolism, when exposed to 
phenols.

METHODS AND MATERIALS

General Procedure. The experimental procedure consisted of testing the effect of phenols 
which inhibited germination, on lettuce seed respiration. Thus, respiration measurements were 
achieved on seeds previously incubated with phenolics.

Germination Tests. Seeds of Lactuca sativa (var. Great Lakes) were used as the target
plant. Before measuring seed respiration, germination tests were performed to select allelopathically 
significant concentrations of phenolic solutions. Therefore, these concentrations firstly reduced 
the germination process.

Fifty seeds were placed in a petri dish (0 9 cm) on 2 Whatman 3 MM papers that had been 
impregnated with 4 mL of phenolic solution or demineralized water (control). They were then 
placed in a thermostatically controlled light-box (total obscurity at 28 C) to germinate. The number 
of germinated seeds was counted (rupture of seed coat and emergence of radicle) every 6 hours for 
2 days, until no further germinated seed occurred and nutrition no longer depended upon reserve 
materials, but was autotrophic. Aqueous solutions of protocatechuic acid and BOA were prepared 
as described below. Extracts were run in quintuplate.

Phenolic Solutions. Two phenolic compounds (SIGMA CHEMICAL Co.) were selected 
for investigations on seed germination and respiration: protocatechuic acid (3,4-dihydroxybenzoic 
acid) and BOA (2-benzoxazolinone).

For germination and respiration tests, aqueous solutions were prepared at 10'3, IO4, 10‘6, 
and 10'8 M with demineralized water (buffered pH = 6).

Respiration measurement. Oxygen of use by germinated seed was polarographically 
measured with a Hansatech instrument, (King’s Lynn, Norfolk, England), which has a Clarck-type 
oxygen electrode.4 5 Protocol was developed to analyse the durable effect of phenolic solutions on 
respiration in germinating and germinated seeds.

First, lettuce seeds were incubated with a phenolic solution, or demineralized water (control), 
at concentrations described above. The experimental conditions were the same as for the germination 
test. However, the exposure time to phenolics was never longer than 24 hours, meaning until 
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seedlings were developed too much to measure their respiration under the experimental conditions. 
Then, one germinated seed was set in the measuring cell containing 1 mL of demineralized, oxygen- 
saturated water (250 nmol/mL at 25 C). After several minutes, oxygen consumption became stable 
at a level corresponding to the use of oxygen by the seeds. Ten replicates per concentration were 
run. At the end of O2 measurements, all the samples were dried at 100 C for 48 hours to obtain dry 
weight. Respiration values are expressed as nanomolar O2/g dry weight /minute. The effect of 
phenolics on respiration are expressed as percent of the control’s O, consumption.

Statistical Analysis. Germination tests were analysed using the Mann Whitney U test (p < 
0.05). The same test (p < 0.05) was also used to compare respiration of seeds incubated in phenolics 
to the control.

RESULTS

Effects of phenols on germination (Table 1). Germination results showed that the two 
compound used, protocatechuic acid and BOA, acted differently. Protocatechuic acid significantly 
inhibited germination of ¿. sativa at all concentrations, except the lowest (IO 8 M) during the first 
12 hours of incubation. After this, it seemed to delay seed germination from 42 to 48 hours and 
only for the highest concentration (10'3 M). Unlike protocatechuic acid, BOA induced a drastic 
inhibition of germination at 10'3 Mat all incubation times. Two other concentrations, 1 O’4 M (from 
12 to 24 hours) and 106 M (12 hours) only delayed germination.

Table 1. Effects of protocatechuic acid and BOA on germination of lettuce seed at different 
concentrations at 6 incubation times (12, 18, 24, 30, 42 and 48 hours). Results are expressed as 
germination rate (100 % = 50 seeds) and shaded areas indicate significant modification of this 
rate, compared to controls for p < 0.05 according to the Mann Whitney’s U test.

Compound Concentration

12 h 18 h

Exposure Time

48 h24 h 30 h 42 h

Control 25.5 ±5.74 71.5± 11.3 89 ±3.5 91 ±3 93.5 ± 1.8 93.5 ±1.8

Protocatechuic 103M 5.6 ±1.68 70.4 ± 7.7 81.2 ±6.6 86 ±3.2 87.6 ±2.9 88.4 ±2.7
Protocatechuic io4m 4.8 ±4.14 66.8 ± 26.2 79.6 ± 15.8 87.6 ± 9.4 92.4 ±5.1 92.4 ±5.1
Protocatechuic 10'6M 9.6 ±4.34 73.2 ±16.2 83.6 ± 10.9 87.6 ±6.1 93.2 ±2.6 93.6 ± 2.9
Protocatechuic 10’8M 14.8 ± 8.78 76 ±8.8 80.4 ± 8.5 86.8 ±5.8 92±4 92.8 ± 3

BOA 10‘3M 0±0 0±0 0±0 0.4 ±0.6 3.2 ± 2.7 6.4 ±5.3
BOA 10’4M 1.2 ± 1.78 34.8 ± 12.6 74 ±9.6 85.2 ± 3.4 90 ± 2.4 90.4 ± 2.7
BOA 10'6M 11.2 ±6.72 58 ± 14.4 79.6 ± 7.5 84±4 88 ±4 89.2 ± 3
BOA io’m 17.6 ±7.4 62 ± 10.4 87.6 ±2.1 90.4 ± 2.9 93.6 ±2.9 94 ± 2.4

Effects of phenols on respiration during germination (Figure 1). First, we noticed that the 
effect of the two phenols used was to diminish L. sativa respiration. Protocatechuic acid reduced 
respiration at all tested concentrations during 12 hours incubation, whereas BOA did so only at 
the higher concentration (10-3 M). With the other exposure times, only respiration of seeds incubated 
with a 104 M solution of protocatechuic acid for 24 hours was affected.
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Figure 1. Effects of protocatechuic acid and BOA on respiration of germinating lettuce seed, at 
different concentrations at 3 incubation times. Results are expressed as percent of control by 
oxygen consumption germinating seed * significant forp < 0.05 according to the Mann Whitney’s 
test.

Synthesis (Table 2). When compared, the action of phenols on germination relative to their 
respective effect on respiration, showed that primary and secondary allelopathic effects were 
partially connected. Thus, relationship between respiration and germination in 10'3,10’4, and 10'6 
M protocatechuic acid and IO3 BOA for 12 hours incubation occurred. Moreover, some cases 
indicated a reduction of respiration, or an inhibition of germination.

Table 2. Synthetic results of lettuce germination and significant variations to the respiratory 
metabolism, when exposed to protocatechuic acid and BOA.
• , significant modification of respiration for p < 0.05 according to the Mann Whitney’s U test. 
♦, significant modification of germination for p < 0.05 according to the Mann Whitney’s U test.

Concentrations

mol.r1

GERMINATION-RESPIRATION

BOA Protocatechuic add

12 h 18 h 24 h 12 h 18 h 24 h

IO’3 ♦ • ♦ ♦ ♦ • •

IO’4 ♦ ♦ ♦ ♦ •

IO"6 ♦ ♦ •

IO'8 •
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DISCUSSION

The goal of this investigation was to find a method which could detect a linkage between 
primary and secondary effects of allelochemicals on target-plants.

According to their concentration and specific structure,6 protocatechuic acid and BOA 
acted differently on germination (secondary effect) and respiration (primary effect) of L. sativa. 
BOA seemed to drastically affect the germination process, whereas the more important reduction 
of respiration was observed with protocatechuic acid.

The comparison between respiration and germination bioassays showed that the hypothesis 
of primary and secondary allelopathy relationships was found in 4 cases (incubated seed for 12 
hours with 10'3 M BOA and 10'3,10'4, and 10’6M protocatechuic acid). Thus, observed germination 
inhibition could be explained by, at least, reduction of respiration.

But, respiration was probably not the only metabolic process involved. Most of the results 
concerning the significant inhibition of germination by BOA could not be linked to a modification 
in the respiration process.

Indeed, many allelochemicals do not act on a single definite process, but have multiple 
sites on which they exert their action including enzyme activities, water relations, ion uptake and 
membrane permeability during germination. Thus, ferulic acid inhibited hydrolitic enzymes of 
maize (amylase, maltase, invertase, protease, acid phosphatase) which are involved in the 
mobilization of reserve food material during germination.7 In some others cases, inhibition of 
germination by allelochemicals was accompanied by an inhibition of water uptake by changing 
the swelling of the radish seed testa and aleurone layer.8 Mineral flux could also be alterated by 
allelochemicals. For example, the uptake of nutrients like potassium or magnesium is reduced by 
the action of ferulic acid in Sorghum.9 Many of the phenolic dérivâtes, flavonols and flavonoids 
may alter membrane properties.10

Results reported herein did not totally confirm the initial hypothesis, but neither did them 
reject it. Therefore, it will be necessary -and interesting- to complete such experiments by means 
of screening physiological processes, occurring during germination, as potential cell-targets for 
allelochemicals.
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ABSTRACT

Much research concerning allelopathy has failed to follow a demonstrative protocol in 
order to supply convincing proof. This failure has partly contributed to the lack of universal 
acceptance for the concept of allelopathy. In Australia, allelopathic studies on the residues of 
Vulpia spp. were carried out following a specific protocol derived from the definition of allelopathy. 
A platform for the protocol was established by developing a bioassay system. All investigational 
activities were performed on this platform.

Firstly, through the test plant’s responses, the morphological expression of vulpia allelopathy 
was examined by investigating the characteristics of aqueous residue extracts.

Secondly, by employing advanced instrumentation (HPLC and GC/MS), allelochemicals 
were identified, characterised, and quantified. Subsequently, their biological activities and threshold 
levels for inhibition were tested and identified on the platform, i.e. through the bioassay procedure.

Thirdly, various artificial combinations of identified allelochemicals were assayed on the 
platform for their activities. Similar toxicities to those found in the natural aqueous extract of 
vulpia residues were obtained. Subsequently, the individual contributions of identified 
allelochemicals to the overall phytotoxicity of vulpia residues were identified through developed 
mathematical models.

Finally, the dynamics of allelochemicals and the phytotoxicity of vulpia residues were 
monitored, and the possible connection between them was clarified.

Scientists working in allelopathy should be encouraged to carry out chemical studies alongside 
the more general allelopathic observations. It is proposed that the modified protocol of Putnam and 
Tang,1 as used in our experiments, be adopted as minimal requirements for allelopathy claims.
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INTRODUCTION

Allelopathy is a relatively young science even though allelopathic phenomena have been 
observed over thousands of years. The concept of allelopathy, its existence and role in nature is 
still not universally accepted and is sometimes highly controversial. Waller2 stated that a firm 
foundation for the scientific rationale of the existence and function of the allelopathic phenomenon 
had not been developed. This statement may now be questioned, although much criticism can still 
be directed towards those experiments where experimental design and the associated research do 
not follow a specific protocol in order to establish allelopathy in quantitative terms. When Molisch3 
defined the concept of allelopathy, he placed emphasis on biochemical interactions between all 
types of plants. Subsequently, Putnam and Tang1 suggested a protocol, which emphasises the 
importance of including allelochemical aspects for conclusively establishing allelopathy. However, 
there has seldom been any attempt to follow such a protocol. Most claims concerning allelopathy 
are based on a description of symptoms and the morphological severity of allelopathic effects, 
with no support from allelochemical data. Where allelochemical claims are made, evidence of 
responses of a target plant to the agents identified is often lacking. A limited number of papers, eg. 
Chou and Patrick,4 Barnes and Putnam,5 and Weston67 document well established allelopathic 
phenomena by combining responses of target plants with allelochemical production from the donor 
plant. When An8 endeavoured to model allelopathy mathematically, there was a poverty of complete 
data sets in the literature relating allelochemical production from donor plant to responses in 
target plants. Later, Einhellig9 acknowledged this problem by identifying the shortcomings in 
allelopathy research. By today, much research concerning allelopathy continues to focus on the 
symptoms and severity of allelopathic effects.1011 Chemical studies have lagged in comparison 
with morphological research. The comment that chemistry has been the Achilles’ heel of allelopathic 
research1 is still valid.

In Australia, allelopathy in connection with the residues of Vulpia spp. (common name 
vulpia or silvergrass) was studied in the laboratory. Vulpia is a naturalised winter-growing annual 
grass which originated from the Mediterranean region. It has become an important weed in pastures 
and cereal crops in southern Australia.12 Vulpia is tolerant of a wide range of herbicides. Currently 
there are no chemical options for vulpia control in wheat. Long-term effective means of vulpia 
control, including alternative herbicides for wheat, are urgently required. Previous work had shown 
that vulpia residues might have a strong allelopathic potential. Experiments conducted under 
glasshouse conditions showed that germination, root and top growth of wheat, lucerne, phalaris, 
and canola were significantly affected by the presence of vulpia residues.13 The phytotoxic level 
expressed by vulpia residues appears to depend on factors such as the extent of weathering (including 
ultraviolet light), moisture pretreatment of the residue,1314 and the ratio of residues to soil.15 In 
order to clarify the possible existence of allelopathic phenomena in vulpia residues, as well as to 
control vulpia and minimize its detrimental effects on crop and pasture plants, we have made 
efforts to follow a protocol, derived from the original definition of allelopathy and modified from 
that by Putnam and Tang,1 to explore allelopathy in vulpia.

THE PROTOCOL AND RESULTS

The focus of our examination has been on allelopathy caused by plant residues. Vulpia was 
examined as a donor plant, by exploring the allelopathic interference of its post-seeding residues 
with a target plant. A platform for the protocol was established by developing a bioassay system 
using wheat (Triticum aestivum L. cv. Vulcan) as the test target plant, consisting of a germination 
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test and a seedling elongation test with pregerminated seeds. All investigational activities were 
performed on this platform.

100 i

—a— Root
A Coleoptile

0 10 20 30 40 50 60 70 80 90 100 110

Decomposition time (days)

Figure 1. Phytotoxicity dynamics of vulpia residue extracts as measured by seedling lengths of 
test species (Triticum aestivum cv. Vulcan).16

Firstly, the morphological expression of vulpia allelopathy was examined by investigating 
the characteristics of aqueous residue extracts. The quantification of a receiver plant’s physiological 
and morphological changes, symptoms and severity, whether in primary or secondary signs, is the 
primary step to establish allelopathic activity for plant residues, plant extracts, substances in plant 
release, or compounds that have been isolated from these sources, since the ultimate expression of 
biochemical interference between plants has to be measured through plant responses. Through the 
test plant’s responses, it was demonstrated that vulpia residues were toxic to germination, and to 
coleoptile and root growth of wheat. The toxicity of vulpia residues increases as their decomposition 
proceeds, reaching a peak phytotoxicity after decomposition for 40 days and remaining potent for 
up to 60 days, gradually declining thereafter (Figure 1). The degree of phytotoxicity of vulpia 
residues appears to depend on factors such as residue rate, the extent of residue decomposition,16 
vulpia species and plant parts,17 and the ratio of residues to soil.15 The allelopathic effects of 
residue extracts on seed germination have two components, viz. germination delay and inhibition. 
The relative magnitude of each component depends upon the phytotoxic potency of the residue 
extracts (Figure 2).

0 10 20 30 40 50 60 70 80 90 100 110

Decomposition time ( days )

Figure 2. Dynamics of inhibition and delay effects of vulpia residue extracts on seed germination.16
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Secondly, phytotoxicity-based extraction and advanced instrumentation (HPLC and GC/ 
MS) were used to isolate, identify, characterise, and quantify the allelochemicals from the aqueous 
extract of vulpia residues. Twenty-one phytotoxins implicated as allelochemicals were identified 
in the aqueous extract of vulpia residue after exclusion of artefacts (Table 1). Large numbers of 
natural products are found in plants, but this does not imply that they are released from the plant 
naturally, or act as allelochemicals and exert allelopathic interference.119 Therefore, the 
allelochemical potential of the above compounds was subsequently examined by testing their 
biological activities on the above-mentioned platform, ie. through the bioassay procedure. All of 
them yielded characteristic allelopathic responses in the test species (Figure 3): that is, at low 
concentrations, allelochemicals stimulated growth, but at higher concentrations they inhibited it.18 
This confirmed the identity of these identified compounds as allelochemicals. Their quantities in 
the vulpia residues ranged from 1.36 to 81pg/g residue, in total accounting for 0.05% per dry 
weight of residues. Their individual threshold concentration levels for bioactivity against target 
plants and their relative biological strengths were also determined (Table 1).

Table 1. Allelochemicals identified in Vulpia residues and their characteristics

Allelochemical name

Threshold 
concentration 
measured by 

root inhibition 
(ppm)

Integrated 
biological 

activity

Relative 
contribution to 
phytotoxicity

% dry 
weight

Coniferyl alcohol 500 0.54 0.31 0.0005
p-Hydroxybenzoic acid 500 1.55 3.21 0.0018
Protocatechuic acid 250 0.94 2.01 0.0018
Hydroquinone 250 1.41 0.30 0.0002
3, 4-Dimethoxyphenol 250 1.46 0.40 0.0002
2-Hydroxy-3- 250 3.14 6.17 0.0017
phenylpropanoic acid
p-Coumaric acid 250 2.38 1.45 0.0005
Succinic acid 100 1.35 12.77 0.0080
Hydrocaffeic acid 100 1.72 0.86 0.0004
Vanillic acid 100 2.04 19.51 0.0081
Gentisic acid 100 2.47 3.11 0.0011
Pyrogallol 100 2.66 2.23 0.0007
Benzoic acid 100 3.44 5.14 0.0012
Salicylic acid 100 3.60 12.65 0.0037
Syringic acid 10 1.59 11.75 0.0140*
Hydroferulic acid**
3-(4-Hydroxyphenyl)- 1 2.50 12.87 0.0044
propanoic acid
Ferulic acid 1 2.70 2.53 0.0008
p-Hydroxyphenylacetic 1 2.84 2.63 0.0008
acid
Mixture of 20 compounds 1 3.04
Catechol 1 3.05 0.14 0.0002
Hydrocinnamic acid 1 3.72 0.32 0.0001

* Estimated values for both syringic and hydroferulic acids;
** Characteristics were not determined through lack of a pure standard sample.

Thirdly, various artificial combinations of identified allelochemicals were assayed on the 
platform for their activities. Similar toxicity to that exhibited by individual compounds and by the
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aqueous extract of vulpia residues was obtained (Figure 3). The magnitude of the inhibitory effect 
accounted for 65% of the original inhibition caused by the most active ether solvent fraction 
obtained by extraction of aqueous vulpia residues. Tests on biological strength indicated the 
existence of strong synergistic effects among the identified allelochemics. The inhibition threshold 
of compound mixtures was well below individual inhibition thresholds. The artificial combination 
of the twenty allelochemicals made in proportion to that found in the natural vulpia residue extract 
produced stronger biological activity than that produced when the compounds were mixed in 
equal proportions. Subsequently, the individual contributions of identified allelochemicals to the 
overall phytotoxicity of vulpia residues were identified through developed mathematical models 
(Table 1). Individual contributions from different allelochemicals to the overall phytotoxicity of 
vulpia residues was variable according to chemical structure, and influenced further by their relative 
proportions in the residue.
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Figure 3. Representative biological activities of identified allelochemicals and their mixture as 
measured by seedling length of test species wheat.

Finally, the dynamics of identified allelochemicals and the phytotoxicity of vulpia residues 
in the environment were monitored, and the possible connection between them was clarified (Figures 
3, 4). The importance of this step is that in order to exert allelopathic effects on target plants, 
allelochemicals, after release into the environment, need to persist in the soil and to reach sufficient 
concentration for effect. It is well known that the production, transformation, and destruction of 
allelochemicals from decaying plant residues occur simultaneously in the soil.20 The effective 
quantity is the difference between the amount produced and the amount inactivated. Thus, measuring 
retention levels, effective quantities, and allelopathic effects of allelochemicals is all integral to 
studies in a dynamic environment. In the case of vulpia it was found that the sum of identified 
allelochemicals generally increased during residue decomposition, but that individual 
allelochemicals had undergone both qualitative and quantitative changes during the decay process. 
Dynamic changes to identified allelochemical sums in the decaying residue correlated well with
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phytotoxicity kinetics (Figure 4). This consistency further enhanced the proposition that the 
identified allelochemicals were the main responsible agents for vulpia phytotoxicity.

Figure 4. Phytotoxicity dynamics of decaying vulpia residue and its corresponding dynamics of 
identified allelochemical sum.

CONCLUDING REMARKS

The rapid development of technology has made sophisticated analytical instrumentation 
accessible to general disciplines. Without the capacity to identify and quantify the relatively large 
number of allelochemicals from the vulpia residues by using GC-MS, no comprehensive assessment 
of biological activities of identified allelochemics and their relative individual contributions towards 
the phytotoxicity of vulpia residue would have been possible. It is obvious that the more 
allelochemicals which are identified and quantified in a single analysis of a plant, the greater will 
be the understanding of the chemical aspects of allelopathy. The inference from this is, therefore, 
that a significant breakthrough in allelopathic research is the development of an assured scientific 
foundation and rationale for the existence and function of the allelopathic phenomenon. This 
depends heavily upon much more serious efforts in allelochemical studies. Scientists working in 
allelopathy should be encouraged to carry out chemical studies alongside the more general 
allelopathic observations. Thus, elucidation of allelopathy can be expressed not only through the 
responses of target plants, but also through chemical analysis as a complementary index. Naturally, 
because of imbalance in economic development, some institutes may still be limited in their access 
to advanced instruments. The knowledge accumulation in respect to allelopathy has now reached 
a stage where the general allelochemical classes implicated in plants are known. Therefore, as a 
complementary index to bioassay testing in elucidation of allelopathy, some other simpler chemical 
analyses could be used as a substitute. For example, it has been found that phenolic compounds 
are responsible agents in allelopathic interference for many plant residues, while colorimetric 
procedures with Folin-Ciocalteau reagent are excellent methods in determining total water-soluble 
phenolic materials in plant residues. The application of such a chemical method can not only play 
a complementary role to bioassay results, but enhance the study of allelopathic phenomena close 
to its original definition, and provide useful information for further allelochemical analysis if 
advanced instruments are available. It is thus proposed that the modified protocol of Putnam and 
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Tang,1 as used in our experiments, be adopted as minimal requirements for allelopathy claims.
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ABSTRACT

The production of Ginkgolides in callus culture of Ginkgo biloba is reported. The effects 
of some physical factors and chemical substances on the induction and growth of calli are also 
investigated. A biological quantitative method (platelet aggregation induced by PAF) and HPLC 
are successfully used for the determination of Ginkgolides A and B in all kinds of calli. The results 
show that the content of Ginkgolides A and B in the calli varies from 10 ppm to 50 ppm, which 
is one of the best results for the cell culture of Ginkgo biloba in the world.

INTRODUCTION

Distribution and Importance of the Plant

Ginkgo biloba is the only living species of the order Ginkgoales, whose ancestry has been 
traced to the Jurassic period. Baiguo, Semen Ginkgo, is the dry ripe seeds of the plant collected in 
the fall when the seeds are ripe. This crude drug is officially listed in the Chinese Pharmacopoeia 
and used in traditional Chinese medicine as an antiasthmatic and against polyuria.

Ginkgo biloba is the sole representative of its family and is not linked to any other living 
plant. The order Ginlgoales was once widely distributed throughout the world but in the past few 
million years all species except Ginkgo biloba have become extinct, the other species being found 
only as fossils; the Ginkgo tree is called the “fossil tree”. Ginkgo biloba was unknown outside the 
Orient before the eighteenth century but is now rather commonly distributed in Europe, America, 
and other continents.

Ginkgolides

Ginkgolides (Fig. 1) are obtained from the root, bark, and leaves of the Ginkgo biloba 
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tree.1 They were first isolated in 1932 from its bitter principle,2 but the chemical structure was not 
elucidated until the late 1960s.3 Ginkgolides A, B, and C are diterpenes differing only in the 
number and stereochemistry of their hydroxyl groups. The molecules are of a unique cage structure 
containing three lactone rings. They are the only natural product having a tert-butyl group.4 Total 
synthesis of ginkgolide B was first reported by Corey.5 The starting compound for its 23-step
synthesis is 1-morpholinocyclopentene.

R1 R2 R3

GA OH H H

GB OH OH H

Figure 1. The chemical structure of ginkgolide A and B.

Ginkgolides are specific platelet-aggregating factor (PAF) antagonists. PAF is a potent 
mediator of inflammation, which is secreted by a variety of leucocytes and serves to increase 
vascular permeability and elicit chemotaxis and aggregation. PAF has been implicated as a mediator 
in a number of clinical conditions ranging from asthma and various allergic disorders to transplant 
rejection, shock syndromes, such as septicemia and renal disease.6 Ginkgolide B appears to be the 
most potent inhibitor of PAF.

The natural source of ginkgolides is limited. At present, they are obtained by extraction 
from the leaves of the slow-growing Ginkgo biloba tree. Yields of these kind of compounds are 
very low and also vary (0.01-0.001%) in function of parts of the plant, ecology, and the period of 
collection.

Review of Ginkgo biloba Cell Culture

Cell culture of Ginkgo biloba was first reported by Tulecke.7 Cells were obtained from 
pollen using White’s medium supplemented with 0.25% yeast extract and 1 mg/1 naphthaleneacetic 
acid (NAA). Later, he described the development of the male gametophyte to the immature sperm 
cell stage on White’s medium supplemented with autoclaved coconut milk.8 Tulecke and Nickell9 
reported the production of large amounts of biomass cultured in a 201 carboy using White’s medium 
supplemented with 2,4-dichlorophenoxyacetic acid (2,4-D) as well as yeast and malt extracts. 
Studies were undertaken to develop a chemically defined medium. Tulecke1011 obtained calli from 
pollen incubated in darkness at 25 C using a low salt medium supplemented with arginine and 
reported the cultivation of the female gametophyte cells using White’s medium supplemented 
with 2,4-D and coconut milk. Webb12 obtained callus from Ginkgo biloba embryos in sealed jars 
using MS medium without a growth regulator. Calli were also obtained from embryos grown on 
MS medium supplemented with 5 mg/1 kinetin (kin) and 2 mg/1 NAA.13 Nakanishi and Habaguchi14 
were the first to grow Ginkgo biloba cultures with the objective of eludicidating the biosynthetic 
pathway of ginkgolides; however, they were unable to detect ginkgolides A, B, or C in their 
cultures.
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ESTABLISHMENT OF CALLI CULTURE

Materials

Expiants, picked from field-grown Ginkgo biloba trees (the Campus of Shenyang 
Pharmaceutical University, Shenyang, P. R. China) from June to October 1994, were used for 
callus culture. Ginkgolide standards ginkgolide A (GA) and ginkgolide B (GB) were purified 
from the leaves of Ginkgo biloba and identified by means of IR, MS, NMR, and other related 
methods.

Selection of Optimum Media

Five media were used in our experiments for the induction of callus of leaves, embryo, 
roots, stems, and shoots under light (8 hrs) for 24 hrs supplemented with 1 mg/1 NAA and 0.1 mg/ 
1 kin. The period of cultivation lasted 30 days. The illumination was with two General Fluorescent 
Lamps (40 W) placed 40 cm from the cultures.The influence of media on growth of Ginkgo biloba 
expiants were summarized in Table 1.

Table 1. The influence of media on growth of Ginkgo biloba calli.

Media MS H B5 6,7-V N6
Leaves +4-4-4- + 4-4-+ ++ 4-4-

Embryo +++ - ++++ +++ 4-4-

Root + - - - -

Petiole ++++ + +++ ++ 4-4-

Stem +++ + ++ 4-4- ++++

no callus
“+” the rate of induction is below 20%
“++” the rate of induction is between 20-50%
“+++” the rate of induction is between 50-80%
“++++” the rate of induction is between 80-100%

The optimum medium is different from the above explants. MS is the most suitable medium 
for the induction of leaves and petioles, N6 medium is the best for stem induction, and no inductive 
action was found for the roots in all testing media except MS. The results also showed that the 
higher the mineral substances contained in media, the higher the inductive rate.

The Influence of Plant Growth Regulators

Studies of plant growth regulators (PGR) on calli cultures were conducted to find out the 
conditions for calli growth rate and how to increase the medicinal content. Different growth 
regulators were tested to obtain a better maintenance medium using MS mineral salt formulations. 
The best calli inductive rate on MS supplemented with the growth regulator NAA (2.0 mg/1) was 
observed and the increase in the dry weight of calli was found to be 2.0 mg/1 of 2,4-D. No promoting 
effect appeared in the induction and growth of Ginkgo biloba calli when using indole-3-acetic 
acid (IAA) or gibberellin (GA3). The results of the influence of plant growth regulators on dry
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weight (DW) and inductive rate (IR) are shown in Figure 2 and Figure 3.

DW%

2,4-0 IBA NAA

□ 2.0mg/l
■ 1.0mg/l

□ 0.5mg/l

Figure 2. The effect of PGR on DW.

2,4-D IBA NAA

□ 2.0mg/l
■ 1.0mg/l
□ 0.5mg/l
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Figure 3. The effect of PGR on IR.

COMPARISION OF CALLUS CULTURE FOR DlFFFERENT EXPLANTS

The following is the order of inductive rate for all kinds of explants from high to low: 
Stem>Embryo>Leaves>Petiole>Shoot>Root
Explant from the field-grown tree > Explant from tube seedling

Table 2 demonstrates the inductive rate (IR) of different explants in four weeks.

Table 2. The inductive rate (IR) of different explants.

Expiants Stem Embryo Leaves Petiole Shoot
IR% in 4 wks 100 95-100 90-98 70-85 40-60

GINKGOLIDE DETECTION

Lobstein-Guth1 developed a purification method involving liquid-liquid extraction and 
preparative chromatography for the analysis of ginkgolides obtained from leaf and bark extracts. 
They used HPLC with detection at 220 nm and the limit of detection was approximately 30 mg.1 
Van Beek15 reduce the detection limit to 1 mg, using refractive index. This limit is similar to that 
obtained by Tallevi and Kurz16 used for the analysis of biomass produced by shake flask cultures,17 
where no ginkgolide was detected. A detection method using GC-MS, in which the content of GB 
reached a higher level (9 ~ 38 ppm) in suspension culture cells has been reported. In this paper, we 
successfully developed two sensitive and useful methods of callus culture.
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The Biological Quantitative Method (Platelet Aggregation Induced by PAF) of 
Ginkgolides

Principle

Pharmacological studies on pure ginkgolides A, B, and C specifically inhibited the binding 
of platelet-activating factor to its receptor in isolated rabbit platelet membranes and inhibited 
platelet-activating factor-dependent in vitro platelet aggregation. Ginkgolide B was the most active 
ginkgolide with an ICJ0 of ca. 10’7 M. After oral administration, ginkgolide B inhibited platelet
activating factor-dependent platelet aggregation in rabbits and inhibited thrombus formation induced 
by electric stimulation of the carotid artery in rats. Ginkgolide B also inhibited platelet-activating 
factor-dependent human polymorphonuclear leukocyte aggregation in vitro. Ginkgolides did not 
significantly affect arachidonic acid metabolism and did not bind to neurotransmitter receptors. 
Ginkgolides may have a clinical use and might also be of value as pharmacological tools for 
studying biological activities of platelet -activiating factors.

Ginkgolide Analysis

The standard solution of GB was made up and then the curve of platelet aggregation was 
measured (Fig. 4). The aggregation rate (AR) and inhibitive rate (IHR) were obtained using MeOH 
as standard. The standard curve shown in Fig. 5 and the results described in Table 3.

(1) MeOH as control
(3) 0.025mg/mL
(5) 0.0083mg/mL
(7) 0.00625mg/mL

(2) 0.05mg/mL
(4) 0.0125mg/mL
(6) 0.0075mg/mL

Figure 4. The graph of platelet aggregation of authentic sample of GB. 
nw%

Figure 5. The graph of IHR-C of the root callus.
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Table 3. Datasheet of IC50 for authentic sample of GB.

Concentra- 0.05 0.025 0.0125 0.0083 0.0075 0.00625 control
tion (mg/ml)

PA% 17.6 19.2 22.8 34.0 51.2 76.4 80.0
IHR% 78.0 76.0 71.5 56.9 36.0 4.5

IC50 0.00792 mg/ ml (17.5 pM)

The ICJ0 Detection of Callus Samples.

Root callus was used as the detective sample, and the analysis method is the same as 
above. The results are shown in Table 4 and the inhibitive rate-concentration(IHR-C) curve in Fig.
6. The concentration of GB was described in equivalent concentration(EC).

Table 4. The IC50 of root callus.

Cone, (g/ml) 0.2 0.1 0.08 0.06 control

AR% 36 41 49 56 100

IR% 64 59 51 44

ic50 0.07 g/ml

EC of GB 113 ppm

(1) control (2) 0.2g/mL
(3)0.1g/mL (4) 0.08g/mL
(5) 0.06g/mL

Figure 6. The graph of platelet aggregation of root callus.
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The Quantitative Detection of Ginkgolide by HPLC

The biological quantitative method of ginkgolide has some advantages, such as strong 
selection, high sensitivity, etc, but the content of GB obtained is an equivalent concentration. 
HPLC is a good choice for determinating pure ginkgolides.

Chromatographic Conditions

Column: Inertsil ODS column, 4.6 x 250 mm, 5 pm, GL Sciences Inc., Eluent: Ethanol
Water (45:55), Flow rate: ImL/min, Detector: Differential detector, Sensitivity: 0.5 x 10"*

Quantification

The Ginkgo biloba calli were analysed three times after purification. The concentrations 
of ginkgolide A and B were calculated with the following equation:

Concentration (ppm) for GA = area (G) / area (I.S.) x Wi.s. x 1.30

Concentration (ppm) for GB = area (G) / area (I.S.) x Wi.s. x 1.36

where area (G) is the peak area of the ginkgo compound of interest, area (I.S.) is the peak area of 
the internal standard (benzyl alcohol), Wi.s. is the mass of internal standard, it equals: Volume of 
internal standard (mL) x 2.09 mg/mL, 1.30 and 1.36 are the response factors of relative weight of 
GA, GB with internal standard.

The results of quantitative detection of HPLC are shown in Table 5 and Fig. 7 is the spectrum 
of HPLC of root callus, which is modified from Van Beek’s15 report, in which neither GA nor GB 
was detected from Ginkgo biloba culture.

Table 5. The content (ppm) of GA and GB measured by HPLC in root callus of Ginkgo biloba 
(n=3).

Group 1 2 3 mean
Content of GA 48.9 47.7 49.5 48.6 + 3.6
Content of GB 13.2 12.8 12.5 12.8 ± 1.5
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Figure 7. The spectrum of HPLC of root callus of Ginkgo biloba.

THE CHOICE OF OPTIMUM CALLI CONTAINING HIGH GINKGOLIDES 
LEVELS IN DIFFERENT EXPLANTS AND THE INFLUENCE OF CULTURE 
CONDITIONS ON THE PRODUCTION OF GINKGOLIDES

The Choice of Optimum Calli Containing High Ginkgolides Levels in Different Explants

Different calli obtained from roots, stems, leaves, petioles, embryos, buds and shoots were 
analyzed and compared for their ability to produce ginkgolides. Table 6 gives the results of 
measurements of the biological quantitative method (BQM) and HPLC.

Table 6. The content (ppm) of ginkgolides obtained from different calli.

Calli from root stem leaves petiole embryo bud shoot
GBbqm 113.0 37.7 95.4 24.7 79.2 66.0 56.6
GAhplc 10 2 5 1 3 6 5
GBhplc 17 2 6 2 - 3 8

The Influence of Culture Conditions on the Production of Ginkgolides

The Effect of Plant Growth Regulators on the Calli for their Ability in Producing Ginkgolides

Studies of plant growth regulator on callus culture were conducted to find out the conditions 
of callus growth rate and how to increase its medicinal content. The results showed that, when 
used singly, both NAA and 2,4-D, were satisfactory (Table 7), but no increased levels of ginkgolides 
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were found for IBA treatments.

Table 7. The effect of plant growth regulators (PGR) on the production of ginkgolides (Unit: 
ppm)

PGR (mg/1) Content of GA Content of GB RGR RY of GA RY of GB
NAA1.0 7 18 0.0687 0.48 1.24
NAA2.0 3 1 0.0723 0.22 0.07
NAA4.0 3 - 0.0891 0.27 -
IBA1.0 - - 0.0305 - -
IBA2.0 2 - 0.0425 0.09 -
IBA4.0 - - 0.0498 - -
2,4D0.5 12 10 0.0402 - 0.32
2,4D1.0 7 27 0.0510 - 1.28
2.4D1.5 3 14 0.0791 - 2.61

RGR: relative growth rate,

RGR = (1/T) In (W^W,)

where T is the period of culture, W, is the weight of callus when harvested, and Wt is the weight 
of callus when inoculated.

RY: is means rate of yield,

RY = RGR x Content of Ginkgolide

The Effect of Illumination on the Production of Ginkgolides

Illumination affects the growth of callus and the production of ginkgolides. The results are 
shown in Table 8.

Table 8. The effect of light on the root calli for the procuction of ginkgolides (Unit: ppm).

Type of culture Content of GA Content of GB RGR RY of GA RY of GB
light culture 10 17 0.0467 0.47 0.79
dark culture 1 - 0.0636 0.06 -
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ABSTRACT

Allelopathic effects of cork tree extracts {Phellodendron amurense Rupr.) were tested using 
germination tests and antimicrobial assays. In germination tests, germination rates of cabbage, 
lettuce, and cucumber seeds were not inhibited by the concentrations of the bark extracts from 
cork tree at under 0.2 mg. However, the growth patterns of bacteria, yeast and fungi were strongly 
inhibited at low concentrations. One of the allelochemicals which showed specific toxicity for 
microorganisms in the cork trees was berberine. For berberine production in vitro, various cell 
culture conditions were investigated. Several factors enhancing berberine production and cell 
growth in cork tree cell cultures were found. Some of them enhanced both cell growth and berberine 
production, but others resulted in a significant depletion of cell growth and berberine production. 
When culture condition was optimized, berberine was produced in cells at 5.06 mg per g dry 
weight which is comparable to amounts found in plant extracts.

INTRODUCTION

The cork tree belongs to the family Rutaceae and 10 species are indigenous to far east 
Asia. Phellodendron amurense (Amur cork tree) is the best known and is a widely grown genus 
in Korea, China and Japan. It grows rapidly to almost 10 m height and has a broad crown. The 
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grey-brown bark becomes fissured and corky with age. A crude extract made from the bark of the 
cork tree is a well known antibiotic. Hong1 reported that bark extract was very effective in inhibiting 
Japanese Apple Canker, caused by Valsa ceratosperma.

Plant secondary metabolites have been known to play a major role in the quality of food, 
flavors and dyes, and as insecticides.2 Plant cell cultures may offer an alternative approach to the 
production of such useful secondary metabolites. Although previously all economically important 
plants have been grown in cell culture, in most cases the productivity was too low to allow an 
economically feasible process.3 Selection of stable cell lines and finding optimum conditions for 
cell growth can resolve these problems. Optimal conditions for the increase of both cell growth 
and product yield can be found by manipulating cultural chemical and physical factors. These 
include nitrates, phosphates and phytohormones. Aeration, temperature, pH and light are physical 
factors.4

The purpose of this research is to identify those allelochemicals that affect microorganisms 
and products in cell culture.

MATERIALS AND METHODS

Germination Bioassay for Allelochemicals

One hundred gram of cork tree tissue was extracted with CH2C1, and distilled water for 24 
hr at room temperature. For germination tests, an average of 10-30 seeds of cabbage (Brassica 
oleracea var. capitata), lettuce (Lactuca sativa), and cucumber (Cucumis sativus) were placed in 
petri dishes containing 30 mL plant extracts. The plates were maintained under fluorescent lamps, 
3,000 lux at 25 C in the culture room. After 3 weeks, the germination rate per plate and species 
were recorded.

Bioassay for Microorganisms

The bactericidal bioassay used the disc diffusion method.5 Test microbial strains were 
purchased from Genetic Resources Center, KIST. Stock cultures of test bacteria (Streptococcus 
aureus 12732, S. aureus R-209, S. typhimurium, and E. coli), and yeast (Candida albicans') were 
inoculated onto the LB (Luria-Bertani) and YPD (Yeast extract, Peptone, Dextrose) without agar, 
and then cultured for 12 hr, respectively. A culture of bacteria was centrifuged 10,000 x g and the 
microorganisms collected. Five hundred mL of LB and YPD medium with 1.5% agar was 
autoclaved, cooled to 50 C, mixed with the bacterial pellet. Twenty mL of the mixture was poured 
into a petri dish (90 cm x 20 mm) to prepare a seeded solid agar plate, and then stored at 4 C. For 
antimicrobial tests, paper discs (8 mm) containing various concentrations of plant extract were put 
on the agar plate. After 12 hr at 37 C, the diameters of inhibitory zones were measured using an 
autocaliper (CD-15B, Mitutoyo Corp., Japan). The fungal bioassay was modified method of 
Skipp and Bailey (1977).6 Stock cultures of the test fungi (Botrytis cinerea, KCTC 1937 and 
Altemaria alternata, KCTC 6005) were inoculated onto malt extract medium without agar, and 
then cultured for 16 hr. Various concentrations of plant extracts were poured into a 96 microwell 
(Nunc, USA), and then air dried at 4C. Twenty-four hr following inoculation, a fungal broth was 
diluted with malt extract liquid medium, and then added to the 96 microwell plate. Five days 
following inoculation, the fungal growth was observed.

Identification of Allelochemicals

Samples for berberine analysis were obtained by analyzing 100 g of powdered bark.7 Dried 
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tissue culture cells were extracted with 10 mL methanol in a bath for 1 hr. TLC (Silica gel 60 F , 
0.25 mm, Merck) was developed in EtOAc-C6H6 - n-PrOH - MeOH - EtNH, (4:8:2:1: l)/(v:v:v:v) 
and MeOH - 25% NH4OH - H2O (8:l:l)/(v:v:v). Quantitative determinations of berberine and 
palmatine were made using a calibration curve using authentic samples with a Spectra Physics 
SP88OO HPLC system equipped with a UV detector. Separation was accomplished using /j- 
Bondapak Cl 8 (300 X 3.9 mm) column; solvent 1 mM tetrabutylammonium phosphate (pH 2.0): 
acetonitrile (40 : 60)/(v:v); flow rate 0.5 mL/min; wavelength 265 nm. Berberine was tentatively 
identified based on retention time and UV spectrum.

Allelochemical Production by Cell Culture

Cork tree suspension culture was initiated by transferring callus to liquid MS8 medium 
supplemented with 3% sucrose, 1.0 mg/1 2,4-dichlorophenoxyacetic acid (2,4-D), and 0.1 mg/1 
benzylamino purine (BA). Cultures were placed in the same medium in the dark at 25 C and 
subcultured every 4 weeks. The effect of various macronutrients was tested by transferring duplicate 
samples of 1.5 g callus of 10-day old suspension into 250 mL Erlenmeyer flask containing 50 mL 
of test medium. The test media for studying the effect of nitrate, phosphate, sucrose, and growth 
regulators (2,4-D, IAA and BAP) were prepared by modifying their concentrations in the LS9 
basal medium. All shake cultures were maintained in dark at 25 C.

RESULTS AND DISCUSSION

Germination Test

Germination of seeds treated with cork tree extracts was not inhibited at rates less than 0.2 
mg, but growth of roots was significantly inhibited with higher concentration (Table 1). Extracts 
inhibited germination about 48% and 50% in lettuce and cabbage, respectively, but cucumber 
seeds were completely inhibited at 100 mg. Germinated seedlings treated at high concentrations 
of plant extracts became necrotic and chlorotic after 3 weeks.

Table 1. Phytotoxicity of various seeds by aqueous extracts of cork tree.

Test species

Concentration (mg)

0 0.02 0.2 2.0 20.0 100

G* RL** G RL G RL G RL G RL. G RL

Cabbage 100 2.5 96 2.5 98 1.2 98 0.5 73 0.6 50 0.5

Lettuce 100 2.0 96 2.1 97 1.0 95 0.8 70 0.8 48 0.2

Cucumber 98 3.0 98 2.8 96 2.5 50 2.2 30 0.8 0 0.3

* G: Rate of germination (%); **RL: Growth of root radicle (cm)
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Many reports have shown the inhibitory activity of plant extracts. Rasmussen and Rice10 
identified ferulic acid and p-coumaric acid from Sporobus pyramidatus and found allelopathic 
effects on associated species, resulting in either reduced grown or elimination from the stand.

The concentrations which inhibited seed germination in bioassays were very high compared 
to extracts from Larix."

Allelopathic Effects on Bacteria and Yeast

Plant extracts inhibited the growth of various bacteria tested at a concentration of 625 pg/mL 
(Table 2). Chamaecyparis obtusa was chosen as an indicator species which contained the 
antimicrobial compound, hinokitiol. A poplar hybrid was used as a negative control because it 
does not possess antimicrobial activity. In our assays, cork tree extracts showed very strong 
antibacterial activity compared to Chamaecyparis obtusa extract. Among 4 strains of bacteria 
tested, 5. aureus 12732 and S. aureus R-209 were sensitive. MIC values for S. aureus 12732 and
5. aureus R-209 were 625 pg/mL, respectively. However, as expected the poplar hybrid did not 
show antibacterial activity. Cork tree extract also inhibited Candida albicans, an important medical 
pathogen.

Table 2. Minimum inhibition concentration (MIC) values of plant extracts on bacteria and yeast 
(pg/mL).

Species S. aureus
IFO 12732

S. aureus
R-209

E. coli Streptococcus
sp.

Candida 
albicans 
IFO 1594

Phellodendron 
amurense 625 625 1250 625 625

Chamaecyparis 
obtusa 625 1250 1250 1250 1250

P. albaXP. 
glandulosa

*
- - - -

* - No activity

Cork tree and Chamaecyparis extracts severely inhibited fungus growth (Table 3) 
and it also showed very strong inhibition against Alternaría alternata. Turner12reported 
that some fungal metabolites are important phytotoxins.

However, Lovett and Sagar13 reported that aqueous washings of the leaves of 
Cornelina sativa consistently stimulated the growth of radicles of flax (Linum 
usitatissimum) seedling.

Identification of Allelochemicals

The allelochemicals were identified from cork tree using TLC, UV and HPLC, and were 
isoquinoline and berberine (Fig. 1). The amount of berberine from plant tissue was calculated to 
be 5.5 mg per gram dry weight (data not shown). Berberine has been used as a fluorescent marker
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Table 3. MIC values of various plant extracts for fungus growth.

Species

Fungus strain

Botrytis cinerea Alternaría alternata

Phellodendron amurense 0.25 0.25

Chamaecyparis obtusa 0.025 0.25

P. alba X P. glandulosa .*

* - No activity

in several areas of medicinal research as well as an antibacterial, antimalarial and stomachic in the 
Orient.

Cork tree extract had no effect on seed germination at concentrations as low as 0.2mg, 
whereas growth of bacteria, yeast, and fungus was inhibited at low concentrations. Thus, berberine 
may be a useful antibiotics.

Berberine Production by Cell Cultures

Primary callus cultures were established from stem cambial tissues of cork tree by culturing 
on LS liquid medium with 0.5 mg/1 2,4-D, 0.1 mg/1 BA, and 3% sucrose. Callus tissues grew 
rapidly on this medium. However, initially the cell suspension cultures may be quite different in 
appearance and growth in cultured cells.

The effect of nitrogen on both cell growth and berberine production was examined by 
varying concentration of NH4NO3 and KNO3 (data not shown). High nitrate concentration in the 
medium resulted in a marked increase in berberine production, whereas low level nitrate only 
promoted cell growth. For examples, high berberine production was obtained in medium containing 
80 mM nitrate, while increased cell growth was shown at 40 mM.

Cell growth was promoted by phosphate in the medium up to concentrations of 54.8 mM 
(data not shown). Higher phosphate levels did not promote cell growth. However, cell growth 
was exceptionally promoted at 2.25 mM phosphate. The optimal concentration for berberine 
production was 8.98 mM and was half that used in normal LS medium.

The effect of sucrose on cell growth and berberine yield was investigated. Cell growth, as 
well as berberine yield, increased with increasing sucrose concentration (data not shown). The 
optimal concentration of sucrose for both berberine production and cell growth was 7%.

In cork tree cell cultures, cell growth and berberine production required different growth 
regulators. The 2,4-D and IAA promoted growth of cells (Table 4). Although cell growth in 
medium with high concentrations of 2,4-D and IAA was markedly superior than with low 
concentrations and controls, berberine production was inhibited by high levels of auxin. Addition 
of 2,4-D has been known to be responsible for suppressing formation of secondary metabolites in 
many plant cell culture systems.14
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Growth regulator (mg/1) Cell growth Berberine content

Table 4. Effect of growth regulators on cell growth and berberine production.

2,4-D IAA BA (g dry wt/flask) (mg/g dry wt)

1.0 1.0 - 0.098 0.056

1.0 5.0 - 0.116 0.340

1.0 10.0 - 0.074 0.254

- 1.0 - 0.075 3.170

- 5.0 - 0.091 0.051

- 10.0 - 0.120 0.750

- 5.0 0.5 0.103 0.056

- 10.0 0.5 0.398 0.056

5.0 0.5 0.090 0.690

Berberine production in cork tree cells was stimulated when IAA and BA were applied 
simultaneously. These observations suggested the important role of BA as a promoter of berberine 
production. The highest berberine yield was obtained from LS basal medium containing 1.0 mg/1 
IAA. When the culture condition mentioned above were optimized, berberine was produced in 
high amount (5.06 mg/g dry weight) comparing favorably to that of plant extracts.

Cell suspension cultures of Acer pseudoplatanus,15 and Catharanthus roseus16 have been 
shown that accumulation of secondary metabolites is very sensitive to nutrient supply.

A great many of the metabolites produced from microorganism are growth stimulators of 
various types. Some from bacteria and fungi are allelopathic compounds.17 In this research, 
allelochemicals of the cork tree might selectively inhibit growth of certain microorganisms. A 
succession of microorganisms may degrade complex toxic organic compounds into simple forms, 
making then less toxic.
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ABSTRACT

Understanding the metabolic variation of secondary compounds produced in allelopathic 
(both inhibitory and growth promoting) response to agricultural, forestry, and ecological systems 
may provide an explanation for the reason for plant survival in a hostile world. Saponins are a 
class of secondary products that provide an allelopathic response and they produce interactions 
between mungbean (Vigna radiata L.) plants grown in volcanic soil in Tainan, Taiwan, their insects, 
and their diseases. Mungbeans, an economic crop plant grown in many countries, have received 
little attention with respect to metabolism of any secondary products, nor how these compounds 
influence the biology of the plant’s growth and development. Saponins isolated from mungbean 
plants may contribute as much as 25% inhibition of growth and 25% to enhance growth and 
development. Allelopathic effects may occur with changes in the metabolism of saponins as they 
go through the growth cycle. A mixture of mungbean saponins added to the soil used to grow a 
new crop of mungbeans produced enhanced growth, but no increase in yield. Using distilled water 
as a control, in a filter paper bioassay, results showed that the saponins were inhibitory as well as 
stimulatory. Soyasaponin I and III, 3-O-[-D-galactopyranosyl (1—>2)-/?-D-glucopyranosyl] 
sophradiol, as well as other mono- and bidesmosidic saponins were identified. A mechanism of 
action for a monodesmodic saponin will be proposed.

INTRODUCTION

Allelopathic interactions between plants and soil and disease organisms have been 
recognized by scientists worldwide because; a) they offer an understanding of growth and 
development processes and b) when isolated, the allelochemicals may find new uses in agriculture 
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such as decreasing our reliance on synthetic herbicides, insecticides, nematocides and for disease 
control. The recognition that allelochemicals have a role in producing growth of plants, 
microorganisms, viruses, and insects has not yet been achieved. Despite much optimism and some 
progress in unraveling the complexities of chemical interactions between biological species, a 
firm foundation for the existence and function of allelopathic interactions has not been forthcoming. 
It is our hope that this First World Congress on Allelopathy will help to change this.

We would like to give our perception of the elements for production of food and fiber in 
the world today. Meeting the essential dietary requirements of increasing numbers of human beings 
is a global, persistent, and arduous challenge for those in agricultural and biological research, 
development, extension, and production. Most of us are familiar with how well the challenge has 
been met to date: fewer people on the land are feeding more of the world’s population than ever 
before. This could not have been done without advances in knowledge through research and 
development; yet the practical application of this knowledge by the farmers of the world was 
indispensable in meeting the challenge.

Mungbeans (Vigna radiata L.) are a crop plant of economic significance in Taiwan and 
other countries around the world. Recently they were found to produce mono- and bi-desmosidic 
saponins,1'4 with soyasaponin I being dominant. Bidesmosides appear to be primarily a transport 
form. Bissett5 proposed, though without evidence, that when the plant is damaged they could 
rapidly be converted by enzymes into monodesmosides which tend to be more active. Little is 
known about the biological activity of saponins, although some reports on allelopathic activity 
(both inhibitory and stimulatory) have been published for mungbeans.6,7 The presence of steroid 
saponins in the plant kingdom and their significance to plant growth was reported by Balansard7. 
This was followed by Helmkamp and Bonner,9 who found a doubling of the growth rate of wheat 
embryos by optimum concentration of saponins. The treatment of tomato cereals and seed with 
dilute solutions of saponins accelerated germination and increased the growth rate. Seeds of pea 
and com absorbed water more rapidly in the presence of saponins with a corresponding increase 
of growth rate. They speculated that steroidal saponins may increase the growth of pea embryos 
by 40% due to their surfactant properties, which modulates the relation of water to embryos and 
seedlings. A decade later, Vendrig10 determined that steroidal saponins exhibited strong auxin 
activity at very low concentrations categorizing them as plant growth regulators. Grunwald11 found 
that plant sterols influence the cell wall permeability of plants. Price12 reviewing the field in 1987, 
thought that the primary action of saponins was to effect a general increase in the permeability of 
the plasma membrane.

Allelopathic agents can both stimulate and inhibit plant growth. The focus of this paper is 
to offer data from 72-hr bioassays, and a possible explanation as to why the stimulatory growth 
effect of saponins from mungbeans occurs. It also recognizes that higher concentrations of saponins 
cause inhibitory reactions in the mungbean plants and are the most common cause of allelopathy. 
This phenomenon of growth promotion at lower concentrations and inhibition of the growth at 
higher concentrations calls for careful studies of plants in the future. Such studies should focus 
on plant adaptability, stages of growth, concentration and type of allelochemical, measurement of 
biological activity, etc. to fully explore the allelochemical response.

Our objectives were to determine if the saponins present in the mungbean plant collected 
throughout the life cycle could serve not only as a growth enhancer but also as an inhibitor for 
mungbeans and for lettuce. An explanation of the biological activity is hypothesised.
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METHODS

Plant Material

Mungbeans, cultivar Tainan 5, were grown in the Asian Vegetable Research and 
Development Center in Tainan, Taiwan throughout the life cycle starting on March 12, 1992, in 
triplicate sets. Collection of samples of roots, stems, and leaves at approximately 7-day intervals 
was completed, and the samples were immediately put in a drying oven at 70 C and ground to pass 
through a 0.6-mm screen in a Wiley mill. The wet and dry weights were recorded. Mungbean 
growth stages and other factors are described in Table 1.

Saponin Isolation and Purification

Saponins were isolated from each fraction of leaves, stems, and roots and purified by 
extraction with 1-butanol according to the procedure shown in Fig. 1.

Seeds/Plants for Growth Enhancement Tests

Mungbean (Signa radiata L. cultivars Tainan 3 and Tainan 5) and lettuce (Lactuca sativa
L. cultivar Great Lakes) seeds were obtained from Tainan District Agricultural Improvement Station, 
Tainan, Taiwan and Taiwan Agriculture Materials Co., Taipei, Taiwan, respectively.

Table 1. Mungbean growth stages and conditions of plants

Sample No. Age of Plants No. of Plants
Collected

Remarks

[Seed Planted March 12, 1992]

1 7 150 Primary leaves unfolded

2 13 100 First trifoliate leaves appeared

3 28 75 Second trifoliate unfolded and third trifoliate

4 35 50
leaves appeared
Third trifoliate unfolded; fourth trifoliate

5 42 25
leaves appeared
Fifth trifoliate leaves unfolded; sixth trifoliate

6 49 25
leaves appeared
Sixth trifoliate leaves unfolded; pods appeared

7 56 25 Pods were full size

8 64 25 Pods turned black

9 77 25 Maturity with leaves turning yellow

10 91 25 Harvest
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Dried mungbean plant parts

Extract with CHC13 in a
Soxhlet apparatus for 24 -h

▼ ▼
Fat-Free 

plant material
LIPIDS (No Saponins) 

DISCARD

Extract with 80% Ethanol for 4 Hrs,
Repeat 3 times,
Evaporate to dryness in vacuo

CRUDE SAPONINS

Extract with 1-butanol saturated with H>O;
500 ml, 3 times

J
H2O

(No Saponins)
1-Butano fraction

Evaporate to dryness in vacuo
Redissolved with CH3OH
Filter through 0.45 |im filter

I
72-h bioassay with 
mungbeans and lettuce

TLC HPLC

Figure 1. Extraction and partial purification of mungbean saponins from roots, stems, and leaves 
collected at weekly intervals throughout the life cycle.

Bioassay Procedure

The bioassay experiments were designed to compare the early growth (72-h) of mungbeans 
and lettuce treated with the 1-butanol-purified saponin solution and distilled water compared to a 
control treated with distilled water according to Fig. 2.
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Partly purified saponins from 
roots, stems, and leaves of mungbean

plants at 2,4, 7, and 10 weeks

1,10,100,1,000  ppm 
dissolve in distilled water

1 r and adjusted to pH 7.0

28 C, 72-h 28 C, 72-h

Measurement Measurement

Length of the radical and the epicotyl of lettuce or mungbean seedlings were determined

Figure 2. Bioassay procedure used for saponins partially purified from 2,4,7, and 10 weeks old 
mungbean plants.

Thin Layer Chromatography (TLC)

C-18 reversed-phase TLC plates (10 x 20 cm) with a coating thickness of 0.25 mm were 
used. The prepared samples and standards of soyasaponin I and soyasapogenol B were dissolved 
in methanol. Two microliters were spotted on plates for identification of the saponins and 1 pL 
for identification of the aglycones. Standards were prepared at a concentration of 1 pg/pL and 
various amounts were spotted to assess the concentration of the mungbean saponins. The solvent 
systems (v:v:v) used separately for identification of the saponins were methanokwater [90:10] 
and l-butanol:acetic acid:water [7:2:2].13 The plates were sprayed with Liebermann-Burchard 
reagent14 and heated to 100 C for 2 min. Fluorescent spots were visualized under UV at 366 nm.
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High Pressure Liquid Chromatography (HPLC)

Crude saponin samples were partially purified by extracting 3 times with 1-butanol saturated 
with water. After making sure that all traces of 1-butanol were evaporated, the samples were 
processed through TLC and various fractions were eluted from the plates with CH3OH, reduced to 
dryness, redissolved in CH3OH, filtered through 0.45 /im filter, and then loaded on Hyper 120 
ODS, with a Hyper prep Guard, 15 ¿urn, filter 50 mm x 20 mm (Keystone Scientific Co., Inc. 
Bellefonte, PA) at a variable flow rate of 0.5-2 mL/min, and processed by a LDC/Milton Roy 
Constametric Pump and a Spectro-Monitor. A 2-component solvent system consisting of acetonitrile 
and water was used.

Mass Spectrometry

The partly purified saponins from 1 -butanol extraction from each sample were analyzed by 
mass spectrometry.2,3,6'15 Soyasaponin I, Soyasaponin III and 3-O-[/3-D-galactopyranosyl-(l —>2)- 
/3-o-glucuronopyranosyl] sophradiol were among the reference compounds used.

RESULTS AND DISCUSSION

Mungbean and Saponins Analyse Throughout the Life Cycle

The results of harvesting the three replicates with respect to the dry weight increase are 
shown in Fig. 3. The greatest increase at 90 days of age was 1 g/plant, the roots were 1.1 g/plant 
and the stems were relatively constant from 50-90 days at 200 mg/plant.

The crude saponins (Fig. 4) were isolated from each part of the plant. For all the data 
reported on TLC, HPLC, MS, and bioassay, the saponins were processed through the first stage of 
purification which was extracted with 1-butanol. Leaf biosynthesis of crude saponins (Fig. 4) 
occured in 3 bursts at approximatly 30-50,55-65, and 75-90 days which corresponds to the initiation 
of flowers, leaf development and maturity. The total saponins accumulated corresponds to 1.8 g 
saponins/plant. The stems had relatively constant levels at around 20-30 mg saponins/plant at 30
40 days of age; the roots were similar to the leaves in that at 30-40 days of age they increased from 
20 mg/plant to 70-80 mg/plant. The increase by the roots and leaves corresponded with the second 
and third trifoliate leaf development and with the onset of fungal root disease which was identified 
earlier as Rhizoctonia spp, Pythium spp, and Fusarium spp.71618

The rates of biosynthesis and catabolism may be reflected in the pool sizes of the saponins 
which are considerable in the whole plant (z.e., nearly 2 g/plant); however, the bulk of the metabolic 
activity of the saponins was found in the leaves, particularly the young ones. It is possible that 
saponins could be formed elsewhere and transported to the young leaves. We think that the rates 
of biosynthesis and catabolism vary with respect to physiological states of development, depending 
on duimal variation, time of year that the crop is grown, types of soil, fertilizers, herbicides, 
insecticides, and cultivars, as well as the functionally different parts of the plant. Different patterns 
of saponins may be formed. Saponins undergo biotransformation within the plant as is shown in 
the bioassay section of this paper. Biotransformation also occurs in the rhizosphere surrounding 
the plant.7,8 Often these biotransformations occur at appreciable rates; however, little is known 
about their activity either in the plant or in the soil.
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— o- - Leaves—e— Roots 
—a - Stems

0 20 40 60 80 100
Days After Germination

Figure 3. Increase in dry weight of mungbeans throughout germination. Average of 3 replications: 
Number of plants collected for each age was reported in Table 1.

— e- - Leaves—e— Roots 
—B - Stems

Figure 4. Crude saponins isolated from roots, stems, and leaves of mungbean plants throughout 
the life cycle.
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Occurrence of Mono- and Bidesmosides Shown by Thin Layer Chromatography (TLC), 
High Pressure Liquid Chromatography (HPLC), and Mass Spectrometry

TLC

Preparative TLC was used to fractionate the crude saponins from mungbeans. Soyasaponin 
I, which has a molecular weight (MW) of 942 with an R, value of 0.48 - 0.53, was found to be the 
main saponin in all leaf, roots, and stem samples isolated throughout the life cycle of mungbeans. 
The bidesmosides [Rz = 0.10 - 0.48] and the other monodesmosides (Rz = 0.54 - 0.68) were also 
found in each fraction. The monodesmosides contained a new saponin (Fig. 5b) possessing MW 
780, and Fig. 5c shows soyasaponin III (MW 796). Kitagawa,19 first identified soyasaponins I and 
III from soybeans. The upper part of the plate (Rz = 0.70 - 1.00) contained soyasapogenol B as 
well as other aglycones, some not yet identified. Preparative plates were run and the fractions 
were collected that had Rf = 0 - 0.21,0.21 - 0.35,0.35 - 0.48,0.48 - 0.53, 0.53 - 0.65, and 0.65 
- 1.00. Table 2 shows the distribution of the saponins at 2, 4, 7, and 10 weeks of age with more 
saponins being formed as the mungbean plants reach maturity. It also indicates that the saponins 
are being biosynthesized throughout the life cycle. More bidesmosides and monodesmosides are 
formed during the last 5-10-week period which corresponds to the pre-flowering, flowering, and 
pod development stages.

HPLC

The preparative TLC samples were used for both the analytical and preparative modes for 
analysis, with collections being made for the mass spectrometer.

MS

The JEOL JMS SX/SX 102A high resolution double-focusing four-sector tandem mass 
spectrometer was used to determine the structures of soyasaponin I (M.W. m/z 942), soyasaponin 
III (M.W. m/z 796), and 3-O-[/?-D-galactopyranosyl-(l—>2)-/3-D-glucuronopyranosyl] sophradiol 
as shown (M.W. m/z 780) in Fig. 5. Several other mono- and bidesmoside saponins were detected; 
however, the samples were not pure enough that parent (M.W.), daughter or granddaughter ions 
were high enough in intensity to permit tentative identification. Soyasaponin I was predominantly 
(70-80%) present in leaves, stems, and roots until 20-30 days of growth. The roots contained no 
mono- and bidesmosides throughout the life cycle of the mungbean plant (Table 2). The majority 
of the saponins were found to occur in 60-90 days (Table 1, Fig. 3) and soyasaponin I had dropped 
in concentration to about 50% of the mixture with more mono- and bidesmoside saponins being 
present in the leaf than in the stem tissue.

Effect on the Growth of Mungbeans and Lettuce

The partially purified saponins at concentrations of 1,10,100, and 1,000 ppm were dissolved 
in distilled water, adjusted to pH 7.0 ± 0.1, and used in 72 h bioassays. After that time, the lengths 
of mungbean and lettuce seedlings were measured and compared to those of seedlings grown in 
distilled water. Results of the complete study are reported in documents filed in the Oklahoma 
State University Library. Some typical results are presented for mungbean radicales in Figs. 6a, b, 
c and for lettuce radicals in Fig. 7a, b, c; however, most of the results are not shown in this paper.
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The results from the 72 h bioassay mungbean saponins were mixed, with the saponins from leaves 
showing the most enhancement of growth, the stem saponins showing inhibition, whereas the root 
saponins showed that growth was slightly promoted. The most inhibited growth was found at the 
higher concentrations (i.e., 1,000 ppm). The results with lettuce show (Fig. 7a, b, c) that mungbean 
stem saponins were inhibitory at 2 and 4 weeks, but slightly stimulatory at 7 and 10 weeks; the 
stem saponins produced stimulatory action at all times during the growth season whereas the roots 
were slightly inhibitory at all times.

Figure 5. Structures of saponins identified in mungbeans (Vigna radiata L.): a) soyasaponin 1,3- 
0-[a-L-rhamnopyranosyl-(l—>2)-/?-D-galactopyranosyl-(l—>2)-)3-D-glucuronopyranosyl] 
soyasapogenol B; b) newly identified saponin [3-O-[)3-D-galactopyranosyl-(l—>2)-/?-d- 
glucuronopyranosyl] sophradiol; and c) soyasaponin III, 3-O-[^-D-galactopyranosyl-(l-»2)-jS-D- 
glucuronopyranosy 1] soyasapogenol B.
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Weeks

Table 2. Quantitative comparison of the TLC, of saponins formed throughout the mungbean’s life 
cycle*,+.

Saponin Spots Corresponding with 2 4 7 10

Bidesmosides
Leaf 4- 4- 4-4- 4-4-

Root - - - -

Stems 4-4- + 4-4- 4-4-

Soyasaponin I
Leaf 4-4- 4-4-4- ++++§ ++++§

Root 4-4- 4-4- 4-4- 4-4-

Stems 4- 4- 4-4-4- 4-4-4-

Other Monodesmosides
Leaf 4- 4- 4-4- 4-4-

Root - - - -

Stems 4-4- 4- 4-4- 4-4-

Quantitatively the amount of each series of compounds spotted was similar.
# Relative quantities - (absence); + (low); ++ (medium); +++ (high); ++++ (very high); 

all samples on a dry weight basis.
§ Many compounds clustered around soyasaponin I.

Fig. 8a and b show the effect of soyasaponin I on the growth of mungbean and lettuce 
epicotyl and the radicle. In the presence of soyasaponin I most of the growth for lettuce radicle 
occurs at 1 ppm, less so at 10 and 100, and there is inhibition at 1,000 ppm; for the epicotyl an 
increase in concentration of soyasaponin I causes an increase in growth. The effect of soyasaponin 
I on the mungbean is slight enhancement of growth of the radical and slightly inhibitory for the 
epicotyl.

The evidence is quite clear for lettuce and mungbean that the presence of partially purified 
saponins is stimulatory. The leaves showed the greatest enhancement of growth, possibly because 
they contain more bidesmosides. This evidence suggests that there is stimulation and inhibition of 
growth in mungbean and lettuce going on simultaneously. A summary of the results for 2,4, 7, 
and 10 weeks is shown in Tables 3 and 4. The biosynthetic pathway leading to the formation of the 
saponins is dependent in part on the growing parts of the plant, monodesmosides probably being 
formed first and the bidesmosides forming from the monodesmosides. How and when the 
bidesmosides serve in a transport form to be present in the mungbean plant at a site of damage, 
and be enzymatically converted to monodesmoside, as Bissett5 suggests, remains unclear.
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Table 3. Summary of effects of partly purified mungbean saponins on growth of mungbeans of 
concentrations of 1, 10 and 100 ppm* *.

Field Plant 
Part

Bioassay Plant 
Part SS-1§ 2

Weeks
4 7 10

Growth in 72 h

Roots Radicle 4-4- NC NC 4-4-4- No Change

Epicotyl NC NC NC — Low Inhibitive

Stems Radicle + — — + 4-4- Low Stimulative

Epicotyl 4-4- 4-4- 4-4- NC NC Medium Stimulative

Leaves Radicle 4- 4-4-4- 4-4-4- 4-4-4- 4-4-4- High Stimulative

Epicotyl 4-4- 4-4- 4- 4- 4- Low Stimulative

* Relative quantities: No Detectable Change - NC; Low (+), Medium (++), High (+++)
Stimulatory; Low (-), Medium (—), High (----) Inhibitory

* In most tests there was a significant amount of inhibitory action at 1,000 ppm 
§ SS-1: Soyasaponin I

Table 4. Summary of effects of partly purified mungbean saponins on growth of lettuce at 
concentrations of 1, 10 and 100 ppm* *.

Field Plant 
Part

Bioassay Plant 
Part SS-1§ 2

Weeks
4 7 10

Growth in 72 h

Roots Radicle ++ NC NC 4-4-4- Low Stimulative

Epicotyl NC NC NC — No Change

Stems Radicle 4- — — + 4-4- Low Stimulative

Epicotyl 4-4- 4-4- 4-4- NC NC Low Stimulative

Leaves Radicle 4- 4-4-4- 4-4-4- 4-4-4- 4-4-4- High Stimulative

Epicotyl 4-4- 4-4- 4- + 4- Low Stimulative

* Relative quantities: No Detectable Change - NC; Low (+), Medium (++), High (+++)
Stimulatory; Low (-), Medium (—), High (---- ) Inhibitory

* In most tests there was a significant amount of inhibitory action at 1,000 ppm 
§ SS-1: Soyasaponin I
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St. S2 S4 S7

St. R4 R7 RIO

Partially purified mungbean saponin

Figure 6a,b,c. The effects of partially purified saponins extracted from the (a) leaves [L], (b) 
stems [S], and (c) roots [R] of mungbean at 2, 4, 7, and 10 weeks of growth compared with 
soyasaponin I (St.) on the growth of mungbean radicle at 72-h bioassay. Bars having different 
letters are significantly different, P = 0.05, ANOVA, with Duncan’s multiple-range test.
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St. L2 L4 L7 LIO

St. S2 S4 S7 S10

30

£ -20
St. R4 R7 RIO

Partially purified mungbean saponin

Figure 7a,b,c. The effects of partially purified saponins extracted from the (a) leaves [L], (b) 
stems [S], and (c) roots [R] of mungbean at 2, 4, 7, and 10 weeks of growth compared with 
soyasaponin I (St.) on the growth of lettuce radicle for 72-h bioassay. Bars having different letters 
are significantly different, P = 0.05, ANOVA, with Duncan’s multiple-range test.
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Radicle Epicotyl

Figure 8a,b. The effects of soyasaponin I on the radicle and epicotyl growth of (a) mungbean and 
(b) lettuce.
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PROPOSED MECHANISM OF ACTION

Low concentrations of mungbean saponins generally promote the growth of mungbeans 
and lettuce whereas higher concentrations are inhibitory. Oakenfull20 suggested that saponins are 
in aggregates up to lx 106 molecular weight when in aqueous solution. We would assume that the 
concentrations being used in this study will be in an aggregated state. A suggested series of events 
(Fig. 9) which might occur in the seed-plantlet (root hairs)-water interface is proposed for 
mungbeans: a) some saponin molecules may be bound to the outer coating of the seeds but most 
molecules will be in an uncombined form, b) as the seed begins to imbibe water some of the 
saponin molecules become active in transport of water molecules into the plant, i.e., by processes 
where there is a loose binding to the surface of the seed through an unknown mechanism but 
which we think will be mediated in part by an enzyme-lipid bilayer-saponin interface, c) as the 
seed develops the plant hairs become available to additional unreacted molecules of saponins, 
which react with the lipid bilayer of the seedling becoming attached to an enzyme receptor on the 
surface, thus promoting water going into the plant. Fig. 8d-g shows that the saponin loses sugar 
molecules by cleavage of enzymes until what remains on the enzyme surface is the aglycone, 
which is loosely attached and eventually comes off the root hair leaving the enzyme available for 
another reaction. When inhibitory action is manifested, the saponin molecules are in such a high 
concentration that they are assembled around the rootlet as clusters or matrixes as high in molecular 
weight as one million. This prevents water or nutrients from the surrounding soil to be taken up by 
the root. Although the 72-h bioassay was not sterile, the growth of any microorganism is assumed 
to be minimal; however, saponins can arrest the growth of bacteria or fungi. What we do not know 
is whether the external cell concentration of the saponins in the medium may be high enough to 
cause the aglycone to remain attached; however, it seems that too high a concentration would 
produce inhibition in plant growth because of the blockage of the enzymatic sites by the aglycone; 
the concentration of saponin that would be required for this passive diffusion to occur; remains an 
open question. We might ask, is the root hair cell resistant to this series of events? The cell is in 
constant search of water and nutrients. In this scenario it has no other source of nutrients other 
than what was present in the seed itself. As the molecules of saponins are synthesized during the 
72-h bioassay they may be present as clusters that migrate freely within the plantlet and some are 
released to the medium. The saponins may be positioned so that the plant cell-saponin may react 
with concomitant passage of water (and nutrients). As the root grows it may contact more molecules 
of saponins, and the same cycle will be repeated so that a growth enhancement may be assured as 
long as saponins are present in the environment.

CONCLUSION

Substantial increase in saponins occur in the individual mungbean plant through the life 
cycle. This is the first report of saponin produced during a life cycle in 72-h bioassay. The mungbean 
saponins showed growth enhancement of around 5-10% obtained throughout the life cycle, with 
the highst activity being shown as the plants matured. The 1,000 ppm was inhibitory. These 
results confirm and extend the results obtained previously on pot growth experiments using 
mungbean saponins mixed with soil which indicated a 15-25% increase using mungbeans.6'7
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ABSTRACT

Biologically active substances of allelopathic origin play a significant role in the chemical 
interaction between macro- and microsymbionts in the formation, development, and efficiency of 
either their symbiotic and associative interactions. Allelochemicals from germinating seeds of 
grain crops are characterised by their increased biological activity and differing biochemical content. 
This allows their use as natural biostimulators and provides the increased efficiency of biological 
nitrogen fixation in legumes and non-leguminous crops. These opportunities are of great importance 
for increasing yields and reducing costs of agricultural products and energy expenditures.

The existing practice of using innoculum on legume and non-legume crops gives a positive 
effect. However, the results obtained do not fully meet modem requirements and require further 
search for solving the problem of increasing the efficiency of nitrogen fixation, and allelopathy 
could serve as a different approach.1 Even at the very early stages of legume seed germination, 
seed and root extracts produce positive effects on the development of nodule bacteria. Nodule 
bacteria are mainly rhizospheric microorganisms and propagate on the surface of roots, especially 
in the layer of mucilage surrounding growing roots and root hairs.2 Results of this process depend 
on the content and concentration of root extracts (carbohydrates, aminoacids, phytohormones, 
vitamins, pectins, and other compounds). At the same time, nodule bacteria themselves synthesize 
and secrete a complex of biologically active substances into the environment that intensify general
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plant metabolism and stimulate plant growth, development, and productivity.3 Among these 
compounds there are group B vitamins, phytohormones, enzymes,4 aminoacids,5,6 and 
polysaccharides. All of these compounds together with legume lectins play a leading role in 
increasing symbiotic activity.7 8

Thus, biologically active substances secreted by macro- and microsymbionts are not only 
identical in many cases, but are also mutually useful to each other. Creation of a highly active 
biochemical medium around legume seeds, roots, and nodule bacteria is an important condition 
for forming symbiosis and increasing its activity. The effeciency of legume-rhizobial symbiosis 
depends on both the nitrogen fixing activity of nodule bacteria both nodule and plant development, 
the photosynthesizing activity of the plants and provision of the bacteria with photosynthesic 
products. The necessity of stimulation of macro- and microsymbionts is also important. Such 
stimulation must provide intensification of plant and nodule bacteria metabolism and their secretive 
activity, which in turn should positively influence the amplification of their allelopathic activity 
and interaction.

Based on earlier research on the allelopathic properties of germinating grains and the 
secretions produced by them in the form of physiologically active aqueous exudates, for enrichment 
of presown seeds of different field crops, we examined the possibility of using allelochemicals 
from germinating seeds for increasing the efficiency of symbiotic and associative nitrogen fixation, 
at Kharkov State Agrarian University. With this in mind, a method of biostimulation of macro- 
and microsymbionts was elucidated. Simply, this method consisted of treatment of legume seed 
before sowing with an aqueous suspension of physiologically active exudate from germinating 
seeds of winter wheat, together with nodule or associated bacteria preparations. This exudate 
contained biologically active substances (enzymes, vitamins, phytohormones, aminoacids, lectins, 
lipids, and other compounds) which determine its allelopathic activity and mediate different 
biological functions. These include seed stimulation, germination, growth and development of 
plants, increased activity of microorganisms, especially nitrogen fixers, and, simultaneously, 
suppression of the development of different kinds of pathogens.9

Accordingly, the extract was obtained by germinating seeds of winter (spring) wheat for 3 
days and then washing them in water. At the present time, dry preparations trivially named 
“Allelostim” and “Phytorhyzostim" have been formulated thus, giving opportunity for more wide 
usage of the technology in agriculture. Dilution of nodule bacteria preparations in the extract 
allows for an increased activity and quick reproduction of nodule bacteria. The amount in suspension 
after one to two hours is 4-6 times greater than preparations made in water. Biological activity of 
suspension also increases at the expense of does not make sense bacteria secretive activity. For 
example, changes take place in cytokinin and auxin activity. Catalase activity also increases, but 
sugar and protein content decreases. All of these data suggest their metabolism in affected by the 
nodule bacteria.

Suspensions of extracts from rhizobial cultural bacteria (SER) were used from 1986-1995 
on different varieties of peas, soybeans, common beans, chick peas, and lentils. This gave an 
opportunity not only for determining the efficiency of the suspension, but also for detecting 
variations in plant interactions with nodule bacteria, and thereby, defining the significance of 
allelopathic factors in this process. Similar work has been done on winter wheat and spring barley
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plantings using different strains of associated bacteria.10 The use of biologically active substances 
of allelopathic origin for the biostimulation of both symbiotic microorganisms and legume and 
non-legume crops can be defined as allelopathic biostimulation. Studying the role of variety
acceptors and variety-donors of biologically active substances allowed us to predict further work 
which included increasing the efficiency of nitrogen fixation and plant breeding. Furthermore, it 
included the incorporation of biologically active substances possessing high levels of allelopathic 
activity and examining their interactions with nodule and associative bacteria. At first, the 
development of methods for studying symbiotic allelopathic biostimulation was made with pea 
variety Uladovsky 10, which differs from other varieties by its interaction with nodule bacteria. In 
these experiments, suspension components were used, both separately and in mixtures in the amount 
of 3% by seeds weight, to compare the efficiency of different methods of seed biostimulation and 
inoculation. Field investigations were carried out in field experiments at Kharkov State Agrarian 
University in soils typical for the forest-steppe zone of the Ukraine. This is a black soil type 
(chemozyom) with 4-6% humus.

As laboratory and field investigations have shown, the biostimulation of peas as well as 
other crop seeds by extracts, either in pure state or in suspension with nodule bacteria, causes an 
increase of metabolic processes and a 1.3-3.0 times intensification of secretary activity. Secretion 
content plays great significance in stimulation. Specially asparagine and glutamic acids being 
chemoattractive for nodule bacteria5 and their amounts stimulate seeds 1.3-1.5 times depending 
upon the variety.

The activity of nodule bacteria that actively secrete biologically active substances increases, 
and thus also stimulates seeds. When sowing seeds, a highly active biochemical medium is created 
which provides a dense population of highly viable nodule bacteria which quickly propagates 
around the seeds and along the growing root. In addition there is active reproduction (2-4 times 
higher compared to check) and increased virulence. Intensive secrete activity of stimulated seeds 
and existence of increased quantity of aminoacids in secretions, including asparagine and glutamine, 
provide increased chemotaxis of nodule bacteria of not only cultural strains, but also spontaneous 
types. These results showing increased efficiency are very important in legumes. The amount of 
other types of bacteria taking part in nitrogen fixation (azospirillum, azotobacter) or in their 
performance in soil (ammoniafixing, nitrifying, and others) also increases. The amount of 
phosphorous-decomposing bacteria also increases 1.7-2.5 times, thus positively producing 
improvement of phosphorous nutrition for plants and more complete utilization of phosphorous 
fertilisers. Thus, one can observe a complicated allelopatic interaction of biologically active 
substances from the extract suspension, nodule and associated bacteria, enriched seeds, and 
interactions that provide a high level of development and involve all the symbiotic participants 
during the vegetative period. The potent fungicidal properties of the extract suspension plus the 
nodule bacteria is positive, providing complete and significant suppression of seed infection and 
developing high physiological immunity to different diseases.

Presowing legume seeds plus extract suspension with rhizobium (SER) leads to the formation 
of plants with a well developed leaf surface having an increased level of photosynthetic activity 
and formation of a great number of large pink root nodules with increased levels of nitrogen 
fixation.

ill



Recent Advances in Allelopathy. Vol. I. A Science for the Future

In experiments (1986-1990) with pea of Uladovsky 10, the weight of nodules treated was 
1.6-1.7 times greater than with normal inoculation, while the active symbiotic potential was 
increased 1.6 times greater in comparison with check - 2.2 times. Nitrogenase activity was increased 
and a greater content of nitrogen in the nodules was observed; the amount of symbiotic nitrogen 
measured in harvest plants increased by 38.8% and 51.7% corresponding to the increased 
accumulation in the soil. The same results were obtained on soybean crops.

Increase of the activity of photosynthetic plants and nitrogen-fixing nodules leads to an 
increase in efficiency symbiosis in peas, especially in responsive varieties, 3-5 times; in soybean, 
1.2-2.0 times; in common bean, 1.5 times; in lentil 1.4 times. For example, the increase of pea 
seed yield of cultivar Uladovsky 10 (during 1986-1992) with normal inoculum amounted to 320 
kg/ha, while with SER suspension treatment was 1110 kg/ha, that is, a factor of 3.5 times. Protein 
content in seeds increased by 0.7 and 1.6%, and the additional yield of protein amounted to 89 and 
295 kg/ha correspondingly, while its yield on check variant was 578 kg/ha. When treating soybean 
seeds of Kharkovskaya 35 variety with SER suspension, grain yields (during 1991-1995) averaged 
3.3 t/ha, with Rhizobium inoculation the average was of 2.7 t/ha, and 2.1 t/ha without treatment. 
Protein content of soybean seeds increased by 1.5, on the average, and the added yield compared 
to the check was 426 kg/ha (61.9%) and amounted to 1115 kg/ha with its yield for check 689 kg/ha 
and with inoculation - 918 kg/ha.

An investigation of the methods of allelopathic biostimulation on different pea and soybean 
varieties showed that plant variety was important in the interation with nodule bacteria. The varieties 
differed in response to biostimulation and inoculation of seeds. Varieties responding positively to 
biostimulation not only had high yield increases, but were also characterised by a high index of 
energy efficiency and low production costs for the products. To better evaluate the response of pea 
varieties to allelopathic biostimulation, an express-method was developed. This method allowed 
us to make evaluations within two days.11

Testing allelopathic biostimulation together with preparations of bacteria (Rhizoagrin, 
Rhizoenterin, etc.) on winter wheat and spring barley have shown the ability to increase yields on 
common varieties by 10-20%, while on varieties that have increased interaction with associated 
bacteria by 25-32%. In accordance with the results obtained with different varieties, it was found 
that the increases with allelopathic biostimulation is characteristic for varieties with the “nis” 
(nitrogen fixing supportive) feature. Testing of such varieties as donors of biologically active 
substances, as well as acceptors, together with associative bacteria allowed us to find new solutions 
for allelopathic stimulations of biological nitrogen fixation (Fig.l). Using the scheme with new 
biologically active substances allows us to provide a stable increase of winter wheat yields, as 
well as of other crops, while reducing the amount of nitrogen and phosphorous fertilizers used.

The research results on allelopathic stimulation of biological nitrogen fixation in legume 
and non-legume plants indicate that the use of these methods in agriculture would be profitable 
and, at the same time, protect the environment from fertilizer pollutation,or may likely reduce the 
amount of fertilizer to be used.

At the same time, breeding winter wheat for high interaction with associated nitrogen fixers 
were developed, and hybrid material was produced, the testing of which showed the possibility of 
developing, in the near future, winter wheat varieties, which may provide nitrogen needs by using 
biological nitrogen fixation derived from allelopathic biostimulation.

112



The Significance of Allelopathic Factors in the Formation of Agrophytocenosis with high levels of Biological Nitrogen

r a
Biologically active substances 

(BAS) of germinating seeds-donors 
(CD) with feature "nis" and high 

allelopathic activity

Strains of associative 
(Azospirillum, Enterobacter, etc.) or 
nodule (Rhizobium) nitrogen fixing 

bacteria (AB or NB)

Suspension BAS with strains of 
associated and nodule bacteria or I 

their mixture

seed and plants 
stimulation, increase of 

allelopathic activity

1
Cultivars-acceptors (CA) with 

feature "nis" and high allelopathic I

" J

stimulation of 
reproduction and 

increase of allelopathic 
and nitrogen fixing 

activity activity of AB or 
NB

optimization of 
interaction

Associative or nodule bacteria, 
formation of Rhizocenosis or active I

symbiotic potential Rhizobium 
(ASP)

i ■ ’
Agrophytocenosis of high productivity with increasing level of biological nitrogen | 

fixation, photosynthetic activity and disease resistance

Figure 1. The scheme of macro-and microcomponents interaction in the system of allelopathic 
stimulation of biological nitrogen fixation.
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ABSTRACT

Extensive NMR and FAB-MS studies led to the characterization of tricolorins A-G, major 
phytogrowth inhibitors present in the allelopathic glycoresin of Ipomoea tricolor Cav. 
(Convolvulaceae). The purification of these glycosides was successfully achieved by an amino
bonded phase HPLC methodology. The potential of various one- and two-dimensional nuclear 
magnetic resonance spectroscopic methods in deducing information about the interglycosidic 
linkage and sequence of monosaccharide residues in the tricolorins A-G is presented.

INTRODUCTION

Reference to the traditional use of members of the morning-glory family (Convolvulaceae) 
in Mexico has been helpful in designing an efficient search plan for sampling plant material at 
UNAM to investigate the allelopathic potential of Ipomoea species in a program oriented towards 
the discovery of novel agrochemicals (“green herbicides”).12 The method for selection of Ipomoea 
as the plant material for phytochemical studies was based on an ethnobotanical hypothesis. The 
allelopathic potential of plants in this genus, especially the suppressive effects on weed growth of 
sweet potatoes, Ipomoea batatas L., has been demonstrated.2 These species produce aggressive 
competitive effects due to their strong propagative power and a high allelopathic interference. In
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tropical temperate zones of Mexico, I. tricolor and I. batatas among other members of the 
Convolvulaceae are used extensively as cover crops. A total of 12 crude different Ipomoea species 
were submitted to preliminary bioassays to investigate for inhibitory activity on seedling growth 
of Amaranthus leucocarpus and Echinochloa crus-galli. All chloroform extracts demonstrated 
phytotoxicity with EDJ0 values lower than 200 pg/mL. Among the crude extracts showing important 
activities, those of I. tricolor and I. batatas displayed a significant inhibitory efect (ED50 <100 
pg/mL). When these bioactive extracts were subjected to column chromatography, the growth 
inhibitory activity was concentrated in a mixture of glycolipids, the so-called “resin glycosides” 
of convolvulaceous plants. Further chromatographic analysis of the active fractions by liquid
liquid centrifugal partition chromatography and semipreparative reverse phase HPLC yielded the 
major components in pure form.2 This contribution describes the isolation by recycling HPLC and 
detailed high resolution NMR investigations of tricolorins A-G (1-7), major phytogrowth inhibitor 
oligosaccharides isolated from I. tricolor Cav. (I. violacea L.).

H

7

RESULTS AND DISCUSSION

We previously reported the structure of tricolorin A (1), ll-(S)-hydroxy hexadecanoic acid
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11 -O-a-L-rhamnopyranosyl-(l ->3)-O-a-L- {2-O-(2S-methylbutyryl)-4-O-(2S-methyl-butyryl) }- 
rhamnopyranosyl-(l—>2)-O-/?-D-glucopyranosyl-(l->2)-/3-D-fucopyranoside-(l,3”-lactone), as a 
result of extensive spectroscopic studies.3 The isolation of compound 1 was easily achieved by 
crystallization from the CHCl3-soluble resins due to its considerable abundance in this complex 
mixture of oligosaccharides. However, the purification of additional glycolipids to homogeneity 
proved to be a very difficult task. The complexity of the so-called “resin glycosides” because of 
the close similarity in the structures of their individual constituents has posed fundamental difficulties 
associated with the oligosaccharides isolation. In the present study, the key to successful separation 
of compounds 1-9 was the use of a micropore bonded-phase media by HPLC in the recycle mode. 
In particular, analytical and preparative chromatography through an aminopropylmethylsilyl bonded 
silica gel colum, which was eluted isocratically with CH3CN-H2O, provided maximal resolution 
of the mixture.4
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Figure 1. Expanded region of TOCS Y spectrum with high resolution 1-D project for the 
oligosaccharide core of tricolorin E (5). Selected region shows each interacting H -H, subspectrum 
for all the monosaccharide units; those in the F, cross sections through quinovose H-4, glucose H- 
3 and rhamnose H-4 on the diagonal are indicated.

All purified compounds were amorphous white solids exhibiting negative specific rotation. 
A combination of one-dimensional (1-D) and two-dimensional (2-D) NMR spectroscopy, including 
COSY, TOCSY, HMQC, HMBC and ROESY experiments, in conjunction with FAB-mass 
spectrometry, was used for the characterization of compounds 1-7. Patterns of substitution on 
individual saccharide units in tricolorins were studied by *H  NMR spectroscopy. Use of 2-D 
homonuclear techniques5 (COSY and TOCSY) made possible the assignment of chemical-shift 
values for all C-bonded protons in each moiety (Fig. 1). The 'H NMR spectra of all compounds 
showed the following common features: (i) signals attributable to H-l through H-6 of four 
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(tricolorins A-E), three (tricolorin F), or six (tricolorin G) monosaccharide units were identified; 
(ii) resonances assignable to the non-equivalent protons of the methylene group at C-2 in the 
aglycone moieties; (iii) a methyne proton for the H-l 1 of the aglycones. From the ‘H NMR spectra, 
two short-chain fatty acid residues esterifying the oligosaccharide core of tricolorins A-E (1-5), 
and one residue in tricolorin G (7), were identified. Esterified positions were easily localized 
through strong deshielding effects. The interglycosidic connectivities were established almost 
entirely on the basis of detailed long-range (2J,3 J) heteronuclear coupling correlations by HMBC 
studies.5,6 These experiments also provided additional evidences for the location of the ester 
substituents (Fig. 2). It was possible in all the cases to link specific carbonyl ester groups with 
their corresponding vicinal methylene group resonances (27CH) and also with the pyranose ring 
proton at the position of esterification (37C[[). ROES Y spectra were also useful for determining the 
saccharide substitution. Crosspeaks were observed for all possible interglycosidic connectivities. 
In the same way, the anomeric configuration was confirmed by the observation of intraglycosidic 
ROESY crosspeaks (Fig. 3). Tricolorin B (2) and C (3) are macrocycle structures differing from 
previously reported tricolorin A (1) in the type of residues esterifying position C-4 of the inner 
rhamnose unit. The structure of tricolorin D (4) was elucidated as a diastereoisomer of compound 
1 with the lactonization at position C-6 of the glusose unit. An epimeric structure of tricolorin A 
(1) at C-4 of the inner methylpentose unit was identified for tricolorin E (5).

Figure 2. ‘H-Detected heteronuclear multiple-bond correlation (HMBC) spectrum of tricolorin B 
(2). Expanded region showing the 3Jai connectivities of the 13C carbonyl signals with the 
oligosaccharide proton resonances. The carbonyl signal at 176.1 ppm was assigned to the isobutyrate 
group by virtue of its 2JCH correlation with the septet at 2.51 ppm (zba H-2).
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Figure 3. The ROESY spectrum of tricolorin A (1) showing five through-space 'H-'H NOE 
responses corresponding to the interglycosidic connectivities: 1, Fucose H^aglycone Hn; 2, Fucose 
H2-aglycone Hn; 3, glucose H|-rhamnose Hj; 4, glucose H2-rhamnose Ht; 5, rhamnose H3-rhamnose 
Hr.

lukl

Figure 4. 'H-Detected heteronuclear multiple-bond correlation (HMBC) spectrum of tricolorin G 
(7). Expanded region showing the 3JCH connectivities of the 13C carbonyl signals with the 
oligosaccharide proton resonances. The carbonyl signal at 176.3 ppm was assigned to the 
methylbutyrate group by virtue of its2JCH correlation with the signal at 2.51 ppm (mba H-2).

Tricolorins F (6) and G (7) were isolated by the same HPLC recycling methodology from 
the polar portion of the crude resin glycosides of I. tricolor. The structure of compound 6 was 
elucidated as ll-(S)-hydroxyhexadecanoic acid ll-O-a-L-rhamnopyranosyl-(l->2)-/3-D- 
glucopyranosyl-(l —>2)-/3-D-fucopyranoside-(l,2”-lactone). Tricolorin G (7) has been determined 
to be an ester type dimer of tricolorin F (6) and a new triglycoside of jalapinolic acid, tricoloric 
acid C. The structural elucidation was based on chemical methods, FAB-mass spectrometry, and 
spectral analysis. The location of the ester substituents was established on the basis of detailed 
long-range heteronuclear coupling correlations by HMBC studies (Fig. 4). The most shielded 
carbonyl resonance (8C 173.8) was easily assigned to the lactone functionality by the 2J-coupling 
with each of the methylene protons at 8H 2.25 on the C-2 position of the aglycone moiety. The site 
of lactonization was corroborated as being placed at C-2 of rhamnose by the observed V-coupling 
between the carbonyl carbon of the lactone and its geminal proton (8H 5.62) in the pyranose ring.
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Similarly, the location of the 2-methylbutiroyl residue was determined by the observed correlations 
between the multiplet at 8 2.395 (H-2mba; 27CH) and the triplet at 8 5.7 (Rha-H4; VC H) with the 
carbonyl at 176.4. The heteronuclear multiple-bond correlation technique (HMBC) proved to be 
invaluable in establishing the location of the O-acyl groups and the position of lactonization in all 
these complex oligosaccharides.4

EXPERIMENTAL

General Experimental Procedures. The instruments used, experimental conditions for the, 
and the source of plant material, along with the handling of the plant extracts, were previously 
published.3 *H  (500 MHz),13C (125.7 MHz), DEPT, COSY, TOCSY, HMQC, and HMBC NMR 
experiments were conducted either on a Broker AMX-500 or a Varían Unity-500 spectrometers.

HPLC analysis. Instrumentation consisted of a Waters 600E Multisolvent Delivery System 
equipped with a Waters 410 differential refractometer detector. Control of the equipment, data 
acquisition, processing, and management of chromatographic information were performed by the 
Millennium 2000 software program (Waters). An analytical separation was first developed on a 
Waters aminopropylmethylsilyl amorphous silica gel column (300 x 3.9 mm; pBondapack, 10 
mm, 125 A) in order to determine the optimun mobile phase composition and sample load for the 
isolation. The analytical HPLC retention time (Rt) was determined for all compounds eluted 
isocratically with CH3CN-H2O (92:8 for compounds 1-5, and 88:12 for compounds 6 and 7), at 
the flow rate of 0.5 mL/min. A loading study revealed that a maximun of 500 pg of sample could 
be applied to the analytical column while retaining adequate resolution.

Isolation and purification of tricolorins A-G. HPLC separations were performed employing 
a preparative column (150 x 19 mm) packed with the same micropore bonded-phase media used 
for the analytical chromatography. The elution was isocratical with CH3CN-H,O and a solvent 
flow rate of 6 mL/min was used. The analytical sample load was scaled-up 120 times to 60 mg 
(500 pL) for preparative separation. Fractions across the peaks of interest were collected by the 
technique of heart-cutting, and aliquots were injected on the analytical column to assess purity. 
Fractions containing major components 1 (Rt 19.7 min) and 3 (32.0 min) were 99% pure. The 
preparative HPLC system was then operated in recycle mode to further separate and guarantee 
maximal purity of the five remaining peaks, i.e compound 2 (Rt 21.7 min), 4 (Rt 14.6 min), 5 (Rt 
16.0 min) (CH3CN-H2O 92:8), and 6 (Rt 14.3 min) and 7 (Rt 16.3 min) (CH3CN-H,0 88:12). 
Eight to twelve recycle passes achieved complete separation of all components to homogeneity.
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ABSTRACT

A review of the bioactive compounds isolated from sunflower species and their bioactivity 
data, whenever available, is presented. Special emphasis has been placed on their allelopathic 
activity. According to their carbon skeleton, compounds have been classified as terpenoids: 
monoterpenes, bisnorsesquiterpenes, sesquiterpenes, sesquiterpene lactones, diterpenes, triterpenes, 
and sterols; fatty acids; phenolic compounds: flavonoids, coumarins, simple phenolics, and simple 
organic acids.

INTRODUCTION

Sunflower species are native to North America and many examples of their allelopathic 
activity in wild and agricultural ecosystems have been already reported:1 Helianthus rigidus exhibits 
autotoxicity and sunflower crop (Helianthus annuus) has a great allelopathic potential and inhibits 
seedling growth of weeds, including velvet leaf, thorn apple, morning glory, and wild mustard, 
among others.2 Field studies have demonstrated that weed biomass is equally reduced in sunflower 
plots with or without herbicides.3 4

Chemical studies of Helianthus annuus have shown that this species is a rich source of 
terpenoids, and particularly of sesquiterpenoids5 with a wide spectrum in biological activities6 
including, most recently, potential allelopathy activity.7 The allelopathic activity of sunflowers is 
not a simple phenomenon, and involves many different types of compounds, such as flavonoids, 
diterpenes, sesquiterpene lactones, and heliannuols.

On the other hand, phenolic compounds such as flavonoids have important and diverse 
effects: nectar-guide components in flowers,8 larval-growth inhibitors,9 cytotoxic agents,1011 
phytoalexins,1213 effects on the oxidative properties of intact plant mitochondria,1415 and effects 
on the enzymatic regulation of the levels of indole-3-acetic acid (IAA).l6J7

Here, we present a review of the bioactive compounds isolated from sunflower species and 
their bioactivity data, whenever available. Special emphasis has been noted of their allelopathic 
activity. According to their carbon skeleton, compounds have been classified as terpenoids: 
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monoterpenes, bisnorsesquiterpenes, sesquiterpenes, sesquiterpene lactones, diterpenes, triterpenes, 
and sterols; fatty acids; phenolic compounds: flavonoids, coumarins, and simple phenolics; and 
simple organic acids.

Finally, as a summary, we present a final table with all reported biologically active 
compounds isolated from the genus Helianthus until January 1999 with three entries: plant source, 
part of the plant used, and method of extraction.

I.-T erpenoids

1.1- Monoterpenes

Monoterpenes are usually found as constituents of the essential oils of many aromatic 
plants. First reports about allelopathic monoterpenes were published by Müller in the 60's and 
70's and some volatile phytotoxic constituents of essential oils of several Californian shrubs;18 
they have also been characterized as allelopathic biocommunicators in several eucalyptus 
species19 ,20 and certain shrubs in the sandhill communities of Florida.2123 However, they are not 
common allelopathic agents in the genus Helianthus. Most of them have been isolated from H. 
annuus flowers,24 with 10-hydroxyverbenone being the only one characterized from another 
Helianthus species25 (Table 1).

Based on their highly volatile properties, two different mechanisms have been proposed 
for the release of these allelochemicals into the environment. One of them is the direct release 
from the trichomes into the atmosphere, creating “odour clouds” around the shrub that negatively 
affect the growth of surrounding plants. The production of these “clouds” and thus, the responsible 
monoterpenes, are specially intensified during adverse conditions (low rain seasons, high 
temperatures) as a way to minimize competition from other plants.26

Lixiviation by fog and dew, or even rain, is proposed as a second possible release 
mechanism.23 The low aqueous solubility of these compounds has been argued as a factor against 
this hypothesis. However, it has been demonstrated that the thresholds of activity for these 
compounds are, in general, below their saturation level.27 According to these studies, their lipophilic 
properties facilitate the penetration through the cellular membranes. But, they pose the problem 
of gaining access to the hydrophilic active sites of enzymes and proteins. Thus, the most active 
compounds are those with a higher hydrophilic character (e. g., thujone, carvone) and less effective 
are those with more hydrophobic properties (e. g., limonene (7), a-pinene (8)).27,28 Moreover, the 
combination of an acyclic lipophilic structure with a terminal alcohol or aldehyde (e. g., geraniol, 
nerol, or citral) seems to be the most effective algaecide compounds.28

Synergistic effects are also important. For example, it has been reported that there is 
enhancement of the phytotoxic effects of several monoterpenes when they are dissolved in a 
saturated aqueous solution of ursolic acid. Ursolic acid can be found in high amounts in the trichomes 
of some plants along with mono and sesquiterpenes. Furthermore, saturated aqueous solutions of 
ursolic acid may form micromicelles. Thus, it has been suggested that these micromicelles could 
act as transportation channels and, subsequently, the role of ursolic acid may be to facilitate the 
transport of the monoterpenes through the membranes of target seeds. Another effect of 
micromicelles is to maintain these very volatile compounds in solution for a longer period of time, 
allowing them to exert their full effect.29

The role of monoterpenes isolated from heads of sunflower during the interaction with 
insects has also been tested in field experiments. The combination of five monoterpenes (a- 
pinene (1), 0-pinene (2), camphene (3), limonene (7), and bornyl acetate, Fig. 1) causes attraction 
of the beetle to the seeds of red sunflower (Smicronyx fulvus, Coleóptera: Curculionidaé). The 
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substitution of some of these compounds for other important volatile constituents of the sunflower 
(e.g., sabinene), produces a decrease in the attraction of this insect.30

Little has been done regarding their mechanism of action at the biochemical level. Data 
available show that camphor and 1,8-cineole reduce cellular division and also cause cell 
malformations,31 while limonene (7) and 0-pinene (2) reduce the oxygen consumption in yeasts32 
(Table 1).

Camphene (3)

3

A2'3 a-Pinene (1)
A2,8 ß-Pinene (2)

a-Phelladrene (4) 
a-Terpinene (5) 
p-Cimene (6) 
Limonene (7)

Terpin-4-ol (9)

Figure 1. Allelopathic monoterpenes from sunflower.

Table 1. Allelopathic monoterpenes isolated from Helianthus annuus.

Compound Activity Target organism

a-Pinene(1) Inhibits germination and growth. lettuce: l50> 1.3 mM (germination) 
onion: I50 = 6.9 mM (germination) 
tomato: Ii() < 6.9 mM (germination)

P-Pinenc (2) Inhibits germination and growth

Inhibits oxygen consumption

lettuce: I5() > 2 mM (germ., sat. soln.) 

yeast: 19% inhibition at 0.1 mM

Camphene (3) Inhibits germination (weak effect) lettuce: l50 > 2 mM (germination)

a-Phelladrene (4) Inhibits germination lettuce: 1,„ > 2 mM (germ., sat. soln.)

a-Terpinene (5) Inhibits germination lettuce: I50 > 20 mM (germ., sat. soln.)

p-Cimene (6) Inhibits germination lettuce: I50 > 5 mM (germ., sal. soln.)

Limonene (7) Inhibits oxygen consumption yeast: 19% inhibition at 0.1 mM

Borneol (8) Inhibits germination and growth

Algaecidc

lettuce: I50 = 0.47 mM (germination)

C. pyrenoidosa inhibited at 1.6 M

Terpin-4-ol (9) Inhibits germination lettuce: Iso = 0.14 mM (germination)

1.2.- Bisnorsesquiterpenes

These compounds constitute a small family among terpenes, their backbone being constituted 
with 13 carbon atoms. Bisnorsesquiterpenes have been isolated from H. heterophyllus (vomifoliol
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(10), dehydrovomifoliol (11), and (12)),33 H. hirsutus (15-17),34 and H. annuus (13, 14, 18
22)35,36 (pig 2).

Some allelopathic activities has been described for these compounds: compound 12 inhibits 
the germination of lettuce (I50 = 475 ppm),37 the 5,6-epoxy-3-hydroxy-a-ionone (21) strongly 
inhibits the growth of wheat,38 13 and 19 inhibit the germination of onion, and helinorbisabone 
(22) strongly inhibits the germination of lettuce.35 However, not too much work on the biological
properties of these compounds have been done yet.

R-i = aOH.ßH; R2 = OH (10)
Ri =0; R2 = OH (11)
Ri = aOH.ßH; R2 = H; 7,8 dihydro (12)
Ri = aOH.ßH; R2 = H; (13)
Ri = aOH.ßH; R2 = OH; 4,5ß dihydro (14)

R = OH (15)
R = H(16)
R = OMe (17)

R = O; A7,8 (18)
R = O(19)

R-f = aOH,ßH; R2 = O (20)
Rt =0; R2 = aH.ßOH (21)

Helinorbisabone (22)

Figure 2. Bisnorsesquiterpenes isolated from sunflower.

1.3.- Sesquiterpenes

1.3.1.- Bisabolenes

Some glandulones with antimicrobial properties have been isolated from non capitate glands 
of H. annuus5c (23-25) (Fig. 3), but their activity is 10 times lower than that shown by other 
sesquiterpenes isolated from Helianthus. These compounds have been proposed as intermediates 
in the biogenetic pathway of the new family of bioactive compounds isolated from sunflower, 
heliannuols.56

13.2.-Other  non lactonic sesquiterpenes

Sesquiterpenes are usually stored in glandular trichomes of leaves along with monoterpenes. 
There are not many reports about biological activities of sesquiterpenes isolated from Helianthus 
spp. With the exception of the literature about the phytohormone abcisic acid (27) (Fig. 3), only 
the antifeedant activity of compound 26 on the West-coast maize root worm (Diahrotica virgifera 
virgifera) 39 and the germination inhibitory activity of a-cariophylene40 and the essential oils 
containing ß-elemene and a-copaene were reported.41 However, recently it has been reported the 
isolation of a new family of sesquiterpenes with plant growth regulator activity named heliannuols.42 
Heliannuols A (29), C (31), and H (35), give high germination inhibitory activity on lettuce, while 
heliannuols B (30) and D (32) exert a potent inhibitory effect on onion root and shoot growth 
(Fig. 3).43 The basic skeleton heliannane (28), but with the opposite enantiomeric configuration, 
has been reported from the sponge Haliclona ?fascigera.44

Finally, another type of bioactive sesquiterpene, heliespirone A (40) has also been recently
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reported from Helianthus annuus.45 It exerts a moderately estimulatory activity on the growth of 
lettuce and onion.

(+) Heliannane (28) (+) Heliannuol A (29) (-) Heliannuol B (30)

(-) Heliannuol C (31 ) (+) Heliannuol D (32) (-) Heliannuol E (33)

(+) Heliannauol F (34) (-) Heliannuol G (35) (-) Heliannuol H (36)

(-) Heliannuol I (37) (-) Heliannuol J (38) (-) Heliannuol K (39)

(-) Heliespirone A (40)

Figure 3. Bisabolenes and other sesquiterpenes from Helianthus spp.

1.3.3.- Sesquiterpene lactones

Sesquiterpene lactones constitute one of the more numerous groups of compounds, with 
more than 6000 structures isolated from members of the families Asteraceae (Compositae), 
Umbelliferae, Magnoliaceae, and Lamiae. They are also the most abundant compounds in the 
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genus Helianthus, along with diterpenes.
Sesquiterpene lactones bearing germacranolide and heliangolide backbones are the most 

abundant, but guaianolides, eudesmanolides, secogermacranolides, and melampolides have been 
also isolated from this family. Apart from the a-methylene-y-lactone system, the most common 
feature is the presence of an oxygenated group (mainly angelate esters) at C-8.

Sesquiterpene lactones present a wide spectrum of activities: allelopathic, deterrent, 
cytotoxic, bacteriacidal, fungicidal, etc. Some of them can be correlated to their ecological roles 
in the plant, but other are mainly characterized by their toxic properties and their ability to bind to 
important biomolecules.46

1.3.3.1 .-Allelopathic activity

The allelopathic behaviour of sunflower is well documented, with the suppressing effects 
on surrounding plant species47'49 and the following crop1 have been reported. Searching for the 
allelochemicals responsible for these activities include the cinnamic acid derivatives, chlorogenic 
and wochlorogenic acids,47 the coumarins scopoletin and ayapin,47 and the benzoic derivatives 
gallic acid, protocatechuic acid, benzoic acid, p-hydroxybenzoic acid, vanillic acid, syringic acid, 
and salicylic acid.4 All have been reported as allelopathic agents from sunflower. However, little 
attention has been paid to the role of sesquiterpenes in the allelopathic behaviour of sunflower.

Ri = OH; R2 = H Niveusin B (41)
Ri = H; R2 = OH Niveusin C (42)

R = CH2 Annuolide C (44)
R = aCH3, pH Annuolide D (45)
R = aH, PCH3 Annuolide E (46)

15-hydroxy-3-dehydro- 
desoxytrifruticin (47)

O
Ri = OH; R2 = H Argophylline A (48)
Ri = H; R2 = OH Argophylline B (49)

R = CH2 Annuolide A (50)
R = aCH3, pH Annuolide B (51)

Ri = H; R2 = H2; R3 = CH3; R4 = OH (52)
Ri = OH; R2 = O; R3 = CH3; FU = OH (53)
Ri = H; R2 = H2; R3 = OH; R4 = CH3 (54)

Figure 4. Allelopathic sesquiterpene lactones from sunflower species.
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The allelopathic properties of several sesquiterpene lactones isolated from Helianthus spp. 
have only recently been disclosed. Thus, the allelopathic activity of argophyllins A (48) and B 
(49), heliangine (43) and niveusin B (41),50 annuolides A-F (44-46,50,51,55), and several other 
heliangolides and guaianolides (Fig. 4)5d,5f'35 have been reported.

The attention of researchers is increasingly focussing on the possible role of sesquiterpenes 
lactones as plant growth regulators. It has been observed that heliangine (43), isolated from 
Helianthus tuberosus, stimulated root formation of Phaseolus mungo and inhibited it in Avena 
sativa.51 However, when the a-methylene group was reduced, no significant effects on root 
formation were observed. Furthermore, the phytotoxic effects of heliangine (43) and argophyllins 
A (48) and B (49), also bearing the a-methylene feature, have been correlated with their antiauxin 
activity,52 while the ability to block the synthesis of the complex IAA-receptor has been proposed 
in the case of the activity of niveusins B (41) and C (42).53

Consequently, it seems that the a-methylene group is not the only required to induce activity. 
Other studies suggest that other factors such as the spatial arrangement of the molecule54 55 and the 
conformational changes induced by new groups in the backbone36 may be crucial for bioactivity. 
These changes are even more marked when the flexibility of the skeleton increases. Thus, the 
introduction of groups such as oxyranes that could add strain to the backbone should be more 
important, e.g., in germacranolides than eudesmanolides. This hypothesis implies that not all 
sesquiterpene lactones bearing an a-methylene group necessarily need to show any activity. 
However, the reason as to why there are so many phytotoxic sesquiterpene lactones without an a- 
methylene group needs to be explained. Therefore, although the a-methylene-y-lactone ring seems 
to be the responsible for the activity of many compounds, the presence of other alkylable 
functionalizations, apart from these points, can also be decisive factors in the expression of 
bioactivity.

1.3.3.2.-Fungicidal  activity

Among the sesquiterpene lactones described from the different species of Helianthus, it 
has been observed that heliangolides are the most active fungicidal compounds: niveusin B (41) 
and ethoxyniveusin B (61) are especially active against Eremothecium ashbyi31 and leptocarpin 
(65) gives an MIC (Minimum Inhibitory Concentration) as low as 1 ppm for several fungi species.57 
Eudesmanolides bearing the lactone ring closed at C-8 constitute another group of strong fungicides. 
Among them, the mixture alantolactone (64)-isoalantolactone (67) (namely, helenin) and the 
isohelenin (commercial name of the isoalantolactone) inhibit the growth of 16 different species of 
fungi, this effect being especially strong in the case of the pathogens Microsporum cookei, 
Trichophyton mentagrophytes, and Trichothecium rosewm.58 These two lactones also inhibit the 
growth of T. acuminatum, T. gypseum, and Epidermophyton sp., all three fungi being human 
pathogenes.

Structure-activity studies show that the presence of an a-methylene-y-lactone system and/or 
an a-methylene group in a cyclopentenone ring as in the case of the pseudoguaianolides (e. g. a,0- 
unsatured carbonyl group), may be necessary for the activity. Of course, the presence of additional 
functional groups and their relative configuration can also have an important influence on activity, 
e. g. the introduction of a hydroxyl group can increase or decrease the MIC values,59 as in leptocarpin 
(65) when compared with 66 (Table 2).41 This is in good agreement with the correlations established 
also for phytotoxic activity.
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R = H (62)
R = OH (63)

Alantolactone (64)R, = OH; R2 = H Niveusin B (41)
Ri = OEt; R2 = H Ethoxyniveusin B (61)
R, = H; R2 = OH Niveusin C (42)

O

15-Hydroxy-3-dehydro- 
desoxytrifruticin (47)

R = H Leptocarpin (65)
R = OH 15-Hydroxyleptocarpin (66)

Figure 5. Fungicidal sesquiterpene lactones from sunflower.

Isoalantolactone 
(67)

Table 2. Antifungal activities of sunflower sesquiterpene lactones.

Compound Activity (MIC)

(65)
(66)

Sclerotinium sclerotiorum: 10() ppm
VerticilHum dahliae: 50 ppm

Niveusin B (41) 
Ethoxyniveusin B (61) Eremothecium ashbyi: 65 g/ml

15-Hydroxy-3-dehydrodesoxytifruticin (47) Eremothecium ashbyi: 95 g/ml

Niveusin C (42) Eremothecium ashbyi: 90 g/ml

Leptocarpin (65) Leptosphaeria maculans: 1 ppm

Verticillium albo-atrum: 1 ppm

Fusarium graminearum: 1 ppm

15-Hydroxyleptocarpin (66) Leptosphaeria maculans: 50 ppm

Verticillium albo-atrum: 50 ppm

Fusarium graminearum: 50 ppm

MIC: Minimum Inhibitory Concentration.

1.3.3.3.-Insecticidal activity

Sesquiterpene lactones are reported to play an important role in plant defences against 
insects and herbivores due to their toxic properties and bitter taste. The sunflower fly, Homoesoma 
ellectellum, is one of the most important pests of sunflower cultivars and causes great losses in 
these crops, especially in United States.60Compounds like desacetyleupasserin (68) and 8-P- 
sarracinoxycumambranolide (69), isolated from sunflower species resistant to this insect, were 
toxic to the larvae of H. ellectellum.61 Sunflower fly larvae need to feed on the pollen60-62 and, 
interestingly, these lactones are located in the glandular trichomes near to the pollen-containing 
receptacles in a way that, before the flower is opened, it is necessary to pass through them to reach 
the pollen. Hence, a defensive role for these compounds has been hypothesized. This is in good 
agreement with the observation that sunflowers with low densities of trichomes in their anthers are 
more susceptible to attack by sunflower fly larvae than resistant species.61

Other sesquiterpene lactones isolated from different Helianthus spp. present deterrent 
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activities against several pests. Thus, polar compounds like argophyllins A (48) and B (49) and 
4,5-dihydroniveusin A are especially active against the western maize root worm, Diabrotica 
virgifera virgifera.63

Cultivar sunflower and other species of the genus Helianthus present high levels of 
sesquiterpene lactones in their trichomes with deterrent or insecticidal activities (Fig. 5). This is 
also true for other plant species of the Asteraceae family and it is in good agreement with a 
defensive role.

Table 3. Insecticidal sesquiterpene lactones isolated from Helianthus spp.

Compound Target insect Activity

Desacetyleupaserrin (68) Spodoptiva eridania61 T
H. electellum61 D
Triholium confusum64 D
Trogoderma granarium64 D
Sitophilus granarius64 D

8-ß-Sarracinoxycumambranolide (69) H. electellum61 D
Spodoptiva eridania61 D.T
M. sanguinipes6' D

Eupatolidc (70) Culex pipiens52 D
Spodoptera litura6J D
Triholium confusum65 D
Sitophilus granarius64 D
Trogoderma granarium64 D

3-0 -Methylniveusin A (71) Diabrotica virgifera D
1.10-O-Dimethyl-3dihydro-argophylline B diol (72) virgifera66 D
l-O-Methyl-4,5-dihydroniveusin A (73) D
l-O-Methyl-3-oxo-hydroniveusin A (74) D

Niveusin B (41) Diabrotica virgifera D
15-Hydroxy-3-dehydrodesoxytifruticine (47) virgifera63 D
Argophylline A (48) D
Argophylline B (49) D
1,2-Anhydrideniveusin A (75) D

D: deterrent ; T: toxic.

1.3.3.4.-Antitumor  Activity

Sesquiterpene lactones are one of the biggest groups of plant compounds with cytotoxic 
(in vitro assays) and antitumor (in vivo assays) properties.67 The activity has been correlated with 
the presence of the a-methylene-y-lactone group or, moreover, with an a,0-unsatured carbonyl 
system.68

It has been repeatedly reported that sesquiterpene lactones with a,P-unsatured carbonyl 
systems have the ability to bind to sulfhydryl groups on molecules such as cysteine or glutathione, 
especially in exocyclic systems.69 The inhibitory effect on the biosynthesis of DNA and RNA 
exerted by several lactones isolated from Helianthus spp. (Fig. 5) has also been published.50 Hence, 
a similar mechanism of action through DNA alkylation has been proposed to explain the cytotoxicity 
of these molecules.

The antitumor activities shown by the sesquiterpene lactones isolated from Helianthus 
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spp. are summarized in Table 4.

Table 4. Antitumor properties of sesquiterpene lactones from Helianthus spp.

Compound Activity

Eupatolide (70) EAC. HeLa. KB70

Eupaserrin (76) Antileukemia'1

Desacetyleupaserrin (68)

Niveusin C (42) EAC, NS-150

15-Hydroxy-3-dehydro-desoxytifruticin(47)

Budlein A (77) L-92972

(73) R= Me (72) (69)
R = H (74)

Figure 6. Sunflower sesquiterpene lactones with insecticidal and antitumor properties.

1.4.- Diterpenes

Diterpenes constitute a numerous group of compounds in the genus Helianthus, those bearing

EAC: Ehrlich ascites carcinoma; HeLa: human cervical carcinoma (cell culture); KB: human epidermoid carcinoma of 
nasopharynx (cell culture); L-929: fibroblastoid cells (mouse); NS-1: myeloma cell strain (mouse).

1.3.3.5.-Antibacterial  activity

Several sesquiterpene lactones have demonstrated antibacterial properties agains several 
organisms.73 Thus, the heliangolides niveusins B (41) and C (42), ethoxyniveusin B (61), and 15- 
hydroxy-3-dehydro-desoxytifruticin (47) exhibit antibacterial activity against Proteus vulgaris, 
Bacillus brevis, B. subtilis, and Streptomyces spp.;SQ helenanin has anti-tuberculosis and anti
diphtheria activity;74 and eupatolide (70) affects the growth and development of Staphylococcus 
aureus and Bacillus subtilis, but only at very high concentrations.75

With regard to structural requirements, again it seems that the presence of either the exocyclic 
methylene in the lactone ring and/or an a,p-unsatured cyclopentenone ring is necessary for activity, 
but they are not the only requirements. Additional groups (e.g., epoxide groups) and their position 
and/or the conformation of the backbone may enhance or reduce the activity.76

R-i = Sarrracinate; R2 = H Desacetyleupasserin (68)
Ri = Sarrracinate; R2 = OH Eupasserin (76)
R = H; R2 = H Eupatolide (70)

R1=ßH, aOH; R2 = OMe (71)
R,= ßH, ccOH; R2 = OH; A1'2 (75)
Ri = O; R2 = —A2'3 Budlein A (77)
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a kaurane or a trachilobane backbone being the most abundant. Thus, compounds like grandifloric 
acid (78), angeloyl grandifloric acid (79), kaur-16-en-19-oic acid (80), and their derivatives are 
commonly widespread among the different species of Helianthus. Additionally, several members 
of the plant growth phytohormones gibberellins have also been isolated from seed extracts.77

R.j = H; R2 = OH Grandifloric acid (78)
R1 = H; R2 = OAng Angeloylgrandifloric acid (79)
R1 = R2 =H Kaur-16-en-19-oic acid (80)

Figure 7. Bioactive diterpenes isolated from sunflower.

R1 = H; R2 = OH Ciliaric acid (81)
R1 = R2 = H Trachyloban-19-oic acid (82)
R-i = OAng; R2 =H 14-Angeloyl-trachyloban-

19-oic acid (83)

Table 5. Insecticidal and fungicidal activities of bioactive diterpenes from sunflower.

Compound Target species

Fungicidal

Mixture of 79 + 80 Vert ¡cilium dahliae (MIC = 10 ppm)’9 
Sclerotirum sclerotinium (MIC = 10 ppm)59

80. 82 Micobacterium smegmalitis (MIC = 6.25 g/ml)78

81 Verticilium dahliae (MIC = 50 ppm)59 
Sclerotirum sclerotinium (MIC = 100 ppm)59

Insecticidal

80,81 growth of sunflower fly (Homoesoma ellectellum)™

79 growth of sunflower fly (H. ellectellum)* 0 
anti-feedant on Diabrotica virgifera virgifera 80

80. 82 larvae of sunflower fly and other Lepidoptera species 81

Mixture of 79 + 82 + 83 anti-feedant52 of Trogoderma granarium Ev., 
Tribolium confiisum Duv. 
Sitophilus granarius L.

A defensive role against fungi and insects has been hypothesized based on the biological 
activity shown by some of them (Table 5) and their predominant placement in the leaf cuticles. In 
fact, angeloyl grandifloric acid (79) and ciliaric acid (81) can be easily obtained by washing the 
leaves surface.59 Sclerotinium sclerotiorum and Verticillium dahliae are two pathogenic fungi of 
the sunflower, the first one causing a white mold and the second one producing spots in the leaves. 
Both fungi are responsible for major crop losses caused by pathogens in sunflower cultivars in 
North America. The mixture of the two diterpenic acids (79+80) shows the highest inhibitory 
activity reported for these fungi.
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On the other hand, antibacterial58 and allelopathic82 properties reported for these compounds 
are low or moderate, respectively. Thus, the record shows that their ecological significance has to 
be more related to their chemical defence against insects and fungi, rather than against other 
plants or bacteria.

1.5.-Triterpenes and Sterols

Triterpenes isolated from sunflower bear mainly oleanane and taraxastane backbones and, 
to a lesser extent, ursane and lupane backbones. Commonly widespread sterols like P-sitosterol 
(84), cholesterol (85), a- (86) and P-amyrin (87), and their derivatives have also been reported.

Figure 8. Selected triterpenes and sterols isolated from sunflower.
p-Amyrine (87)

1.5.1.-  Sterols

With regard to their biological activities, the inhibitory activity of several sterols on the 
biosynthesis of cholesterol in mammals, their cytotoxic activity on tumor cells, and their ability to 
regulate certain immunological responses have been reported.

a) Biosynthesis of cholesterol. The inhibition of cholesterol biosynthesis has been reported 
for some oxidation products of cholesterol, e. g., 7-oxocholesterol (88), 7-a-hydroxycholesterol 
(89), and 7-P-hydroxycholesterol (90), namely oxisterols.83 It also seems that the activity increases 
with the distance of the oxygenated group from the C-3 position, the number of carbon atoms in 
the side chain, with a second oxygenated group equatorial-oriented, and with hydroxyl groups 
located in flexible rings.84

b) Cytotoxic and antitumor properties. Some oxisterols exhibit high specificity in their 
cytotoxic activity, tumor cells being much more sensitive than normal cells. 7-P-Hydroxylated 
cholesterol derivatives and 24(/?)-methylcholesterol derivatives are especially toxic to HTC cells 
(rat liver cancer cell lines).85

Some other sterols bearing C-3 hydroxyl groups and other oxygenated groups have also 
been reported as specific cytotoxic agents for tumor cells, with a mechanism that seems to disrupt 
them rather than kill them.86 However, the activity is extremely dependent on the cell line, some 
products being active against several lines and inactive on others.87

c) Immunological responses: some C-7 oxygenated hemiester derivatives of cholesterol 
present important activities modulating certain immunological responses and have been successfully 
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tested in vivo in some skin transplant experiments on mice.88 Their mode of action has been 
correlated to their ability to inhibit cholesterol biosynthesis. Cholesterol is necessary for new cell 
membrane formation and thus, the inhibition of cholesterol synthesis interferes with the production 
of new cells, lymphocytes among them. However, it has been also hypothesized that sterols interfere 
with cell membrane functions by placing introduction to the lipidic bilayer. None of the two 
hypotheses have been fully confirmed yet.

d) Plant growth activity. Sterols have been correlated with plant growth regulatory roles 
involving two possible mechanisms: the formation of cellular cell membranes and, subsequently, 
for cell proliferation, and second, they seem to also play another role as cell division elicitors.89

e) Algicide. 0-Sitosterol (84) is a very abundant secondary metabolite in the aquatic 
macrophyte Typha latifolia L. (cattail), a noxious weed in wetlands that causes important losses in 
crops like rice. It has been reported the algaecide activity of p-sitosterol against the following 
algae strains: Phormidium autumnale, Naviculla pelliculosa, Chlorella emersonii, Stichococcus 
bacillaris, and Chlorella vulgaris.90

1.5.2.-Triterpenes

Most of the triterpenes isolated from Helianthus species are saponins, a group of compounds 
with a wide spectrum of biological activities. However, triterpenes and saponins from sunflower 
have not been yet studied to establish their biological profiles. Among triterpenes, a moderate 
germination activity on lettuce for lupeol (91 )91 have been reported. Other germination and growth 
activities have been described for other lupane and oleanane triterpenes, but these have not yet 
been obtained from sunflower. Finally, the inhibitory activity against the activation of the EBV 
virus has been reported for certain saponins of echinocistic acid (92), specially those with a sugar 
moiety at C-3 in the aglycone and/or another acylglycosidic side chain.92 However, further research 
is needed to elucidate the role of triterpenes, sterols, and their saponins in sunflower.

2. - Fatty Acids

In spite of the fact that fatty acids are commonly widespread secondary metabolites, they 
have not often been reported as allelopathic agents. However, they have been extensively and 
exhaustively reported in soils of allelopathic crops, such as wheat and barley, although the amount 
of compounds isolated and the type of activity do not justify them as being responsible for the 
bioactivity.93 When active, the activity usually increases with the number of double bonds susceptible 
to easy oxidation through hydroperoxide intermediates, yielding highly oxygenated fatty acids 
with higher activities. These final degradation products are reputed to be the true allelopathic 
agents.94 Actually, C8-C10 fatty acids alcohols are used commercially to control axillary shoot growth 
in tobacco cultivars world wide.

The fatty acids 95,125,135-trihydroxyoctadeca-10E',15Z-dienoic acid (93) and 95,125,135- 
trihydroxyoctadeca- lOE-enoic acid (94) have been isolated from H. heterophyllus. They have 
also been identified in rice resistant species to the fungi Pyricularia oryzae and consequently, they 
have been correlated with a defensive role in H. heterophyllus.95

3. - Phenolics

3.1.-Flavonoids

They are responsible for organoleptic properties in numerous plants: flavones, flavonols, 
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and anthocyanidins are reported as color pigments in many flowers, and flavanones and chaicones 
are sweet or bitter principles of fruits and plants. Thus, flavones and flavonoids may act as insect 
attractants or repellents, playing either a defensive role or a favourable interaction.

Several glucosylated flavonoids isolated from the genus Helianthus have been reported to 
have phytotoxic properties in their deglucosylated forms. Thus, luteolin (95), apigenin (96), 
quercetin (97), and kaempferol (98), (Fig. 6) inhibit oxidation processes in mitochondrial 
respiration,96 kaempferol (98) inhibits photosynthetic electron transport97 and root ion uptake,98 
and quercetin (97) shows also algicide activity.99 Their main mode of action seems to be as 
uncouplers of the electron transport chain in mitochondrial respiration. As a result of this interaction, 
superoxide radicals that may affect the permeability and integrity of the mitochondrial and 
chloroplast membranes are formed.100 Structure activity studies with several lactones show that 
cytotoxic effects seem to be related to the presence, or lack, of substituents at C-7, C-8, and C- 
4'.101 Recently, two new flavonoids with moderate germination and growth activity, heliannones A 
(101) and B (102) have been reported from sunflower.102

Many flavonoids are reported as potent allergenic agents that may cause contact dermatitis.103 
This activity has been correlated with their ability to form quinones, e. g., the flavonoid quercetin 
(97).104 However, so far this has not been fully confirmed, since compounds such as luteolin (95), 
which can also form quinones, are not active.

Luteolin (95) 
Apigenin (96) 
Quercetin (97) 
Kaempferol (98)

Nevadensin (99)r1 = h, r2 = oh
R, = H, R2 = H
R, =OH, R2 = OH
Ri =OH, R2 = H

Heliannone A (101) Heliannone B (102)

Figure 9. Bioactive flavonoids from Helianthus spp.

Finally, only two flavonoids with low levels of insecticidal activity have been isolated 
from the genus Helianthus, nevadensin (99) (Fig. 9) and quercetin-P-7-O-glucoside (100). They 
have shown activity against Diabrotica virgifera virgifera,63 but the levels necessary to induce an 
effect are lower than those of sesquiterpenes and diterpenes.

3.2. -Coumarins

Coumarins posses a wide range of biological activities. However, their role in the plant is 
still to be determined, though they seem to be related to defensive roles against insects, herbivores, 
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and plant pathogens.
Coumarin (103), scopoletin (104), and ayapin (109) are potent antifungal compounds that 

have been previously reported as phytoalexins in tobacco plants: scopoletin (104) is a potent 
inhibitor of the pathogenic fungi Phytophora parasitica var. nicotianae, while the 6-O-glucoside 
derivative scopolin (105) does not show the same level of activity.105 It has been reported, also, 
that sunflower scopoletin levels increase under pathogen infections such as Plasmopara halstedii106 
and Helminthosporium carbonum;101 ayapin levels are also enhanced under H. carbonum 
infections,107 and a similar behaviour is observed when sunflower is attacked by the sunflower 
beetle Zy go gramma exclamationis.im Thus, scopolin should serve as a reservoir of scopoletin in a 
detoxified form, and should be converted into the active form under infection conditions. Otherwise, 
coumarins 107 and 108 also present fungitoxic activity against Pyricularia oryzae.109 Probably, 
the rupture of the cell walls and the liberation of certain metabolites of the membrane under a 
predatory or infection pressure would be the switch that turns on the mechanism for production of 
these coumarins. Ayapin (109) has also shown an interesting hemostatic activity.110

With regard to allelopathic activities, several coumarins have reported phytotoxic properties, 
but their levels are not high. The presence of furanyl or pyranyl condensed rings seems to enhance 
the activity,111 while other studies have related the phytotoxic properties with their lipophilicity. 
However, in the case of coumarin the activity shown is higher than that expected only on the basis 
of its lipophilicity.112 With respect to their mechanism of action, they are supposed to inhibit the 
photophosphorylation processes, or oxygen uptake through stomatai closure.113

OMe

(-)-8-Methoxyobliquine (106)R, = R2 = H
R, = OH R2 = OMe
Ri = ß-D-gluc, R2 = OMe

Coumarin (103)
Scopoletin (104)
Scopolin (105)

O

R = H (107)
R = OH (108)

Figure 10. Coumarins isolated from Helianthus spp.

Ayapin (109)

3.3.-Simple Phenolic Derivatives

Within this group, simple derivatives of the benzoic and cinnamic acids are gathered. Vanillin 
(HO), benzoic acid (111), p-hydroxybenzoic acid (112), vanillic acid (113), syringic acid (114), 
salicylic acid (115), gallic acid (116), protocatechuic acid (117), and chlorogenic (118) and 
isochlorogenic (119) acids have been isolated from Helianthus spp.114 This class of compounds 
has often been finked with allelopathic behaviours. Thus, p-hydroxybenzoic acid, vanilfinic acid, 
protocatechuic acid, and syringic acid stimulate IAA-oxidase activity;115 salicylic acid cause stomatai 
closure;116 gallic acid and vanilfinic acid inhibit photosynthesis;117 vanilfinic acid also inhibits P 
uptake118and reduces chlorophyll content;119chlorogenic acid inhibits IAA degradation115 and 
induces stomatai closure.120
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Chlorogenic acid (118) also has antifungal properties, inhibiting the growth of Phytophhora 
parasitica var. nicotianae. Stimulation of the levels of chlorogenic acid in tobacco roots can be 
observed when the plant is affected by several fungi.105 The same enhancement of tissue chlorogenic 
acid concentrations were observed under extremely cold conditions.121 The production of 
phytoalexins could again be due to cell membrane breakdown.

4.- Simple Organic Acids

The simple organic acids citric acid (120), malic acid (121), succinic acid (122), fumaric 
acid (123), malonic acid (124), and tartaric acid (125) have been isolated from Helianthus annuus.121 
They have been early reported as allelopathic compounds123 and along with several simple phenolic 
acids they accumulate in soils grown with the same cultivar every year (e. g., sugar cane, wheat, 
rice, barley, etc.). These simple acids are considered to be major inducers of so called “soil 
sickness”124 autointoxication effects, acting usually as germination inhibitors. However, the 
concentrations needed to show activity are rather high (ca. 1 mM). Such concentrations in soils 
can only be reached through accumulation of mulches and plant residues.124 Additionally, they can 
add their effect to the general allelopathic potential of sunflower, especially by release of 
allelochemicals from decaying leaves.

CONCLUSIONS

From the data presented in this chapter, it can be concluded that Helianthus spp. are a rich 
source of bioactive compounds. These compounds belong to very different structural types and 
present a wide range of activities (bactericidal, antifungal, cytotoxic, insecticidal, deterrent, and 
allelopathic activities). Terpenoids, and specially sesquiterpenoids, have the greatest spectrum of 
activities.

With respect to the allelopathic behaviour shown by sunflower, it is clear that this is a very 
complex phenomenon and hence, it cannot be assumed that a single compound, or even a small 
number of them, can be named as being responsible for such a behaviour. Different types of 
compounds, especially monoterpenes, sesquiterpenes, coumarins, phenolic acids, and simple 
organic acids, are implicated in these interactions. Thus, any studies focussing on the understanding 
of allelopathic interactions in Helianthus spp. should involve these structures. Otherwise, the 
study will be very limited.

Table 6. Bioactive compounds isolated from sunflower species.

Compound Source Part of the plant* Method of extraction*
1 - 9 ii 125H. annuus Sunflower heads Hexane

10-12 H. heterophyllus" Aerial parts Chloroform
15 - 17 H. hirsutus34 Aerial parts Chloroform
18-22 H. annuus '5 Leaves Water
23-25 H. annuus1’ Leaves (trichomes) Methanol (10 minutes)

26 11 125H. annuus Seeds Methanol/ Water (4:1)2 times 

(48 and 24 hours)

27 H. annuus125 Sunflower heads Extractions with light petroleum.

DCM/ McOH (3:1), and McOH

* Part of the plant and/or method of extraction are not repited if identical with those of the previous file within a cell.
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Table 6. (Continued 1)

Compound Source Part of the plant* Method of extraction*
29-39 u 5c. 42. 43bH. annuus Leaves Water

40 H. annuus45 Leaves Water
41 H. niveus ssp canescens'26 Leaves and shoots Chloroform (2x)
42 H. niveus ssp canescens126

u 126.50ri. annuus

Sunflower heads Chloroform (2x)

43 H. annuus127

H. tuberosus1271211-129'30'51

H. argophyllus152

Leaves Maceration MeOH 10 days

44-46 H. annuus5''5r Leaves Water (24 hours)
47 H. annuus55 Leaves and upper 

parts of the shoot

Hot MeOH

48 H. argophyllus152 Leaves and shoots DCM
49 H. annuus155 Leaves DCM

50-60 H. annuus5'5c Leaves Water (24 hours)

62-63 H. annuus5'7 Leaves Chloroform

65 H. simulans154

H. annuus57

Aerial parts

Leaves

Chloroform

66 H. annuus5 Leaves Chloroform

68 H. mollis155

H. decapetalus556

H. pumilus157

Aerial parts

Whole plant

Chloroform

H. maximiliani1"1 Leaves DCM (5 min, room temp)

69 H. maximiliani159 Leaves Chloroform

70 H. argophyllus152 Leaves and shoots Washing with DCM

71-72 H. annuus66 Sunflower heads Extraction with light petroleum.

DCM/ MeOH (3:1), and MeOH

74 H. annuus140 Leaves (trichomes) Chloroform

76 H. mollis141155 Aerial parts Chloroform

77 H. angustifolius142

H. petiolaris54

Leaves

Aerial parts

Chloroform

78 H. annuus143'144

H. debilis ssp. canescens'26

H. grosseserratus'45

Seedless heads

Leaves, shoots, heads

Aerial parts

Hexane (5 days)

H. niveus ssp canescens126 Leaves, shoots, heads Chloroform (2x)

H. nutalli146 Leaves DCM

H. argophyllus132

H. simulans'34

Leaves and shoots

Aerial parts

Chloroform

* Part of the plant and/or method of extraction are not repited if identical with those of the previous file within a cell.
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Table 6. (Continued 2)

Compound Source Part of the plant* Method of extraction*

79 y j 14 3H. annuus Seedless heads Hexane (5 days)

H. debilis ssp. debilis'47 Leaves Chloroform

H. debilis ssp. 

cucumerifolius134

H. occidentalis' 4

Aerial parts

80 H. radula'48 Aerial parts Chloroform

H. debilis ssp. 

cucumerifolius134

H. decapetalus136

H. angustifolius136

H. giganteus"6

Et,0 : LP (1:2)

H. annuus Flowers Et,0 and saponification

H. debilis ssp. debilis150 Flowers and shoots Hot MeOH

H. niveus ssp canescens126 Leaves, shoots and Chloroform

some flower heads

H. occidentalis15' Leaves and flowers Ethyl acetate/ Hexane (1:3), 120

ml, 2ml water

H. heterophyllus33 Aerial parts Chloroform

81 H. nuttalli146 Leaves Washing with DCM

H. salicifolius152

H. rigidus152

Aerial parts Chloroform

H. ciliaris153 Whole plant

H. argophyllus132 Leaves and shoots DCM

H. grosseserratus'45 Aerial parts Chloroform

H. laciniatus154 Whole plant

H. niveus126 Leaves, shoots and Chloroform (2x)

some flower heads

H. occidentalis 134 Aerial parts Chloroform

H. annuus 133 Leaves Washing with DCM

H. petiolaris 134 Aerial parts Chloroform
82 H. annuus 149 Flowers Et,O and saponification
84 H. annuus /5' Seeds oil Et,O

H. radula l4s Aerial parts Chloroform
85 LJ 155H. annuus Seeds oil Et,0

86-87 H. annuus 156 Shoots and flowers Boiling MeOH
91 H. annuus Shoots and roots Boiling MeOH
92 H.annuus '' Flowers Soxhlet, MeOH

* Part of the plant and/or method of extraction are not repited if identical with those of the previous file within a cell.
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Table 6. (Continued 3)

Compound Source Part of the plant* Method of extraction*
93-94 H. heterophyllus 33 Aerial parts Chloroform

95 H. annuus lss Leaves Washing with Chloroform
96 H. divaricatus 159

H. giganteus 159

H. grosseserratus ,yj

H. hirsutas 159

H. maximiliani159

H. mollis359

H. nuttalli159

H. salicifolius 159

H. strumosus IS9

H. califomicus 159

H. eggertti 159
i r ■ 159H. resinosus

H. tuberosas 159

H. schweinitzii159

Leaves Washing with Chloroform

97 H.divaricatus159 Leaves Washing with MeOH

(3-glu) H. giganteus'59

H. grosseserratus

H. hirsutus159

H. mollis

H. salicifolius159

H. decapetalus159

H. schweinitzii159

H. angustifolius160

H. floridanus160

H. carnosus160

H. heterophyllus160

H. longifolius160

Leaves and flowers

H. radula'60 Leaves

H. simulans160

100 H. decapetalus 159 Leaves and flowers MeOH

H. floridanus160

H. carnosus160

H. heterophyllus 160

H. longifolius160

Leaves

* Part of the plant and/or method of extraction are not repited if identical with those of the previous file within a cell.
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Table 6. (Continued 4)

Compound Source Part of the plant* Method of extraction*
100 H. radula 1611

H. simulansl6ü

H. diva rica tus159

H. giganteus159

H. grosseserratus159

H. hirsutus,59

H. maximiliani159

H. mollis159

H. nuttalli159

H. salicifolius159

H. strumosus159

H. califomicus159

H. eggertii'59

H. resinosus159

H. schweinitzii159

H. tuberosus159

Leaves

Flowers

MeOH

98

(3-glu)

H. divaricatus159

H. giganteus159

H. grosseserratus159

H. hirsutus159

H. maximiliani159

H. mollis159

H. nuttalli159

H. salicifolius159

H. strumosus159

H. califomicus159

H. eggertii159

H. resinosus159

H. schweinitzii159

H. decapetalus'59

Leaves MeOH

98

(3-gal)

H. grosseserratus159

H. maximiliani159

H. nuttalli159

H. resinosus159

H. tuberosus159

H. schweinitzii159

Leaves MeOH

* Part of the plant and/or method of extraction are not repited if identical with those of the previous file within a cell.

140



Bioactive Compounds from the Genus Helianthus

Table 6. (Continued 5)

Compound Source Part of the plant* Method of extraction*
98 H. divaricatus 159 Leaves MeOH

(3-ram-glu) H. giganteus159

H. grosseserratus 159

H. hirsutus159

H. mollis159

H. salicifolius159

H. eggertii159

H. tuberosus159

H. schweinitzii159

99 H. microcephalus 161 Aerial parts Chloroform

H. argophyllus 1,2 Leaves and shoots

H. pumilus 137 Whole plant

H. resinosus 159 Leaves

H. floridanus 160 Leaves and flowers

H. angustifolius 160 Leaves

H. simulans 160 Leaves
103 H. annuus 162 Leaves water
104 H. annuus l63, 164 Leaves water
105 H. annuus Leaves water
106 H. heterophyllus 33 Aerial parts Chloroform

107,108 H. annuus 166 Receptacles MeOH
109 H. annuus 164 Leaves water
110 H. angustifolius 33 Aerial parts Chloroform

111-117 H. annuus4 Leaves and shoots 70% Methanol 70% Acetone

H. tuberosus4 (1:1)5 min (5x)

118, 119 H. annuus 164 Whole plant Water
120-125 H. annuus167 Leaves and seeds MeOH

* Part of the plant and/or method of extraction are not repited if identical with those of the previous file within a cell.
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ABSTRACT

Five topics about plant ecochemicals, which may play important roles in complex 
interactions between higher plants, are discussed from the viewpoint of allelopathy.

(1) The strategy of yellow fieldcress (Rorippa sylvestris Bes., Cruciferae) to invade the 
territories of other plant species may be as follows: Hirsutin (8-methylsulfinyloctyl isothiocyanate) 
and pyrocatechol are the major allelochemicals released into the rhizosphere. The precursor of 
hirsutin, glucohirsutin is contained in large amounts in the creeping roots during the vegetative 
and flowering stages. The creeping roots also contain 4-methoxyglucobrassicin, which produces 
4-methoxyindole-3-acetonitrile by enzymatic hydrolysis. Indoleacetonitrile induces root formation 
in Raphanus.

(2) Rorippa indica Hiem. contains several glucosinolates in the roots. Hirsutin and three 
co-methylsulfonylalkyl isothiocyanates (n= 8, 9 and 10) were detected in the root exudates of R. 
indica, suggesting that these isothiocyanates are the primary candidates for allelopathic compounds 
contributing to the aggressiveness of this cruciferous weed.

(3) The rhizome along with roots and fallen leaves of Sachaline giant knotweed (Polygonum 
sachalinense Fr. Schm., Polygonaceae) contain anthraquinones, emodin and physcion at relatively 
high concentrations. Emodin also occurs in the soil of this plant community with effective 
concentrations in the fall. These anthraquinones seem to be responsible for the observed interference 
in nature and are potent allelochemicals.

(4) p-Hydroxybenzaldehyde and p-hydroxybenzoic acid were identified as the main 
allelochemicals in the culture solution released by the root of barnyard grass (Echinochloa crus- 
galli L. Beauv. var. crus-galli, Gramineae).
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(5) The rhizosphere soil of Sasa cemua Makino (Gramineae) contains p-coumaric, ferulic, 
vanillic andp-hydroxybenzoic acids, and p-hydroxybenzaldehyde as the main allelochemicals. S. 
cernua seems to produce typical allelopathy through its rhizosphere soil and air space.

INTRODUCTION

The great variety of plant life that has successfully evolved over billions of years has done 
so by finding successful ecological niches. The long and highly complex evolutionary process 
has resulted in a complicated mixture of both dependency and adversity. Within this strategy most 
wild species of plants developed resistance to both pest and diseases. They have also been competing 
with each other.

We have been interested in the secondary metabolites of higher plants which may be part 
of defense mechanisms against competing plants, pathogenic organisms and herbivorous insects. 
We named such secondary compounds plant ecochemicals. In this lecture I would like to focus on 
plant ecochemicals from the viewpoint of allelopathy. The following subjects will be discussed.

(1) Allelopathy of yellow fieldcress (Rorippa sylvestris Bes., Cruciferae).
(2) Isothiocyanates as allelopathic compounds from Rorippa indica Hiem. (Cruciferae) roots.
(3) Allelochemicals in Polygonum sachalinense Fr. Schm. (Polygonaceae).
(4) Allelopathy of barnyard grass (Echinochloa crus-galli L. Beauv. cv. crus-galli, Gramineae).
(5) Allelopathy of Sasa cemua Makino (Gramineae).

Allelopathy of Yellow Fieldcress

A cruciferous weed species, Rorippa sylvestris Bes. (yellow fieldcress, kireha-inugarashi 
in Japanese) has been naturalized in Hokkaido since the 1950s and is considered to be one of the 
worst weeds in wet fields and pastures. The weed has strong propagative power and invades the 
territories of other plant species. It may be allelopathic against neighboring plants.

R. sylvestris contains hirsutin (8-methylsulfinyloctyl isothiocyanate) in the roots, which 
inhibits lettuce growth.1 Isothiocyanates in cruciferous plants play important roles as inhibitors 
of plant growth in addition to their antimicrobial activity.2 These sulfur containing compounds are 
usually found in macerated tissues due to mixing of the precursor glucosinolates and the hydrolytic 
enzyme thioglucosidase.3

Allelopathic inhibition of seed germination and plant growth typically occurs by the joint 
action of several allelochemicals. Additive or synergistic effects have been reported with 
combinations of monoterpenes, organic acids, and several classes of phenolic compounds.4-5

Many studies of possible allelopathic effects on germination and growth have been carried 
out using crude plant extracts or soil leachates, which make it difficult to discern the genuine 
active principle in plant-plant interactions. For this reason, we used a bioassay with a root exudate 
recirculating system to explore the inhibitory constituents in the rhizosphere of R. sylvestris against 
lettuce growth. Inhibitory activities of pure compounds, singly and in combination, against lettuce 
seedling growth were also tested.

Fresh roots of R. sylvestris were collected on the Hokkaido University campus in summer. 
Both the neutral and acidic fractions of the acetone extract of R. sylvestris roots inhibited lettuce 
seed germination. From the neutral fraction hirsutin, 4-methoxyindole-3-acetonitrile and 
pyrocatechol were isolated and identified as the germination inhibitors.1,6 From the acidic fraction 
salicylic, p-hydroxybenzoic, vanillic and syringic acids were isolated, and idenfied as active 
ingredients.6
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Hirsutin completely inhibited germination at 200 ppm (w/v), and also reduced the root and 
hypocotyl elongation of lettuce (Lactuca sativa L.) seedlings at 4 x 10‘4M (93.2 ppm) by 86% and 
90%, respectively. Even at 10 ppm, it affected the growth of lettuce seedlings. 4-Methoxyindole- 
3-acetonitrile and pyrocatechol inhibited germination at 200 ppm by 12% and 100%, respectively. 
At 200 ppm, salicylic, p-hydroxybenzoic, vanillic and syringic acids inhibited germination by 
100, 100, 93 and 57%, respectively.

Bioassays using a root exudate recirculating system was applied for exploring and evaluating 
allelopathic compounds. This system was performed following the method of Stevens and Tang.7 
We have examined the effect of removing the hydrophobic substances using XAD-4 resin from 
the root exudates of R. sylvestris on lettuce seedling growth. Differences between the resin control 
and the pot control (no R. sylvestris) were presumed to be the results of inhibition by hydrophilic 
root exudates, while differences between the resin control and R. sylvestris were presumed to be 
caused by hydrophobic root exudates. Differences between R. sylvestris and the pot control 
represent the total allelopathic effect.

Root exudates inhibited lettuce seedling growth in June, July and August. These were the 
flowering stages of R. sylvestris. However, for March and November bioassays, lettuce seedling 
growth was not inhibited. These periods were the vegetative growing stages of R. sylvestris. 
Hydrophobic root exudates (XAD-4 versus control) inhibited the growth of acceptor lettuce 
seedlings in the July and August bioassays. The rates of hirsutin, pyrocatechol, vanillic acid and 
p-hydroxybenzoic acid released from R. sylvestris roots in July and August were 13.0,9.3,1.1 and 
0.7 pg/plant/day, respectively.

Hirsutin came from its precursor glucohirsutin in the cells of R. sylvestris. We examined 
how hirsutin was generated, how its precursors were distributed in the plants, and how precursor 
contents varied seasonally.8 The glucosinolates (glucohirsutin, 4-methoxyglucobrassicin and 
deoxyglucohirsutin) were isolated as desulfoglucosinolates from 80% v/v ethanol extract of the 
roots of R. sylvestris. The contents of glucohirsutin and deoxyglucohirsutin increased during the 
vegetative growing stage and the flowering stage of R. sylvestris, suggesting that the content of 
glucosinolates might relate to the content of hydrophobic exudates (hirsutin) and the bioassay 
results. Deoxyhirsutin, which has no activity against lettuce, is another possible isothiocyanate, 
but we could not detect deoxyhirsutin in the hydrophobic root exudates. On the other hand, 4- 
methoxyglucobrassicin content increased in the roots only during the vegetative growing stage. 
The remarkable increase in content of glucosinolates in the aerial parts observed at the end of the 
reproductive growing stage may be the result of the abundant content of glucosinolates in flowers 
and seeds. 4-Methoxyindole-3-acetonitrile produced by hydrolysis of 4-methoxyglucobrassicin 
induced the Raphanus root formation. 4-Methoxyglucobrassicin was thus concluded to be one of 
the factors involved in root formation in the propagation of R. sylvestris.

Tang and Takenaka9 reported that for 2-month-old Carica papaya L. the rate of 
benzylisothiocyanate release from the root system was 2-3 pg per day from a tree in a continuous 
root exudate trapping system. This herbicidal secondary metabolite was released from undisturbed 
plant root systems.

The potential impact of an allelochemical on plant growth should be evaluated with regard 
to both the presence of associated allelopathic compounds and the influence of other chemical and 
physical conditions in the environment. Several combinations of pyrocatechol, p-hydroxybenzoic 
acid, vanillic acid and hirsutin reduced lettuce seedling growth. Our investigation clearly shows 
several phenolic compounds and hirsutin to be potent phytotoxins to developing lettuce seedlings, 
and suggests that these compounds are allelopathic in plant-plant interactions.

The roots of R. sylvestris release the glucosinolates, which are accumulated in the rhizosphere 
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of R. sylvestris. Rhizopus species living in the rhizosphere, which can hydrolyze glucosinolates to 
isothiocyanates, are resistant to hirsutin. Rhizopus species can only grow in the culture medium 
containing the root extract. Relation between R. sylvestris and Rhizopus must be symbiotic.

The roots of R. sylvestris are composed of tap roots and creeping roots. Hirsutin capacity 
(glucohirsutin + deoxyglucohirsutin) of the creeping roots relatively exceeded other parts. The 
capacity increased rapidly and reached 4,500 pg/g fresh wt. in the middle of May. As to 4- 
methoxyglucobrassicin, the content in the creeping roots greatly increased and reached 440 pg/g 
fresh wt. in the middle of May. 4-Methoxyglucobrassicin must take part in the root formation of 
R. sylvestris after hydrolytic conversions into 4-methoxyindole-3-acetic acid via 4-methoxyindole- 
3-acetonitrile. From the Raphanus root formation test for 4-methoxyindole-3-acetonitrile produced 
by hydrolysis of 4-methoxyglucobrassicin, it was found that 4-methoxyindole-3-acetonitrile shows 
about half the activity of IAA. Nomoto and Tamura10 had reported that the compound was almost 
inactive for the Avena coleoptile straight growth test.

Yellow fieldcress has elaborated the above-mentioned strategy for invading the territories 
of other species to establish its niche in the natural environment.

Isothiocyanates as Allelopathic Compounds from Rorippa Indica Roots

Rorippa indica Hiem. (inugarashi in Japanese, Cruciferae) is a common perennial weed in 
the fields and pastures of Japan. The weed has an ability to propagate through its vegetative 
organs such as roots or stems.11 As the weed exists in very dense and practically pure stands, this 
suggests that the species may produce chemicals that are allelopathic to other surrounding plants.

Roots of R. indica were collected on the campus of Hokkaido University in summer and 
were extracted with ethyl acetate for one month at room temperature. The extract was evaporated 
under reduced pressure, and the aqueous concentrate was fractionated into acidic and neutral 
fractions in the usual way.

The neutral fraction inhibited lettuce seed germination by 90% at 500 ppm and was subjected 
to silica gel chromatography. The active fractions were further purified by HPLC. Six 
isothiocyanates were isolated and identified to be hirsutin, arabin (9-methylsulfinylnonyl 
isothiocyanate), camelinin (10-methylsulfinyldecyl isothiocyanate) and three novel 
co-methylsulfonylalkyl isothiocyanates (n= 8,9,10).12

Desulfoglucosinolates were prepared from the boiled and enzyme inactivated roots extracts 
by the treatment with aryl sulfatase, and nine desulfoglucosinolates were separated on an HPLC 
column. These were identified by FD-MS and 'H-NMR spectra as follows: Desulfoglucohirsutin, 
desulfoglucoarabin, desulfoglucocamelinin, 8-methylsulfonyloctyldesulfoglucosinolate, 9- 
methylsulfonylnonyldesulfoglucosinolate, 10-methylsulfonyldecyldesulfoglucosinolate, 
desulfoglucobrassicin, 4-methoxydesulfoglucobrassicin and 1-methoxydesulfoglucobrassicin. 
Among these compounds 9-methylsulfonylnonyldesulfoglucosinolate and 1-methoxydesulfo
glucobrassicin were major components.

To detect allelopathic compounds in R. indica root exudates, we used the continuous root 
exudate trapping system similar to that devised by Tang and Young.13 The hydrophobic substances 
in the recirculating solution inhibited lettuce seed germination by 85% at 200 ppm and also reduced 
hypocotyl and root elongation of lettuce seedlings at 100 ppm by 35% and 7%, respectively. 
Even at 10 ppm, it affected the growth of lettuce seedling hypocotyls.

The chromatogram of root exudates obtained from GC equipped with FID showed more 
than 50 peaks, and the retention times of the isolated standard compounds and GC-MS revealed 
the presence of 8-methylsulfonyloctyl isothiocyanate, 9-methylsulfonylnonyl isothiocyanate, 10- 
methylsulfonyldecyl isothiocyanate and hirsutin. The other phytotoxic isothiocyanates that we 
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isolated may exist in the root exudates at lower concentrations.
Einhellig5 reported that allelopathic inhibition of germination and plant growth typically 

occurred as a result of the joint action of several allelochemicals. In the same way, isothiocya
nates may interact in an additive or synergistic manner. Owing to their low water solubility, co- 
methyl-sufonyl (and sulfinyl) alkyl isothiocyanates released from the root surface will diffuse 
slowly into the soil solution, resulting in a concentration gradient at the root-soil interface. The 
continuous release of co-methylsulfonyl (and sulfinyl) alkyl isothiocyanates from normal growing 
7?. indica roots would suggest that these metabolites play an important active role in the rhizospheric 
ecosystem.

A remarkable synergistic action of 8-methylsulfonyloctyl isothiocyanate with 9- 
methylsulfonylnonyl isothiocyanate was observed, and the effective molar ratio was accordance 
with the molar ratio of these isothiocyanates contained in the roots of R indica.

Hirsutin has inhibitory action against the seed germinations of Compositae and Gramineae 
plants, but it hardly inhibits the seed germinations of cruciferous plants. These isothiocyanates 
may be useful for weed control of cruciferous crops.

Allelochemicals in Polygonum Sachaunense

Shrubs Polygonum species (Polygonaceae) grow vigorously and form colonies along 
roadsides and river banks in gravel soils. The genus Polygonum has about 300 species and is 
distributed all over the world. Al Saadawi1415 demonstrated that Polygonum aviculare L. was 
allelopathic, and several phenolic compounds and long-chain fatty acids appeared to be responsible 
for this activity. P. sachalinense Fr. Schm. (Sachaline giant knotweed, ohitadori in Japanese) is a 
perennial shrub found in native habitats in Japan. Judging from its ability to rapidly colonize, we 
assumed that allelopathy contributes to its aggressiveness.

Rhizomes with roots, aerial parts and fallen leaves of P. sachalinense were collected at 
several wild places near Hokkaido Tokai University. Washed and air-dried rhizomes and aerial 
parts were sliced and steeped in 80% acetone for 2 months at room temperature. In another 
experiment, fallen leaves were extracted with ether for 24 hours. Soil samples were collected in 
November 1990 from the center of a P. sachalinense community near the campus of Hokkaido 
Tokai University at the depth of about 10 cm. Litter was removed as completely as possible by 
seiving and the soil was dried at room temperature overnight. The soil sample was stirred in 
acetone-1 N HC1 (2:1, v/v) for 1 hour at 50 C and further treated with ultrasonic energy for 1 min. 
After leaving overnight at room temperature, it was filtered.

The inhibitory compounds against seedling growth were fractionated by SiO2 column 
chromatography, and desired products were recrystallized from hexane-chloroform to give two 
orange-needle crystals. The isolated compounds were identified to be emodin (1,3,8-trihydroxy- 
6-methyl-9,10-anthraquinone) and physcion (l,8-dihydroxy-3-methoxy-6-methyl-9,10-anthra- 
quinone), respectively.1617

The anthraquinone glycosides were also isolated and identified. The rhizomes with roots 
and the aerial parts of P. sachalinense were collected in June 1991. Immediately after cutting, 
they were extracted with ethanol by refluxing for 5 hours and the ethanolic solution was concentrated 
to one third of the original volume. The aqueous concentrate was extracted with ether to remove 
free anthraquinones and other ether-soluble constituents. Barium hydroxide solution (5%) was 
added to precipitate the organic acids. After filtration, the filtrate was adjusted to pH 3 and was 
extracted with n-butanol. The n-butanol layer was separated and evaporated in vacuo to give the 
crude glycoside fraction, which was further fractionated by SiO2 column chromatography to obtain 
anthraquinone glycosides. Rechromatography and further recrystallization from methanol gave 
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two glycosides as orange-needle crystals, which were identified to be emodin- l-0-/3-D-glucoside 
and physcion-l-O-/3-D-glucoside, respectively.1617

The evaluation of the effect of the root exudates as allelochemicals was carried out according 
to the root exudate recirculating system of Stevens and Tang.7 Lettuce seedlings were planted in 
the acceptor pot, while P. sachalinense was grown in the donor pot. After 10-14 days, the growing 
condition of lettuce seedlings was compared with that of the control growing under the same 
condition without the donor plant.

Emodin and physcion showed inhibitory activities against the seedling growths of several 
test species [lettuce (Lactuca sativa L), green amaranth (Amaranthus viridis L.), and timothy 
grass (Phleum pratense L.)]. Emodin inhibited root and hypocotyl or leaf sheath growth over 100 
ppm (3.7 x 10’4M). It severely inhibited the growth of lettuce seedlings at 50 ppm (1.85 x 10'4M). 
Physcion was less active and inhibited root and hypocotyl growth at 200 ppm (7.0 x 10'4M).

The presence of anthraquinone glucosides was expected because they are common for 
transportation and storage, and are less toxic in the plant. As mentioned above, two glucosides 
were isolated from both the rhizomes and aerial parts of P sachalinense and identified as emodin- 
1-O-jS-D-glucoside and physcion-1 -O-/3-D-glucoside. In plant growth bioassay, both the glucosides 
showed no phytotoxicity at 200 ppm against lettuce seedlings.

The concentrations of emodin and physcion, and their glucosides in the rhizome, aerial 
parts, fallen leaves and soil were quantitatively determined. Quantitative analyses of emodin and 
physcion were performed by HPLC. The amounts of anthraquinone glycosides were determined 
by weighing the isolated crystals of emodin- l-O-/J-D-glucoside and physcion- l-O-j8-d- glucoside, 
respectively. The contents of emodin and physcion in the fresh rhizome were ca. 158 and 32 mg/kg 
fresh wt„ and in the aerial parts, ca. 72 and 22 mg/kg fresh wt., respectively. Large amounts of 
anthraquinones were still detected in dry fallen leaves more than four months after defoliation: 
emodin, 213 mg/kg dry wt.; physcion, 180 mg/kg dry wt. In addition, the contents of emodin and 
physcion in the soil were 55 and 30 mg/kg dry wt., respectively; these concentrations are enough 
to inhibit the growth of plant seedlings. These facts also indicate that the anthraquinones are very 
stable in the ecosystem.

Allelopathic chemicals are released from plants in four ways:18 (1) Litter of leaves and 
stems decomposes by physical or biological processes and the substance is released. (2) The 
active substance is released to the soil from the root directly by exudation or through the decay of 
dead roots. (3) Volatile material is vaporized from plants and acts on other plants through the air. 
(4) Rain and fog droplets transfer toxic compounds from leaves to the soil.

We consider that the first two routes above are associated with the allelopathy of P. 
sachalinense. It has anthraquinone glucosides in the plant tissue. We propose that either these 
glucosides or the aglycones are released from the rhizome. The glucosides are then decomposed 
to active forms - emodin and physcion - and subsequently exhibit plant growth inhibitory activities 
against other neighboring plant species. To confirm this hypothesis, further investigations are 
necessary. In addition, anthraquinones exuded from the fallen leaves of P. sachalinense accumulate 
on the soil surface and affect early seedling growth of nearby plants of the community.

There are reports about antimicrobial activities of emodin and physcion.19'21 Some 
antimicrobial activity by emodin and physcion may directly or indirectly affect the growth of 
other plants. Rice22,23 and Al Saadawi15 pointed out that some weeds produce allelopathic chemicals 
that inhibited soil bacteria and changed the soil environment to their own advantage. While these 
anthraquinone compounds are potent allelopathic chemicals, the question of the extent of their 
impact against the flora in P. sachalinense is yet to be fully evaluated.
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Allelopathy of Barnyard Grass

Barnyard grass was reported to be one of the 10 worst weeds in the world.24 It was a serious 
weed in 32 countries, a principal weed in 10 countries and a common weed in 4 countries. It has 
strong growth and propagative abilities, and invades fields of crops very quickly. It caused yield 
reduction from 19-79% depending on the crop, environmental conditions, and control methods 
and their effectiveness.23 Wellhausen25 reported that extensive amounts of virgin land were cleared 
in Venezuela in the late 1950s and early 1960s, and planted with rice or com. After a few years of 
continuous rice production, barnyard grass began to dominate the fields so that little or no grain 
was produced.

In rice fields, barnyard grass grows more quickly than rice plants. It has strong competitive 
ability to absorb light and nutrients. This might be one of the reasons for the decreasing production 
of rice. It was reported that the water extracts of the seeds and the residues of barnyard grass 
inhibited seed germination and plant growth. Moreover, residues (1% w/w) which were incorporated 
into three different types of soil, reduced the growth of com and soybean. These results indicate 
that barnyard grass might have allelopathic effects on other plants, and inhibit the growth of crops.

In many cases, allelochemicals were released not only by plant residues but also actively 
by the plant root. Barnyard grass grows well in both dry and paddy field, and is easily cultured in 
nutrient solution. We cultured barnyard grass with a nutrient solution in a greenhouse, and 
investigated the allelopathic effect and allelochemicals in the root exudates under laboratory 
conditions.

In the tests with Stevens and Tang’s recirculating device of cultural solution,7 the seedling 
growth of mungbean (Vigna radiata W., Leguminosae) or lettuce (Lactuca scariola L. cv. sativa 
Bisch.) in the acceptor pots was significantly inhibited when the plants of barnyard grass were 
cultured in the donor pots compared to the control where no plants were cultured in the donor 
pots. These inhibitions could be seen from the third day following the beginning of treatment.

The acidic-neutral fraction of the extracts from the cultural solution of barnyard grass 
showed strong inhibition on seed germination of lettuce, and at 500 ppm it completely inhibited 
germination for up to 72 hours. The basic fraction, however, did not significantly inhibit the seed 
germination of lettuce. Both the acidic-neutral fraction and the basic fraction showed strong 
inhibition on the growth of etiolated seedlings of lettuce. The acidic-neutral fraction inhibited the 
elongation of hypocotyls and roots of etiolated lettuce seedlings by 54 and 62%, respectively, and 
the basic fraction by 45 and 53%, respectively, at a concentration of 500 ppm. The inhibitions on 
roots seemed to be stronger than those on hypocotyls for both of the two fractions.

Active components of the acidic-neutral fraction were isolated by HPLC, and identified 
as 3,4-dihydroxybenzoic acid,p-hydroxybenzoic acid, vanillic acid andp-hydroxybenzaldehyde, 
respectively, by HPLC and ‘H-NMR analyses compared with authentic compounds. Among the 
four identified phenolic compounds, the amounts of p-hydroxybenzaldehyde andp- hydroxybenzoic 
acid were much greater than the other two compounds. They were considered as the main 
allelochemicals in the root exudates from barnyard grass.26

The acidic-neutral fraction of the extracts from two-month-old plants of barnyard grass 
cultured in a greenhouse showed strong inhibition on the germination and seedling growth of 
lettuce, Chinese cabbage (Brassica rapa L. var. amplexicaulis), green amaranth, Digitaria 
adscendens Henr. and timothy grass. p-Hydroxybenzaldehyde,p-hydroxybenzoic acid,p-coumaric 
acid, iranr-aconitic acid and two unidentified inhibitors were isolated from this fraction. Among 
these compounds, the amount of p-hydroxybenzaldehyde was much greater (30 mg/kg fresh plants) 
than other chemicals. trans-Aconitic acid, an antifeedant identified from barnyard grass27 and p- 
coumaric acid were not found in the culture solution of barnyard grass. Inoue28 identified salicylic 
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acid, coumarin and other plant growth inhibitors in dormant seeds of barnyard grass (Echinochloa 
crus-galli cv. oryzicola). These chemicals were not found in the culture solution, p- 
Hydroxybenzaldehyde and p-hydroxybenzoic acid were isolated as the main allelochemicals 
secreted by the roots of barnyard grass. But we do not know whether p-hydroxybenzoic acid was 
secreted directly from the root or was transformed from p-hydroxybenzaldehyde in the culture 
solution. The mechanisms and dynamics of the secretion of these allelochemicals by the roots of 
barnyard grass are yet to be elucidated.

Allelopathy of Sasa cernva

Sasa plant is a very serious weed pest distributed widely in Japan and some other regions 
of Asia and Europe. In Japan, over 4,300 kilohectares (kha), are covered with sasa. Many 
mountains, called “sasa mountains,” are overgrown with sasa. In Hokkaido, the northern island of 
Japan, sasa can be seen everywhere, and it covers over 3,360 kha, constituting over 60% of the 
total forested area. The aggressiveness of sasa has led to serious problems in forestry and agriculture. 
When trees are cut, sasa grows rapidly and has made reforestation difficult.

Many studies have been made on the growth, distribution and chemical components of 
sasa, but the allelopathic effects of Sasa spp. have not been reported. Although in many places 
competing grasses grow poorly in the vicinity of sasa community, they grow vigorously away 
from it, suggesting that sasa has allelopathic effects. Sasa cernua Makino is one of the three main 
species of the Sasa genus in Sapporo area. We investigated the allelopathic effects of the rhizosphere 
soil and the volatile components of S. cernua. The main allelochemicals in the rhizosphere soil 
were identified and their possible roles discussed.29

Four test plants wheat (Triticum aestivum L. cv. Norin 59), timothy grass, lettuce (Lactuca 
scariola L. var. sativa Bisch.) and green amaranth were cultured in the rhizosphere soil of S. 
cernua (treatment) with two controls (control I: in vermiculite; control II: in normal soil) in a 
phytotron. Differences in growth could be seen after one week. The growth of wheat and that of 
timothy grass were inhibited by 80 and 45% against control I after 15 days culture, and the 
growth of lettuce and that of green amaranth were inhibited by 80 and 74% against control I after 
30 days, respectively. All the treatments were significantly different from the two controls. 
However, control II showed weak inhibition on wheat, timothy grass and lettuce, while there was 
no inhibition on green amaranth, when compared to control I.

The neutral and phenolic fractions were obtained from the rhizosphere soil of S. cernua. 
The phenolic fraction showed strong inhibition on both the seed germination and seedling growth 
of lettuce, green amaranth, timothy grass and barnyard grass at 500 (pH 3.6) or 1000 (pH 3.3) 
ppm, although the magnitude of the inhibitions differed according to plant species. At 500 and 
1000 ppm, the neutral fraction did not show significant inhibitions on either seed germination or 
seedling growth. However, in the TLC direct bioassy, this fraction showed selective inhibition on 
different plant species, strongly inhibited the germination and seedling growth of lettuce, but had 
little effect on timothy grass, green amaranth and barnyard grass.

The phenolic fraction was separated by HPLC. Five main inhibitory compounds, p-coumaric 
acid, ferulic acid, vanillic acid, p-hydroxybenzoic acid and p-hydroxybenzaldehyde were identified. 
These phenolics are well-known allelochemicals. The contents of these five phenolic compounds 
in the rhizosphere soil were 5640 + 500, 1060 + 120, 860 + 80,810 + 30 and 630 + 90 p.g/100 g 
soil, respectively, although the actual amounts in the soil might be higher than those determined. 
It was reported that phenolic allelochemicals in soil could be easily oxidized when the soil was 
removed from the natural state.30 31

In test of the phenolic extracts from the rhizosphere soil of S. cernua, the low pH of the test 
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solution might have some effect on seed germination and seedling growth. We examined the pH 
effect of the extracts from sasa soil and two kinds of phenolic acids (p-coumaric acid and p- 
hydroxybenzoic acid), which were identified in many plant soils and culture solutions as 
allelochemicals on the growth of lettuce seedlings with pH 5.0 MES buffer and water solutions. 
The inhibition of both the phenolic fraction from sasa soil and the phenolic acids on the growth of 
lettuce seedlings were lowered in buffer solution compared to water solution. To obtain the same 
inhibition, two to five times higher concentrations were needed in tests with buffer solution than 
in those with water. S. cemua might produce its allelopathy by releasing allelochemicals and 
lowering the pH of the soil.

In the tests for voltile components from the leaves of S. cemua, dried leaves were used in 
airtight cultivation boxes. At first, we used fresh leaves with the petioles in the container. In the 
test with fresh leaves, however, the inhibition might be affected by the change of air components, 
which are difficult to control in an airtight container.

Chuyen and Kato32 identified 39 volatile flavor compounds in the headspace of Sasa albo- 
marginata; l-penten-3-ol, trans-2-hexenal, acetaldehyde, cis-3-hexen-l-ol, hexanal, a-terpineol, 
etc. were the main components. Some of them had been demonstrated in the residues of many 
plant species and shown to be toxic for plant growth as allelochemicals.33 Many other compounds 
were also toxic to plants, although their amounts were very low. Whether S. cemua produces the 
same volatile compounds should be investigated.

The dominant growth of sasa might result from many factors. The results above showed 
that sasa was allelopathic through its rhizosphere soil and air space. The significant allelopathic 
effects might be important factors that contribute to the dominance of the landscape in Japan and 
some other countries.
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ABSTRACT

A continuous flow plant-microbial-soil system was used to study how various soil processes 
such as sorption and microbial utilization of p-coumaric acid, a cinnamic acid derivative, interact 
to modify the allelopathic activity of p-coumaric acid. Collection of p-coumaric acid from a 
continuous flow system and the recovery of reversibly sorbed p-coumaric acid from Cecil Ap soil 
in this system were functions of soil nutrition, microbial populations, the initial concentration of 
p-coumaric acid added, and time. Concentrations of p-coumaric acid collected from soil-microbial 
and plant-microbial-soil systems were not significantly different and declined rapidly with time to 
zero pg/mL. Microbial populations that could utilize p-coumaric acid as a carbon source were 
inhibited in the presence of seedling roots, but were stimulated with increasing concentrations of 
p-coumaric acid. Cucumber seedling biomass was inhibited by increasing concentration of p- 
coumaric acid. The implications of these findings for phenolic acids, as allelopathic agents, are 
discussed.

INTRODUCTION

Several recent review articles provide a general overview of how phenolic acids may function 
as allelopathic agents and how this function may be modified by various soil processes.1“ Processes 
cited include: a) reversible and non-reversible sorption by clays, organic matters, iron and aluminum 
oxides; b) microbial utilization and conversion; c) transport; and d) uptake by seeds and/or roots. 
The importance of these processes in modifying, or in some cases eliminating, the action of phenolic 
acids in soils, however, is frequently based on sorption studies with sterile soils, seedling uptake 
studies in nutrient culture, etc., all done independently.5'9 Although determining these processes 
independently can be very informative, such approaches tend to over-or under-emphasize the 
importance of each soil process (i.e., sorption, microbial utilization, root uptake) and tend to 
ignore how such processes may enhance each other or interfere with each other in modifying 
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phenolic acid-mediated allelopathic interactions. Here we describe preliminary attempts to 
characterize how soil processes may interact with each other in a model plant-microbial-soil system 
and discuss the implications of these interactions for allelopathic interference resulting from phenolic 
acids.

METHODS AND MATERIALS

Cecil Ap horizon (Clayey, kaolinitic, thermic, typic Kanhapludult) soil was collected from 
the Piedmont of North Carolina, sieved, characterized and stored in the laboratory.10 Soil material 
or a soihsand mixture (1:2 by weight) was used directly or autoclaved prior to use.6 Water or 
various concentrations of Hoagland’s nutrient solution11 containing p-coumaric acid (0 to 55 pg/ 
mL) was supplied to the top of each column (50-mL syringes) continuously at 2 to 3.5 mL per 
hour with a cassette pump. Solutions were filter sterilized and tubes and glassware, etc. were 
autoclaved. Soil columns (no seedlings) containing 50 cm3 of soil material (void volume = 27 
mL) were supplied for 24 hr with distilled water prior to nutrient-p-coumaric acid additions. Soil 
columns, into which 5 day old seedlings (Cucumis sativus cv Early Green Cluster were transplanted, 
were supplied with water or nutrient solution until the seedlings were 9 days old; nutrient-p- 
coumaric acid solutions were supplied thereafter. Seedlings were grown under a fluorescent light 
bank (100 pE/m2/sec, 12 hour photoperiod) at ambient laboratory temperatures (25 C) in columns 
containing 60 cm3 (void volume = 38 mL) of a Cecil Ap soil: sand mixture.

Solution was collected from the bottom of each soil column for 30 min at 12-hr intervals 
during p-coumaric acid treatment of soil columns and analyzed for p-coumaric acid by HPLC 
analysis.9 At the end of a study, soil was extracted with water to estimate the amount of p-coumaric 
acid in soil solution, or by citrate (0.25 M, pH 7) to determine total available p-coumaric acid. 
Reversibly sorbed p-coumaric acid was estimated by subtracting the quantity of p-coumaric acid 
recovered by water from that recovered by citrate. The fixed quantity (i.e., not available to microbes 
or roots) was estimated by subtracting total available (i.e., reversibly sorbed, soil solution content, 
and collected from the column) from that added to the soil. Microbial populations in the soil were 
estimated by the plate-dilution frequency technique12 on a p-coumaric acid medium, which was 
made by substituting 0.5 mM p-coumaric acid for glucose in bacteriological mineral salts-glucose 
agar, and on oligotrophic bacterial medium.13,14 p-Coumaric acid and the oligotrophic media were 
used to estimate p-coumaric acid-utilizing bacteria and “total” aerobic, mesophilic bacterial 
populations, respectively. Spline fit and general linear model procedures (JMP, SAS Institute) 
were used to characterize data from the non-replicated factorial experiments.

RESULTS

Autoclaved Soil

The concentration of p-coumaric acid collected from autoclaved soil columns initially 
increased for all treatment solutions before reaching a steady state after 36 hours at approximately 
34 pg/mL (Fig. 1). Reversibly sorbed p-coumaric acid determined after 72 hours of treatment 
(approximately 9 void volumes) was 10.3,11.4,12.0,14.3, or 17.5 pg/g soil when supphed with 
0%, 0.781%, 3.125%, 12.5%, or 50% nutrient levels, respectively. Approximately 12% of added 
p-coumaric acid was irreversibly sorbed (fixed).
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Time (hours)

Figure 1. p-Coumaric acid collected from autoclaved Cecil Ap soil columns supplied continuously 
with p-coumaric acid (41.0±0.451 pg/mL) and six different nutrient concentrations.

Non-Autoclaved Soil

The concentration of p-coumaric acid collected from soil columns treated with 0% or 
0.195% Hoagland’s solution initially increased before gradually decreasing (Fig. 2). For the 
0.781%, 3.125%, 12.5%, and 50% Hoagland’s solutions, initial increases in p-coumaric acid 
concentration were also observed but were followed by more rapid decreases before p-coumaric 
acid concentrations collected reached a steady state. After 72 hours of p-coumaric acid treatment, 
the concentration of p-coumaric acid collected was 34, 26, 12, 9, 8, and 7 pg/mL for the 0%, 
0.195%, 0.781%, 3.125%, 12.5%, and 50% nutrient levels, respectively, representing a loss of p- 
coumaric acid ranging from 36% to 87% (fixed and utilized by microbes).

“I---- 1------ 1-------- 1---- 1-------- 1---- 1------ 1-------- 1
0 10 20 30 40 50 60 70 80

■ 0% Hoagland's

• 0.195% Hoagland's

A 0.781% Hoagland's

♦ 3.125% Hoagland's

□ 12.5% Hoagland's

O 50% Hoagland's

Time (hours)

Figure 2. p-Coumaric acid collected from non-autoclaved Cecil Ap soil columns supplied 
continuously withp-coumaric acid (53.5+0.342 pg/mL) and six different nutrient concentrations.
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Nutrient concentration alone had no effect on microbial populations determined with p- 
coumaric acid medium; when columns were treated with p-coumaric acid, however, increasing 
nutrient concentration was associated with increasing numbers of microorganisms (Table 1). The 
concentration of p-coumaric acid collected from the soil columns at 72 hours was inversely related 
to soil microbial population densities (pg p-coumaric acid per mL solution collected = 224.9 - 
39.0*  CFU; r2 = 0.92; p = 0.0026, where CFU = logi0 colony-forming units; Fig. 3). Microbial 
populations determined on oligotrophic medium, however, increased with increasing nutrient level 
in the presence or absence of p-coumaric acid treatment (Table 1).

Table 1. Microbial populations in Cecil Ap soil columns treated with water, nutrient solution and 
(or) p-coumaric acid grown on Oligotrophic and p-Coumaric acid media.

Oligotrophic p-Coumaric acid
Treatment p-Coumaric acid CFU x 105/g soil*

treatment of column

Untreated dry soil absent 0.81 0.64

Water absent 2.82 0.75
50% Nutrient solution 5.62 0.81

Water present 2.32 1.07
0.195% Nutrient solution 2.66 0.98
0.781 4.32 2.48
3.125 7.90 3.55
12.5 14.40 3.69
50 3.86 4.00

*CFU = Colony forming units

log 10 (Mean CFU / (g) soil)

Figure 3. Relationship between the concentration of p-coumaric acid collected from Cecil A soil 
columns and soil microbial populations quantified on p-coumaric acid (0.5 mmol/L) medium 
following 72 hours of continuous application of p-coumaric acid with various nutrient concentrations 
(% Hoagland’s solution values given in parentheses).
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Seedling Nutrient Requirements

Maximum cucumber seedling biomass in the absence of p-coumaric acid, 13 days from 
seeding, occurred when seedlings were grown with the 25% nutrient level (Fig. 4). The observed 
pattern was due to the shoot biomass, since root biomass was not modified by nutrient levels used 
in this system. Total primary and secondary lateral root lengths were also not modified by nutrient 
levels.

% Hoagland's solution

Figure 4. Dry weight of 13 day old cucumber seedlings treated with various concentrations of 
Hoagland’s solution.

P-Coumaric Acid and the Seedling-Microbial-Soil System

Shoot dry weight was related to p-coumaric acid concentration (shoot dry weight (g) = 
0.0902 - (0.00027 * p-coumaric acid concentration), r2 = 0.95, p = 0.027). After 84 hr of treatment 
(approximately 5.5 void volumes) with the highest p-coumaric acid concentration (93.75 pg/ mL 
or 234 pg/hr), shoot dry weights were 28% less than those plants treated with nutrients alone. 
Final root lengths of seedling were suppressed 21% to 25% by any concentration of p-coumaric 
acid, relative to seedlings not treated with p-coumaric acid.

The concentration of p-coumaric acid collected from soil columns rapidly declined to 0 
within 36 to 48 hr after the addition of p-coumaric acid to the columns (Fig. 5). The concentration 
of p-coumaric acid collected from the bottom of the column was affected significantly by the input 
concentration and by an interaction of input concentration and elapsed time. The presence of a 
plant in the column had no significant effect on the p-coumaric acid concentration in the solution 
collected from the soil column. p-Coumaric acid was not detected by HPLC analysis in water and 
citrate extractions of soil samples from the columns.

The presence of a plant in non-autoclaved soil columns did not affect numbers of bacteria 
recovered on oligotrophic medium after treatment over 84 hours (6.95 and 7.03 loglO CFU/g soil 
for soil-microbial and plant-microbial-soil systems, respectively). Microbial populations determined
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on p-coumaric acid medium increased with increasing p-coumaric acid concentrations treatment 
for the plant-microbial-soil system, but not for the soil-microbial system (Fig. 6).

Time (hours)

Figure 5. p-Coumaric acid collected from non-autoclaved Cecil Ap soil columns supplied withp- 
coumaric acid (24±1,48±0.96, or 93.75+0.95 pg/mL) in 25% Hoagland’s solution.

■ Soil

• Soil + Seedling

Figure 6. Microbial populations quantified on p-coumaric acid medium following 82 hours of 
continuous application of p-coumaric acid in 25% Hoagland’s solution.

DISCUSSION

In single-addition steady-state (SA) systems, increasing soil pH, soil nutrient status 
(particularly multivalent cations), organic matter content, and phenolic acid concentration, all 
increase soil sorption by sterile Cecil soil materials.5'910 Cinnamic acid derivatives, however, have 
higher sorption rates than benzoic acid derivatives.9 Total carbon and pH values for the Cecil Ap 
soil materials used in the soil column continuous addition system (CA) were 1.01% and 5.3, 
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respectively. Total carbon was reduced to 0.33% when the soiksand mixture was used for the 
seedling studies.

The behavior ofp-coumaric acid in sterile SA and CA systems was very similar. The 12% 
p-coumaric acid fixed (not available to seed, root or microbes) into the soil for the CA system was 
comparable to the 17% observed for the SA system.9 Phenolic acid bound by reversible soil 
sorption processes is available to seeds, roots and microbes, and in these experiments this quantity 
was also comparable for the SA (29 pg/g) and the CA systems (10 to 18 pg/g). The higher values 
for the SA system were very likely a result of the longer time for soil-p-coumaric acid interactions 
(21 days vs 72 hr) and the higher soil pH (6.2 vs 5.3) and carbon content (2.42 vs 1.01 %). Increasing 
nutrient status of both the SA and CA systems increased sorption.5

Microbial activity in the absence of seedlings for the SA and CA systems was largely 
driven by nutrition: the higher the nutrient concentrations added the more rapid the utilization of 
p-coumaric acid.91314 Microbial populations that could utilize p-coumaric acid as a sole carbon 
source were, in fact, directly related to nutrition in the CA system. Thus these systems were not 
carbon limited (althought carbon limitation may have occurred at the highest nutrient levels), but 
were probably nitrogen limited. This may also explain why increasing p-coumaric acid 
concentrations at a constant nutrient level (25%) in the absence of seedlings did not result in 
increasing microbial populations.

Microbial populations for the plant-microbial-soil system (CA) were initially below that of 
the soil-microbe system (CA), but this relationship was reversed with increasing p-coumaric acid 
concentrations. Several reasons may explain this pattern: a) at lower concentrations - since the 
transplanted seedling growth was greater at lower concentrations of p-coumaric acid than at the 
higher concentrations, microbes and roots were competing for nitrogen at the lower p-coumaric 
acid concentrations to the detriment of the microbes; or at the lower p-coumaric acid concentrations 
the production of root exudates resulted in a shift of carbon utilization by microbes; a preference 
by microbes for carbon sources other than phenolic acids was observed previously;15 b) at higher 
concentrations - with increasing inhibition of seedling growth by the higher concentrations of p- 
coumaric acid more nitrogen became available (less utilized by plants) for microbes to utilize p- 
coumaric acid.

Thus, if nutrition, moisture, pH, and temperature are appropriate, addition of p-coumaric 
acid into a carbon-limited environment will stimulate rapid microbial utilization of p-coumaric 
acid. The use of high concentrations of a single phenolic acid, such as p-coumaric acid, will also 
induce a strong, but artificial, selection for p-coumaric-acid utilizing microbes. This type of 
information, however, has led researchers to suggest that unreasonably large concentrations of 
phenolic acids are required in soil systems for inhibition of seedlings in nature.

The combination of factors (i.e., ideal soil environment with high concentrations of a single 
phenolic acid) described in the previous paragraph are extremely unlikely in nature and thus 
conclusions about allelopathic interactions resulting from phenolic acids in natural soil systems 
based on such observations must be viewed with skepticism. Such bioasssays, however, can 
provide direction and focus for research. What is of particular interest here, for example, is that at 
zero and low concentrations of p-coumaric acid, microbial populations that could utilize p-coumaric 
acid as a sole carbon source were inhibited when compared to soil systems without seedlings. 
This observation is supportive of the hypothesis that mixtures of phenolic acids, at low individual 
concentrations, may be more active as allelopathic agents in soils than high concentrations of 
single phenolic acids.16 Support for this hypothesis has also been provided by several recent 
publications, in which it has been demonstrated that as the number of phenolic acids in a mixture 
increased the concentrations of the individual phenolic acids needed to bring about a given level 
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of inhibition declined. Further, the action of individual phenolic acids in a mixture were additive, 
when the concentrations were low, but partially antagonistic when they were high.16'20Finally, the 
presence of other readily available carbon sources, as might be released by roots, also reduced the 
concentration of phenolic acids required to bring about a given level of inhibition.15 21

We would also like to point out that even with the addition of 234 pg/hr of p-coumaric acid 
to our soil columns, water and citrate extractions did not recover detectable concentrations of p- 
coumaric acid from the bulk soil, yet shoot biomass was reduced by 28%. Soil extractions, in fact, 
provide only an indication of the residual phenolic acid concentrations in soils (i.e., what is left 
after sorption, microbial utilization, and root uptake). Research, therefore, should focus on the 
uptake of phenolic acid mixtures by seedlings and sink-source relationships of such mixtures in 
the soil, rather than on the concentrations of individual phenolic acids in soil.
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ABSTRACT

Not much information is available in up to date literature on the allelopathic/ecological 
function of plant saponins. In this chapter, attempts were made to summarize the possible allelopathic 
function of saponins. The specific role of soyasapogenol glycosides and their possible allelopathic 
action in the Papilionaceae family is discussed. Examples of application of alfalfa saponins in 
weed/pathogen control in sustainable agriculture are presented.

INTRODUCTION

Saponins are the group of compounds of steroidal or triterpene skeleton (aglycone) 
substituted with functional carboxyl, carbonyl or hydroxyl groups. These groups create significant 
diversity in the structures of saponins even within different organs of the same species. Additionally, 
this diversity is greatly increased by the substitution of some functional groups with sugar chains. 
Sugar chains are made up of a combination of glucose, galactose, arabinose, rhamnose, xylose, 
uronic acids and, in some rare cases, apiose. Sugars may be attached to the aglycone either as one-, 
two- or three-sided chains. The terms monodesmoside, bidesmoside or tridesmoside, respectively, 
has been given to these saponins (Greek i/e.vmo.v=chain).‘ As a consequence of different aglycone 
structure and sugar substitution, structurally divergent saponins may yield different reactions in 
living organisms like microbes, plants, and animals. Compared to other groups of secondary 
compounds, like phenolics or alkaloids, the ecological function of saponins is much less well- 
known. This article discusses some possible, predominantly circumstantial, ecological roles of 
saponins, particularly alfalfa glycosides.

Exudation of Saponins from Plant Roots

SOYASAPOGENOLS

There is limited information available on whether saponins pass from the roots of plants into the 
environment. Most of the saponins are rather big molecules with membrane affinity and it seems
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quite doubtful that they can pass the membrane barrier. There are some reports showing this is 
possible, but the mechanism of exudation has not been fully understood. The work of Lynn2 
documented that root exudates from Lespedeza sericea contain two triterpene compounds. These 
were identified as soyasapogenols B and E. It was suggested that these two compounds are capable 
of inducing differentiation of the haustorium in Agalinis purpurea. The idea of a synergistic effect 
with some unspecified compounds was also introduced. Moreover, it was shown that soyasapogenol 
A isolated from the roots of Lespedeza was capable of stimulating haustorial formation.3 In this 
respect soyasapogenols were thought to act in the same way as xenognosine A and its related 
isoflavone xenognosine B. The rate of the exudation was established at 42.8 and 56.7 pmol/root/ 
day for soyasapogenol B and E, respectively, while the ratio of soyasapogenol B/E in the roots 
was 6:1. It was concluded that this selective exudation may either represent an active aspect of 
root metabolism or reflect cellular compartmentalization of secondary metabolites and their passive 
leakage from the root. It is worthwhile to emphasize that genistein, a chemical signal that activates 
the nodulating genes of symbiotic nitrogen fixing rhizobia, was found in the roots in amounts 
comparable to soyasapogenol B, but was exuded in a rate of two orders of magnitude lower than 
the soyasapogenols.

Figure 1. Soyasapogenol B and E formation during hydrolysis of chromosaponin.

RhaGalGlcA

The natural occurrence of soyasapogenol B and E has still not been completely understood. 
Earlier work on soybean and alfalfa4 has shown that soyasapogenol B is a natural aglycone and 
that a series of glycosidic forms of this sapogenin can be found in plants. Soyasapogenol E was 
found together with soyasapogenols C, D, and F in hydrolysates of soyasapogenol B glycosides 
when hydrolysis was performed. Thus, it was not clear if soyasapogenol E is a natural aglycone or 
simply an artifact. For alfalfa there has been just one sole glycoside of soyasapogenol E identified5 
from a total number of about thirty triterpene glycosides reported. Recent work by Massiot,6 
Kudou,7 and Tsurumi8 indicate that series B saponins, particularly soyasaponin I, a major saponin 
of soyasapogenol B in alfalfa and soybean seeds, are not genuine natural products compounds. 
Their DDMP (2,3-dihydro-2,5-dihydroxy-6-methyl-4//-pyrane-4-one) conjugates, 
chromosaponins, seem to be naturally occurring forms, with soyasaponin I appearing as an artifact. 
Depending on the conditions, these conjugates upon enzymatic hydrolysis or temperature treatment 
generate soyasapogenols B or E (Fig. 1). Thus, the extraction or purification procedures used 
strongly influence the structure of the resulting compound, and the isolated product may not be 
genuine, but an artifact. Thus, it is impossible to say whether soyasapogenol B or E is genuine. 
DDMP conjugated saponins are readily soluble in water, while free soyasaponin I precipitates 
from alcohol-water solutions. It is possible to speculate that in the results presented by Lynn, 
active aspects of saponin metabolism and exudation may play a significant role. Therefore, DDMP 

168



Allelopathic Significance of Plant Saponins

conjugates of saponins may be of ecological significance by allowing transport of saponins across 
the epidermal membranes. The lack of activity of soyasaponin I in a number of routine biological 
tests (hemolysis, T. viride, rat intestine integrity)9 indicate its low sterol/membrane affinity. In 
such a case, the only parameter which may be crucial in the ability of the compound to cross the 
membrane is its solubility, which is assured by DDMP presence in the molecule. DDMP conjugates 
have been reported in many kinds of legumes such as Indian potato (Apios tuberosa Moench.), 
chickpea (Cicer arietinum L.), scarlet runner bean (Phaseolus coccineus L.), kidney bean 
(Phaseolus vulgaris L.), pea (Pisum sativum L.), mungbean [Vigna mungo (L.) Hepper], and 
cowpea [Vigna sinensis (L.) Hassk].10 Soyasapogenol B has been identified in the hydrolysates of 
saponins from the seeds of 32 species of genus Medic ago."

Soyasapogenol saponins may be widely distributed in the legumes as DDMP conjugated 
forms. Their physiological/allelopathic function needs to be closely examined. As mentioned above, 
in most traditional tests, soyasapogenol based saponins show marginal activity. However, their 
high concentrations in the physiologically active parts of soybean12 and pea8 seedling, may indicate 
their importance to the plant. High concentration in the root tips and hairs may have allelopatic 
significance since root hairs have a short life span and when they decay, may release saponins to 
the environment. Thus, release of saponins into the environment may be not a mechanism of 
passive leakage or active exudation, but simply of root hair decay.

Table 1. Inhibition of seed germination and seedling growth by alfalfa preparations.
Sample 
of alfalfa

Species 
tested

Parameter 
measured

Reference

root saponin cottonseed germination 13
seed extract mustard germination 14
root extract grasses seedling growth 15
top extract com germination 

seedling growth
16

top and root extract tomato, 
wheat, barley

seedling growth 17

alfalfa meal 
saponin mixture

cottonseed germination 
radicle growth

18

alfalfa soil cottonseed germination 19
seed saponin mixture barley, oat, 

wheat, rye
germination 
seedling growth

20

powdered roots germination 
seedling growth

21

root saponins mixture 
powdered roots

wheat germination 
seedling growth

22

Soil extracts barley, 
wheat, radish, 
alfalfa, clover

seedling growth 23

single root saponins wheat 
cottonseed

germination 
seedling growth

24

root saponin mixture wheat, cheat seedling growth 25
root saponin mixture dandelion, 

caffeweed
germination 
seedling growth

26,27

pigweed, wheat 
barnyard grass

single saponins wheat germination 
seedling growth

28

Once they are released, saponins act as a plant growth promoter. In in vitro germination 
tests performed with wheat, soyasaponin I was the only from several triterpene glycosides which, 
in the range of concentrations of 100-500 ppm, stimulated seedling root growth as compared to 
the distilled water control.28 Medicagenic acid, hederagenin and zanhic acid glycosides were 
inhibitory at the same concentrations (Table 1). Similarly, Tsurumi and Tsujino29 reported that 
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chromosaponin I stimulates the growth of lettuce roots. These observations were supported by 
the experiments performed by Waller,30 where saponins produced by mungbean (predominantly 
soyasaponin I), when added to the soil enhanced a growth of new mungbean plants.

The above considerations need further experimental support to be fully corroborated. 
However, it seems that soyasapogenol based saponins occur widely in Papilionaceae, show 
haustorium inducing activity and promote plant growth and may have an important allelopathic 
meaning. Their eventual participation in plant/rhizobium relationships should be considered and 
this problem requires further study.

Alfalfa Saponins

Of all the saponins studied as allelopathic agents, root saponins from alfalfa (Medicago 
sativa) have received the most attention. As early as 1954, Medvedev observed cotton yield 
reduction when grown in a field after alfalfa. He also shown that the fungus Rhizoctonia aderchaldii, 
which is very harmful to cottonseed plants, was growing vigorously on alfalfa residues. Thus, it 
was not the allelopathy, but rather a soil bom disease that was responsible for the cottonseed yield 
reduction. One year later, Mischustin and Naumova13 reported that alfalfa root saponins were 
toxic to cottonseed and reduced germination. They further suggested that saponins are being released 
from alfalfa roots during the vegetative period, and can accumulate in the soil in a quantity high 
enough to harm succeeding cotton plants. To prove this hypothesis, the authors measured the 
hemolytic index of soil extracts and compared these indices with alfalfa root extracts. Interestingly, 
the hemolytic index of the extract from soil taken from a two year old alfalfa stand was just two 
times lower than for the root extract, which means that the concentration of saponins in the soil 
should be about 1-2% in dry matter! Thus, proof for the existence of “pure allelopathy” in alfalfa 
stands was quite weak. Many authors just followed this idea quoting Mishustin and Naumova13 as 
a classical paper. In fact, none till now proved that saponins are really exuded into the environment 
from the donor alfalfa root system. Birk31 reported that alfalfa saponins could be isolated from the 
dry and sieved soil where alfalfa had been grown, but the origin of these saponins (exudates, small 
lateral roots etc.) was not explained.

Despite divergences on the exudation of saponins from donor plants, there is evidence that 
saponins may harm plants when introduced in pure forms, or as dried plant material to the growing 
medium, or into the soil. The experiments supporting this fact are presented in Table 2.

The effects of the influence of saponins on plants were similar in most of the experiments. 
Seed germination was not affected much, while seedling growth was retarded depending on the 
concentration of the preparation. Roots of the plants tested usually showed higher sensitivity than 
coleoptiles. The tested plant species showed different sensitivity; for most species there was 
stimulation of growth at the saponin concentration ranging from 10 to 100 ppm. Exceptions were 
barnyard grass and cheat, growth of which was inhibited even at 10 ppm.26 27 Soil environment 
strongly modified the activity of saponins and much higher concentrations were needed to inhibit 
plant growth in heavy soil than in a pure sand.22 Soil microflora was able to quite quickly decompose 
alfalfa saponins. Some of the compounds were bound in soil sorption complex and in this stage 
they could not affect plant growth. Thus, all the symptoms were similar to the allelopathic effects 
of a number of triterpenes and sterols including P-escin, betulin, P-glycyrrhetinic acid, hecogenin, 
oleandrin, oleanolic acid,32 amasterol,33 chondrillasterol,34,35 and some other compounds.36’38 They 
were also similar to the symptoms caused by a number of secondary metabolites reported before.39

Studies of the activity of single saponins showed that there is some correlation between the 
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structure of the compound and its phytotoxic activity (Table 2). All the glycosides of medicagenic 
acid, hederagenin and zanhic acid were inhibitory, whereas soyasaponin I was slightly stimulatory 
to wheat seedling growth. Among the group of medicagenic glycosides, those having glucose in 
the C-3 position showed higher activity than similar compounds substituted with glucuronic acid. 
Zanhic acid glucosides were more active than medicagenic acid glucuronides. In general, 
monodesmosides were more active than bi- or tridesmosides. Browning symptoms were observed 
in meristematic areas of seedling roots and they support the hypothesis that the effects of saponins 
arise from detergentlike properties of these compounds, but some other features beyond detergency 
cannot be excluded. Allelopathic potentials of the most active alfalfa saponins are not much different 
from the activities of other groups of plant secondary metabolites and seem to have little potential 
as herbicides.

saponins MaNa 1 23456789 LSD
(ppm)

Table 2. Growth of root of wheat seedlings treated with individual alfalfa saponins.
Concentration Wheat root length (% of control)

100 29§ 108 97 55 76 375 97 34§ 82 43 7.7
200 22§ 111 97 355 54 27§ 114 285 63 285 8.7
300 22§ III 58 26§ 57 22§ 113 215 44 27§ 7.3
400 125 98 44§ 215 49 165 131 205 345 215 6.2
500 I6§ 43§ 36§ 13§ 46 14§ 124 155 305 175 7.2

LSD 6.2 5.6 5.5 9.2 14.4 4.3 16.2 5.7 8.3 2.9

Linear regresión equation coefficients

x coeff. X 10’3 -33 -144 -147 -85 -62 -57 +73 -45 -134 -60

Constant 29 137 105 56 74 40 94 37 91 45
(95% Cl) (6) (31) (10) (11) (16) (5) (19) (5) (H) (6)

r‘ -0.80 -0.78 -0.97 -0.96 -0.72 -0.95 +0.87 -0.91 -0.96 -0.9.'

R' = correlation coefficient (significant at P < 0.05) for linear regression where x corresponds to 
saponin concentration and y to seedling root length; §= treatments where the browning of root tips was 
observed; LSD = least significant difference at P < 0.005.
MaNa - medicagenic acid sodium salt; 1 - 3GlcA Ma; 2 - 3GlcA,28AraRhaXyl Ma; 3 - 3Glc Ma; 4 - 
3Glc,28Glc Ma; 5 - 3Glc,28AraRhaXyl Ma; 6 - 3GlcAGalRha Soyasap. B; 7 - AraGlcAra hederagenin; 
8 - 3GlcGlcGlc,23Ara,28AraRhaXylApi zanhic acid; 9 - 3GlcGlcGlc zanhic acid.

Insecticidal Activity

It is known that various plant metabolites are known to be produced by plants for their 
defensive action against herbivores. However, it is not widely known that saponins exhibit 
insecticidal activity.40 The most spectacular examples of the research performed on saponins in 
relation to insect feeding and development are presented in the Table 3.

Most of the work presented in the Table 3 was done on alfalfa saponins and their activity 
against alfalfa pests. However, some in vitro and field experiments were performed on insects not 
generally thought to affect alfalfa growth. These studies were aimed at the possible practical 
application of saponins with agronomic potential as insecticides. Experiments were designed to 
test the activity of saponins agaist insects which attack hops - the spider mite (Tetrarychus urticae) 
and the hop aphid (Phorodon humuli Schrank),41 and against the potato attacking Colorado potato 
beetle (Leptinotarsa decemlineata).42 It was shown that spraying the leaves of the plant with 0.1 - 
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0.2% of saponin solution reduced the number of spider mites approximately 85-90% and that this 
activity persisted for seven days after treatment. It was also shown that the reaction of insects to 
saponins was structure-dependent; prosapogenins obtained by alkaline hydrolysis of a purified 
mixture of alfalfa root saponins were much more active than genuine saponins and medicagenic 
acid sodium salt itself. Prosapogenin, and to a lesser degree medicagenic acid, was also shown to 
kill a number of spider mite eggs. The results clearly show that monodesmosidic saponins obtained 
during alkaline hydrolysis are much more potent agents against insects than bidesmosidics, that 
occur in a genuine saponin mixture.

Table 3. Insecticidal activity of saponins of different origin.

Saponin Insect Effective 
conc.

Reference

alfalfa root Tribolium castaneum 0.1% 31
alfalfa Empoascafabae 0.01-0.1% 43
Yucca saponin Empoascafabae 0.01-0.1% 43
Baker's saponin Acyrthosiphon pisum 0.1% 44
alfalfa saponin Melolontha vulgaris residues 44
alfalfa extracts Costelytra zealandica 1.5mg 45
camellidin II Eurema hecabe mandarina - 46
alfalfa saponin Tenebrio molitor 0.1% 47
peduncloside Spodoptera litura 0.2% 48
rotungenoside Spodoptera litura 0.2% 48
alfalfa saponins Labesia botrana 0.01% 49
alfalfa saponins Adoxophyes orana 0.01% 49
alfalfa saponins Tetranychus urticae 0.1% 41
alfalfa saponins Phorodon humuli 0.1% 41
alfalfa saponins Leptinotarsa decemlineata 0.5% 42
alfalfa saponins Ostrinia nubilalis 10mg/g 50

In contrast, the growth rate of certain pests, like hop aphids, were most strongly inhibited 
by crude saponins, which reduced the number of aphids 50% for two weeks after treatment with a 
0.2% saponin concentration.

In general, the effective concentrations of saponins are not much different between tested 
insects. But, it must be stressed that in a number of cases, the saponin tested was very poorly 
characterized, and thus comparison of the data is very difficult. Most of the insects, whether or not 
they typically infest alfalfa, were inhibited at concentration ranging from 0.01 to 0.1%, indicating 
that saponins are not very specific in their insecticidal activity.

Antimicrobial Activity

Saponins are an important source of constitutive antifungal triterpenoids and steroids. Their 
antifungal activity has been widely researched, predominantly for possible pharmaceutical and 
agricultural purposes.4051-52 Agricultural interest focuses on two functions of saponins: their 
importance as plant protectants, and also on their possible use as fungicides in environmentally- 
friendly agriculture.

The first function is based on the speculation that saponins may act as constitutive antifungal 
compounds (prohibitins). The best recognized cases are oat root triterpene saponins, avenacins A- 
1, A-2, B-l, and B-2, which provide protection against Gaeumannomyces graminis var tritici 
(Ggt), and the glycoalkaloid a-tomatine, which protects tomatoes against certain types of fungi.53 

172



Allelopathic Significance of Plant Saponins

These and a number of other studies, point to some general conclusions:

1. The toxic effect of saponins can be ascribed to their ability to form complexes with pathogen 
membrane sterols; the effect is relatively non-specific.

2. Antifungal activity is strongly attributed to the structure of the aglycone but the sugar substitution 
can modify this activity.

3. Saponins can be toxic both in the form of the free aglycone and in their glycosidic forms.
4. The bidesmosidic and tridesmosidic forms are less active than the appropriate monodesmosides; 

although there are a number of significant exceptions.
5. Fungi are able to detoxify saponins by the production of saponin detoxifying enzymes (usually 

hydrolases); the ability of pathogenic fungi to detoxify plant saponins may determine their host 
range.54

Some saponins exhibit fungicidal activity at very low concentrations. Medicagenic acid 3- 
O-glucoside provides 100% inhibition of T. viride growth at concentrations as low as 1.6 ppm.55 
The compound showed high inhibitory activity against medically important yeasts in concentrations 
in a range from 3-15 pp.56 A similar range of effectiveness (5-10 ppm) was reported by Osbourn53 
for the activity of avenacin A-l against Ggt, but a different isolate of the same fungus which was 
pathogenic to oats (Gga) required concentrations higher than 50 ppm for 100% inhibition. In our 
recent research we determined the activity of alfalfa root saponins against soil-borne fungal 
pathogens of cereals Ggt and Cephalosporium grammeum.51 Preparation such as the total root 
saponin mixture, a prosapogenin mixture obtained by alkaline hydrolysis of root saponin mixture, 
medicagenic acid (Ma), Ma-sodium salt, Ma-3-O-glucoside and Ma-3,28-diglucosides were tested 
in vitro. The data obtained are presented in Fig. 2 and 3. The figures show that the mixture of root 
saponins was completely inactive against Ggt but was inhibitory for C. gramineum providing 
80% inhibition at 80 ppm. The most potent inhibitors of Ggt growth were Ma-sodium salt (ID50=3.5 
ppm), Ma-3-O-glucoside (ID50=7 ppm) and prosapogenins (ID50=8 ppm). At a concentration of 
about 10 ppm the substances completely inhibited the linear growth of these pathogens. The first 
two compounds were also the most inhibitory to C. gramineum.

Concentration jug/ml

Figure 2. Inhibition of Gaeumannomyces graminis var tritici growth on com meal agar with 
alfalfa root saponins and their derivatives.57
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Figure 3. Inhibition of Cephalosporium gramineum growth on com meal agar with alfalfa root 
saponins and their derivatives.57

These results indicate that some of the alfalfa saponins have a potential to inhibit mycelial 
growth and the reproduction of fungi pathogenic to cereals. However, more research is needed 
before recommendations can be made for application in the field, since the effectiveness of alfalfa 
saponins against Phytophtora cinnamomi, determined in vitro, may differ strongly from that 
determined in soil.58

Relatively little information has been available on the effects of saponins on the membrane 
integrity of bacteria. In vitro experiments by Zablotowicz59 have shown that P-escin and number 
of sapogenins (betulin, hecogenin and glycerrhetic acid) influence the growth and metabolic activity 
of several strains of rhizosphere bacteria (phytopathogenic and plant growth promoting strains). 
These studies were further extended to the alfalfa saponins and the preliminary results60 indicate 
that structurally divergent saponins can act differently upon different strains. Thus, 
triphenyltetrazolium chloride (TTC)-dehydrogenase and fluorescein diacetate (FDA) hydrolytic 
activities were strongly inhibited (90-95%) by medicagenic acid and its 3-O-glucoside in Bacillus 
thuringiensis strains (HD-2 and UZ404). In Curtobacteriumflacumafaciens (JM1011), TTC and 
FDA activities were reduced only by medicagenic acid, while little or no effects were observed on 
the Gram negative strains Pseudomonas fluorescens (RA-2) and Agrobacterium tumefaciens (A- 
136). 3-O-Glucoside of medicagenic acid increased protein exudation, or leakage, 5 to 10 fold in 
all strains. These preliminary data indicate that medicagenic acid glucosides can deleteriously 
affect rhizobacteria and in most cases the aglycone (Ma) is as active as the saponin 3-O-glucoside 
medicagenic acid. More research is needed to further understand these relationships and to explain 
the role of saponins in plant/microbe interactions and their effect on plant growth.

Ecological Function of Alfalfa Saponins

According to some authorities, allelopathic substances may only be secondarily functional 
in plants, having arisen initially in plant response to herbivore pressure.61 Thus, the allelopathic 
activity of saponins cannot be researched separately from the other activities expressed by these 
compounds. Distribution of particular saponins in alfalfa plants may suggest some ecological 
functions for these compounds. Comprehensive analyses of the aglycone composition in the seeds 
of different Medicago spp.11 showed considerable differences between species. The relatively 
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high frequency of hemolytic seeds were found in the sections Spirocarpos, Lupularia and Geocarpa. 
These frequencies correlated with differences in seed biology of most of the species of these 
sections as compared with the other 11 sections. In the section Spirocarpos, the effective propagule 
is fruit itself, which is indehicent, retaining of all the several seeds together for one or more years, 
until weathering allows moisture to penetrate and germination to occur. Seeds never escape from 
the fruit, and while more than one seed may germinate within the fruit, only one normally survives 
to produce a mature plant. Thus, hemolytic saponins may protect seeds from insect and microbe 
attacks and also may increase competitiveness for survival among the seedlings within a fruit and 
with surrounding seedlings. In the two other subsections Lupularia and Geocarpa fruit is also 
effectively the propagule, simply because it contains only one seed, and protection from microbes 
and insects may have a vital significance.

The Medicago species that tend to scatter their seeds, eg. Medicago sativa does not possess 
hemolytic seeds, but soon after the germination process begins, biologically active saponins are 
rapidly synthesized. According to some literature sources the concentration of saponins in alfalfa 
sprouts measured with biological tests may reach level of 8.7-9.5% in dry matter.6263 These 
concentrations are overestimated since, in the juvenile seedling stage, saponins contain 
monodesmosidic glycosides, eg.3-O-Glc medicagenic acid which is highly active against T. viride 
in the bioassay used in the quantification. In fact, up to the third day of germination seedlings 
contain soyasaponin I in the amount of 2mg/g of dry matter. Synthesis of medicagenic acid 
glycosides at levels detectable with HPLC technique, begin three days after germination.64 Zanic 
acid tridesmoside could be detected after 12 days following germination. Generally there was 
increase of saponins from 2 mg/g at the beginning of germination to 6-8 mg/g in sixteen days old 
seedlings, which is ten times less than was previously reported. The high content of biologically 
active saponins at the very beginning of seedling development might be advantageous during 
plant establishment, increasing competitiveness of seedlings with the seedlings of other species.

Table 4. Distribution of saponins in mature alfalfa plant.

Compound Saponin content 
% dry matter

Activity

root top antifung. allelop. other

3Glc Ma 0.25 - very high very high PD‘ moderate
3Glc,28Glc Ma 0.39 - high high PD inactive
3Glc,28AraRhaXyl Ma 0.40 - high very high PD moderate
3GlcA,28AraRhaXyl Ma 0.70 0.37 moderate moderate PD moderate
3GlcA,28AraRha Ma - 0.11 - - -
3AraGlcAra hederagenin 0.11 - very high very high -
3GlcAGalRha soyasap. B 0.05 0.26 inactive stun. inactive
Zanhic acid tridesm. 0.30 very low low PD very high 

bitter, astring.

" PD = potential difference across the rat intestine.

The distribution of saponins in the mature alfalfa plant may also suggest their adaptive 
importance. In Table 4 the concentration and the composition of saponins in roots and aerial parts 
are presented. They clearly show that the roots of alfalfa contain glycosides which show very high 
antifungal and allelopathic activities.65 Also the distribution inside the root strongly suggest their 
protective function. As shown by Pedersen18 and Quazi66 most of the saponins can be found in root 
epidermal tissues and in about a 1 mm zone under epidermis; other tissues, towards the root axis, 
were free of saponins. Aerial parts of alfalfa do not contain saponins with high antifungal and 
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allelopathic activities but rather the saponins which play important role against herbivores. Thus, 
aerial parts contain predominantly 3GlcA,28AraRhaXyl medicagenic acid and zanhic acid 
tridesmoside, which has a strong bitter taste, astringent activity, and reacts with the intestine 
membranes changing their permeabilities,67’68 which may work as repellant giving protection against 
herbivorous animals. It is not clear whether this distribution in the roots and tops is the result of 
localization of saponin synthesis and/or restricted transport in the plant or whether the protective 
function of saponins is a secondary phenomenon. This remains to be examined.
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A sunflower wanted to invite their neighbours for lunch, so he asked them:
-”Do you want to share a light luncheon with me?”
The answer was:
-’’We do not mind, just so long as the light is not UV. ”
(Adapted from M. Berenbaum, as published in)1

ABSTRACT

This paper will review different aspects of the biology of the simple 7-hydroxylated 
coumarins, focusing on the sunflower coumarins scopoletin and ayapin, and with special emphasis 
on their ecological role as allelochemicals, phytoalexins and insect-feeding deterrents. On the 
basis of the research carried out by different groups on the sunflower coumarins, scopoletin and 
ayapin, I propose to redefine them with the more general term plant-defense compounds, a definition 
that can also be utilized for other plant secondary metabolites for which a defensive role against a 
number of aggressive organisms has been confirmed. These compounds can be used in different 
ways for crop protection and their controlled induction can originate the so-called biological 
cross-resistance.

INTRODUCTION

From a chemical point of view coumarins (Figure 1) are defined as lactones of 2- 
hydroxycinnamic acids (reviewed in).1'3 They are classified according to their substitution pattern 
and include from the simplest coumarin (which gives its name to this family of compounds) to the 
more complex furanocoumarins or pyranocoumarins.1 They are amply distributed in the plant 
kingdom and since their discovery in 1812 they have awakened the interest of scientists, not only 
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because of their important physiological or ecological role, but also because of their pharmacological 
or toxicological properties (thus, for example, it has long been known that ayapin is the active 
compound of Eupatorium ayapana, an aromatic herb whose leaves have been used as a hemostatic 
agent).4,5

Figure 1. Structure of cinnamic acids and related simple 7-hydroxilated coumarins.
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This review deals with a group within this family, the simple 7-hydroxylated coumarins, 
following now on as coumarins. It includes compounds with a substitution pattern similar to those 
of cinnamic acids (6, 7, 8-hydroxylated and/or methoxylated lactones of 2-hydroxycinnamic, as 
aglycones or glycoside-derivatives) and more concretely to the sunflower coumarins, scopoletin 
(6-methoxy-7-hydroxycoumarin) and ayapin (6,7-methylenedioxycoumarin) (Figure 1). Scopoletin 
and ayapin have been found in a variety of fungi and a range of botanical families, including 
important crops like cereals, Compositae, legumes, and Solanaceae. While scopoletin is one of 
the most ubiquitous coumarins,1 the presence of ayapin has been reported in no more than five 
species belonging to the Compositae (mainly Helianthus spp.).6 Data presented here have been 
obtained by different research groups using sunflower and, to a lesser extent, tobacco as experimental 
model systems.

From a biological point of view, coumarins can be defined as stress metabolites.7 Thus, in 
sunflower and depending on the variety tested, scopoletin and/or ayapin are not present or they are 
at a very low concentration (mainly as scopolin) in extracts of any tissue from healthy plants 
grown under controlled conditions in plant growth chambers.8 Although their presence in nature 
field sunflower plants has been reported,9 it is possible they are induced under environmental 
conditions which affect field-grown plants.

Coumarin biosynthesis is induced in response to an ample number of both biotic and abiotic 
stresses, to nutritional deficiencies, to plant hormones, metabolites and xenobiotics, and it is tissue
specific, being developmentally regulated (Figure 2).616
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F CAUTION

Figure 2. Biotic and abiotic stresses that induce coumarins. Adapted from70 by Dr. R. Lopez- 
Valbuena (Department of Biochemistry and Molecular Biology, University of Cordoba).

They are synthesized from phenylalanine via the phenylpropanoid pathway.1,17 Despite of 
the intensive research since the 60's on the biosynthesis of these compounds, almost nothing is 
known about the enzymes and genes involved, especially as refers to cinnamic acid 2-hydroxylase, 
possibly the key enzymatic step in the coumarin pathway (Figures 3 and 4). In at least one case it 
has been shown that coumarins are microbial degradation products of other plant phenolics. This 
is the case the degradation of the nod gene-inducing isoflavones daidzein or genistein by 
soybean-nodulating Bradyrhizobium japonicum and Rhizobiumfredii. This process yields, among 
other phenolics, the coumarin umbelliferone.18
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As it occurs in to other families of phenolic compounds, more is needed to be learned 
about the basic aspects of their biology: subcellular localization, cellular and tissue 
compartimentalization, translocation and excretion, signal-transduction induction, and relationships 
between their biosynthesis and plant developmental and cellular differentiation processes. This is 
necessary in order to exploit the enormous potential of these compounds and their use in agriculture, 
the food industry and medicine.
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Chlorogenic acid
Isomerase ?

Figure 4. Possible coumarin metabolism in sunflower.

Although there are some reports from the 1960-80's indicating some physiological effects 
for these compounds,1 and data obtained in our laboratory indicates that they can be translocated 
via xylem and/or phloem between the root and the aerial part of the plant (unpublished results), 
this aspect has still to be confirmed experimentally. Like most plant secondary metabolites, they 
have a clear ecological role and can be clearly defined as ecochemicals. They are part of the 
chemical language used by the plant in its relationship with other living organisms within a specific 
ecosystem, and could act as endogenous intercellular signals involved in coordinated and organized 
adaptative and defensive responses to environmental cues. Their allelopathic potential, especially 
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as it refers to the assigned defensive role against pathogenic microorganisms, parasitic weeds, 
insects and other pests make possible their use in crop protection. This will now be considered in 
detail.

Phytoalexins

Phytoalexins are low molecular weight, antimicrobial compounds that are both synthesized 
and accumulated in plants after exposure to microorganisms and mechanical damage.19 They belong 
to different classes of structurally unrelated secondary metabolites (mainly phenolics and 
terpenoids), the chemical group being typical of a specific group of plants or botanical family.20 21 
Since the first report by Best22 indicating that scopoletin was associated with lesions in tobacco 
plants infected with tomato spotted wilt,22’23 7-hydroxylated coumarins have been reported as 
phytoalexins in a number of systems, including sunflower, tobacco, potato and sweet potato (Table 
J) 11,24-33

Table 1. Simple 7-hydroxylated coumarins as phytoalexins (Updated from).1

COUMARIN PLANT PATHOGEN References

Umbelliferone Lemon Exocortis virus [11
Sweet potato Cylas formicarius elegantulus [1]

Platanus acerifolia Ceratocystis fimbriata [33]

Esculetin Sweet potato Ceratocystis fimbriata [1]
(esculin) Celery Septoria apii [1]

Potato Corky patch disease* [32]

Scopoletin Lemon Exocortis virus [1]
(scopolin) Potato Leaf roll virus [1]

Phytophthora infestons [24]
Erwinia atroseptica [24]
corky patch disease* [31]

Tobacco Spotted tomato wilt virus [22,23]
Tobacco mosaic virus [1,37]
Prenospora tabacina [1]

Pseudomonas solanacearum [1]
Cercospora nicotianae [37]

Phytophthora parasitica [37]
Pseudomonas syringae [37]
Thielaviopsis basicola [30]

Sweet potato Ceratocystis fimbriata [1]
Celery Septoria apii [1]

Sunflower Plasmopara halstedii [26]
Alternarla helianthi [11,28]

Helminthosporium carbonum [11,28]
Phoma macdonaldii [11,28]

Platanus acerifolia Ceratocystis fimbriata [33]

Ayapin Sunflower Alternarla helianthi [11,28]
Helminthosporium carbonum [11, 28]

Phoma macdonaldii [11,28]

Scoparone Lemon Pénicillium digitatum [28]

*The disease has been associated to Verticillium and Rhizoctonia and the bacterium Pseudomonas.

Scopoletin and ayapin possess antifungal activity against a number of pathogens, with 
ayapin being, in general, more effective than scopoletin, although there are exceptions.34 The 
highest inhibitory activity observed against sunflower non-pathogenic rather than pathogenic fungi 
is related to the ability of the pathogenic fungi to metabolize the phytoalexins.11'28 Scopoletin and/ 
or ayapin induction in response to fungal infection and fungal elicitors1 ’•28,32,34 has been studied in 
whole plants and isolated organs. Sunflower plant tissue accumulate coumarins earlier and in a 
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higher amount in response to non-pathogenic rather than pathogenic fungi. The synthesis seems to 
be tissue-specific and maximum values are attained after 24-48 hours. Scopoletin is accumulated 
in plant tissue at higher levels than ayapin,11,28 but according to our investigations this is because 
ayapin is mainly excreted, while scopoletin is accumulated as scopolin, bound to the cell wall or 
metabolized by a specific scopoletin peroxidase.36 Although the metabolism of coumarins (synthesis 
and degradation) is almost unknown, their induction in response to fungal infection seems to be 
the result of de novo biosynthesis,27 discarding their definition as phytoanticipins. In any case 
their synthesis, at least temporarily, from stored metabolic precursors like scopolin or chlorogenic 
acid (the main phenolic compound in sunflower) cannot be rejected.

Although the contribution of the coumarin-phytoalexin response to fungal disease- resistance 
has not been firmly verified, indirect probes indicate that ayapin scopoletin and its glucoside 
derivative scopolin can be correlated with resistance to microbial pathogens in Nicotiana sp. and 
Helianthus annuus L.28,37

Insect-feeding Deterrents

Feeding deterrents or antifeeding compounds may be defined as compounds that prevent 
the feeding of pests on a treated material, without necessarily killing or repelling them.38 Different 
from the phytoalexin concept, feeding deterrents include both preformed-constitutive and inducible 
compounds. These compounds take part in the processes that allow herbivores to select or not, a 
potential plant-host and enable the plant to defend itself against the pest and can be used in 
different ways for crop protection.

Table 2. Insects reported to be deterred or inhibited by simple coumarins.

INSECT Reference

Callosobruchis [40]
Spodoptera littoralis [41]

Leptinotarsa decemlineata [43]
Phylotreta striolata [42]

Zigogramma exclamationis [43]
Diabrotica virgifera [44]
Blatella germanica [44]

Periplaneta americana [44]
Plutella xylostella [44]
Heliothis virescens [45]

Artemia salina [57]

It has been reported that hydroxycoumarins deter insect feeding, oviposition, and growth 
in a number of systems (Table 2).39-44 Scopoletin and ayapin were increased in sweet potato in 
response to Cylas formicarius elegantulus and in sunflower in response to sunflower beetle.41,43 
Induction can be associated with the mechanical injury caused by feeding,4 in a similar way to the 
induction observed with wounded sunflower tissue.8,10,43 Sunflower germplasm with enhanced 
levels of stress-induced coumarin expression obtained by somaclonal variance shows increased 
resistance to some leaf-feeding insects.44

Allelochemicals

Allelopathy was defined by Rice46 as “the direct or indirect harmful effect by one plant on 
another through the production of chemical compounds that escape into the environment”, although 
the original definition by Molish included either the beneficial or detrimental interaction47 and 
Rice embraced again this original definition in 1979.48 As more new allelochemicals are being 
identified, it becomes clear that the action of allelochemicals is an important feature characterizing 
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the interrelationship among plants.
An ample number of compounds have been shown to present allelopathic activity in vitro 

using different bioassays,49 although it does not mean that the same effect is displayed under field 
conditions due, among other factors, to chemical and biological decomposition, climatic conditions, 
soil type, and location with respect to the plant. Allelochemicals belong basically to the secondary 
metabolism group, including phenolics (benzoic and cinnamic acids, coumarins, flavonoids, 
tannins), terpenoids, and alkaloids50 and it does not seem probable that allelopathic inhibition 
observed for different plants is caused by only one compound.51,52 The production of these 
compounds is increased in response to biotic and abiotic stresses.53

Coumarins have been correlated with allelopathy in a number of plants,54 with coumarin 
and esculin being the first reported coumarins with inhibitory activity.55,56 In a study carried out by 
Ohira and Yatagai57 on the allelopathic effect of benzoic and cinnamic acids and coumarins on the 
growth of seedlings of radish, lettuce, alfalfa, and komatsuna showed that the inhibition effects of 
the compounds are as follows: coumarin > cinnamic acid > benzoic acid. They also found that the 
activity of the compounds in killing the larvae of brine shrimp correlated fairly with the plant 
growth inhibitions by the corresponding compounds.

Table 3. Sunflower allelopathyc activity on weeds and crops
WEED/CROP BIOASSAY EFFECT Reference
Erigeron canadensis Field experiments 

Pot experiments 
Decaying sunflower leaves 

Root exudate 
Leaf leachate

Growth inhibition 
Germination inhibition

Growth inhibition 
Growth inhibition 
Growth inhibition

[60]

Rudbeckia hirta Field experiments 
Pot experiments 

Decaying sunflower leaves 
Root exudate 
Leaf leachate

Growth inhibition 
Germination inhibition

Growth inhibition 
Growth inhibition 
Growth inhibition

[60]

Haplopappus ciliatus Field experiments 
Pot experiments 
Leaf leachate

Growth inhibition 
Growth inhibition. 

Germination inhibition

[60]

Bromas japonicus Field experiments 
Pot experiments

Growth inhibition 
Germination inhibition

[60]

Croton glandulosus Field experiments 
Pot experiments

Growth stimulation 
Germination inhibition

[60]

Amaranthus retroflexus Decaying sunflower leaves 
Root exudate

Growth inhibition 
Germination inhibition

[60]

Leaf leachate 
Aqueous leaf extract 
Stem aqueous extract

Growth inhibition 
Germination stimulation 
Germination stimulation

[64]

Aristida oligantha Decaying sunflower leaves Germination stimulation [60]
Digitaria sanguinate Root exudate 

Leaf leachate
Growth inhibition 
Growth inhibition

[60]

Brassica kaber Aqueous leaf extract

Stem aqueous extract

Germination 
Gtimulation/inhibition 

Germination stimulation

[64]

Datura stramonium Aqueous leaf and stem extracts Germination stimulation 
Stem leachates Growth inhibition
Root exudate Growth inhibition

[64]

Rumex acetosella Aqueous leaf and stem extracts Germination stimulation [64]
Abutilón theophrasti Leaf and stem leachates Growth inhibition [64]
(other broadleave weeds) Root exudate Growth inhibition
Ipomoea purpurea Stem leachates 

Root exudate
Growth inhibition 

Growth stimulation
[64]

Setaria viridis Stem and leaves leachates 
Root exudate

Growth inhibition 
Growth stimulation

[64]

Lemna minor Leaf and stem extracts Growth inhibition [66]
Orobanche cemua Isolated roots 

Seedlings 
Coumarins

Germination 
inhibition/stimulation

[69-73]

Helianthus annuus Pot experiments 
Decaying sunflower leaves 

Root exudate 
Leaf leachate

Germination inhibition 
Germination inhibition 

Growth inhibition
Germination inhibition

[64]

Sorghum bicolor Field experiments Germination inhibition [68]
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Although allelopathy has been studied in an ample number of plant systems the amount of 
work carried out with sunflower is remarkable (probably the best documented example of crop 
allelopathy together with sorghum and rye) (Table 3). The first report on allelopathic sunflower 
dates from 1931.58 In 1950, Curtis and Cottam published that different sunflower species can 
influence succeeding generations through the decomposition and release of allelochemicals from 
underground plant parts.59 Since then, different systematic studies have been made by different 
research groups in order to determine the allelopathic potential of sunflower, using different weeds 
and sunflower cultivars, in laboratory, greenhouse and field studies.50,51,60-68

We are studying allelopathic processes with respect to the interaction of sunflower with its 
parasitic weed Orobanche cemua Loefl.13,69-71 By using different bioassays we are looking for 
sunflower compounds that induce broomrape seed germination and inhibit seed development and 
installation. We have seen that scopoletin and ayapin inhibit broomrape seed germination induced 
by GR24 (a synthetic analogue of the natural Striga germination stimulant) and that in the absence 
of GR24 they induced germination in a low percentage. This effect is unspecific, as has been also 
observed also with other phenolics like chlorogenic and cinnamic acids (unpublished results). It 
has been reported that scopoletin induces the germination of Striga seeds.72 The GR24-induced 
inhibition effect together with a coumarin increase in sunflower plants in response to broomrape 
infection (Figure 5) suggests that scopoletin and ayapin may be involved in sunflower defense 
against broomrape parasitism.

Days postinfection
Figure 5. Coumarin excretion by sunflower seedlings in response to broomrape infection. 

(*)  Control plants; (a) infected plants.65

In order to look for new weed-control strategies, especially in the case of herbicide-resistant 
weeds, we have also tested the effect of scopoletin and ayapin on Lolium rigidum resistant and 
susceptible to diclofop-methyl and cross-resistant to other families of herbicides.73 Control of 
Lolium rigidum populations resistant to different herbicides is a typical problem of winter wheat 
fields. Preliminary results indicate a reduction in the percentage of germinated seeds in the presence 
of scopoletin and ayapin, with slight differences between the resistant and susceptible populations. 
To the contrary, this inhibitory effect was not observed with wheat.

Defensive Compounds and Biological Cross-resistance

Although allelochemicals can be considered as a more general definition than phytoalexins 
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or insect-feeding deterrents and, in fact, the latter can be considered as being a subgroup within 
allelochemicals, as they encompass chemical interaction between live organisms, sens us strictus 
there are two main characteristics that differentiate allelochemicals from phytoalexins or feeding 
deterrents. First they must be excreted and second they can also govern beneficial interactions 
between organisms. While allelochemicals can be considered as long-distance acting molecules, 
phytoalexins and feeding deterrents are involved in interactions in which there must exist a physical 
contact between the two interactive parts (plant and microorganisms or herbivores). As for most 
definitions, it is difficult to establish clear differences or Emits, thus the excretion of the sunflower 
phytoalexin coumarins can help to prevent fungal infection (our unpublished results). For that 
reason the difference between the three terms could be related to specific interactions: phytoalexins 
(plant - microorganisms), feeding-deterrents (plant-herbivores) and allelochemicals (plant-plant, 
including both detrimental and beneficial interactions). Even so, there are exceptions, i.e. where 
do we include non-inducing flavonoids?, these can be defined as being phytoalexins, as they are 
involved in plant-microorganism interaction, or as allelochemicals, as they govern a beneficial 
interaction. In any case the definitions are purely phenomenologic, without any mechanistic 
consideration which may complicate the situation even more.

A more precise term, like plant defense compounds (plant defensins?), can be proposed, as 
suggested by May R. Berenbaum (“A defensive chemical, then, is a substance produced in order 
to reduce the risk of bodily harm”).75 Plant defense compounds (defensins?) are those metabolites 
synthesized by the plant which protect them from aggressive live organisms by means of a direct 
detrimental effect on those organisms. It includes those chemicals which were formerly denominated 
as phytoalexins, repellents, deterrents or natural pesticides and allelochemicals and it does not 
consider whether these compounds are constitutible or inducible or they are accumulated within 
the cell or excreted. The definition does not take into account chemical, mechanistic or evolutionary 
aspects and does not preclude that these compounds may fulfill other functions in the life of the 
producer plant. It also allows the establishment of subgroups of compounds depending on the 
harmful organism to be directed or their chemical structure. They can be considered as a subgroup 
of allelochemicals, in their most ample sense. The therm allomone (chemical substance beneficial 
to its producer and detrimental to the recipient) that can be used synonymously with defense 
compounds seems also to be inappropriate as defense compounds are usually toxic for the producers 
themselves and because allomones are not necessarily defensive.74 This reflexion is necessary 
while studying compounds like the coumarins reviewed here in. Through the bibliography we can 
see that the same thought can be applied to secondary metabolites (mainly terpenoids and phenolics) 
that play a general defensive role.

The production of defensive compounds by the plant can be part of a multiple-resistance 
strategy against aggressive organisms and their induction can originate the so-called “biological 
cross-resistance” in a similar way to the definition of herbicide multiple- or cross-resistance. 
However, in addition to theoretical considerations and hypotheses on the biological activity of 
these compounds, it is necessary to test if changes in the expression pattern of coumarins and 
other defensive compounds can be correlated globally, with a diminution in the incidence of 
pathogen infection, insect and other pest attacks and a reduction in the level of competitive weeds. 
Also, we must consider that plant defense against biotic stresses is a multigene response and is not 
only supported on the basis of a single response such as secondary metabolite production, although 
in some instances this can be responsible in a high percentage for the host-resistant character.

CONCLUSION

From an agricultural point of view, the use of defensive compounds by controlling or 
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manipulating their production through agrochemicals, and plant breeding or genetic engineering 
techniques has opened up new frontiers in crop protection, offering new agronomic alternative 
practices in the direction of the new trends for sustainable agriculture. Also, research on plant 
natural products will help to develop new classes of agrochemicals (herbicides, fungicides, 
insecticides and other pesticides).
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ABSTRACT

From the steroid fraction of the acetone extract of mature wheat straw (TriricHm aestivum) 
twenty-seven compounds were identified. Among them, some new and/or unusual ketosteroids, 
present in very small quantities, were identified: 14a-methyl-5a-cholestan-3one, 4a-methylergost- 
5-ene-3[J-ol, ergost-4-ene-3-one, cholest-4ene-3-one, stigmast-4,22-diene-3,6-dione, ergost-4-ene- 
3,6-dione, 24-phenylethyl-cholesta-3,6-dione, stigmast-4,22-diene-6P-ol-3-one and ergost-4-ene- 
6p-ol-3-one. The latter 6p structure has been proven by a new direct steroid synthesis.

INTRODUCTION

The allelopathic involvement of wheat straw is well known.12 Also, it was proved the 
biological activity of a steroid fraction.3 The present work describes the identification of some 
new and/or unusual oxidized sterolic minor compounds from this fraction. Identification of 14a- 
methyl-5a-cholestan-3-one, 4a-methylergost-5-ene-3P-ol, ergost-4-ene-3-one, cholest-4-ene-3- 
one, stigmast-4,22-diene-3,6-dione, ergost-4-ene-3,6-dione, 24-phenylethyl-cholesta-3,6-dione, 
stigmast-4,22-diene-6P-ol-3-one and ergost-4-ene-6p-ol-3-one was accomplished by means of 
high resolution gas chromatography- mass spectrometry (GC-MS), HPLC and/or spectroscopic 
data (NMR and FT-IR).

The current interest in bioactive metabolites having a keto or hydroxyl functions at C-6, as 
well as their occurrence in low concentration in natural complex mixtures, led us to establish a 
direct synthesis to obtain unequivocal identification. There are only few examples in the literature4-6 
that refer to the synthetic addition of an hydroxyl group at the C-6 position of the steroid skeleton. 
More often is the introduction of an oxo group in the C-6 position of cholesterol using pyridinium 
dichromate (PDC)7 or sodium dichromate8 or, as in the case of cholestenone, sodium peroxide.9

Stigmasta-4,22-dien-6P-ol-3-one was present in residual amounts in wheat straw extracts 
and its structure was unequivocally established by a new directed synthesis, via m-chloroperbenzoic 
acid (MCPBA) oxidation of stigmast-4,22-dien-3-one enol-ether.
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RESULTS AND DISCUSSION

The diethyl ether soluble material obtained from the acetone-water extract of straw was 
chromatographed on a silica gel column. The last fraction eluted with diethyl ether was further 
separated by alumina column chromatography. The fraction eluted with 50% ether in hexane, 
provided two fractions. Before recrystallisation the HRGC and HRGC-MS analysis showed the 
two fractions to are a mixture of three components (5%+20%+75%). The FT-IR spectrum (CHC13) 
showed absorption bands 3695, 1682 and 1635 cm1, typical of hydroxyl and ketone functions. 
The UV spectrum showed a strong absorption at XEtOH 237 nm. The 'H NMR spectrum of the 
mixture showed one olefinic proton at 8 5.8 ppm (s) and a geminal proton to a hydroxyl group at 
8 4.34 ppm (s, large), three methyl groups at 8 0.82 (d), 8 0.84(d), and 8 0.92 ppm (d), a triplet at 
8 0.85 ppm, two methyl groups at 8 0.74 (s) and 8 1.38 ppm (s) and also the trace signals: 8 5.03 
ppm (dd), 8 5.16 (dd), 8 0.74 (s) and 8 1.02 (d), 8 0.84 (t) and 8 0.83 ppm (d).

The mass spectrum indicated that two of the components were stigmastane derivatives 
(ions m/z 287, 285, 269 and 245). The third component was an ergostane derivative.

Recrystallization yielded a pure product (90%) with a 13C NMR spectrum (Table 1) in 
agreement with the presence of the system:

H

OH HO

Table 1. Noise decoupled 13C NMR chemical shifts (8 ppm).

Carbon Sdgmast-4-en-6|3- 
ol-3-one

Residual shifts
Stigmast-4,22- 

dien-6|3-ol-3-one 
(synthesized)

Stigmast-4,22- 
dien-6a-ol-3-one 

(synthesized)

3 200.32 - 200.56 199.61

4 126.3 - 129.44 119.62

5 168.41 - 168.75 171.81

6 73.28 - 73.12 68.75

22 33.89 138.08 138.09 137.97

23 26.10 129.48 129.21 129.54

Two residual shifts at 8 138.08 ppm and 8 129.48 ppm were also founded.
On the basis of the above data, compounds were identified as stigmast-4-en-6p-ol-3-one, 

stigmast-4,22-dien-6[3-ol-3-one and ergost-4-ene-6P-ol-3-one.
The P position of the hydroxyl group was confirmed by synthesis of a C(6) hydroxy 

derivative of stigmast-4,22-dien-3-one. The treatment of the crude dienol-ether of stigmast-4,22- 
dien-3-one in a dichloromethane/ethanol solution, easily prepared by reaction with 
methylorthoformate in DMF and in the presence of a catalytic amount of p-toluenesulfonic acid 
monohydrate and methanol,10 by slow addition of a dichloromethane solution of m-chloroperbenzoic 
acid at 0 C, yielded a mixture of stigmast-4,22-dien-6P-ol-3-one and stigmast-4,22-dien-6a-ol-3- 
one easily separated by chromatography on silica gel. The stigmast-4,22-dien-6p-ol-3-one with 
39% overall yield was the major compound while the 6a isomer yielded 25%.“
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This synthesis allowed us to confirm the structure of the minor compound present in the 
this fraction.

To prove some of the keto-structures of the compounds present in the other eluted fractions, 
we also did known oxidation reactions. Examples are PCC12 and PDC7 oxidations to synthesize 4- 
ene-3-one and 4-ene-3,6-dione and 3,6-dione ketosteroids respectively (Fig.l).

14a-Methyl-5a-cholestan-3-one

Ergost-4-ene-3-one Stigmast-4,22-diene-3,6-dione

24-Phenvlethvl-cholesta-3.6-dione

Stigmast-4,22-diene-6|3-ol-3-one

Ergost-4-ene-6P-ol-3-one

Figure 1. Ketosteroids present in small amounts in a wheat straw (Triticum aestivum) fraction 
possessing allelopathic activity. Underlined structures are new natural products.
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CONCLUSIONS

We believe that many no-till farmers are unconsciously receiving the benefits of allelopathy 
when they plant crops no-till into straw. In that way, popular agricultural practices may lead to the 
discovery of new natural agrochemicals. Wheat straw proved to be an interesting and unexplored 
source for chemical structures or models.
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ABSTRACT

It has been observed that growing water hyacinth in a eutrophic urban water body suppressed 
algae growth and clarified water. The root exudates and extracts of water hyacinth, Eichhomia 
crassipes were investigated to search for algicides. Hydrophobic root exudates were collected 
from the culture water using XAD-2 resin columns and separated by chromatography. The algicidal 
activity of the fractions was monitored using the green algae Chlamydomonas reinhardtii. Algicide 
compounds were identified as V-phenyl-p-naphthylamine and A-phenyl-a-naphthylamine by MS, 
’H- and 13C-NMR, and linoleic acid by GC-MS analysis. The inhibitory activities of these aromatic 
amines are ca. 2.5 times as strong as those of CuSO4, a commonly used algicide. Aseptically 
grown E. crassipes also produced amines indicating that they are root exudates rather than microbial 
products. On the other hand, five allelopathic compounds were isolated and purified from acetone 
extracts of water hyacinth roots by column chromatography and HPLC. Their structures were 
established as TV-phenyl-a-naphthylamine, 7V-phenyl-(3-naphthylamine, linoleic acid, glycerol-1 
9,12-(Z,Z)-octadecadienate, and 6a-hydroxy-stigmasta-4,22-diene-3-one on the basis of 
spectroscopic data and chemical synthesis.

INTRODUCTION

Vigorous growth of algae in eutrophic water systems represents a serious environmental 

197



Recent Advances in Allelopathy. Vol. I. A Science for the Future

problem. Copper sulfate (CuSO4) has been commonly used as algicide, although repeated 
application of copper salt causes heavy metal pollution. It was noted by field observation that 
growing water hyacinth in the eutrophic urban water body suppressed algae growth and clarified 
water.1 The understanding of the allelopathic suppression of algae by this widely distributed aquatic 
plant may lead to the development of efficient and biodegradable algicides.

Field experiments performed thereafter demonstrated that the growth of algae in eutrophic 
urban water body could be suppressed by cultivating E. crassipes.2 Furthermore, the inhibitory 
effects of E. crassipes on algae were confirmed by greenhouse experiments under conditions 
excluding the effects of competition between E. crassipes and the algae and under the condition of 
aseptic culture.3 These observations indicated that the inhibition was caused by root exudates of
E. crassipes rather than microbial products or due to competition of nutrients and fight between E. 
crassipes and the algae.

The root exudates and extracts of water hyacinth were investigated to search for 
allelochemicals. From root exudates, the compounds showing potential inhibitory effects were 
isolated and identified as A-phenyl-a-naphthylamine, A-phenyl-p-naphthylaminc and linoleic acid. 
In addition, five potentially allelopathic compounds were isolated and purified from acetone extracts 
of water hyacinth roots by column chromatography and HPLC. Their structures were established 
as TV-phenyl-a-naphthylamine, 7V-phenyl-P-naphthylamine, linoleic acid, glycerol-1 9,12-(Z,Z)- 
octadecadienate, and 6a-hydroxy-stigmasta-4,22-diene-3-one on the basis of spectroscopic data 
and chemical synthesis. Here we report the results in details.4

RESULTS AND DISCUSSION

An algae block-paper disc method using the unicellular green algae Chlamydomonas 
reinhardtii was used for monitoring the allelopathic activity.5 Three controls were performed 
simultaneously: blank control, blank resin control using the methanolic eluant of an XAD-2 resin 
column, and a microorganism control using the concentrate of the culture water of microorganisms 
isolated from the roots of E. crassipes.

WATER HYACINTH

CERAMIC POT

CULTURE WATER

SINTERED GLASS FILTER

TEFLON FILM

RUBBER STOPPER

TEFLON STOPCOCK

SOCKET(24/40)

GLASS WOOL

XAD-2 RESIN

GLASS WOOL

PERISTALTIC PUMP

Figure 1. Continuous hydrophobic root exudate trapping system for water hyacinth based on 
Tang and Young6 with some modifications.
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The allelopathic components of the culture solution of E. crassipes were trapped by a 
modified method described by Tang et al using an XAD-2 column (Fig l.).6 A preliminary 
experiment was performed to verify the efficiency of collecting allelochemicals from the culture 
solution of E. crassipes by the XAD-2 column. Five liters of the culture water were passed through 
an XAD-2 column and the column was then washed with methanol. Both the methanol solution 
and the aqueous fraction were concentrated, and then adjusted to equal volumes with methanol for 
bioassay. The 50% inhibitory dose (ID50) of the aqueous fraction (212.5 mg) and the XAD-2 
fraction (42.5 mg) were 109.6 pg/disc and 20.9 pg /disc respectively. XAD-2 resin control did 
not show any activity.

The isolation and separation procedure of allelochemicals of the root exudates is illustrated 
in Chart 1. The hydrophobic mixture trapped by an XAD-2 column was chromatographed on a 
silica gel column. The most active fraction V was further separated by chromatography on a 
Sephadex-20 column and followed by a silica gel column chromatography. Bioassay-guided 
separation finally resulted in the isolation of two allelopathic components: 1 and 2. The structures 
of 1 and 2 were identified as A-phenyl-P-naphthylamine and A-phenyl-a-naphthylamine by the 
comparison of their spectral data with those of the authentic samples.7

The roots of E. crassipes were frozen at -30 C and homogeinized to fine powder. The 
powder was extracted with acetone and the extracts chromatographed by silica gel column 
chromatography and HPLC. The bioassay directed separation afforded five allelopathic compounds 
(1, 2, 3,4, and 5).

Compound 3 was identified as linoleic acid on the basis of its spectral data.
Compound 4 was obtained as an oil. The NMR data indicated that it was an ester derivative 

of 3. The NMR spectra for the alkyl portion of the molecule show proton signals at 3 3.67 (2H), 
3.94 (1H), and 4.20 (2H), and 13C signals at 3 70.36, 65.12, and 63.42, which were assignable to 
a glycerol group. 4 was converted to an acetonide and analyzed by GC-MS. The MS spectrum 
shows the molecular ion at m/z 394 indicating a molecular formula C24H42O4. The MS segment 
ions at m/z 81, 67, and 55 corresponded to an acyl group possessing double bonds at C-9 and C
12. Consequently, the structure of 4 was determined as glycerol-1 9,12-(Z,Z)-octadecadienate.

Table 1. The 'H and 13C NMR data of compound 5 (600 MHz, in CDC13)*
Position 6c 8„

1 38.84 1.751,2.028
2 33.56 2.368, 2.371
3 199.27
4 119.46 6.176 (lH,s)
5 171.42
6 68.44 4.330 (1H, dd, 7=10.2, 3.6)
7 41.29 1.056, 2.170
8 33.95 1.614
9 53.57 0.936
10 36.06
11 20.98 1.073, 1.428
12 39.15 1.141,2.015
13 42.13
14 55.67 1.259
15 24.02 1.121, 1.612
16 28.55 1.747, 1.166
17 55.48 1.093
18 11.91 0.720 (3H, s)
19 18.24 1.180 (3H, s)
20 40.19 2.035
21 20.78 1.073 (3H, d, 7=6.6 Hz)
22 137.76 5.145 (1H, dd, 7=15.0, 8.4Hz)
23 129.40 5.030 (1H, dd, 7=15.0, 8.4Hz)
24 51.02 1.536
25 31.64 1.541
26 21.04 0.847 (2H, d, 7=6.6 Hz)
27 18.94 0.760 (3H,d,7=6.6 Hz)
28 25.15 1.407, 1.180
29 12.06 0.810 (3H, t, 7=7.2 Hz)

* The assignment of 'H and 13C NMR data was determined on the basis of DQF-COSY, TOCSY, 
NOESY, HMQC and HMBC experiments.
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Compound 5, a colorless solid, mp. 150-152 C, presented a molecular formula established 
as C2gH46O2by high resolution MS spectrum (M+ at m/z 426.3469). Its MS spectrum indicated the 
presence of steroidal skeleton (m/z, 426,285,268,261,248, and 173). The stigmasteroid skeleton 
of 5 was established by the DQF-COS Y, TOCSY, NOES Y, HMQC, and HMBC experiments (see 
Table 1). The configuration of 6-H was indicated as P by the chemical shift value of 4-H (8 6.18) 
in comparison to that of a-configuration analogue (8 5.70) and was determined by the CD spectrum 
of its p-bromobenzoic ester derivative (a positive Cotton effect at 250 nm, 0=5200, CH3OH 
c 0.01). Since 5 is a new secondary metabolite, the authentic sample of 5 was synthesized from 
stigmasterol (5a) by four steps in 41.0% total yield (see Scheme 1). The Rf value, mp., [a]25D and 
spectral data of the authentic sample were identical with those of the natural product.

Scheme 1. The synthetic pathway of compound 5.

To verify the presence of linoleic acid (3) in exudates of E. crassipes, the remaining fractions 
I, II, III, IV and VI (see Chart 1) were treated with diazomethane and analyzed by GC-MS 
respectively. Actually, methyl 9,12-octandecandienoate was detected as a main component in 
fraction II and III together with a peak, which may be characterized as its oxidized derivatives by 
the MS molecular ion peak at m/z 308, as well as the fragment peaks at m/z 277,209,151,91,79, 
55. Therefore, it was suspected that the oxidized derivatives of 3 may be also responsible for the 
inhibitory effects on the growth of algae. A suspension of 3 in water (the methanol solution of 3 
was added in water, then was suspended by ultrasonic vibration) was irradiated under sun light 
lamp (40 W) at 28 C, meanwhile monitoring its activity. Interestingly, it was found that the inhibitory 
activity (ID50) was increased from initial value of 9.0-12.0 pg/disc to 3.5-4.5 pg/disc during 24-48 hr., 
then decreased to 5-7 pg/disc after four days. The suspension was treated with diazomethane and 
was analyzed by GC-MS. The results demonstrated that besides the main component methyl 9,12- 
octandecandienoate, two oxidized products 2,4-decadienal (3a) and methyl 9-oxo-nonanoic ester 
(3b) were identified. 3a was simply synthesized and 3b was prepared from 9,10-octandecenioc 
acid by treatmentd with ozone at -30 C and further reduction with dimethylsulfide. Both 3a and 3b 
exhibited potent antialgal activity (table 2).
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Culture Water (192 L)

Silica Gel Chromatography

XAD-2 Column
(1.7 g)

Fraction: 
Yield: 
Rf:
ID50’:

1
I

680.1 mg
0.025

>45

II
540.2 mg

0.10 
>45

m
252.8 mg
0.29
>45

r
127.4 mg
0.62
38.2

r
71.3 mg

0.69
4.9 

_____ 1

J

74.8 mg
1.0 

>45

Sephadex LH-20 Column

Fraction: Va Vb Vc VD
Yield: 51.6 mg 4.3 mg 1.1 mg 0.7 mg
ID5o*: 21.2 5.6 3.9 1.2

_______ 1
Silica Gel Chromatography

Fraction: '¡'di Vm v'dj v'w
Yield: 0.1 mg 0.3 mg 0.2 mg 0.1 mg
ID5o': >7.5 0.7 0.6 >7.5

1 2

Chart 1. The Separation Flow of Allelochemicals of the Root Exudates.
* ID50: The inhibitory dose (pg/disc) that results in 50 % reduction in chlorophyll a 

content of the green algae C. reinhardtii.

In one rather dramatic incidence, we demonstrated the inhibitory effect of water hyacinth 
on a 40-acre eutrophic pond heavily infected with algae in a Shanghai urban residential district. 
Water hyacinth was transplanted to the pond in June 1987 to cover approximately half of the 
surface. Interestingly, the inhibition of algal growth was not initially obvious until 75 days after 
transplanting. However, the greenish, murky water turned clear within a few days and the bottom 
of the pond became visible. This dramatic and positively environmental impact suggested that the 
sudden death of algae was not due to competition or the depletion of nutrients and light. Rather, it 
was more attributable to the presence of algicidal agents or allelochemicals from water hyacinth, 
which were integrated during the initial period and then reached a lethal concentration against the 
algae.

In this report, A-phenyl-a-naphthylamine and TV-phenyl-0-naphthylamine have been 
identified from the root exudates of water hyacinth as responsibles of its algicide effect. These 
compounds were obtained from controlled, small scale greenhouse culture solutions, under both 
septic and aseptic conditions, as well as large volumes of water from a water hyacinth pool. The 
aseptic E. crassipes culture proved that these compounds were not of microbial origin, while the 
continuous trapping method using hydrophobic resins confirmed that the identified compounds 
were true root exudates, rather than intracellular compounds leaked into media due to wounding 
by physical disturbance. Interestingly, 7V-phenyl-a-naphthylamine and A-phenyl-P-naphthylamine 
were found in the acetone extract of ground roots of E. crassipes, suggesting that these aromatic 
secondary amine were present in the root tissue of E. crassipes, as well as in its aquatic environment. 
Similarly, linoleic acid isolated from the roots system of E. crassipes was also found in the root 
exudates of E. crassipes.

A-phenyl-2-naphthylamine has been identified as a phytotoxin in plants, c.g., Thalictrum 
fortunei*  Scytosiphon lomentaurius,9 Aconitum karacolicun, Reseda lutea, and R. luteola,10 and 
Bupleurum aureun.'1 It was also found in a soft coral, Sinularia microclavate, from the South 
China Sea.12 However, N-phenyl-a-naphthylamine has not been found in plants. It is an amphiphilic 
and fluorescent molecule, and has been used as an industrial chemical.13 These two amines are 
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possibly environmental pollutants which can be biodegraded. Because of this, we have been 
careful to make sure that these amines were not environmental contaminants in our experiments.

The inhibitory activities of some allelopathic compounds were summarized in Table 2, 
being the two aromatic amine compounds 1 and 2 the most potent algal inhibitors (ca. 2.5 times as 
toxic as CuSO4, a widely used algicide). The unsaturated fatty acid, linoleic acid 3, its naturally 
oxidized products 3a and 3b, and especially its 4 may be also the important algicidal agents. 
Although 3 itself only showed moderate antialgal activity, its derivative 4 was 10 times as potent 
in comparison with 3 (ca, 2 times as toxic as CuSO4).

Table 2. Antialgal activities of allelopathic components of E. crassipes and its derivatives.

compound IC50 (pg/disc)
1 0.70
2 0.65
3 9.0-12.0

3a 3.0
3b 6.5
4 0.97
5 5.0

CuSO4 1.78

EXPERIMENTAL

General

Mp’s were determined on a Reichert hot stage apparatus and are uncorrected. UV (MeOH) 
spectrum was recorded on an HP8451, Diode Array spectro-photometer. IR (KBr) spectrum was 
scanned on a Shimadzu IR-440. The MS was obtained on a Finnigan 4021 mass spectrometer. The 
GC-MS analysis was performed on an VG QUATTRO GC-MS spectrometer using a quartz capillary 
column (30 m) coated with SE-54 silane and temperature gradient. Identification of the components 
was assisted by the INCOS data system. The ‘H-NMR (ID and 2D) spectra were recorded in 
acetone-^ on a Bruker Aspect AMX-600 spectrometer operating at 600 MHz. 13C-NMR (BB) 
spectra was measured by a model JEOL FX-90Q (90 MHz) spectrometer. TMS was used as 
internal standard.

Collection of Root Exudates

A modified experimental devices based on Tang and Young’s method as shown in Fig. 1 
was used to collect the hydrophobic root exudates under undisturbed conditions. Eichhomia 
crassipes (Mart.) Solms was collected from a pond in the suburb of Shanghai and cultured in a 
0.1-strength modified Hoagland solution in tanks in greenhouse at 22-28 C under natural light. 
After 20 days, ca. 250 g of young off-shoots were cut from the stolons and transferred to a ceramic 
pot (30x32 cm in diam. x h) containing 16 L of the same Hoagland solution. The container was 
connected to an XAD-2 column by a straight bore Teflon stopcock. The water level was maintained 
with tap water. The plants grew well and had a full grown root system in two weeks. The XAD-2 
resin was purchased from Rohm and Haas and purified according to the ordinary procedure. The 
column (3.5 x 30 cm id. x h) was packed with 180 mL of XAD-2 resin. Culture solution was 
recirculated through the column at a flow rate of 20-30 mL min 1 using a peristaltic pump. The 
column was detached after 72 hs, washed with 2 L redistilled water and eluted with 1 L of 
methanol. The eluates from 12 columns were pooled and evaporated under reduced pressure at 40 C 
and the residue was used for bioassay and analysis.
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Isolation and Purification of Allelopathic Compounds

The isolation and separation procedures of allelochemicals from root exudates were as 
shown in Chart 1. In order to obtain sufficient amounts of pure components for bioassay and 
structure determination, an up-scale experiment was performed. The vigorously growing E. 
crassipes were transplanted into an outdoor cement pool (8 x 2.5 x 1.1 m ) to cover half of the 
water surface. After two weeks, a total of 10 tons of the culture water were collected and pass 
through big XAD-2 columns and the hydrophobic compounds (85g) were then trapped as mentioned 
above. Compound 1 (9 mg) and 2(15 mg) were obtained by the similar procedure as before and 
using the former we isolated 1 and 2 as the authentic sample.

The roots (2 kg) of E. crassipes were frozen at -30 C and broken into fine powdered. The 
powder was extracted with acetone and the extracts were concentrated in vacuum. The residues 
(4.2 g) were cromatographed using silica gel and light petroleum: ethyl acetate mixtures as eluants 
to give two active fractions. The first fraction (874 mg, ID50 140 pg/disc) was separated on a silica 
gel column using light petroleum: acetone mixtures as eluants to afford compound 1 (19 mg), 2 
(15 mg) and 3 (100 mg). The second fraction (776 mg, ID50 45 pg/disc) was separated by silica gel 
chromatography using the same solvents to obtain compound 4 (15 mg) and 5. Component 5 was 
further purified by HPLC on an ODS column (methanol: acetone = 3:2) to give pure 6a-hydroxy- 
stigmasta-4,22-diene-3-one (18 mg).

Aseptic seedlings of E. crassipes were obtained from tissue culture according to the method 
described by Yu5 Six containers each with 1.2 L nutrient solution were used to maintain an aseptic 
culture.

Identification of Allelochemicals.

Compound 1: colorless solid, mp 58-59 C. UV MeOH: 218 (65700), 252 (17500) 
and 338 nm (8800) for aromatic rings. IR (cm1): 3395, 3034, 1600, 1580,1491, 1034, 740, 
689. MS: m/z at 219 [M+], 77, and 127, for phenyl and naphthyl groups, respectively. ‘H-NMR 
(CDC13, TMS): 8 6.98-8.02 (12H); 13C-NMR(CDC13, TMS): 8 144.78, 138.77, 134.73, 129.35,
128.54, 127.79, 126.11, 126.02, 125.69, 123.03, 121.62, 120.54, 117.44, 115.96.

Compound 2: colorless solid, mp 107-109 C. UV X^ MeOH: 220 (66000), 272 (31000) 
and 308 nm (25000). IRv (cm1): 3395,3034,1621,159571493,1034,737,687. MS: m/z 219, 
77,127. ‘H-NMR (CDC13/TMS): 8 7.42,7.22,7.74,7.73,7.29,7.39,7.44,7.17 (2H), 7.31 (2H), 
6.97.13C-NMR (CDC13, TMS): 8143.10,140.86,134.63,129.42,129.16,127.62,126.50,123.54,
121.55, 120.05, 116.41, 111.87.

Compound 3: oil, IR (KC1) v (cm1): 3500, 1698, 1645; *H  NMR (CDC13, TMS): 5.3 
(4H), 2.77 (2H), 2.34 (2H), 2.03 (4HM.63 (2H), 0.87 (3H) and 1.25 (14H); 13C NMR (CDC13, 
TMS): 14.09,22.67,24.77,25.65,27.25,29.25,29.45,29.64,31.55,31.94,34.03,127.89,128.03,  
129.98,130.18,179.96; 3 was converted to the methyl ester by treatment with diazomethane and 
analyzed by GC-MS, MS: m/z 294, 263, 220, 179, 164, 149, 135, 123, 109, 95, 81, 67, 55, 43.

Compound 4: colorless oil, ‘H NMR (CDC13, TMS): 5.36 (4H), 4.19 (2H), 3.94 (1H), 
3.67 (2H), 2.77 (2H), 2.63 (1H, OH), 2.34 (4H), 2.19, 2.03 (4H), 1.63 (2H), 1.25 (14H), 0.87 
(3H); 13C NMR (CDC13, TMS): 179.85, 130.17, 129.80, 128.38, 128.16, 70.38, 65.42, 63.43, 
34.18,30.0,29.67,29.56,29.12,27.21,25.67,24.94,22.58,14.1; 4 was converted to the acetonide 
and analyzed by GC-MS, MS: m/z 394,379,336,262,220,164,149,134,109,95,81,67,55 and 
43.

Compound 5, a colorless solid, mp. 150-152 C, [a]25D: +0.23 (c 0.6, CH3OH), UV X^: 
234 nm (CH3OH, 28000); IR (cm1): 3350, 1660, 1620; HRMS: m/z 426.3469 (C^H^O,) 
calculated 426.3498; MS: m/z 426, 285, 268, 261, 248, 173. The ‘H NMR and 13C NMR see 
Table 1.

Synthesis of 5: Stigmasterol 5a was oxidized with sodium dichromate to give 6-p-hydroxy- 
a,|3-unsaturated ketone 5b in 70.5 % yield. Acetylation of 5b with acetic anhydride in pyridine 
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quantitatively provided 5c. Epimerization of 5c at C-6 with anhydrous hydrogen chloride afforded 
compound 5d in 87.5% yield. Hydrolysis of 5d with potassium hydroxide in ethanol gave the 
steroid 5 in yield 66.4%.

Compound 5d, colorless solid, mp. 144-146 C; [a]25D +0.162 (CH3OH, c 0.7); IR (KC1) 
v (cm1): 1720, 1660, 1620; HRMS: m/z 468.3576 calculated 468.3603 (C31H4gO3); MS: m/z 
469, 468, 408. ’H NMR (600 MHz, CDC13): 5.90 (1H, s, 4-H), 5.40 (1H, dd, 7=10.2, 3.6 Hz, 6
H), 5.16 (1H, dd, 7=15.0,8.4 Hz, 22-H), 5.04 (1H, dd, 7=15.0,8.4 Hz, 23-H), 2.05 (3H, s, CH3CO), 
1.55 (3H, s, 19-H), 1.08 (3H, d, 7=6.6 Hz, 21-H), 0.84 (3H, d, 7=6.6 Hz, 26-H), 0.82 (3H, d, 
7=7.2 Hz, 29-H), 0.77 (3H, d, 7=6.6 Hz, 27-H), 0.73 (3H, s, 18-H).
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ABSTRACT

Tricolorin A [(11 S)- hydroxyhexadecanoic acid 11-O-a-L- rhamnopyranosyl-(l—>3)-O- 
a-L-{2-O-(25-methylbutyryl)-4-O-(2S-methylbutyryl)}rhamnopyranosyl-(l —>2)-O-jB-d 
glucopyranosyl-(l->2)-/J-D-fucopyranoside-( 1,3"-lactone)] isolated from Ipomoea tricolor 
(Convolvulaceae) behaves as an uncoupler due to its inhibitory potential on H+-uptake and ATP- 
synthesis and its stimulatory effects on basal and phosphorylating electron flows. However, this 
lactone does not display any effect on uncoupled Hill reaction from water to methylviologen. The 
U50 of tricolorin A on basal electron flow was 0.33 pM and therefore, this compound represents 
a powerful natural uncoupler. At higher concentrations tricolorin A acts as a Hill reaction inhibitor 
and its target is localized at the QB redox enzyme. The macrocycle structure of this lactone could 
be an important structural feature for uncoupling activity since its hydrolysis causes loss of activity. 
These results suggest that tricolorin A acts as a non-protonophoric uncoupler.

INTRODUCTION

The biodiversity of the Mexican flora offers an excellent prospect for the search of 
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biologically active natural products.1-2 In this context, we have initiated a research program to 
obtain new leads for the development of medicinal and agrochemical agents.3,4

Selected Mexican plants from the Annonaceae, Asteraceae, Convolvulaceae, and Meliaceae 
Families were identified as a source of potential “green herbicides” in a program oriented towards 
the discovery of novel agrochemicals from higher plants. Phytochemical studies conducted by 
bioassays-guided fractionation yielded several phytotoxic compounds, many of novel structure, 
which significantly inhibited germination and plant growth. A number of lead compounds have 
been selected for further development as herbicide agents and their effects on several photosynthetic 
activities have been investigated. One of the compounds selected from this program was tricolorin 
A (Fig.l(l)), a glycolipid lactone isolated from the resin of Ipomoea tricolor (Convolvulaceae). 
Recently, active secondary metabolites from several Mexican plants used in traditional medicine 
were isolated and their biological activities were tested.512 Tricolorin A, a cyclic glycoside lactone, 
was found as a major glycosidic resin constituent of Ipomoea tricolor (Convolvulaceae). In this 
paper we present the effect of tricolorin A on photosynthesis.

(1 ) R = Me; ( 3 )

Figure 1. Chemical structures of tricolorin A (1), tricoloric acid (2) and tricoloric acid methyl 
ester (3).

RESULTS AND DISCUSSION

Effect of tricolorin A on proton uptake and ATP-synthesis. Fig. 2 shows that tricolorin A 
inhibited ATP-synthesis and proton uptake in a parallel manner. It is clear that both activities 
decrease with increasing concentrations of tricolorin A. The I50 values for ATP-synthesis and 
proton uptake are 10 and 12 pM, respectively. Photophosphorylation can be affected by chemical 
substances, by inhibition of either redox complexes or H+-ATPase enzyme or by acting as 
uncouplers.

To elucidate the mode of action of tricolorin A on photosynthesis, its effect on electron 
flow (basal, phosphorylating and uncoupled) was studied. The results (Fig. 3) show that tricolorin 
A at the concentration of 660 nM enhanced basal and phosphorylating electron transport from 
water to methylviologen up to 270% and 126%, respectively. However, this macrolactone had no 
effect on uncoupled electron transport (in the presence of 6 mM NH4C1 as uncoupler). The U50 
values obtained on basal and phosphorylating electron flows were 0.33 and 0.34 pM, respectively 
(U50, the concentration of tricolorin A required for 50 % enhancement of electron flow). All these 
results suggest that tricolorin A acts as a photophosphorylation uncoupler in spinach chloroplasts.
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Figure 2. Inhibition of ATP-synthesis (|) and H+-uptake (•) on freshly lysed chloroplasts. Control 
values for ATP-synthesis and H+-uptake were 480 and 360 pmol h'1 mg Chi.1, respectively. Each 
point represents mean of four determinations.

Figure 3. Noncyclic electron transport [( basal (g), phosphorylating (•) and uncoupled (A)] 
from water to methylviologen as a function of tricolorin A concentrations. Control values for 
basal, phosphorylating and uncoupled electron transport were 320,520 and 680 pequiv. e’1 h'1 mg 
Chi.1, respectively.

Mitchell has suggested that uncouplers are proton translocators, i.e. weak acids that increase 
the membrane proton permeability and collapse the proton electrochemical gradient, by shuttling 
protons across thylakoid membranes.13 The uncouplers have a pKa in the range 5-7. Since tricolorin 
A does not have dissociable groups with acid or basic properties, it cannot be a protonophoric 
uncoupler. Therefore, it might be acting through a different mechanism.

Effect of tricolorin A on Mg2+-ATPase activity. In order to obtain further information about 
the uncoupling character of this glycosidic macrolactone, its effect on Mg2+-ATPase activity was 
investigated. Tricolorin A activated Mg2+-ATPase, increasing its activity up to 221.5 % at 6 pM, 
as ammonium chloride or carbony lcyanide-p-trifluoromethoxyphenyl-hydrazone ( FCCP ) do (Fig. 
4). The effect on Mg2+-ATPase was similar to that exihibited by classical uncouplers (FCCP and 
NH4C1).

Effects of tricoloric acid and tricoloric acid methyl ester on ATP-synthesis and electron 
flow.
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Figure 4. Effects of different uncouplers on light activated Mg2+-ATP ase: Tricolorin A (A), 
NH4C1 (g) and FCCP (•). Concentrations are in p.M, mM and pM, respectively.

The effects on ATP-synthesis and electron flow of tricoloric acid (Fig. 1, (2)), obtained by 
alkaline hydrolysis of tricolorin A and its methyl ester derivative (Fig. 1, (3)) were also investigated. 
Fig. 5 shows that both derivatives behave as weaker uncouplers than tricolorin A at the same 
concentration range. These results suggested that the macrocyclic structure of tricolorin A is required 
for maximal uncoupling activity. Therefore, tricolorin A acts as non-protonophoric uncoupler 
probably by perturbing the thylakoidal membrane.

Figure 5. Inhibition of ATP-synthesis by tricolorin A (g), tricoloric acid methyl ester (•) and 
tricoloric acid (A). Activity of the control was 470 pmol h1 mg Chi.1.

Inhibition ofQB redox enzyme by tricolorin A. At higher concentrations, most uncouplers 
inhibit electron flow at the level of the water splitting enzyme. The effect of tricolorin A at higher 
concentrations that those tested for the uncouling assays was also explored on uncoupled electron 
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flow. Fig. 6 shows that this compound inhibited the QB redox enzyme, since it did not affect 
electron flow of photosystem I from reduced 2,6-dichlorophenol indophenol (DCIPH2) to 
methylviologen (MV) and from water to silicomolibdate (SiMo), but inhibited photosystem II 
electron transport from water to DCIP. The maximal inhibition of electron transport was obtained 
at 20 pM. The site of inhibition and the concentration that fully inhibit electron transport are 
similar to those exhibited for commercial herbicides which affect the photosynthetic process.

Figure 6. Effect of increasing concentrations of tricolorin A on the activity of uncoupled 
photosystem I [ DCIPH2 -> MV; (•)] and photosystem II [ H2O —> DCIP (g) and H2O -» SiMo 
(▼)]. Control values rates in pcquiv. e1 h1 mg Chi.1 were 780, 520 and 150, respectively.

EXPERIMENTAL

General experimental procedures. Tricolorin A (Fig.l, (1)) was isolated from Ipomoea 
tricolor as previously reported.14

Chloroplast isolation and chlorophyll determination. Thylakoids were isolated from market 
spinach leaves (Spinacea oleracea L.) as described earlier711 and suspended, unless indicated, in 
100 mM sucrose, 5 mM MgCl2, 10 mM KC1 and buffered with 30 mM tricine at pH 8.0. The 
chlorophyll concentration was determined spectrophotometrically in 80% acetone as previously 
reported.15

Measurement of proton uptake, ATP-synthesis and electron transport. Non cyclic electron 
transport from water to methylviologen,7'11 proton pump16 and ATP-synthesis7,9’16 were determined 
as described in the literature. All reaction mixtures were illuminated with actinic light of a projector 
lamp (Gaf 2660) and were passed through a filter of 5 cm of 1 % CuSO4 solution. Photosystem I 
and photosystem II740-11 electron transport from water to SiMo17 and from water to DCIP17 were 
measured as reported.

ATPase assay. Mg2+ATPase activity was measured as reported18 and determination of Pi 
was evaluated as published.19
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ABSTRACT

Plants sequester and concentrate secondary compounds for two primary reasons. First, 
their tissue and cellular localizations are usually related to their biological function. For example, 
many of the secondary products found in secretory glands covering the aerial portions of plants 
are involved in the interaction of the plant with insects and microbes that are likely to encounter 
the contents of these glands in their initial interaction with the plant. Secondly, localization or 
sequestration can also be required due to the autotoxicity of the secondary compound. Examples 
are artemisinin and hypericin, both of which are highly phytotoxic compounds sequestered by the 
producing species in specialized structures to avoid autotoxicity. Examples of how such localizations 
can provide clues to biological function and how understanding biological functions might lead to 
commercial uses of these compounds are discussed.

INTRODUCTION

The function for the producing plant of most secondary plant products or phytochemicals 
is unknown. There is wide and dramatic variation in the chemical composition between plant 
species, and this variation is largely the result of selection pressure from physical and biotic 
environmental factors. Understanding the biological function of a phytochemical in the producing 
plant can provide a strong clue as to how humans may benefit from the products of secondary 
plant metabolism.

Each plant species has coevolved with a large number of other plant species, insects, plant 
pathogens, soil microbes, nematodes, grazing animals, birds, and other organisms. The response 
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of the plant to evolutionary pressures caused by these interactions is sometimes expressed as the 
production of specific phytochemicals which influence the interaction in favor of the plant. For 
example, synthesis of certain phytoalexins (inducible antimicrobial compounds) has evolved in 
response to selection pressures caused by particular plant pathogens. The selection pressures that 
forced the evolution of secondary biochemical pathways which produce potent chemical defenses,12 
also resulted in the evolution of mechanisms and structures, such as secretory glands, to localize 
and sequester the compounds associated with these defenses. Localization or sequestration of 
compounds with strong biological activity can be beneficial to the producing plant for any of the 
following reasons: avoidance of autotoxicity, concentration of the compound at the proper place; 
and energy efficiency in relatively few cells producing the compound.

The tissue and/or cellular localization of phytochemicals can be helpful in predicting their 
function and potential biological activity. Furthermore, knowledge of localization and their function 
in nature can be useful in finding uses of these compounds for humans, in developing efficient 
extraction processes, and in planning production of the compounds by biosynthesis. In this paper 
we will provide several examples of the relationships of the localization or sequestration of plant 
secondary products to their potential biological activities.

EXAMPLES

Glandular Localization

The aerial surfaces of 20 to 30% of vascular plant species contain glandular trichomes.3,4 
Glandular trichomes are those that contain a secretory product. A common type of glandular 
trichome, the peltate gland, is characterized by the swollen, globular appearance of the cuticle 
which has separated from the cell walls of secretory cells [Fig. 1]. The subcuticular space fills 
with secretory product, ballooning the cuticle outward.5

Figure 1. Scanning electron micrographs of the peltate glands of Artemisia annua.

A. The balloon-like appearance is due to the cuticle that has separated from the cell walls of 
gland stalk cells and filled with terpenoids and other secretory products.

B. The balloon-like cuticle can be seen collapsed on fractured secretory cells of the stalk cells.
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Plant species that produce glandular trichomes generally produce relatively large amounts 
of bioactive secondary products. The glandular trichomes are the primary production sites of 
many of these compounds and perhaps the only site of synthesis of some. The secretory products 
often include highly concentrated secondary metabolites with biological activities of interest to 
the pesticide, pharmaceutical, and flavor and fragrance industries.

In some cases, plants have been grown to produce such compounds (e.g., the pyrethroids 
of Chrysanthemum species or essential oils of mints). Attempts to produce compounds found in 
glandular trichomes in undifferentiated plant cell or tissue cultures have not been very successful.6 
In most cases, production of secondary products is tightly linked to cellular differentiation. In the 
case of exclusive production of certain compounds by peltate glands, one of the evolutionary 
pressures enforcing this linkage may be the autotoxicity of the compounds when not sequestered 
in the subcuticular space. The general cytotoxicity of many of these compounds necessitated 
concomitant evolution of secretory mechanisms and/or sequestration to avoid autotoxicity and to 
deliver the compounds to the proper site for their ecological function. One can speculate that 
peltate glandular trichomes are largely the result of this evolutionary interaction between chemistry 
and anatomical structure, in response to biotic selection pressures.7

The functions of glandular trichomes and the compounds contained within them are often 
unclear. There is no evidence to suggest that these structures and their contents help the plant to 
grow faster or provide a direct advantage in plant-plant competition. Nor do they give it a direct 
reproductive advantage. Unlike other types of trichomes, the relatively sparse coverage of mature 
plant surfaces by glandular trichomes precludes a direct function such as a physical hindrance to 
insects or as a means of reducing solar heating, evaporative loss, or damaging ultraviolet 
irradiation.3 8 However, some glandular trichomes produce sticky materials that entrap insects, 
and others can secrete sufficient resinous material to coat the plant surface, particularly in immature 
tissue, thus perhaps indirectly performing these physical functions.3,9 Considering the biological 
activities of many of the compounds sequestered in or exuded from these structures, the selection 
pressures that favored evolution of secreting glandular trichomes in many species were likely 
those of interspecies interactions. Such interactions could occur with other plant species, microbes, 
or insects and other herbivores.

Secretion of phytotoxins by glandular trichomes could be of secondary benefit to the 
producing plant. For example, one of the first compounds demonstrated to play a role in plant
plant allelopathy was 1,8-cineole.10 This highly phytotoxic monoterpene is probably entirely 
localized in the glandular trichomes of Salvia species,11,12 and together with other terpenoids 
inhibits growth and development of surrounding plants.10,13 Such compounds apparently reach 
competitors through volatilization and/or leaching from ground litter. This delivery system for 
phytotoxins would not appear to be very efficient, although several successful soil-applied synthetic 
herbicides (e.g., the dinitroanilines) are also very lipophilic compounds.

Glandular trichomes often contain potent phytotoxins that probably play no apparent role 
in plant-plant allelopathy. For example, artemisinin, a sesquiterpenoid antimalarial drug,14 is highly 
phytotoxic to most plants, including the producing species, Artemisia annua L.1517 Nevertheless, 
to our knowledge, A. annua has not been reported to be allelopathic toward other plant species. 
Indeed, the efforts to devise weed management methods for commercial monocultures of this 
drug plant species indicates that it is not a good competitor.18

Artemisinin is found only in the subcuticular space of the glands of A. annua,19,20 thus 
sequestering it to avoid autotoxicity (Table 1). Duke19 found that differential extraction of only 
the glands resulted in almost complete extraction of artemisinin and one of its biosynthetic 
precursors, artemisitene, from A. annua and that a glandless biotype contained no artemisinin or 
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artemisitene (Table 1). Furthermore, no monoterpenes with the exception of £-[3-ocimene are 
found in the glandless biotype, even though monoterpenes consitute 70% of the essential oil profile 
of the glanded biotype, with a- and [3-pinene, 1,8-cineole, artemisia ketone, and pinocarvone 
predominating (Tellez, unpublished data). Of these, 1,8-cineole is a potent phytotoxin,10,13 on 
which the structure of the commercial herbicide cinmethylin is based.21 We know of only one 
other case, that of certain tobacco diterpenes,22 in which the trichome has clearly been demonstrated 
to be the exclusive site of biosynthesis.

Table 1. Sesquiterpenoid contents of extracts of glanded and glandless Artemisia annua [from 
ref. 19].

Biotype and treatment1 Artemisinin2

'Biotypes with and without peltate glands were extracted by: 
dipping in chloroform for 5 seconds (1 second each in five beakers of 
chloroform which were pooled for analysis);
and then the chloroform-extracted tissues were extracted in boiling 
hexane.
2Analysis by HPLC

The peltate glands of A. annua clearly play no essential, life-supporting role for the plant, 
because the glandless biotype is anatomically similar to glanded biotypes in most respects.19 We 
think that the most likely function of the glandular trichomes of A. annua and many other species 
is as repositories of chemicals that defend against insects, herbivores, and microbial pathogens. 
Many of the compounds stored in these glands are often suggested as allelochemicals involved in 
plant-plant interactions.23

Young, developing plant tissues are particularly vulnerable to attack by insects, herbivores, 
and pathogens. Glandular trichomes develop exceedingly rapidly on leaf primordial As trichomes 
mature and become more sparsely distributed over the expanding leaf surface, they may spread 
their contents on the leaf surface by leakage through the cuticle3,24 or by rupturing of the cuticle.5,20 
Some of the compounds may play roles in plant-insect interactions other than protective functions, 
such as attraction of pollinators or other beneficial insects.

Another property of many of the compounds produced by glandular trichomes, particularly 
the terpenoids, is their antimicrobial activity.12,23 Essential oils containing these compounds have 
been used for many years as preservatives and disinfectants. It follows that the antifungal and 
antibacterial properties of these compounds must have some role in plant defenses against pathogens.

Artemisitene2

— mg/g dry matter —
Glanded

Chloroform dipping 0.0424±0.0016 0.0132±0.001

Hexane extraction 0.0011 ±0.0003 0

Glandless
Chloroform dipping 0 0

Hexane extraction 0 0
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However, constitutive defenses of plants against pathogens have not received as much study as 
inducible defenses.

Phenolic compounds from the shikimate pathway are commonly found constituents of 
secretory glands. Many phenolics found in glands have biological activities. However, there has 
been relatively little interest in commercial exploitation of these compounds. In some Solatium 
species, phenolic compounds are released by breakage of specialized glands by insects, resulting 
in rapid oxidation of the phenolics to quinones by polyphenol oxidase (PPO) released from gland 
cell plastids.25 The phenolic quinones polymerize rapidly enough to “glue” insects to the leaf 
surface or to render their mouth parts unusable. Other secondary compounds of glandular trichomes, 
such as sugar esters of fatty acids,9 also play a role in combating plant pests.

Phytochemicals have traditionally been obtained by extracting the tissues of the producing 
plants. Unfortunately, this has apparently been done with no consideration of the biochemistry or 
anatomy of the plant. A good example of this is the pharmaceutical industry’s approach to 
artemisinin production from plants.26 Artemisinin is an effective antimalarial drug that is needed 
to fight Plasmodium falciparum strains which have become highly resistant to currently used 
drugs.14,27 The plant has been selected and bred for the most productive biotypes and varieties.28 
Effects of agricultural chemicals, soil types, and cultural methods of farming on artemisinin 
production have been determined.29 The relative artemisinin yields of different plant parts and the 
same plant parts at different developmental stages have been studied. This has all apparently been 
done with no consideration of the functioning of the secretory glands, in which all of the artemisinin 
appears to be synthesized. Furthermore, development of extraction methods for the compound 
has been conducted without this knowledge.30-32 Pharmaceutical chemists have apparently assumed 
that all of the plant cells must be extracted. Maceration of tissue breaks cellular compartments, 
blending oxidative enzymes with secondary compound substrates, often leading to enzymatic 
“browning”. We found that all of the drug and one of its precursors, artemisitene, could be extracted 
by a brief dip in organic solvent to extract only the subcuticular space of the gland.19 This procedure 
minimizes the possibility of reaction of these relatively unstable compounds with degrading enzymes 
or other plant constituents. Indeed, with fresh A. annua tissue, we find that the dip method 
consistently yields more artemisinin than a total plant tissue extraction (Rimando and Duke, 
unpublished). We have not compared this method with supercritical carbon dioxide extraction 
methods, but others have found no advantage between conventional solvent extractions and 
supercritical carbon dioxide methods.32

Not all glands are as conspicuous and well-differentiated as the peltate glands. For example, 
the highly cytotoxic compound, hypericin, is localized in undifferentiated glands found on the 
aerial organs of several species of Hypericum. Hypericin is a red dye that generates singlet oxygen 
in the presence of light and molecular oxygen. Singlet oxygen is very cytotoxic, causing rapid 
membrane lipid peroxidation. This highly damaging process can cause cellular death. Hypericin 
is both herbicidal and insecticidal in light.33’34 The potential value of such a cytotoxic compound 
in defense of the plant is apparent. But how does the plant protect itself? We do not know the 
entire mechanism of protection, but we have sufficient information to make an informed speculation.

The hypericin-containing glands appear to the eye as almost black dots on stems, leaf 
margins, and flower petal margins. At the scanning electron microscope level, the glands are 
nearly spherical collections of cells often protruding slightly above the rest of the epidermis (Fig. 
2A). We have found the pigment to be localized in vacuolar inclusions of a relatively undifferentiated 
group of gland cells (Fig. 2B). We speculate that hypericin is found entirely within these “droplets” 
and that the oxygen concentration within the droplet is insufficient for significant singlet oxygen 
to be formed. One might expect oxidative bleaching of the pigment if singlet oxygen were being 
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formed at the rate expected at atmospheric oxygen levels.

Figure 2. A. Scanning electron micrograph of epidermal cells overlying hypericin-containing 
cells in the flower petal of Hypericum perforatum. Bar = 50 pm.

B. Transmission electron micrograph of hypericin-containing cells in glandular area 
of Hypericum perforatum leaf. Bar = 10 pm.

SUBEPIDERMAL LOCALIZATION

In some cases, secondary products may be localized within a single cell layer within a leaf. 
For example, the mung bean leaf has a subepidermal layer of cells with a higher concentration of 
phenolic compounds in the vacuoles than in the vacuoles of other cell layers. These compounds 
are paired with high PPO activities compartmentalized in the plastids3536 (K. C. Vaughn, 
unpublished). When the cell is broken, the vacuolar phenolic compounds mix with the plastidic 
PPO, and highly reactive quinones are rapidly produced. These quinones could retard the activity 
of herbivores or pathogens.

A similar example is that of the foliar localization of certain alkaloids. We have found 
these compounds to be localized in a subepidermal layer of the leaves of Erythroxylum coca cv. 
coca and E. novogranatense cv. novogranatense.31 What is the functional significance of this 
location? Several explanations are plausible.

Subepidermal localization may be a good location for plant defense by chemical toxicants. 
Plant pathogens and small herbivorous insects would come in contact with the subepidermal layer 
quickly during infection or grazing. But why are these compounds not found in all cell layers? 
We speculate that producing these compounds in all cells of the leaf would reduce the productivity 
of the plant because of at least some level of phytotoxicity and/or a high amount of resources 
required to produce the compounds. Furthermore, localization may result in higher concentrations 
of toxicants at strategic sites for a more effective deterrent. Secondary compounds so localized 
probably have biological activity against one or more organisms with which the plant species has 
coevolved.
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CONCLUSIONS AND SPECULATIONS

If phytotoxic compounds produced by higher plants are autotoxic, they must be sequestered 
or exuded to avoid self poisoning. Conversely, if a compound has been sequestered, one might 
suspect that it could be a phytotoxin. Thus, the secondary compound contents of glands, resin 
ducts, idioblasts, and specialized cell layers should be the most lucrative sources of phytotoxic 
allelochemicals.

We have not discussed every mechanism or structure by which a plant can sequester a 
secondary compound, and only a few examples of compounds from the sequestration mechanisms 
that we have used are discussed. Rather than sequestering such compounds, some highly potent 
phytotoxins, such as sorgoleone38 and polyacetylenes,39 are secreted or exuded by roots of producing 
plants. How these plants avoid autotoxicity is not known.

A general positive correlation between the degree of sequestration and the phytotoxicity of 
sequestered compounds might be expected. If so, one would expect compounds from peltate 
glands to generally be more phytotoxic than those from subepidermal layers. However, this and 
other aspects of how anatomical features and secondary products have coevolved will require 
considerably more study for full elucidation. Our understanding of the complex interactions between 
the selection pressures of biotic stress and autotoxicity in shaping anatomical structures and 
physiological mechanisms which aid in the safe and benign delivery of cytotoxic compounds to 
appropriate sites for plant defense is quite limited. A more complete understanding of these 
interactions will be useful in discovery of new uses for natural products and in production of these 
compounds by biosynthesis.
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INTRODUCTION

Molisch1 stated that allelopathy deals with both stimulatory and inhibitory effects of one 
plant’s chemicals on another. Allelochemicals are secondary metabolites forming a defense system 
in plants, thus existing in it in substantial concentrations all the time, and phytoalexins are chemicals 
existing in very low concentrations in healthy plants and in drastically increased concentrations 
due to stress.2 Allelochemicals would then be time bombs waiting in plant tissue to attack microbes 
or protect the plant when required. Phytoalexins are synthesized as a response to biotic or abiotic 
environmental conditions3 when plant defense genes are switched on to encode production of 
secondary metabolities.4 Such compounds would be influenced by environmental factors after 
they leave one plant but before they enter another.5 One of the most potent and diversified in 
action, because of its complex nature, is ultraviolet (UV) radiation.6'8 A protective shield against 
UV in plants must involve several wavelengths ranging from 280-400 nm and even a 10 nm difference 
in the wavelength induces different morphological responses of the plant.7,910 Radiation shorter 
than 280 nm is artificial,11 as it is absorbed by the atmosphere, but 254 nm radiation was of interest 
to us because of the possibility of reaction to stress which the plant has not yet experienced.12

Plants have had to resist the deleterious effects of UV13 from the time they first inhabited 
the Earth,14 but possibly they had been already equipped, to some extent at least, with compounds 
able to screen out UV,15 synthesized and stored in their cells.16 Both marine and freshwater 
environments are occupied by algae and macrophytes producing secondary metabolites able to 
absorb UV.7

Another abiotic factor dangerous to the first terrestrial plants was oxygen, as both oxygen 
and UV can form free radicals.17 Phenolic compounds are known to be both antioxidants and 
scavengers of free radicals. There is no real possibility of separating the direct effect of UV 
radiation8 on cell structure from the secondary reaction caused by free radicals formed due to the 
action of UV, as the difference in time can be too short for precise distinction. Bearing this in mind 
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we have been trying to deal with plant responses to UV-A in the shortest possible time, which is 
6-24 h. We have intentionally omitted most of the investigation on artificial UV, which is mentioned 
here in only a few cases.

Allelochemicals enter the soil either from the still living plant or from its decaying organs, 
and are different depending on the plant’s ontogenesis. The ontogenesis of the same plant growing 
at northern latitudes will be different from that of one grown at the equator,1819 and involves 
phenotypic expression of morphology and physiology, based on a gene pool influenced by the 
environment. Thus, as two plants with the same genome, e.g., propagated vegetatively from one 
parent, irradiated with monochromatic radiation and not irradiated, would have a different chemical 
composition, different allelochemicals would enter the soil.

We have to distinguish the mechanisms of reaction of one individual stress from those of 
several stresses combined20,21 because they react in concert in Nature. Only in this way might 
modelling of changes be possible, still taking into account that some factors react additively22 and 
some synergistically.3 Personally, I believe that this complexity of interreacting mechanisms of all 
the environmental factors at once makes it almost impossible to solve the problem of morphogenesis, 
at least at present. Expression of the gene in plant phenotypic form takes place many times during 
the ontogenesis of every organism, and still we know so little about it. So allelopathic potencies of 
a particular plant depend on its age, season and even time of day, because there are chemicals 
which will be produced, based on the genome, unavoidably, and there are compounds synthesized 
only under stress conditions23 which, if reaching the soil, will influence microbes and neighbouring 
roots.

Not only a whole plant reacts to environmental conditions, but any organ, tissue,24 or even 
a cell25 as the basic building block of a plant body, has the potential to react differently. For 
instance, the tissue of a plant stem adjacent to the tissue damaged by an insect could be surrounded 
by cells which react by synthesizing phytoalexins, as their physiology has been changed but, 
because it is a relatively small number of cells taking part, the total amount of phytoalexins may be 
undetectable by present biochemical techniques. That is what we saw under the microscope using 
auto-fluorescence of scopoletin, being located around the wound in parsley stem. It is still uncertain 
whether the plant, in response to stimuli in a specific area, is able to transfer information about the 
production of such phytoalexins to all cells. It is known that response in distant parts of the plant 
is occurring, but little is still known of the mechanism. For instance, it is unknown whether the 
gradient of phytoalexins produced radiates from the primary stress reaction or whether individual 
tissues in the plant body react independently to the same stress.

Since one of the major stresses is UV radiation, plants contain phenolic compounds acting as 
allelochemicals, which function as UV screening agents in the epidermis and underlying tissues26'28 
but under enhanced UV radiation plants respond by increasing production of either these phenolic 
compounds, and/or different ones, in which case they are considered to be phytoalexins. The most 
effective shield would involve compounds extruded from the plant cell to the plant surface thus 
localizing activated UV-absorbing molecules outside. On the surface, deposits of aglycones of 
three groups of compounds having potential to absorb UV were found: flavonoids,29 coumarins,30 
isoflavonoids and resins as a mixture.

Shield Against UV Radiation in Acer saccharum and Acer platanoides

Acer saccharum has green leaves during spring which become red in the fall but, in 
contrast, Acerplatanoides leaves are dark red during the spring and become green, followed by 
yellow-brown coloration, in the fall. We investigated which compounds are responsible for this 
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red coloration (Fig. 1), and how these two kinds of leaf of both species would react in the fall to 
extra stress additionally imposed in October and November. Such stresses were UV and freezing 
temperatures (Fig. 2).

* In Figure 1, the labelling “green.fgreen” means green leaves from the green (sugar) maple and the 
“red.ugreen” denotes red collected from under the green tree.

Figure 1. The absorption of 325 nm radiation per gram of the control set of leaves. SEM is 
indicated.

Control L—J UV (366 nm) irradiated
Low Temperature Treated UV (366 nm) and Low Tenperature Treated

* In Figure 2, the absorption was measured at 325 nm and the labelling “green.fgreen” means green leaves 
from the green (sugar) maple an the “red.ugreen” denotes red colleted from under the green tree.

Figure 2. The absorption of 325 nm radiation per gram of the control set of leaves and of the 
“stress treated” sets of leaves. SEM is indicated.

Green leaves of A. saccharum unexpectedly contained higher concentrations of 325 nm- 
absorbing compounds than A. platanoides in control leaves at the start of the experiment. Red 
leaves of A. platanoides contained 40% less UV-absorbing compounds than even green leaves of 
A. saccharum. Green leaves from A. platanoides (more senescent) contained more UV-absorbing 
compounds than its red leaves.31 Increased UV-absorbing compounds were associated with the 
senescence process, because leaves detached from the tree and lying under it had ca. 20% more of 
these compounds than red leaves still attached to the same tree. This suggests that in the ontogenesis 
of Acer species the leaves naturally exhibit increased absorption of UV radiation.
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When 366 nm radiation was administered the leaves from these trees reacted differently. 
There was a significant decline in UV-absorbing compounds in green and red leaves of A. saccharum 
by 30 and 50%, respectively. In A. platanoides these compounds showed a 40% increase in red 
leaves, but a slight decline of 10% in green leaves. When the additional stress of low temperature 
was imposed on leaves already irradiated with 366 nm UV, conditions simulating natural autumn 
days, significant lowering of UV-absorbing compounds was measured. Additional stress caused a 
lowering of the response to 366 nm radiation itself (Fig. 1).

* In Figure 3, the labelling “green.fgreen” means leaves from the green (sugar) maple and the “red.fred” 
denotes red collected from the red (Norway) maple tree.

Figure 3. The absorption of 325 nm radiation per gram of leaves after different treatments 
distinguishing between leaf surface deposits and their interior deposits.

We distinguished between surface-deposited UV-absorbing compounds forming a shield 
outside the cells and a shield within the leaf tissue (Fig. 3). Control green leaves from A. saccharum 
contained almost 20% of the compounds extruded to the leaf surface. The red leaves from A. 
platanoides had only 10% of the compounds extruded, but its more senescent green leaves contained 
18.5% on the surface. In both cases values in absolute amounts of A. platanoides leaves were 
much lower than the values of extruded compounds from A. saccharum. Thus we conclude that 
surface protection is more pronounced on A. saccharum leaves. After irradiation in all cases, 
surface deposits on a percentage basis decreased, but absolute amounts declined only in A. 
saccharum, and even increased slightly in A. platanoides. The senescence process in A. platanoides 
was associated with an increased percentage of extruded, UV-absorbing compounds from 18 to 
36% (Fig. 4). Compounds removed from the surface of red and green leaves were stable when 
kept in visible light or 366 nm radiation. The interior compounds when irradiated at 366 nm 
increased in concentration in red and green leaves by 400 and 100%, respectively. The interior 
compounds reacted differently to radiation than the surface compounds (Fig. 5).

Reaction of Rvta graveolens to UV Radiation

R. graveolens potted plants irradiated with 366 nm UV showed increased extrusion of 
furanocoumarins to the plant surface as the primary response, followed by increased concentration 
of total furanocoumarins.32 We found even greater stimulatory effects of the 366 nm radiation on 
the leaves sheltered under those above them, and thus exposed to dispersed UV.

Recently we found that there are differences in surface deposits of UV-absorbing compounds
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between the upper and lower leaf epidermis (Table 6).

* In Figure 4, the labelling “red.fred” means red leaves from the red (Norway) maple and the “green.fred” 
denotes green collected from the red tree.

Figure 4. The absorption of 325 nm radiation per gram of leaves A. platanoides distinguishing 
between the surface and interior deposits. The percentage of surface UV absorbing phenolic 
compounds in relation to the interior UV absorbing phenolic compounds for the particular leaf 
colours are given.

* In Figure 5, the labelling “red.fred” means red leaves from the red (Norway) maple and the “green.fred” 
denotes green collected from the red tree.

Figure 5. The absorption of 325 radiation by UV absorbing phenolic compounds extractions 
placed in small glass vials kept 30 hours in different light / irradiation conditions. SEM is indicated.

Reaction of Green- and Red-coloured Detached Leaves of Davcus carota

Green-coloured (November) leaves of Daucus carota irradiated with 366 nm UV showed 
>100% increase in concentration of compounds absorbing at 525 nm (Fig. 7), thus most likely 
anthocyanins. Red-coloured leaves, which at the outset contained tenfold more of such compounds 
than did the green-, showed >30% increase after radiation, suggesting that most likely anthocyanins 
absorbing at 525 nm increased in concentration after radiation.

When we compared the reaction of compounds absorbing at 325 nm (other flavonoids), 
the trend of changes due to radiation by 366 nm UV was different (Fig. 8). At the outset there was 
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less marked difference in compounds absorbing at 325 nm between green and red leaves, and later 
ones contained only 50% more of such compounds. Alter irradiation, green leaves contained ca. 
20% less (but statistically insignificant) than at the outset, and the red- coloured leaves showed 
only a 15% increase (also insignificant). The lack of great response was most likely due to the fact 
that green- and red-coloured leaves in November had already undergone stress due to outdoor 
conditions of low temperature and bright days. But anthocyanin production was stimulated after 
this initial 366 nm radiation.

Table 6. Absorbance per gram dry weight of individual tip leaflets and leaflet pairs of Ruta 
graveolens L. leaves, upper vs. lower surfaces.

Absorbance / Dry Weight Absorbance / Dry Weight 
(at 325 mm)(at 280 mm)

Control 1 Upper Lower Control 1 Upper Lower

Pi 0.643 1.75 Pi 0.286 1.107

P2 0.639 0.917 P2 0.444 0.778

P3 0.773 0.818 P3 0.545 0.682

Tip 0.385 0.692 Tip 0.231 0.538

Control 2 Upper Lower Control 1 Upper Lower

Pi 0.55 0.65 Pi 0.35 0.4

P2 0.462 0.385 P2 0.308 0.154

Tip 1 1.8 Tip 0.2 0.4

Control 3 Upper Lower Control 1 Upper Lower

Pi 3.15 4.3 Pi 3.9 5

P2 0.722 0.556 P2 0.778 0.556

Tip 1.929 1 Tip 2.357 1.214

Control 4 Upper Lower Control 1 Upper Lower

Pi 2.091 1.364 Pi 1.364 1.273

P2 0.667 2.133 P2 0.533 1.4

ÜP 0.917 0.75 Tip 0.75 0.333

Control 5 Upper Lower Control 1 Upper Lower

Pi 1.429 1.143 Pi 0.286 0.571

P2 0.762 0.905 P2 0.476 0.381
Tip 1.333 0.667 Tip 1 0.6
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Figure 7. Comparison of absorbance of fall and summer coloured leaves of D. carota at 525 nm 
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Figure 8. Comparison of absorbance of fall and summer coloured leaves of D. Carota at 325 nm 
after irradiation with 366 nm.

Achillea millefolium

As Achillea (Fig. 9) was a relatively slow-responding plant to UV radiation, we analysed 
concentrations of 325 nm-absorbing compounds after a one- or two-week period. The trend of the 
reaction was similar to that of the previous plant species, showing a 15% increase compared to the 
control, followed by a decrease of 25% after two weeks. Changes in this plant were evaluated 
qualitatively as well, and several peaks were identified by high performance liquid chromatography. 
Samples prepared for analysis of coumarins30,33 are shown here to demonstrate the great differences 
in the quantities of compounds on the surface after irradiation, and the appearance of several new 
peaks in the region marked L. In gas chromatography/mass spectrometry several coumarins had 
been identified, but still there are several unidentified compounds. We believe that other groups of 
phenolic compounds should be investigated, such as flavonoids, simple phenolics, alkaloids, and 
proanthocyanidins, because the UV screen on the plant surface may consist of a great variety of 
compounds.
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Figure 9. Absorbance per gram dry weight of total UV-absorbing material from the surface and 
interior of Achillea millefolium L. Leaves under applied stresses, for a duration of two weeks.

Reaction of Hordeum vulgare Seedlings

As the responses of 8 cm-tall barley seedlings when irradiated were much faster than in 
other cases, our measurements were done after 6 and 36 h of stress. An initial increase (Fig. 10) at 
6 h was followed by lowered concentration over the next 30 h (Fig. 11), but not to the initial 
concentration; it was still over 40% higher than at the beginning of the experiment. Ozone stress 
was measured in the same experiment, and after 36 h there was >300% increase in UV-absorbing 
compounds, but no attempts were made to compare combined stresses.

Figure 10. Stress and defense compound production measured at 325 nm after 6 hours of exposure 
of barley to 366 nm radiation and ozone.

Figure 11. Stress and defense compound production measured at 325 nm after 36 hours of exposure 
of barley to 366 nm radiation and ozone.
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Reaction of Freshwater Plants to UV Stress

Two macrophytes, Eriacaulon septangulare and Lobelia dortmanna, and one freshwater 
sponge were irradiated in the laboratory at 254 nm (Fig. 12). They showed different trends in 
changing concentrations of compounds absorbing 325 nm radiation. At the outset the macrophytes 
contained ten times the concentration of UV-absorbing compounds compared to the sponge. 
Irradiation caused a 20% increase in the concentration of these compounds. Both macrophytes 
reacted by a marked decrease in concentration, Eriacaulon to ca. 33% and Lobelia to ca. 50%. 
The aquatic macrophytes seemed to be more vulnerable to the radiation than the terrestrial plants. 
Sponges reacted by a 20% increase, suggesting that they are able to react to UV stress, and have 
a shield of UV-absorbing compounds. The question still remains open, as to how much of the 
screening compounds would be extruded to the surface of the plant and subsequently released into 
the water.

Figure 12: UV absorbance of Lobelia dortmanna, Eriocaulon septangulare, and Meynia fluviatilis 
under various conditions. (UV spectrophotometer wavelength of 325 nm, experimental UV 
wavelenght at 254 nm).

Reaction of Brassica oleracea to UV

■ Meyenia (Total)
□ Eriocaulon (Total)
□ Lobelia (Total)

Six-day-old etiolated seedlings of red cabbage were exposed to UV radiation for 24 h or 
three days, and to UV combined with low temperature for the same times (Fig. 13). The longer the 
plants were kept under 366 nm UV, the higher the levels of compounds absorbing at 325 and 525 
nm. Low temperature caused an increase in flavonoid concentration of over 20%, but had no 
effect on compounds absorbing at 525 nm.

Treatment

Figure 13. Global flavonoid (325 nm) and anthocyanin (525 nm) absorbance / gram for red cabbage 
seelings exposed to low temperature for 24 hours or 366 nm radiation for 24 hours or 3 days. Each 
point is the mean based on eight replications.
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Leaves, 10 cm long, of mature one-year-old ornamental cabbage plants were irradiated 
with 366 nm radiation for two-and seven-day periods (Fig. 14 a,b,c). After two days there were up 
to 100% higher concentrations of UVA-absorbing compounds, but after a longer period the 
concentrations fell to the control values. The recovery process has been mentioned in discussion 
of previous experiments dealing with stress conditions, by us and other authors.34

Since we are aware of chemical interactions between species, more study is needed to 
identify UVA-absorbing compounds acting as protective shields in many plants. Not only quality 
and quantity, but also the ratio of these compounds may be important, because one compound can 
have opposite effects depending on its concentration, or such compounds can react synergistically.

325 nm
b

□ Interior

■ Surface

Figure 14 a,b. The short-term (2 days) and long-term (7 days) influence of 366 nm radiaton and 
darkness on the total concentration of 525 nm, 325 nm, and 280 nm absorbing phenolic compounds 
in ornamental red cabbage.
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Figure 14 c. The short-term (2 days) and long-term (7 days) influence of 366 nm radiaton and 
darkness on the total concentration of 525 nm, 325 nm, and 280 nm absorbing phenolic compounds 
in ornamental red cabbage.
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ABSTRACT

Increased air pollution, which will modify light/ultraviolet wavelength intensities (e.g., 
enhanced UV-B or diminished UV-A and UV-B) reaching the surface of the earth, can represent 
a stress for plants as can water and soil contaminated with heavy metals. We believe that many 
plant species will respond to environmental stress(es) and survive; however, following stress, 
plants may not appear physically different from the original species, but may differ chemically 
(i.e. modified phenolic content). Thus, it is necessary to determine: 1) mechanisms utilized by 
plants in response to stress conditions, and 2) changes in biochemical pathways following stress. 
In our investigation we used month-old seedlings of Acer saccharum and Acer platanoides, each 
with one pair of leaves. Seedlings were treated for five days with: 1) UV-A irradiation, 2) a 
mixture of 200 ppm copper, 200 ppm nickel, and 20 ppm zinc, or 3) UV-A plus Cu/Ni/Zn. We 
found that seedlings reacted differently in response to UV-A (366 nm) irradiation and heavy metal 
stress. At the start-point, red-coloured Acer platanoides seedlings contained higher concentrations 
of anthocyanins and other flavonoids in comparison to the green-coloured Acer saccharum 
seedlings. A comparison of treated seedlings to control seedlings indicated that shoots and roots 
of both species reacted differently to UV and heavy metal stress. Shoots exihibited a similar total 
absorbance of compounds absorbing 525 nm, 325 nm and 280 nm radiation yet the roots synthesized 
1.5 to 3 times as much 280 nm UV-absorbing compounds compared to the shoots. Roots consistently 
synthesized more UV-absorbing compounds in response to treatments compared to shoots, which 
were irradiated directly. Coumarin, aesculetin, scoparone, and phenolic acids were identified in 
root extracts by RP-HPLC analysis and concentrations of these compounds changed after stress. 
Coumarin was predominant following irradiation suggesting that UV-A influences 7- 
hydroxycoumarin dehydroxylase.
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INTRODUCTION

Production of secondary metabolites, many of which are phenolic compounds, is governed 
by enzymes to catalyze each step in the biosynthetic pathway. While some enzymes appear to be 
adaptable and able to catalyze a variety of reactions on a number of different substrates, other 
enzymes are highly substrate-specific. Enzymes are a direct result of the genetic coding of the 
producer organism; therefore, the versatility and capacity of secondary metabolites likely mirrors 
the genetic coding of a specific producer species. Evidence suggests that the observed secondary 
metabolites of a species only represent a small portion of the potential ability that the species has 
to produce secondary metabolites.1 Often the products of tissue culture are not apparent in the 
whole plant which suggests that enzyme and potential substrate are being sequestered, or that 
some enzymes, or enzyme systems, that are usually inactive can be stimulated under atypical 
conditions. Waterman and Mole1 reported that the degree of expression of a specific pathway can 
be influenced by a number of extrinsic abiotic and biotic factors.

Much evidence has suggested a direct relationship between the intensity of solar radiation 
and the quantity of phenolics synthesized by plants.2 This has usually been observed in the total 
phenolics produced by plants in sunny conditions relative to shady ones, but it is also apparent at 
the intra-individual level by comparing plant parts exposed to differing amounts of light/ 
irradiation.2 3 Plants produce phenolics as a method to reduce photodestruction of exposed tissues;4 
thus, phenolic production can be influenced by ultraviolet (UV) irradiation.5,6

Flavones and flavonols are the primary compounds absorbing UV-B (280 to 320 nm),7 but 
do not absorb wavelengths necessary for photosynthesis. In instances where such UV screening 
compounds are synthesized internally, it would be expected that in order to maximize their 
effectiveness, they would be produced in the upper epidermal layer. Some evidence supports this 
hypothesis despite the fact that the production of phenolics is only partly ascribed with protection 
against UV. Other evidence also suggests that light-induced accumulations of phenolics are adaptive 
as UV-screening responses for some compounds.1

Heavy metals are a relatively recent environmental stress for plants.8 Zobel9 determined 
that Acer saccharum seedlings treated with Ni (200 ppm) and Cu (190 ppm) contained lower 
concentrations of flavonoids in comparison to control seedlings. In the same study, Ruta graveolens 
shoots, after treatment for seven days with a mixture of Ni, Cu, Co, Cr, Cd, and Pb, exhibited both 
qualitative and quantitative differences in phenolic content. Suggested mechanisms of protection 
against heavy metals include: 1) absorption of the heavy metals,10 2) chelation by proteins, 3) 
capture of metal ions by phenolic compounds, 4) the possibility of extrusion of metal ions together 
with or independent of the extrusion of secondary metabolites, and 5) vacuolar localization of 
phytoalexins.11

Phenolic compounds have been isolated from stems and leaves of plants, but little 
information has been gathered about the production of phenolic compounds in roots. Few studies 
have investigated how roots respond to enhanced UV radiation or heavy metal exposure. These 
two types of stresses are of increasing importance due to: 1) increased air pollution which will 
modify light/ultraviolet wavelength intensities (e.g., enhanced UV-B or diminished UV-A and 
UV-B) reaching the surface of the earth, and 2) increased deposition of heavy metals from industrial 
pollution. More investigations are necessary to determine the influence of environmental pollution 
on plant species and different plant regions.

The purpose of this study was to determine the influence of enhanced low-intensity UV-A 
irradiation and/or heavy metals on the phenolic content of Acer saccharum and Acer platanoides 
seedlings.
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METHODS AND MATERIALS

On 15 May 1996, green Acer saccharum seedlings and red Acer platanoides seedlings 
were collected from under two mature maple trees near Trent University, Peterborough, Ontario. 
The seedlings were placed into either water or a solution of 200 ppm (pg/g) Cu, 200 ppm Ni and 
20 ppm Zn ions. These metals were selected as they have been reported12 in contaminated soil 
near the mining district of Sudbury, Ontario. At the start-point, five seedlings of each species were 
divided into shoot and root portions and the phenolic compounds were extracted with 40 mL of a 
boiling H2O:EtOH:HCl (79:20:1) solution.691314

Harbome15 reported that the aromatic attribute of phenolic compounds contribute to intense 
absorption in the UV region of the spectrum. In this experiment, the methodology involved 
determining UV-absorbing compounds of control and treated leaves and comparing the results. In 
previous studies,1618 the pg/g concentrations of secondary metabolites have been determined by 
comparing extract absorbancies to the absorbance of a standard compound. In this study, a similar 
method could have been used (i.e. umbelliferone as the reference compound at 325 nm); however, 
we chose to measure the total absorption of crude extracts in arbitrary units of absorbance per 
gram dry weight as previous studies have found this to be the most appropriate measure of UV- 
absorbing secondary metabolites.6’919

Shoot and root extracts were analyzed separately. The absorption spectra were recorded 
via a UV-visible spectrophotometer (Model: Varian DMS 300) at 525,325, and 280 nm wavelengths 
(i.e. multi-wavelength search). These three wavelengths were of interest as: 1) anthocyanins, of 
which the biosynthesis is reported to be stress induced,20 have spectral peaks at 525 and 280 nm,21 
2) two common types of flavonoids, the flavones and flavonols, which reduce UV-A and UV-B 
irradiation penetrating cells have a wavelength maximum in the 320 to 350 nm range,22,23 3) coumarin 
and its hydroxylated derivatives absorb at wavelengths between 285 and 325 nm,24,25 and 4) 
Harbome15 stated that hydroxycinnamic acids have a spectral peak in the 310 to 325 nm range.

Seedlings were placed into four groups and each group was composed of three seedlings 
from each Acer species. The six seedlings of Group 1 were placed in water while the six seedlings 
of Group 2 were placed in the Cu/Ni/Zn solution. Seedlings in Groups 1 and 2 were put near a 
window in our laboratory at Trent University and received approximately 14 hours of sunlight per 
day (UV-A exposure = 0.12 mW/cm2). The six seedlings of Group 3 were placed in water while 
those of Group 4 were put in the Cu/Ni/Zn solution. Seedlings of Groups 3 and 4 were continuously 
irradiated with UV-A from a UV MineralightR lamp (Model: UVGL-25; Ultraviolet Products 
Inc., San Gabriel, CA, U.S.A. 91778). The MineralightR lamp emitted wavelengths that ranged 
from 350 to 370 nm, with the peak wavelength being at 366 nm (UV-A exposure = 0.46 mW/cm2). 
The duration of the experiment was 5 days. After such time, all seedlings were divided into root 
and shoot portions and the total phenolics extracted. The UV spectrophotometer was utilized to 
record the total absorption of UV-absorbing compounds in the crude shoot and root extracts.

To determine the variety and concentrations of particular secondary metabolites in shoot 
and root extracts, all crude plant extracts were ether-cleaned18,26 using diethyl ether. The method 
of ether-cleaning separates glycosides from aglycones (secondary metabolites without a sugar 
constituent). The ether fractions (i.e. aglycones) were evaporated to dryness and dissolved in 5 
mL of 30% MeOH in preparation for reverse-phase high performance liquid chromatography 
(RP-HPLC). Considering that: 1) the presence of a hydroxyl group better enables a compound to 
absorb UV irradiation,27 and 2) coumarins have been documented in Acer,24 we decided to have 
sinapic acid, coumarin, aesculetin, umbelliferone, scopoletin, and scoparone in the HPLC standard 
mixture.

The HPLC instrument used was a Waters 600E System Controller fitted with a 15 cm x 4.6 
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mm (length x internal diameter) Beckman Ultrasphere IP C-18 column (Model: 235334; Particle 
size 5 pm). Two detectors were used, a UV (Waters 484 Tunable Absorbance Detector) and a 
scanning fluorescence detector (Waters 470). The HPLC UV detector wavelength was set at 280 
nm as this was the wavelength where UV-absorbing compounds in root extracts, as recorded by 
the UV-visible spectrophotometer, exhibited the greatest absorbance.

The Rr values of umbelliferone and scopoletin differed by less than 1 minute (Table 1 ) and 
so the scanning fluorescence detector was used to distinguish between these coumarins. The 
excitation and emission wavelengths of the fluorescence detector were 366 and 376 nm, respectively. 
At these wavelengths, the fluorescence chromatogram peak of scopoletin was 9 times greater than 
that of umbelliferone.

Table 1. Retention time + SD of each standard in the reference HPLC mixture.

Retention Time (RT) of Each Standard in the Reference HPLC Mixture
(minutes)

Sinapic acid Aesculetin Umbelliferone Scopoletin Coumarin Scoparone
1.94 + 0.06 5.04 + 0.27 7.76 + 0.07 8.60 ± 0.08 11.00 + 0.10 15.04 + 0.14

The HPLC was run in an isocratic mode. The optimal isocratic conditions required a 30% 
MeOH solvent at a flow rate of 1.0 mL/min. The pressure of the pump was approximately 950 psi 
(66.8 kg/cm2). In all cases, HPLC grade solvents were used and all sample injections were 20 (J.L. 
Data were acquired for 20 minutes after the injection. In this study, the low R. value of sinapic 
acid [1.94 + 0.06 (minutes ± SD)] indicated that the 30% MeOH solvent and 1.0 mL/min. flow 
rate did not provide adequate separation of the phenolic acids; consequently, any peaks eluting 
from the column before the first coumarin reference compound [i.e. aesculetin; Rj. = 5.04 + 0.27 
(minutes + SD)] were regarded as simple phenolic acids following thin-layer chromatography 
with phenolic acid standards.

RESULTS AND DISCUSSION

UV Spectrophotometry:

Acer saccharum and Acer platanoides showed differences in reaction to stresses in that 
Acer platanoides shoot and root components had a higher absorbance at all three wavelengths 
(525, 325, 280 nm) as compared to the shoots and roots of Acer saccharum. However, in both 
Acer species it was apparent that the reaction of the shoot was different from that of the root with 
the absorbance of compounds at 280 nm being 1.5 to 3 times higher in the root as compared to 
absorbance in the shoot at 280 nm (Figures 1 and 2).

In the Acer saccharum shoots (Figure 1) the absorbance at 525 nm was small, but a similar 
increased absorbance was observed at 325 and 280 nm for all four treatments. In the roots, there 
was a dramatic difference in absorbance with little absorbance at 525 nm, higher absorbance at 
325 nm, and double or three times the absorbance at 280 nm as compared to 325 nm.

Sunlight + Water

For Acer saccharum seedlings grown for five days in sunlight and water (Figure 1), the 
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absorbance values in the shoots were very similar to those of the roots at the start-point (Figure 3). 
In roots, the largest change was observed to occur in the concentration of 280 nm UV-absorbing 
compounds which was 35% higher than that of the start-point.

Region of Plant & Treatment

Figure 1. The concentrations of 525, 325, and 280 nm UV-absorbing compounds in shoot and 
root regions of Acer saccharum seedlings.

@525 nm
□ 325 nm
□ 280 nm

Sunlight + Cu/Ni/Zn

For Acer saccharum seedlings grown for five days in sunlight and the Cu/Ni/Zn solution 
(Figure 1), the concentrations of UV-absorbing compounds at all three wavelengths for roots and 
shoots were less than those observed for the sunlight + water treatment. The highest concentration 
was recorded for the 280 nm UV-absorbing compounds in roots.

□ 525 nm
□ 325 nm
□ 280 nm

Region of Plant & Treatment

Figure 2. The concentrations of 525, 325, and 280 nm UV-absorbing compounds in shoot and 
root regions of Acer platanoides seedlings.

UV-A + Water

For Acer saccharum seedlings grown for 5 days under UV-A (366 nm) irradiation in water, 
the UV-absorbing compounds in shoots were similar to those in seedlings grown with sunlight and 
water. In roots, there was a 20% increase in absorbance at 280 nm following UV-A irradiation as 
compared to that of roots grown in sunlight.
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UV-A + Cu/Ni/Zn

For Acer saccharum seedlings grown for 5 days under UV-A irradiation in the Cu/Ni/Zn 
solution, there was a decreased concentration of UV-absorbing compounds in shoots and roots, 
but the compounds absorbing at 280 nm in the roots was double the absorbance at 325 nm and 
95% higher than absorbance at 525 nm.
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Figure 3. The start-point concentrations of 525, 325, and 280 nm UV-absorbing compounds in 
shoot and root regions of Acer saccharum and Acer platanoides seedlings.

For Acer platanoides seedlings (Figure 2), concentrations of 525, 325, and 280 nm UV- 
absorbing compounds in shoots and roots after treatment were similar regardless of the type of 
treatment with the exception being a very high concentration of 280 nm UV-absorbing compounds 
in roots of seedlings grown in water and sunlight. Roots of seedlings grown in water and sunlight 
had 60% more 280 nm UV-absorbing compounds than shoots indicating that the reaction of roots 
differed from that of shoots.

The total concentration of UV-absorbing compounds in Acer saccharum and Acer 
platanoides shoot and root extracts suggested that the two species responded to stress(es) differently. 
Of the two species, the concentrations of 525, 325, and 280 nm UV-absorbing compounds in 
shoots and roots of Acer platanoides were always greater, following all four treatments (sunlight, 
UV-A, sunlight + Cu/Ni/Zn, and UV-A + Cu/Ni/Zn), than that of Acer saccharum. Acer platanoides 
could possibly possess more of the precursors to phenolic compounds than Acer saccharum or 
Acerplatanoides could be more sensitive to stress conditions than Acer saccharum thereby allowing 
for a heightened production of phenolic compounds under stress conditions.

In Acer saccharum and Acer platanoides roots, the concentration of 280 nm UV-absorbing 
compounds was 1.5 to 3 times greater than that of shoots; however, the concentration of 325 nm 
UV-absorbing compounds in roots was consistently one-third to one-half the concentration observed 
in shoots. These findings suggested that shoots and roots were utilizing different phenolic 
compounds absorbing at different wavelengths to combat stress.

For all four treatments, relatively similar concentrations of 325 and 280 nm UV-absorbing 
compounds in shoots were recorded. This findings suggest that Acer shoots equally favour the 
production of flavonoid compounds that absorb at 325 nm and coumarins and other phenolics that 
absorb at 280 nm; however, in the root the decrease in 325 nm UV-absorbing compounds and the 
2- or 3-fold higher concentration of 280 nm UV-absorbing compounds suggested that the roots 
were favouring the production of coumarins and other phenolics to combat stress rather than 
flavonoids. Therefore, not only does it appear that different species of Acer produce different 
amounts and possibly different types of phenolics in response to stress, but also different regions 
of seedlings change their variety and concentrations of secondary metabolites following exposure 
to environmental stress.
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HPLC:

The HPLC analysis focused on the phenolic content of Acer saccharum roots.

Sunlight + Water

Six peaks were detected in the ether-fraction of the Acer saccharum root extract (Figure 
4). Three unknown peaks were detected as were tentatively identified peaks for three reference 
compounds: sinapic acid, aesculetin, and scoparone. As a percentage of the total UV chromatogram 
peak area, the phenolic acids, aesculetin, and scoparone occupied 38, 2 and 57%, respectively.

Figure 4. UV chromatogram peak areas of 280 nm UV-absorbing ether-soluble compounds in the 
root region of Acer saccharum seedlings exposed to sunlight for five days.

Sunlight + Cu/Ni/Zn

Five peaks, two of which were unknown peaks, were detected in the ether-fraction of the 
Acer saccharum root extract (Figure 5) treated with heavy metals for five days. As a percentage of 
the total UV chromatogram peak area, the phenolic acids, aesculetin, and scoparone occupied 67, 
3, and 6%, respectively. These data indicated that there was a higher concentration of phenolic 
acids and decreased concentration of coumarins in roots treated with metal solution + sunlight in 
comparison to roots treated with water + sunlight.

HPLC Chromatogram Peaks in Order of Retention Time

Figure 5. UV chromatogram peak areas of 280 nm UV-absorbing ether-soluble compounds in the 
root region of Acer saccharum seedlings treated with sunlight and the Cu/Ni/Zn solution for five 
days.
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UV-A + Water

Five peaks were detected in the ether-fraction of the Acer saccharum root extract irradiated 
with UV-A for five days (Figure 6). Three of the five peaks were of unknown identity while two 
peaks have been tentatively identified as sinapic acid and coumarin. As a percentage of the total 
UV chromatogram peak area, the phenolic acids constituted 3% while coumarin occupied 94%. 
These data suggest that UV-A decreased phenolic acids, but favoured the production of coumarin.

HPLC Chromatogram Peaks in Order of Retention Time

Figure 6. UV chromatogram peak areas of 280 nm UV-absorbing ether-soluble compounds in the 
root region of Acer saccharum seedlings irradiated with UV-A for five days.

UV-A + Cu/Ni/Zn

Five unknown and two tentatively identified peaks were detected in the ether-fraction of 
the Acer saccharum root extract irradiated with UV-A and treated with heavy metals for five days 
(Figure 7). The two tentatively identified peaks were sinapic acid and aesculetin. As a percentage 
of the total UV chromatogram peak area, the phenolic acids and aesculetin comprised 95 and 3%, 
respectively. These data indicated that there was a higher concentration of phenolic acids and 
decreased concentration of coumarins in roots treated with metal solution + UV-A in comparison 
to roots treated with water + UV-A. The influence of UV-A and heavy metals on the phenolic 
content of roots was similar to that noted for roots treated with sunlight + Cu/Ni/Zn with the 
exception that scoparone was not detected in the irradiated roots.

HPLC Chromatogram Peaks in Order of Retention Time

Figure 7. UV chromatogram peak areas of 280 nm UV-absorbing ether-soluble compounds in the 
root region of Acer saccharum seedlings treated with UV-A + Cu/Ni/Zn for five days.
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When the HPLC UV chromatogram peak area of total ether-soluble phenolic acids and 
coumarins, for the four experimental conditions, were plotted (Figure 8), it could be seen that 
phenolic compounds were present in high concentrations when the roots were placed in water and 
exposed to sunlight or water + UV-A; however, the concentrations of phenolic acids decreased 
when roots were treated with heavy metals. Heavy metal exposure appears to be a greater stress 
than UV-A irradiation. With Cu/Ni/Zn treatment, phenolic acids predominated while UV-A 
favoured the production of the more complex phenolics (i.e. coumarins).

Treatment

Figure 8. UV chromatogram peak areas of total ether-soluble phenolic acids and total ether
soluble coumarins in the root region of Acer saccharum seedlings for the four experimental 
conditions.

Based on our HPLC and TLC identification of phenolic acids and coumarins, we concluded 
suggested that different enzymatic pathways are favoured under different stress conditions (Figure 
9). For Acer saccharum roots treated with water + sunlight, we observed that coumarin production 
was favoured. The 6-monooxygenase enzyme could be stimulated by sunlight to add a hydroxyl 
group to position 6 to form aesculetin with the subsequent addition of methyl groups to oxygen in 
positions 6 and 7 by action of 6-O-methyltransferase and 7-O-methyltransferase to form scoparone. 
The detection of a huge coumarin peak in the root sample treated with water + UV-A suggested 
that enzymatic action favours the pathway of 7-hydroxycoumarin dehydroxylase. This enzyme 
might remove the hydroxyl group from position 7 in umbelliferone thereby generating coumarin.

Figure 9. The enzymatic pathways involved in the biosynthesis of coumarin.24
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With heavy metal stress, the enzymatic pathways appear to have shifted from the production 
of phenolic compounds and favoured the accumulation of the precursors to the more complex 
phenolics, the phenolic acids (Figure 10).

CH=CH—COOH

cinnamic acid

ch2—ch—coo
nh3’ o

L-phenylalanine

Figure 10. The formation of cinnamic acid derivatives (i.e. the precursors to more complex phenolic 
compounds) from phenylalanine and tyrosine.

With sunlight + Cu/Ni/Zn treatment, small concentrations of coumarins were detected in 
the Acer saccharum roots, but an increased variety and concentrations of phenolic acids suggested 
that there was: 1) inhibition in enzymatic action of dehydroxylase, monooxygenase, and 
methyltransferases, and/or 2) stimulation in the enzymatic production of phenolic acids (Figure 
11). A similar, but increased trend was observed for the UV-A + Cu/Ni/Zn treated roots as the 
production of phenolic acids predominated over the production of phenolic compounds.

Figure 11. Proposed pathways of coumarin production.

In this investigation, we observed differences in the variety and concentrations of phenolic 
compounds between: 1) Acer species, and 2) plant regions. The phenolic content of the Acer
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seedlings can be influenced by stress conditions. It is probable that a particular stress favours 
specific enzymatic pathways; thus, certain phenolics will be produced following stress exposure.

The question remains unanswered as to whether the phenolics are being synthesized in one 
region of the plant or if the phenolics are transported from one region to another (i.e. shoot to roots 
or vice versa)! More investigations are needed before this question can be answered.
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ABSTRACT

Allelopathic interactions among forest plants often lead to natural regeneration failure of 
tree species. Spanish deciduous forests and French evergreen forests were studied to document 
such interactions. Our results showed that allelochemicals (mainly phenolics) are produced by 
decaying organic matter, mostly during the first week after leaf fall. Soil microorganisms seem to 
play a leading role in turnover of allelopathic compounds. Besides, hydrosoluble compounds of 
humic solution have been suspected to inhibit seed germination and seedling growth of test species. 
We propose new sylvicultural practices to reduce allelopathic interactions in such forests, to improve 
natural regeneration.

INTRODUCTION

Allelopathic interactions have been implicated in the process of poor natural regeneration1 
and poor growth of planted seedlings in young plantations.2

In the past, extensive areas of forests of Galicia (NW Spain) were dominated by Quercus 
spp. However, during the last forty years a great part of these forests have been harvested and 
replanted with fast growing exotic species. These new forests show, in general, few understorey 
species compared to the Quercus dominated forests. Rabotnov3 suggested that allelopathy may be 
involved in certain forests under conditions in which the soil microorganisms are not capable to 
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descompose the metabolic toxins, released by the dominant species. Consequently, the understorey 
of these forests consist of a few species with low cover.4,5 Several authors have suggested the 
existence of allelopathic interactions in forestry and argued their importance in forest ecology and 
management.6-8 Phenolic compounds have been suspected to be toxic in many cases. During 
decomposition of plant parts, many phenolic compounds may be released into the soil, which may 
inhibit seedling growth.9 Microbial activity is of great importance in mediating allelopathic effects, 
because of its detoxifying and synthesizing capacity when these metabolites are present in the soil 
environment.10

In the Northern French Alps, spruce (Picea abies L. Karst.) forests are common (63% of 
the total forets area in Savoie). The subalpine spruce forest is characterized by poor natural 
regeneration.11

On the other hand, Homogyno-Piceetum and Adenostylo alliariae-Piceetum12 are the most 
widespread spruce forest-types in the north-western Alps. In terms of humus-type and dominant 
understorey species, they are characterized by mor with bilberry (Vaccinium myrtillus L.) and 
mull with female fem (Athyrium filix-femina L. Roth.), respectively. Interference between V. 
myrtillus or A. filix-femina and spruce seedlings has been reported when nutrients and light are not 
limited.13 Allelopathy is suspected to be the cause of this type of natural regeneration failure.

Two studies are presented herein. The first one was performed in deciduous forests and its 
objective was to describe the allelopathic interactions in exotic tree stands, compared to an 
indigenous tree species stand. The second one, performed in an evergreen coniferous forest, aimed 
to establish the cause-and-effect relationship of allelopathy in a spruce forest. A general discussion, 
based upon results of these two studies, emphasizes the need for understanding allelopathy and its 
effects in sylviculture practices.

ALLELOPATHY IN DECIDUOUS FORESTS

Eucalyptus globulus and Acacia melanoxylon cultures have a very low understorey.1415 
Both of them are allochthonous species, with perennial leaves, and were introduced mainly for 
wood production. In contrast, Quercus robur is the main tree species in this part of the Iberian 
peninsula. It is a deciduous tree and forms the largest and richest woods in Galicia.

Scarcity of understorey species observed in some forest stands in northwestern Spain 
(Galicia) leads us to suspect the presence of allelopathic interactions which at least partially could 
explain this phenomenon. To determine the existence of allelopathic phenomena and the interactions 
with microbial activity several experiments were carried out, with three very common exotic species 
(£. globulus, A. melanoxylon and Pinus radiata) and one autochthonous species, Quercus robur.

All plants add aerial parts, mainly leaves and bark to the environment throughout the year, 
that remain in the soil for long periods of time. Forest litter can be an important source of allelopathic 
substances in these stands and may affect on the establishment of other species. Allelopathic 
interaction is possible when toxic compounds are released by plant Utter into the environment. 
Some authors state that phenohc compounds are present in the majority of the forest soils,6 and 
that they can be considered as allelopathic substances.1617 Identification of phenohc compounds 
from the leaves of the plants was attempted.
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Methods

Four experimental stands were selected in Galicia, near Santiago de Compostela, each 
being characterized by one of the four tested dominant tree species mentioned above. Naturally 
fallen leaves were collected from the soil surface, put in mesh bags and buried at three randomly 
chosen points in each stand (with a dominant species as mentioned above), so that at each point 
there were bags with litter from each of the four species. These residues were left to decompose in 
the field for 1, 7, 15, 30, 180, and 365 days. This crossed system allowed us to determine the 
evolution of the residues in soil and to check if allelochemicals were released during this process. 
Litter bags were removed at intervals mentioned and their contents macerated with distilled water 
for 24 hours [1:1 weight:volume ratio (g. dry weight/mL)]. After filtration, the macerates were 
used for bioassay of phytotoxicity. This was performed using Lactuca sativa as the target species. 
Three Petri dishes per litter macerate were prepared with Whatman 3 MM paper and 50 seeds 
were added. The plates were watered with 4 mL of macerate and incubated in the dark at 28 C. 
After 60 hours, percentages germination and radicle length were measured.

Furthermore, the phenolic composition of leaves was studied using an HPLC equipped 
with a UV-Diode Array detector in order to look for the compounds implicated in toxicity during 
litter composition.

Result and Discussion

Strong allelopathic effects were produced by Eucalyptus and Acacia leachates, whilst 
Quercus and Pinus showed little, if any, toxicity (Figure 1). In general, release of toxins at the 
beginning of decomposition by the first two species was important and induced inhibition of L. 
sativa germination and radicle growth. However, as time progressed, the kind of leaves seemed to 
be less important, and soil where decomposition took place (micro-organisms must be taken into 
account) became important. From day 1 to 30, the inhibitory effects appeared as columns, showing 
the importance of the kinds of leaves, independent of the soil where decomposition took place. At 
final phases of decomposition (from day 30 to 365) the inhibitory effects appeared as files, showing 
that the toxicity of soils was more than that of leaves. Thus, Eucalyptus and Acacia associated 
soils were once more very toxic.

In the initial phases of decomposition the inhibitory effects were greater on germination, 
while during the more advanced phases of decomposition the effects were greater on seedling 
growth. This seems to indicate that toxicity on germination precedes the inhibition on radicle 
growth,5 which coincides with the results obtained for Acacia dealbata when its residues 
decomposed in its own stand.18

According to the phenolic contents of leaves, large differences between species have been 
recorded. The most complex profiles were those associated with leaves of E. globulus and A. 
melanoxylon, exhibiting also higher levels (almost double amount in each one compared to Q. 
robur and P. radiata).

ALLELOPATHY IN EVERGREEN FORESTS

To establish the cause-and-effect relationship in allelopathy of spruce forests, results from 
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two field investigations are reported : (i) experimental seedling and, (ii) in situ study on the effects 
of humus and its solution on spruce seedlings growth.

SEEDS GERMINATION AND SEEDLINGS SURVIVAL

Method

Experimental seedling has been performed in two widespread spruce forest types, i.e. 
Adenostylo alliariae-Piceetum (female fem-Athyriumfilix-femina - as the dominant understory 
species) and Homogyno-Piceetum ( Vaccinium myrtillus as the dominant understorey species). 
To determine which factors were detrimental to the establishment of seedlings, five experimental 
squares (5 x 1 m2 each one) per forest-type were prepared as follow: A = control; B = slight 
thinning of understorey vegetation; C = B + removal of humus; D = B + protection against rodents 
by a grill (5 mm); E = C + protection against rodents by a grill (5 mm). Just after snow-melt (mid
June), 200 seeds per m2 were sowed and germination rates measured four months later, according 
to the formula : G = (number of seedlings / total number of seeds sowed) / seeds germinated 
power. During the following three years, seedling survival was counted and the survival rate 
expressed as S = (number of seedlings at year+1, year+2 or year+3) / number of seedlings at year 
0, i.e. four months after sowing. Results were analysed by ANOVA, followed by Newman-Keuls 
test (p = 0.05) to group treatments.

Result and Discussion

Seed germination depended upon seedbed treatment (Figure 2). Germination of control 
(A) was quite null, unsurprisingly, according to natural regeneration deficiency. Cutting understorey 
vegetation (B) did not increase seed germination significantly and Newman-Keuls test grouped 
treatments A and B, indicating that competition (for light, water, nutrients...) between spruce 
seedlings and other species did not occur. This observation was confirmed by results obtained by 
protecting seeds from predation by rodents (D). In the meantime, if understorey vegetation and 
humus were removed and, moreover, if protection against predation was added (E), the germination 
and number of seedlings drastically increased.

Seedling survival depended on forest-type (Figures 3a and 3b), and was generally better in 
Adenostylo alliariae-Piceetum than in Homogyno-Piceetum. With soil treatments, the best results 
were observed when humus was removed in both cases.

Results seem to indicate that allelopathy may occur, at least during spruce germination, 
and partially explains natural regeneration failure. In vitro germination experiments with humic 
solutions and aqueous leaf extracts of V. myrtillus and A.filix-femina (the two dominant understorey 
species of spruce forest-types) confirmed these allelopathic interactions.19 The importance of the 
humus in this first investigation led us to a field experiment to determine the effects of humus and 
its solutions on spruce seedlings growth.

EFFECTS OF HUMUS AND ITS SOLUTIONS ON SPRUCE SEEDLINGS GROWTH

This experiment enabled us to study the effect of humic solutions (compared to water), 
and the substrate type (humus or soil) to be studied.
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Method

Norway spruce seeds were allowed to germinate in Petri dishes on filter paper impregnated 
with demineralized water. At the same time, sealed plastic pots (3 1.) were prepared with humus 
(sieved through 10 mm mesh) or underlying mineral horizon (sieved through 5 mm mesh) conscript 
“soil”. For each of these experimental conditions, 12 pots were prepared for the Homogyno- 
Piceetum and 12 for the Adenostylo-alliariae-Piceetum. Twenty seedlings were then placed in 
each of these pots, saturated in water (pF = 2.8), before being transferred to the field as soon as the 
snow melted (1 st June) where they were buried up to the level of the soil surface layer. For half of 
them, a 50-cm-long PVC gutter was planted directly beneath the humus to carry the humic solution 
to the pot, which was covered by plastic to avoid dilution by rain. Gutters leading into cans allowed 
the quantity of solution reaching the pots to be calculated and hence provide the other half with the 
same quantity of demineralized water. After four months in the field, the pots containing the 
seedlings were brought back to the laboratory and the dry weight of shoots (S) and roots (R) were 
measured to determine as root/ shoot ratio (R/S). Due to the relatively low number of replications 
for germination and seedling growth experiments, non-parametric tests were used. Since the 
treatments were independent of the controls, the Mann-Whitney U-test was used in both cases.

Result and Discussion

Inhibition of seedling growth as determined by their root/shoot ratio was greater in 
Adenostylo alliariae-Piceetum humus than that of Homogyno-Piceetum (Figure 4). In both forest
types, seedlings on soil grew better than those on their humus. When mull solution was added to 
Adenostylo alliariae-Piceetum soil, the R/S ratio was significantly lower than when demineralized 
water was added. The same observation was made in Homogyno-Piceetum.

To identify which compounds were responsible for such inhibition, chromatographic and 
spectrophotometric analysis (same method as for deciduous forests of Galicia) of humic solutions 
were performed. p-Hydroxyacetophenone, p-hydroxybenzoic acid, catechol and protocatechuic 
acid were identified in both solutions. Because of their presence in the humic solution (at 10'5M), 
they were suspect phytotoxins and thus selected for a set of in vitro experiments.19'22

Both field experiments showed that spruce natural regeneration was affected by growth 
inhibitory compounds present in the decomposing litter of Adenostylo alliariae-Piceetum and 
Homogyno-Piceetum. Nevertheless, a few seedlings do survive in such forests, probably due to a 
specific mycorrhization.23 Although allelopathic effects of humic solutions on seedling 
mycorrhization were not studied, plantlets growing on humus were infected with ectomycorrhizate 
(from 30 to 100% of roots). A favourable mycorrhizae-spruce association may be able to overcome 
this kind of allelopathic growth inhibition occurring in the field. Research is underway to select 
the appropriate mycorrhizae able to detoxify the allelopathic compounds present in the spruce
stand humus.20,24,25

INVOLVEMENT OF ALLELOPATHY IN SYLVICULTURE

Soil appears as a basic component of the studied forest ecosystems because it acts as a 
source of allelochemicals. In this way, processes of retention and transformation are able to happen, 
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mainly due to the nature of the chemical(s), properties of the soil and environmental conditions.26 
Chemical compounds can be adsorpted by soil particles, restricting their mobility and their 

accessibility to plants. Transformation processes can be of different types, but basicaly there will 
be biochemical changes in the rhizosphere, due to microbial activity. Once transformed, new 
chemicals have new properties which are more or less toxic than the parents, bringing about 
changes in the initial allelopathic property. Retention and transformation of the allelopathy play a 
major role in determining the active concentrations of allelopathic compounds.27

In the process of decomposition of litter of the species studied, after a strong initial inhibition 
produced by E. globulus and A. melanoxylon, a long-term inhibitory effect was produced by all 
species when the decomposition took place in the Acacia or Eucalyptus stands, while the effects 
were practically non-existent in the oak and pine stands. Oak and pine soils seem to have some 
detoxifying capacity whilst that of Acacia and Eucalyptus showed a high degree of growth inhibition.

E. globulus and A. melanoxylon are evergreen species, which add leaves and bark to the 
environment yearlong. Although allelochemicals are, in general, reactive compounds with a short 
life, they may occur in the soil in a specific amount at any time of the year, because these particular 
tree species continuously contribute aerial parts. In contrast, Q. robur only adds leaves in autumm- 
winter, so when the germination period of understory species begins (spring), there may be few 
allelopathic compounds in the soil. This could be an important reason for important differences in 
understorey cover and diversity among the species studied.

Microorganisms, as agents with the ability to transform and change compounds that are 
released into the environment where they live, play a fundamental role in soil toxicity. Forests are 
complex systems which add large amounts of residues containing growth inhibitory compounds. 
The plant residues undergo a degradation, and their components are used in part as substrates for 
microbial growth, the remainder being released into the soil. Those compounds that form part of 
soil solution may be absorbed by plants, and therefore they can negatively affect the different 
physiological processes.

Differences in microbial composition of soils under Q. robur, E. globulus, P. radiata and 
A. melanoxylon may account for the difference in allelopathic properties observed following the 
decomposition of plant residues in the soils. The same residue had distinct behavior depending on 
the soil in which it decomposed. As edaphic characteristics and climatic conditions were identical 
for all the soils in study, microorganism activity was thought to be the main reason of such 
differences. Microbial action is not only limited to inactivating phytotoxins, but they also produce 
and release them into the rhizosphere.28 Further, soil toxins can come from lixiviation and exudation 
of plants, or may be the result of lignin degradation and breakdown of other compounds and 
subsequentic synthesis.

Soil, and particularly humus, also plays a major role in the allelopathic process in evergreen 
forests. In the studied ecosystem, spruce seed germination and seedlings growth are threatened by 
hydrosoluble allelochemicals, mainly phenolics. In such forests, allelopathic compounds are 
released by the understorey species during spring and summer, coinciding the time of spruce seed 
germination. Thus, only the seedlings that can be observed are located on decaying wood or in 
places without humus (ski pistes and road embankments in forests). Furthermore, there has been 
a long and sustained interest in the role of natural disturbance provoking regeneration.29 30 Further 
studies on the effects of experimental removal of humus in the field should lead to develop new 
sylvicultural methods in order to reduce allelopathy and enhance natural regeneration in spruce 
forests.
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Germination Growth Germination Growth

Leaves Leaves Leaves Leaves

Leaves Leaves Leaves Leaves

Figure 1. Phytotoxicity produced by leaves of four species during decomposition, as measured by 
inhibition of seed germination and seedling growth of Lactuca sativa. Black squares indicate 
inhibition with respect to the control (residues of Q. robur decomposing in its own wood) and 
grey squares indicate stimulatory effects with respect to the same control, with significant differences 
at the level of 5% in both cases, q, e, p and a indicate leaves of Que reus robur, Eucalyptus 
globulus, Pinus radiata and Acacia melanoxylon, respectively. Q, E, P and A indicate soils 
containing Q. robur wood, and E. globulus, P. radiata and A. melanoxylon trees respectively.

Experimental seedling in Spruce forests : germination

Treatment

Figure 2. Spruce germination under different soil treatments (see text for significance of letters).
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Homogyno-Piceetum

Adenostylo alliariae-Piceetum

□ A
□ B
■ C
□ D
■ E

□ A
□ B 
DC
□ D
■ E

Figure 3a and 3b. Spruce seedlings survival for the three years after sowing, in different soil 
treatments.
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Figure 4. Effects of growth substrate and humic solution on seedling growth, expressed as Root / 
Shoot ratio (R/S). Standard deviations, between 0.02 and 0.07, are not shown. * : R/S on humus 
(white bars) is lower than on soil (dark bars) for p < 0.05, according to Mann-Whitney U-test. 
** : R/S by watering with humic solution is lower than with water for p < 0.05, according to Mann- 
Whitney U-test.

Table 1. Phenolic composition of leaves. Semiquantitative values based on the relative intensity 
of the chromatographic peaks(ranged from + as very low to +++++ as very much; ® means not 
detected).

Compound Quercus Eucalyptus Pinus Acacia

Quercetin 3-Glycoside ® + + +++
Ellagic acid ++++ +++++ ++ -
Quercitrin ® +++ ++ ++
Ellagi tannins ++ ++++ ® ®
Quercetin +++ +++ ® ®
Luteolin ® ® ® +++++
Apigenin ® ® ® +++++
4-Hydroxy-3-methoxybenzyl ® + ++++ +++++
alcohol
3,4,-Dihydroxybenzoic acid + ® ® ®
Gallic acid ® +++++ ® ®
Vanillic acid + + + ++
4-Hydroxybenzaldehyde + + ® Ä
Kaempferol +++ ® ® ®
4-Hydroxyphenethyl alcohol ® ++ ® ®
p-Coumaric acid ® ® + ®
Vanillin ® ® + +
Taxifolin ® ® ++ ®
Ferulic acid ® + + +
3,4,5,-Trimethoxybenzoic acid ® ++ ® ®
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ABSTRACT

Pistia stratiotes, a macrophyte which produces compounds that in vitro inhibit the algal 
growth, has been selected to investigate on the release of potential allelochemicals in the 
environment. The medium from culture inhibits the growth of the alga Selenastrum capricomutum 
and chemical studies of the waters show the presence of bioactive compounds. Synergistic effect 
justifies the major activity of waters in comparison with pure compounds.

INTRODUCTION

The hypothesis that aquatic plants could interfere with the growth of phytoplankton was 
reported for the first time in 1928 by Schreiter,1 who cited a case where the phytoplankton population 
of a pond was the lowest in years when the large aquatic plants were most dense.

In 1949 Hasler, of Winsconsin University, designed an experiment which gave evidence to 
confirm the above observation.2 He used four silo-ponds: two of them were densely planted with 
Elodea canadensis and Potamogetón foliosus while the others were kept plant-free. In the weed- 
filled ponds, a statistically significant minor growth of phytoplankton was observed.

In 1969, Fitzgerald, from the same University, confirmed that aquatic weeds had antagonistic 
activity toward phytoplankton.3 Nutritional studies in the laboratory and field observations in lake 
Wingra and lake Kegansa indicated that under N-limiting conditions the aquatic weeds 
Myriophyllum sp., Ceratophyllum sp., and Lemna minor inhibited the growth of Anabaena sp. 
and Microcystis sp.

Kogan, in 1972,4 tried to grow various species of phytoplanktonic algae together with 
Ceratophyllum demersum and it appeared that two species of Anabaena were inhibited by the 
macrophyte while Chlorella sp. and Scenedesmus sp. showed no effect. A lot of nutrients present 
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in the waters after the algal extinction seemed to exclude nutritional competition.
Experiments by Brammer in 19795 with Stratiotes aloides, by Crawford in 19796 with 

Chara vulgaris and by Godmaire and Planas in 19837 with Myriophyllum spicatum corroborated 
the hypothesis that plants influenced the phytoplankton abundance even if allelopathy was not 
mentioned.

Laboratory experiments by Planas in 1981,8 Wium-Andersen in 1987,9 and Weaks in 198810 
gave contrasting results on the effects of plant extracts and water of their cultures.

A recent paper by Hootsans and Blindow11 pointed up that even if other explanations are 
often possible, the allelopathic limitation of algal growth cannot be excluded but the allelopathic 
effects may be different with regard to place and time and are dependent on nutrient concentration 
and the relative age of organisms.

The ecological implications of allelopathy12 stimulated further studies so that more tools 
could be made available for the control of obnoxious growths of algae and in this lecture some 
results obtained by our research group are reported.

DISCUSSION

Initial target of our work was the identification of antialgal compounds in some plants 
diffusely widespread in the mediterranean area and in this project we selected Lemna minor,1314 
Lemna trisulca,'5 Myriophyllum verticillatum,'6'11 Pistia stratiotes,18 Acorus gramineus,19 Typha 
latifolia,20 Eichhornia crassipes, 21 and Juncus effusus. 22 23

The plants were treated with solvents with increasing polarity and by chromatographic 
processes, bioassay oriented, we isolated many bioactive metabolites from the extracts of the 
plants. In the preliminary steps we used the agar-plate technique for bioassays while the pure 
compounds were assayed in broth. Initially we used several algal strains in the tests as reported in 
Table 1 but, owing to the little amounts of compounds, in the subsequent assays we employed only 
Selenastrum capricomutum that seemed indicative of the activity of our compounds and, on the 
other hand, represents the organism selected for the studies in aquatic communities.24

Table 1. Algal Strains selected in bioassays

Phylum Strain Species
Cyanochloronta T 584 Nostoc commune

T 625 Synechococcus leopoliensis
T 1444 Anabaena flos-aquae
T 1580 Phormidium autumnale
T 1816 Porphyrosiphon notarisii
T 1824 Aulosira terrestre
T2349 Scytonema hofmanni

Rhodophycophyta T 755 Porphyridium aerugineum
Crysophycophyta T 671 Navicula pelliculosa
Chlorophycophyta C211-8h Chlorella emersonii

C249-1 Marietta aurantiaca
C379-1C Stichococcus bacillaris
C1224-5a Euglena gracilis

T 268 Coccomyxa elongata
T 293 Chlamydomonas sphagnophila
T 397 Chlorella vulgaris
T 1075 Chlosterium acerosum
T 1648 Selenastrum capricomutum
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All the compounds were identified by spectroscopic means and, in some cases the structures 
were confirmed by chemical synthesis. The compounds belonged to different classes as fatty 
acids, sterols, flavanols, phenalenes, lignans, and other phenylpropanoids.

The actual object of our interest is to investigate the presence of active compounds in the 
culture media of macrophytes and to ascertain if these compounds are released from the plants. 
For these studies we have examined Pistia stratiotes.

In previous work on Pistia stratiotes™ we found that metabolites 1-6, isolated from the 
ethyl ether extract, had significant activity on several microalgae in paper disk assays20 and that 
a-asarone (5) inhibited the growth of C202/7a Ankistrodesmus braunii, T76 Scenedesmus 
quadricauda, T755 Porphyridium aerugineum, T625 Synechoccocus leopoliensis, T1444 
Anabaena flos-aquae, T1816 Porphyrosiphon notarisii and T1648 Selenastrum capricornutum 
in broth at concentrations between 5 • 1 O'5 and 10’4 M.

Pistia stratiotes was cultured in lOOO-liter cement tanks and a sample of the culture water 
was collected after one month. Water aliquots were tested in broth against S. capricornutum: the 
alga was inoculated into a solution (6 mL) formulated from the water and BBM25(1 :1) and 40% 
inhibition of the growth was obtained respect to a blank. The samples were then liophylised and 
sequentially extracted in a Soxhlet apparatus with EtOAc and n-BuOH. The n-BuOH extract was 
dissolved in H,O and filtered on Amberlite XAD-2 to eliminate inorganic salts. The EtOAc extract 
and the MeOH eluate from Amberlite were assayed on plates against Selenastrum capricornutum
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and only the EtOAc extract caused inhibition of the algal growth. Part of the extract, after treatment 
with (CH3)3SiCl and ethereal CH2N2, was checked by GC-MS (Figure 1).

Figure 1. Chromatogram of the EtOAc extract of the growing waters after derivatization.

The strong peak A was attributed to the derivative of 9-hydroxylinolenic acid by comparison 
with an authentic sample obtained from 4 while the fragmentation patterns of substances B and C 
agreed with those of the derivatives of 9-hydroxy and 13-hydroxylinoleic acids.26 Peak M and E 
were attributed to a-asarone (5) and stigmasta-4,22-diene-3,6-dione (6) by comparison with 
authentic samples while F and H had MS spectra similar to those of the derivatives of sinapyl and 
coniferyl alcohols, respectively.27 Besides these compounds, other inactive compounds as 245- 
ethyl-5,22-cholestadien-3p-ol (7) (D), 245-ethyl-8(14),22-cholestadien-3P-ol (8) (G), 245-ethyl- 
5,22-cholestadien-3P-ol-7-one (9) (L), and 245-ethyl-4,22-cholestadien-6p-ol-3-one (10) (I) were 
identified in the ethyl acetate extract.
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The presence of fatty hydroxy acids in the water could be easily justified with an autoxidative 
process of linoleic (1) and linolenic (2) acids, previously isolated from the plant, while there were 
no apparent justifications for finding coniferyl and sinapyl alcohols.

31 -50
NHnHPLc'

NHjHPLCS | NHjHPLO
17 19 ___

21

n-butanol extract
Sephadex LH-20 CCa

15-22 23-30 31-40

RP-18HPLCf RP-18HPLC"

RP-18HPLCf
18 20

NH2HPLChj NH2HPLCh| NHfiPLCm NHJ4PLC8NH2HPLCh>
28 23 27

e

a) H2O, b) MeOH - MeCN - H2O 1 : 1 : 8, c) MeOH - MeCN - H2O 1 : 2 : 7, d) H2O - MeCN 3 : 22, 
e) H2O - MeCN 1 : 9, f) MeCN - H2O 1 : 4, g) H2O - MeCN 2 : 23, h) H2O - MeOH - MeCN 1:10: 39, 
m) H2O - MeCN 3 : 47, n) MeCN - H2O 1 : 3.

Scheme 1. Separation of glucosides of Pistia stratiotes.

To explain this phenomenon, we have reinvestigated the MeOH extract of Pistia stratiotes. 
Whole plants, collected in September were air dried and the material was extracted with EtOAc 
and MeOH, sequentially. The MeOH extract, after removal of the solvent, was partitioned between 
EtOAc and H2O. The organic layer gave acylglucosylsterols 11 -13.28 The aqueous extract was 
chromatographed on Amberlite XAD-2 and the MeOH eluate was partitioned between H2O and 
n-BuOH. Both fractions were assayed on plates against S. capricomutum and were inactive but, 
when they were hydrolized under acidic conditions, a small zone of no growth around the disk was 
caused by the material from the n-BuOH extract. Sequential chromatographic processes on the 
n-BuOH fraction (Scheme 1) gave alkylglycosides 14 - 16, phenylglucosides 17 - 22 and Cl 3- 
norterpene glucosides 23 - 28 which were identified on the basis of their spectroscopic features 
and by chemical correlations.

13 R = R1 = H R" = stearyl

14 15

O-Glc-Ara

16
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The glycosides 11 - 28 and their aglycones, obtained by enzymatic hydrolysis with fl- 
glucosidase, were tested on S. capricornutum. The glycosides and the aglycones from 11 -16,18

19 20

21 22

Glucosides 11 - 28 were treated with (CH3)3SiCl and used as standards in the GC- MS 
analyses of the extracts of culture water of Pistia stratiotes. Analysis did not show the presence of 
such compounds in the water but when the aglycones of fractions 14 - 28, were used as standards 
in the GC-MS analysis of the EtOAc extract the presence of coniferyl and sinapyl alcohols was
then confirmed.

OH

Glc-i

OH
26

27 28
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On the basis of the GC-MS data it is very likely that glucosides 19 - 22, having coniferyl 
and sinapyl alcohols as aglycones, are hydrolyzed in the plant and that the free alcohols are released 
in the water rather than the glucosides being exuded and then being hydrolyzed in the waters.

Commercial samples of coniferyl and sinapyl alcohols were tested at 10_4M in broth against
S. capricornutum and caused 10 - 20% inhibition of the algal growth so that most of the products 
present in the EtOAc extract of the culture water of cultivation of P. stratiotes inhibit the growth 
of S. capricornutum. The most active is a-asarone and the least active are coniferyl and sinapyl 
alcohols.

It is noteworthy that the overall concentration of the bioactive substances in the water 
samples is about 1 ppm and that they caused 40% inhibition of the algal growth. a-Asarone, the 
most effective metabolite detected in the waters, causes the same inhibition at only 10 ppm 
concentration. The plausible justifications of these data are that some minor unidentified component 
of the water (Figure 1) is strongly effective and/or that the metabolites released in the waters act 
in synergistic mode.

To support this latter hypothesis, mixtures of the compounds identified in the water were 
assayed on S. capricornutum. a-Asarone, stigmast-4-ene-3,6-dione, coniferyl and sinapyl alcohols, 
and 13-hydroxylinolenic acid were available as components of P. stratiotes while 9- and 
13-hydroxylinoleic acids were obtained by autooxidation of linoleic acid.26 As the GC-MS analysis 
did not reveal the ratio among the components, equimolar combinations of them from two to 
seven, were assayed at 1 ppm concentration.

All the binary and ternary mixtures were ineffective while the mixtures of four, five and six 
components were active only if a-asarone and/or 13-hydroxylinolenic acid were present. In these 
cases ca. 20% inhibition of the growth algal was noted. Finally, when all the compounds were 
present, ca. 30 % inhibition was observed.

These results confirm that in nature, even if every single compound is present at a non- 
inhibitory concentration, its allelophatic effect is increased by the contemporary presence of other 
allelochemicals.29
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ABSTRACT

A comparative evaluation of allelopathic expression in annual and perennial cropland 
weeds is made to understand the significance of life cycles in allelopathy. We hypothesized that 
the possibility of annual weeds being allelopathic are remote, compared to perennial weeds. The 
validity of this hypothesis is discussed with examples of an annual weed, Polypogon monspeliensis, 
and a perennial weed, Pluchea lanceolata. This review discusses the influence of allelopathy on 
annual and perennial weeds with reference to Indian agricultural practices.

INTRODUCTION

Allelopathy has been suggested as apotential mechanism of interference in agroecosystems.1'3 
Allelopathy is of great significance in agroecosystems where species have not coevolved.4 While 
some studies provide conclusive evidence about the operation of allelopathy, large numbers of 
studies provide only circumstantial evidence.4 8 Compared to monocarpic annual weeds, perennial 
weeds have dense and deep subterranean root systems. Roots of annual weeds, therefore, may not 
be of much significance in maintaining active concentrations of allelopathic compounds, and 
allelopathic interference by annual weeds, with a defined shorter life span, is not continuous but 
limited to a specific duration. In annual weeds, whenever allelopathic compounds are of any 
consequence, managed allelopathy is more effective than natural allelopathy. Questions such as 
(i) how allelopathy operates in annual weeds under natural situations, and (ii) at what stages of the 
life cycle of an annual weed does release allelopathic compounds in bioactive concentrations, 
remain largely unanswered.
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In India, there are two distinct sowing seasons, one during the southwest monsoon, Kharif 
(July through October) and a second at post-monsoon, Rabi (October through March). Farmers 
practice two types of cultivation: (i) cultivation once a year, and (ii) cultivation twice-a-year.’ 
Crops are not sown between March and July in the once a year cultivation, and fields are left 
fallow. In the twice-a-year cultivation, both fields are cultivated during both sowing seasons. 
During these seasons the crop species are different and the weed flora are specific to each season 
(Table 1).

Table 1. Seasonwise distribution of some of the common annual weeds of Northern India and 
their associated crop species

Weed Crop

Crop species Season Weed species Emergence Fruiting Sowing Harvesting

Annual Weed Allelopathy

Barley, mustard, 

chickpea, lentil,

Winter Argentone mexicana L.,

Chenopodium album L.,

December January-March November February

linum Polypogon monspeliensis (L.) Desf.,

Lolium temulentum L.,

Mehlotus alba Medicus,

Phalaris minor Retz.,

Wheat Winter -do- -do- -do- -do- March-April

Maize, jowar. Summer/ Amaranthus gracilis Desf., July/August September/ June/July September/

millet, groundnut 

cowpea, cotton 

castor

Rainy Corchorus aestuans L.,

Euphorbia hirta L.,

Trianthema portulacastrum L., 

Echinochloa colonum (L.) Link 

Setaria glauca (L.) P.B.

October July October

Sugar cane -do- -do- -do- -do- July December

Pigeon pea -do- -do- -do- -do-

July

June/

April

March/

Ephemeral and annual weeds may be monocarpic or polycarpic. Within each cropping 
season, most monocarpic annual weeds complete their life cycle along with the crop species sown. 
Therefore, the chances that a monocarpic annual weed species may be allelopathic to the same 
crop are remote, unless allelopathic compounds are released in high amounts, which is an unlikely 
event. Crop loss due to weeds is related to crop and weed emergence.10 Many such weeds appear 
after the crop is sown, or at the time of crop emergence, and complete their life cycle earlier than 
that of the crop. Loss of crop yield in such situations are small and insignificant.11 While investigating 
the allelopathic potential of a monocarpic annual weed, Polypogon monspeliensis (Poaceae), We12 
analysed weed-infested and weed-free soils for total phenolic content, pH, organic matter, electrical 
conductivity and certain inorganic ions. No differences in phenolic content of weed-infested and 
weed-free natural soils were recorded. Soil amended with Polypogon straw, however, had higher 
values for total phenolics when compared to unamended soil. HPLC analyses of amended and 
nonamended soils showed the qualitative variation in phenolic profiles of these soils. Soils amended 
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with P. monspeliensis straw were allelopathic to next season’s crops such as radish (Raphanus 
sativus) and cluster bean (Cyamopsis tetragonoloba). Based on these data, we12 concluded that 
the chances of allelopathic interference in the same season crop, by annual monocarpic weeds, are 
remote in natural systems. Some workers investigated the significance of plant age at which the 
release of allelopathic compounds start. Bell and Koeppe13 reported that interference to com plants 
by an annual weed, Setaria faberi was brought about only after the weed attained significant 
growth. Kanchan and Jayachandra14 observed maximum exudation of allelopathic compounds 
from roots of an annual weed, Parthenium hysterophorus at the rossette and flowering stage. Wild 
oat (Avena fatuaj becomes allelopathic to spring wheat at the four-leaf stage.15

Perennial Weed Allelopathy

Pluchea lanceolata (Asteraceae) is a perennial problematic weed of croplands in the 
semiarid regions of India.16 The allelopathic interference by P. lanceolata has been demonstrated 
under experimental conditions and in natural systems.917'26 This weed maintains an allelochemical 
pool in the rhizosphere because of its evergreen nature. Several phenolic compounds such as 
phenol, phloroglucinol, chlorogenic acid, quercetin, quercitrin, hesperidin, taxifolin 3-arabinoside 
and formononetin 7-O-glucoside have been isolated from weed parts and/or its associated soils.18,19' 
23,24 yye25 repOrted the allelopathic potential of well-water from P. lanceolata-infested cultivated 
fields, and isolated phenol and phloroglucinol from the well-water. With each cultivation, above
ground and subterranean parts of P. lanceolata get damaged and mixed into the soil. Allelopathic 
compounds thus become available following irrigation.9 Following plowing, roots and rhizomes 
of the weed are cut into pieces and have the potential to reproduce vegetatively. The evergreen 
nature of P. lanceolata helps to maintain continuous availability and periodic replenishment of 
phenolic compounds in the rhizosphere all throughout the year.21

CONCLUSION

We discussed the significance of life cycle patterns in allelopathic expression.27 We argued 
the significance of the data on (i) the critical age at which an annual weed starts releasing allelopathic 
compounds to the environment, and (ii) whether the sensitive stage of associated crop species has 
passed prior to the release of allelopathic compounds by annual weeds.

Sowing season I (crop I)______________ Fallow period_____________Sowing season II (crop II)

The chances of allelopathic interference to a crop in season I by monocarpic annual weeds 
are remote. However, if the residue, or the allelopathic compounds produced by the weeds during 
season I are available at the time of crop seed sowing during season II, the chances of allelopathic 
interference to the crop of the second season are likely (Fig. 1). We have, however, discussed this 
aspect only with Polypogon monspeliensis and Pluchea lanceolata as examples. It would be of 
interest to test the validity of this hypothesis in other problematic monocarpic annual and perennial 
weeds.
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OPERATION / ACHIEVEMENT OF ALLELOPATHIC 
POTENTIAL OF ANNUAL AND PERENNIAL WEED

SPECIES
Crop harvesting(A)
Crop sowing(B)

Weed appearance
■ Weed fruiting

Single generation of weed 
within one crop life span.

(Chances of allelopathic 
interference to the crop 
very remote)

Several successive 
generation of one weed 
within one crop life span.

(Chances of allelopathic 
interference to the crop 
likely)

Figure 1. Operation of allelopathic interference in monocarpic annual and perennial weeds.

It is important to realize the significance of life cycle patterns and associated receptor 
species in expression of allelopathy. Demonstration of allelopathy in annual weeds merely by leaf 
leachates or extracts in absence of soil is of little ecological significance. Fisher28 remarked, “It 
seems unlikely that the allelochemicals that may be extracted from the plant material are actually 
those that reach the host plant, yet all our information on allelopathic compounds is derived from 
extracts that have never been exposed to soil.” Furthermore, on entry to soil, processes like retention, 
transformation and transport may affect the availability of chemicals.29

Protocols to establish allelopathy have been suggested earlier.24'8’30’31 Also, evidence on 
aspects similar to those discussed above have been put forth from time to time. However, to get 
definite insights into the allelopathy of annual and perennial weeds under field conditions, a holistic 
approach is required. To demonstrate and better understand annual and perennial weed allelopathy, 
especially of croplands, attention should be paid to (i) the life cycle pattern of the allelopathic 
plant under investigation, (ii) the maintenance of bioactive concentrations of allelopathic compounds 
with reference to habitat, season and frequency of cultivation, and (iii) the associated receptor 
species i.e. whether it is the same season, or next season crop which will be affected. Thijs et al.32 
suggested that prior to initiating elaborate studies on chemical and biochemical aspects of 
allelopathy, it is important to demonstrate an allelopathic phenomenon in natural systems. Our 
future research focuses on factors that control and determine the rate of release of allelopathic 
compounds in active concentrations in the environment, and how biotic and abiotic factors can 
manipulate the expression of allelopathy in annual and perennial weeds.
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ABSTRACT

The allelopathic effects of volatile substances from Chamaecyparis obtusa (S. et Z.) Endl. 
were examined on the germination and seedling growth of some plant species, and on the population 
growth of some microorganisms. Identification of essential oils from the various plant parts was 
also carried out.

The germination and seedling growth of the receptor plants were suppressed more severely 
by leaf volatile substances and fruit essential oil than by those of other plant parts. Colonial growth 
of fungi was severely inhibited by essential oils from fallen leaves and by the essential oils of 
leaves and fruits. The development of root hairs of the receptor plants was also severely inhibited 
by them.

The cortical cells at the root tips of Lactuca sativa L. treated with essential oils showed 
contraction of the cytoplasm, resulting in plasma membranes becoming detached from the cell 
walls and the cells metamorphosing irregularly. Accumulation of lipid granules inside the contracted 
cytoplasm, and degeneration of mitochondrial cristae were also observed.

Sixty-six compounds were identified from the essential oils of plant parts, of which p- 
menten-8-yl acetate was the main chemical in fallen leaves. In addition, sabinene was isolated 
from leaves; cis-a-bergamotene plus linalool in roots; terpinen-4-ol in fruits and rrans-2-hexenal 
in both branches and bark. It was shown that the monoterpenoid content could be correlated to the 
toxicity of the essential oils, and terpinen-4-ol was the major allelochemical in fruit essential oil.

INTRODUCTION

Terpenes are as widespread in the plant kingdom as phenolic compounds. They have 
potential as allelopathic agents because they volatilize readily from intact leaves and can be 
phytotoxic at concentrations as low as 3xlO‘6M.’ Terpenoids can affect physiological activities 
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such as cell division, mineral uptake, enzyme activity, etc.23
Essential oil emitted from Chamaecyparis obtusa (Cupressaceae) has a strong odor, that 

drives some insects away, so C. obtusa wood is useful for building structures because the foul 
smell repels harmful insects. The essential oil is used widely in aromatic essences, insecticides, 
and medicine. C. obtusa trees were introduced from Japan and planted in hillocks, in Korea. 
Chemical analysis of C. obtusa essential oil has been performed by Hayashi4 and by Shieh.5 But 
few in-depth studies of C. obtusa’s allelopathic effects are known.

The objectives of the present experiments are to test: germination and seedling growth; 
growth of fungal colonies; development of root hair and root tip morphology; and to identify and 
bioassay the chemical substances of the essential oil.

METHODS AND MATERIALS

Experimental Plants

Volatile substances were collected from C. obtusa, the seeds oíMetaplexis japónica (Thunb.) 
Makino, Plantago asiatica L„ Oxalis corniculata L., Amaranthus mangostanus L., Achyranthes 
japónica (Mig.) Nakai, Geum japonicum Thunb., Lactuca sativa L., and Brassica campestris 
subsp. napus var. pekinensis Makino were selected as the bioassay plants. Filamentous fungi 
Aspergillus nidulans and A. niger, and pathogenic fungi Alternaría mali and Fusarium oxysporum 
were used for bioassays of fungicidal activity.

Extraction of Essential Oil

The essential oil of C. obtusa was obtained by Yun’s6 method employing the Karlsruker 
apparatus.7

Bioassay for Germination and Seedling Growth

The leaves, branches, bark, fallen leaves, fruits, and roots of C. obtusa were prepared by 
crushing. Then, these six individual materials were put into 1,700 mL glass containers in amounts 
of 30,40, and 70 grams. Fifty mililiters of distilled water in 100 mL beakers were placed in each 
container to compensate for vapor loss. An empty glass container was used for the control. Two 
sheets of filter paper were put on the bottom of each container and moistened with 10 mL distilled 
water. Fifty seeds of the bioassay species were sowed in a 12 cm Petri dish and placed in each 
glass container. After sowing, the Petri dishes were sealed with vinyl wrap. Ten days later germinated 
seeds were counted and seedling lengths measured.

To ascertain whether the volatile substances of C. obtusa leaves could be hydrated by 
water 30,50, and 70 grams of C. obtusa leaves were placed in 1,700 mL containers with 100 mL 
beakers half full of distilled water and sealed with vinyl wrap. After three days, the distilled water 
from the beakers was used to moisten the filter paper for a germination test as previously described. 
Controls were included.

Alternate germination testing was performed in which the two sheets of filter paper covering 
the bottom of a Petri dish were moistened with 8 mL distilled water and 50 seeds of Amaranthus 
mangostanus were sown. A small aluminum vial (diameter 5 mm, height 5 mm) was put in the 
center of the Petri dish containing either 5 pL, 10 pL, 15 pL, or 20 pL of the essential oil of C. 
obtusa leaves. These were sealed with parafilm. An empty aluminum vial was used as the control. 
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Six days after sowing, germination and seedling length were evaluated.
Commercial chemicals, e.g. camphene, [3-pinene, p-cymene, farnesol, terpinen-4-ol, 

sabinene, myrcene, a-pinene, a-terpinene, y-terpinene, linalool, bornyl acetate, and a-limonene 
were used for bioassay in amounts of 2 pL, 4 pL, 6 pL, 8 pL. Harvest was done 6 days after 
sowing. All experiments described above were quadruplicated. The concepts of relative germination 
ratio (RGR) and relative elongation ratio (RER) are applied following Rho and Kil.8

To test fungal growth 2.5, 12.5, 25, and 50 pL of the essential oils of fallen leaves, fresh 
leaves, tree bark and fruit of C. obtusa were used to make complete media of Aspergillus nidulans? 
The complete media were inoculated with Alternaria mali, Aspergillus nidulans, A. niger, and 
Fusarium oxysporum and then sealed with parafilm. A. mali and F. oxysporum were cultured at 30 C 
while A. nidulans and A. mgerwere cultured at 37 C in the dark. Ninety-six hours after inoculation, 
the diameters of colonial growth were measured.

Development of Root Hairs and Root Tip Test

From germinated Lactuca sativa and Brassica campestris subsp. napus var. pekinensis 
seedlings, five radicles of about the same length were transplanted onto filter paper in Petri dishes 
with the essential oils using the same procedures as described above for the germination and 
growth tests. After 24 hours, the development of root hairs was examined under a binocular 
microscope.

Lettuce seedlings were cut and prefixed in 5 % glutaraldehyde (0. IM phosphate buffer, pH 
7.0) at 4 C for 4 hours, then washed with buffer solution. Post fixation was done with 1 % osmium 
tetroxide using the same buffer solution and then washed again. Fixed specimens were dehydrated 
in ethanol, metathesized with propylene oxide and then embedded in Epon mixture. Embedded 
materials were cut into 2 pm slices by rotary ultramicrotome. These thin slices were dyed with 
0.5% toluidine blue. Then 80 mm silver sections were made using an LKB-V type ultramicrotome. 
Silver sections were collected on a copper grid (100 mesh) and double-dyed with uranyl acetate 
for 30 minutes and lead citrate for 10 minutes then examined by transmission electron microscope 
(Hitachi H-600, 75KV).

Analysis of Chemical Substances

The analysis of the essential oils was performed on a Hewlett-Packard 588OA Gas 
chromatograph equipped with a DBwax-fused silica capillary 30m x 0.32mm I.D. column. Oven 
temperature was 50 C for 5 min., then programmed to rise at a rate of 3 C/min. until reaching 220 C 
for 30 min. Injection port and detector temperatures were held at 220 C each. The carrier gas was 
N2 (1.2 mL) and the split ratio was 50:1.

RESULTS

Influence on Germination and Growth

The effects of the volatile substances from the six parts of the C. obtusa plant on germination 
and seedling growth in the bioassays are shown in Figures 1 and 2.
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a m o u n T(9/l> a m o u n t(9/I)
O, Metaplexis japónica; •, Plantago asiatica; A , Oxalis comiculata; ▲, Amaranthus mangostanus; Q, Achyranthes 
japónica; H. Geum japonicum.

A, Fallen leaf; B, Leaf; C, Branch; D, Bark; E, Root; F, Fruit.
Means followed by the same letters are not significantly different at the 5% level by Duncan’s multiple range test.

Figure 1. Effect of volatile substances from different parts of Chamaecyparis obtusa on germination 
of receptor plants.

RER, Relative elongation ratio.
Keys to receptor plants and parts of Chamaecyparis obtusa are the same as in Fig. 1.
Means followed by the same letters are not significantly different at the 5% level by Ducan’s multiple range test.

Figure 2. Effect of volatile substances from different parts of Chamaecyparis obtusa on seedling 
growth of receptor plants.
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Seed germination of Oxalis comiculata and Achyranthes japónica were inhibited by the 
volatile substances from fallen leaves of C. obtusa, but with seeds of Geum japonicum the effect 
was stimulative. Treatment with the essential oil of fresh leaves of C. obtusa, however, showed an 
inhibitory effect on the germination of all receptor species.

Plantago asiatica and A. japónica did not germinate when treated with 50 and 70 grams of
C. obtusa. In addition, O. comiculata was completely inhibited in all plots. Germination of A. 
japónica was severely suppressed by the volatile substances of branches, but that of G. japonicum 
showed a promotive effect in both the 30 and 50 gram plots.

A. japónica proved to be as the most susceptible species among the receptors tested with
C. obtusa volatiles, while G. japonicum did rather well in the cases of fallen leaves, branches, 
roots, and fruit from C. obtusa. However A. japónica did well for C. obtusa volatile substances.

Seedling elongation of Metaplexis japónica, Amaranthus mangostanus, and Achyranthes 
japónica were inhibited by treatment with volatile substances from C. obtusa fallen leaves. C. 
obtusa bark neither inhibited nor stimulated the test species. Elongation growth of M. japónica, 
Plantago asiatica, Oxalis comiculata, and A. mangostanus was suppressed with volatiles from C. 
obtusa roots as was A. mangostanus from fruit essential oil.

The effects on selected species by volatile substances of C. obtusa leaves hydrated in 
water were tested on germination and seedling growth (Fig. 3). The species lowest in germination 
was O. comiculata from the 30 g set. In seedling growth, M. japónica was stimulated with the 30 
g and 50 g plots, but P. asiatica was inhibited in all experimental plots. Inhibition of elongation 
was directly proportional to leaf concentration of C. obtusa.

# 100
cc

° 60 
cc.

20
0

O, Metaplexis japónica; •, Plantago asiatica; A , Oxalis comiculata; A., Achyranthes japónica.
Means followed by the same letters are not significantly different at the 5% level by Ducan’s multiple range test.

RGR, Relative germination ratio; RER, Relative elongation ratio.

Figure 3. Effect of water soluble volatile substances from Chamaecyparis obtusa leaf on 
germination and seedling growth of receptor plants.
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ROOT

CONCENTRATI ON(MC/l|

O, RGR (Relative germination ratio); , RER (Relative elongation ratio).
Means followed by the same letters are not significantly different at the 5% level by Ducan’s multiple range test.

Figure 4. Effect of essential oils from different parts of Chamaecyparis obtusa on germination 
and seedling growth of Amaranthus mangostanus.

Germination and seedling growth of A. mangostanus was tested at different concentrations 
(amount, in pL) with the essential oil from C. obtusa (Fig. 4). At 20 pL fallen and fresh leaf 
essential oil, germination of A. mangostanus was less than that of the controls and from 10 pL of 
fruit essence, the inhibitory effect was remarkable, while at 20 pL there was no germination. 
However, the seeds of A. mangostanus germinated well in the essential oils from branches, bark 
and root of C. obtusa. Elongation growth of A. mangostanus was gradually suppressed with 
increasing concentration of essential oil, except in the 5 pL plot. Among the different materials 
from C. obtusa, for example, fresh leaves, bark, and fruit, fruit was the most toxic against germination 
and seedling growth of A. mangostanus.

Growth of four fungi, Alternaria mali, Aspergillus nidulans, A. niger, and Fusarium 
oxysporum, were tested with essential oil from fallen leaves, fresh leaves, bark and fruit of C. 
obtusa (Fig. 5).

At the same time, increasing concentrations of the essential oil from fallen leaves, fresh 
leaves, and fruit of C. obtusa, the growth of the four fungal species was strongly inhibited. In 
treatments with bark essential oil, the colony growth of Alternaria mali and Aspergillus niger 
were somewhat less than normal, but those of Aspergillus nidulans and Fusarium oxysporum 
were shown to grow at a low rate following increasing concentrations of essential oil. Colony 
growth of Alternaria mali was promoted in tests with essential oil from bark, fallen leaves and 
fresh leaves of C. obtusa. At 0.2% concentration of essential oil, some differences of antifungal 
activity against the relative to controls were 12.5% in A. mali, 5.8% in A. nidulans, 15.4% in A. 
niger, and 15.4% in F. oxysporum.

Effects on the Development of Root Hair and Root Tip

The morphology of healthy root hairs of Lactuca sativa and Brassica campestris subsp. 
napus cv. pekinensis is characteristically tangled (Plates I and II). When treated, root hairs of L. 
sativa were sharply reduced at 10 pL, 15 pL, and at 20 pL were nearly non existant.
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CONCENTRATION (%)
A, Altemaria mali; B, Aspergillus nidulans; C, Aspergillus niger; D, Fusarium oxysporum. 
O, Bark; ®, Fallen leaf; A , Leaf; A , Fruit.

Figure 5. Effect of essential oils from fallen leaf, leaf, bark and fruit of Chamaecyparis obtusa on 
the growth of 4 fungi incubated for 96 hours.

At 10 pL treatment, the root hairs appeared as tiny developed. At 5 pL, root hairs were 
short but comparatively well developed; at 10 pL there was more suppression; and very few root 
hairs occurred in either the 15 or 20 pL treatments. Essential oil from branches showed relatively 
good development of root hairs from the 5 pL to 15 pL treatments, but their length was reduced. 
These results are similar to those of the essential oils from bark and root of C. obtusa. The worst 
development of root hairs was from the essential oil of fruit. It thoroughly disrupted root hair 
development in all the tests and moreover, hairs did not develop at all in the 15 pL and 20 pL 
treatments (Plate I).

Root hairs of B. campestris subsp. napus var. pekinensis were stunted by 5 pL of essential 
oil from C. obtusa fallen leaves and they barely grew at 10 pL, 15 pL or 20 pL. Growth was 
relatively good at 5 pL, 10 pL and 15 pL of bark essential oil, but the length was reduced 
considerably. Root and stem essential oil inhibited root hair growth at the 15 pL, and higher. In the 
case of fruit essential oil, root hairs grew in abnormal shapes as low as the 10 pL treatment, and 
from the 15 pL and 20 pL treatments they almost never formed, (Plate II).

The heaviest inhibitor of root hair development of L. sativa was the essential oil of fruit. 
The cortex cells of the root tips of L. sativa challenged with 5, 10,15, and 20 pL were examined 
by trasmission electron microscopy. The cells of the control revealed normal shaped cell walls, 
protoplasmic membranes, and mitochondria of globular or elliptical shapes.Treated cells have a 
separation between the cell walls and the protoplasmic membranes due to shrinking of the cytoplasm. 
Moreover there was an accumulation of granular material of high electron density in the vacuoles 
(Fig. 6-3,4).
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Quantity of essential oil; /210 mL. Bars; 1mm.

Plate I. Effect of essential oils from different parts of Chamaecyparis obtusa on development of 
Lactuca sativa root hairs.

Quantity of essential oil; /210 mL. Bars; 1mm.

Plate II. Effect of essential oils from different parts of Chamaecyparis obtusa on development of 
Brassica campestris subsp. napus var. pekinensis root hairs.
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Figure 6 (1-2). The control sections: Plasma membranes attach to the cell walls closely (1), and mitochondria with well- 
developed cristae dispersed in the cytoplasm (2). Bars: 1-2.5 tlm, 2-0.5 tlm.

Figure 6 (3-4). The sections treated with 5 pL essential oil; Detachment of the plasma membranes from the cell walls are 
often observed (small arrows), and contraction of the cytoplasm is also visible (large arrows, 3). In 4, many electton- 
dense granules are present in the vacuole. Bars; 3-2.5 pm, 4-1 pm.
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Figure 6 (5-6). The sections treated with 10 pL essential oil; Both degeneration of cytoplasm and metamorphosis of cells 
are severe (5). Many lipid granules (arrow) are present in the degenerated cytoplasm (6). Bars; 5-2.5 pm, 6-0.83 pm.

Figure 6 (7-8). The sections treated with 15 pL essential oil; Degenerated cytoplasms are like slim belts (7), and wave
like cell walls (large arrows) are visible in the cells metamorphosed severely, and mitochondria with degenerated cristae 
(small arrows) are also observed. Bars; 7-2.5 pm, 8-0.5 pm.
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9-10. The sections treated with 20 pL essential oil; Both slim belt-like (small arrows) and severely collapsed (large 
arrow), cytoplasms are visible (9). Starch particles (S) are observed. Bars; 9-2.5 pm, 10-1.0 pm.

V; Vacuole, N; Nucleus, M; Mitochondrion, D; Dictyosome. S; Starch particle.

Figure 6. Electron micrographs showing the sections of cortical cells of Lactuca sativa root tips 
treated with fruit essential oil from Chamaecyparis obtusa.

At 10 pL, the cytoplasm was severely shrunken with deformity of cells and many 
accumulated granule bodies, including lipid in the cytoplasm of the L. sativa root tips (Fig. 6-5, 
6). The 15 pL and 20 pL treatments with fruit essential oil showed a shrunken morphology of 
whole root tips and cell shapes had further deformed into very fine belt shapes with mitochondria 
of retrogressed of reduced cristae (Fig. 6-7, 8, 9, 10).

Identification of Chemical Substances and Bioassay

Identification of Chemical Substances

Sixty-six chemical substances of C. obtusa essential oil were identified by gas 
chromatography : 47 in fallen leaves, 49 in fresh leaves, 17 in branches, 22 in bark, 17 in roots and 
39 in fruit (Table 1). Among the 66 chemicals, a-pinene, limonene, trans-2-hexenal, p-cymene, 
camphor, cis-a-bergamotene, terpinen-4-ol, and p-menten-8-yl acetate were detected in all six 
parts mentioned above. p-Menten-8-yl acetate (peak area 14.496%) was found only in the essential 
oil of fresh leaves; sabinene (peak area 15.599%) only in that of fresh leaves; trans-2- 
hexenal (peak area 10.607% and 19.177%) only in those of branches and bark, respectively; 
czs-a-bergamotene + linalool (peak area 20.019%) only in that of roots; and terpinen-4-ol (peak 
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area 23.253%) only in that of fruits. Also, sabinene, limonene, bornyl acetate, terpinen-4-ol, p- 
menten-8-yl acetate, borneol, hedycaryol, 17-norkaur-15-ene, 13-menthyl (8-P, 13-p ) were 
identified from the essential oil of fallen leaves, myrcene, limonene, y-terpinene, bornyl acetate, 
terpinen-4-ol, p-menten-8-yl acetate, and hedycaryol from that of fresh leaves. Myrcene, a- 
terpinene, limonene, y-terpinene from that of fruit, In terms of detected amounts, these might 
occupy 5% more than the other chemicals. These chemicals were classified into monoterpenoids, 
sesquiterpenoids, aldehydes, esters, alcohols and other groups, among them the monoterpenoids 
being in the largest quantities, for example, 43% in fallen leaves, 55% in fresh leaves, 14% in 
branches and 70% in fruit, but aldehydes were 19% in bark.

Table 1. Chemicals identified from the essential oil of six parts of Chamaecyparis obtusa by gas 
chromatography.

Chemicals ___________________ Contents (% Peak area)_________________
Fallen leaf Leaf Branch Bark Root Fruit

Monoterpenes and monterpenic alcohols

Tricyclene 0.029 0.027 nd nd nd nd
a -Thujene 0.195 0.122 nd nd nd 0.055
a -Pinene 1.477 3.929 2.037 0.110 0.523 3.410
Camphene 0.548 0.661 nd 0.258 nd 0.277
P -Pinene 0.340 0.431 nd nd nd 0.180
Sabinene 5.504 15.599 nd nd nd 4.493
6 -3-Carene 0.340 nd nd nd nd nd
Myrcene 4.176 7.602 4.726 nd 4.556 10.104
a -Terpinene 1.344 1.612 nd 0.187 nd 5.551
Limonene 6.759 9.977 4.333 1.638 3.581 5.075
P -Phelladrene 0.461 nd nd nd nd 1.380
y -Terpinene 3.515 5.288 0.402 nd nd 9.045
p -Cymene 1.637 0.529 0.527 3.490 0.842 4.255
Terpinolene nd nd nd nd nd 2.622

a -Terpinolene 0.864 1.436 1.120 nd nd nd
Longipinene 0.094 0.062 nd nd 0.453 0.076
irans-Sabinene 0.108 0.210 nd nd nd nd
hydrate
Longicyclene 0.033 nd nd nd nd nd
Camphor 1.096 0.118 0.391 0.541 0.331 0.107
Linalool 0.089 trace nd nd * nd
a -Terpineol 0.171 0.170 nd nd nd 0.498
Terpinen-4-ol 6.648 5.632 0.654 1.208 3.739 23.253
cw-Piperitol nd 0.058 nd nd nd nd
Borneol 7.495 1.400 nd 0.889 nd nd
Piperitol 0.137 nd nd nd nd nd
Piperito 
(isomer)

nd 0.076 nd nd nd nd

Thujol 0.354 0.083 nd 0.421 nd nd

Total of monoterpenes and monterpenic alcohols

43.413 55.022 14.190 8.742 14.024 70.381
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Table 1. (Continued 1)
Chemicals _________________ Contents (% Peak area)

Fallen leaf Leaf Branch Bark Root Fruit
Sesquiterpenes and sesquiterpenic alcohols

a -Copaene nd nd nd 0.089
a -Guijunene 0.048 trace nd nd nd nd
cis -a -Bergamotene 0.159 0.017 0.925 1.580 20.019* 0.142
P -Ylangene 0.196 0.210 nd 0.233 nd 0.199
(3 -Caryophyllene 0.130 trace 0.612 nd nd trace
Widdrene 0.635 0.682 nd nd nd nd
y -Elemene nd nd nd 0.306 nd 0.177
a -Cadinene 0.194 0.140 nd nd nd 0.552
epi-Bicyclo- 1.267 1.188 nd nd 3.074 0.110
sesquiphellandrene
y -Bisabolene nd nd nd nd nd 0.176
Epizonarene 0.772 0.490 2.436 nd nd nd
P -Cedrene nd trace nd 0.324 nd nd
P -Famesene 0.260 trace nd 0.627 nd nd
diepi- a -Cedrene nd nd nd nd nd 0.125
P -Himachalene 0.730 0.547 nd 0.587 1.322 nd
3 -Sesquiphellandrene nd nd nd nd nd 0.125
4-Cadinene 0.515 0.229 nd 0.316 nd 0.068
Cadina-l(10),6,8- nd 0.110 1.087 nd nd nd
triene
Ledol 0.065 0.023 nd nd nd nd
Hedycaryol 8.775 8.302 0.769 0.880 nd 2.350
Cedrol 2.467 nd nd nd nd 0.444
a -Cedrol nd 0.599 nd nd nd nd
Spathulenol nd 0.144 nd nd nd nd
3 -Cadinol nd nd nd nd 0.862 2.696
a -Cadinol 0.520 0.163 nd nd nd 0.087
Eudesmol (isomer) nd nd nd nd nd 1.819
a -Eudesmol (isomer) nd 1.387 nd nd nd nd
a -Eudesmol 2.654 nd nd nd nd „ nd
3 -Eudesmol 3.766 1.660 4.303 nd 2.928 2.251
Farnesol nd nd nd nd nd 0.202

Total of sesquiterpenes and sesquiterpwnic alcohols

Aldehydes
23.153 15.891 10.132 4.853 28.205 11.588

rro/w-2-Hexenal 0.160 0.248 10.607 19.177 1.805 0.228

Total of aldehydes 0.160 0.248 10.607 19.177 1.805 0.228

Esters

l-Octen-3-yl acetate nd 0.156 nd nd nd 0.051
Bornyl acetate 5.589 8.030 nd 0.269 nd 2.411
a-Terpinyl acetate 0.293 0.178 nd nd nd 0.215
p-Menten-8-yl acetate 7851 14.496 1.913 0.272 1.983 4.082

Total of esters 13.733 22.860 1.913 0.541 1.983 6.759

Alcohols

trans-3-Hexen-1 -ol nd trace nd nd 0.546 nd
cis-3-Hexen-l-ol nd nd nd 2.606 nd nd

Total of alcohols trace 2.606 0.546 nd

Others

Undecatriene 0.058 nd nd 0.232 nd nd
17-Norkaur-15-ene, 13-menthyl(8-ß, 13-ß)

6.243 4.013 3.715 nd 0.843 nd

Total of others 6.301 4.013 3.715 0.232 0.843

*, cií-a-Bergamotene + Linalool; nd, not detected.
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Bioassay

Twelve kinds of commercial chemicals identical to those identified from the essential oil 
of C. obtusa were used to test germination and seedling growth of A. mangostanus (Fig. 7 and Fig. 
8). In the germination tests, terpinen-4-ol and linalool were the strongest inhibitors, while the 
other chemicals such as bornyl acetate, D-limonene, sabinene and myrcene, showed inhibitory 
effect only by increasing the concentration, a-pinene, camphene, [3-pinene, a-terpinene, y-terpinene 
and farnesol had no effect on germination.

C O N CENT R AT I ON (MC/L)

A, a-Pinene; B, Camphene; C, p-Pinene; D, a-Terpinene; E, y-Terpinene; F, Terpinen-4-ol; G, Linalool; H, Farnesol; I, 
Bornyl acetate; J, D-Limonene; K, Sabinene; L, Myrcene.

Figure 7. Effect of various chemical substances on germination of Amaranthus mangostanus.

The elongation of A. mangostanus was most inhibited by treatment of terpinen-4-ol and 
linalool. Both a-pinene and farnesol were also suppressive. The plants grew less than the controls 
in treatments with 10 |1L bornyl acetate and 10 |1L D-limonene, but there was no significant effect 
on the seedling growth of A. mangostanus tested with camphene, p-pinene, a-terpinene, y-terpinene, 
sabinene, and myrcene. On the whole, we could not find any evidence of stimulated seedling 
growth with these chemicals.

DISCUSSION

The effect of volatile substances from different parts of C. obtusa on germination of selected 
species showed that the strongest inhibition was from volatile substances of leaves, while the 
weakest effect come from fruit and bark (Fig. 1, Fig. 2). To find the relationship between inhibition 
and quantity of essential oil, a Karlsruker apparatus was employed for the extraction of essential 
oils. Seventy grams of C. obtusa and 300 mL of water were subjected to 50 Volts for 3 hrs. The 
obtained oil quantities were in the following ratio. Fallen leaves : fresh leaves : branches : bark : 
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roots : fruits = 165 : 215 : 1 : 5 : 4.5 : 15. These ratios corresponded to the degree of inhibition to 
seedlings.

CON C E NTR ATION (MG/L) CON C ENT RATIO N(MG/L)

Figure 8. Effect of various chemical substances on seedling growth of Amaranthus mangostanus. 
Keys to chemicals are the same as in Fig. 7.

The seedling growth of P. asiatica was less than the controls in tests with distilled water 
which had been in proximity to the essential oils (Fig. 3). This suggests that volatile substances 
can be hydrated into nearby water and possibly influence other plant species. This presents an 
interesting possibility in that naturally occurring chemicals emitted from C. obtusa leaves can be 
dissolved into dew, fog or rain drops and then these substances may harm or inhibit plant growth.

Essential oils obtained from the 6 parts were bioassayed on the germination and seedling 
growth of A. mangostanus. The most inhibitory effect were caused by fruit oil treatments (Fig. 4). 
These results suggested that the kinds and amounts of allelochemicals included in the essential oil 
from the six parts of C. obtusa may differ from one another.

Colony growth of the four fungi was clearly suppressed by the essential oils of fruit, fallen 
leaves, fresh leaves and bark (Fig. 5). It has been proved that not only is the antifungal effect of 
essential oils useful against food decay, fungi, or human pathogenic fungi,10 but can also counter 
fungal diseases in crops and stored foods.11 Essential oil components had selective susceptibility 
of conifer plants against fungal pathogens,12 and retain their protective response after attacking 
pathogenic organisms.13 Several kinds of essential oils from different plants had proven antifungal 
activities. Such plants as Artemisia princeps var. orientalis Hara,6 Palma rosa,™ Citrus medica, 
Trachyspermum ammi, Nepata hindostana, Amomum subulatum, and Hyptis suaveolens,15 
produced active metabolites.

In the present study it was found that the essential oil from fallen leaves, fresh leaves and 
fruit of C. obtusa had toxic potential and that the higher inhibition was in the essential oil of fruit 
in bioassays with A. mangostanus.

Development of root hairs of L. sativa and B. campestris subsp. napus var. pekinensis was 
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severely inhibited by the essential oil of fallen leaves, fresh leaves and fruit and extension of roots 
was also less than controls and was proportional to the concentration of the essential oil (Plates I 
and n). Subsequent inhibitory development of root hairs points to a decreased uptake of water and 
nutrients, leading to suppression of plant growth.

Root tip cells of L. sativa treated with fruit essential oil were examined by transmission 
electron microscope. As results of the experiment, abnormal morphology was observed, that is, 
shrunken cytoplasm, plasmolysis from the cell wall, malformation or irregular cell shape, 
accumulation of lipid granules, and retrogression of mitochondrial cristae were found (Fig. 6).

Rho16 and Kim17 have reported deformity of root tip cells of receptor plants by aqueous 
extracts. These findings were similar to those of the present study where the greater the supply of 
essential oil was, the worse the abnormalities. This findings suggest that the irregular cells are 
related to retrogression of the cytoplasm and separation of the plasma membrane from the cell 
wall. Retrogression of mitochondrial cristae in our study was similiar to that observed and agreed 
with previous studies with Cucumis sativus L. cells treated with volatile substances from Salvia 
leucophylla.™ This fact indicates a breakdown of the mitochondrial inner membrane. Therefore, it 
is suggested that growth inhibition is due to disturbance of the normal respiration of L. sativa 
when treated with extracts of fallen leaves and fruit essential oils.

The main components identified from essential oil of C. obtusa, were a-pinene, sabinene, 
myrcene, trans-2-hexenal, cw-a-bergamotene + linalool, terpinen-4-ol and p-menten-8-yl acetate, 
but Shieh5 have reported that the main substances of Japanese C. obtusa essential oil were bornyl 
acetate, y-muurolene, a-terpinyl acetate, elemol, y-eudesmol in fresh leaves; a-cadinol, a- 
muurolene, 5-cadinene, y-cadinene, T-muurolene, l(10)-cadinol-4-P-ol in stems; longi-[3- 
camphenilan aldehyde, longiverbenone, T-cadinol, a-cadinol, longi-a-nojigikualcohol in roots; 
and longifolene, bornyl acetate, cis-caryophyllene, P-cedrene, a-terpinyl acetate in fruits. Hayashi4 
identified the main substances of C. obtusa as D-a-pinene and 1-a-terpineol and Yoshida19 reported 
that the fresh leaves of C. taiwanensis contained elemol and thujopsene. These results are very 
different from our study, hypothetically because of being from different habitats.20 Hinokitiol, an 
inhibitor of plant growth21 and an antifungal substance,22 was found first from C. taiwanensis stem 
and was not identified in our study.

Chemical substances identified from the essential oil of C. obtusa in this study were classified 
into monoterpenoids, sesquiterpenoids, aldehydes, esters, alcohols and other groups (Table 1). 
Among them, monoterpenoids are known as common essential oils of plants,23,24 main components 
of conifer oleoresin,25 occur in trichomes on plant surfaces,26 and they are remarkable inhibitors 
among the terpenoids identified from higher plants.2 As the monoterpenoids are easily dissolved 
in waxes and lipids, they are absorbed by seeds and increase quantities of cutin and lipids in roots 
inhibiting their growth. Consequently, these chemicals have come to facilitate the chance of contact 
with the plant itself thereby the synergistically inhibitory effect on the plant growth by degrees.27

In our findings, the inhibition effect on the receptor species was more due to the essential 
oil of fruit, fallen leaves, and fresh leaves rather than that of branches, bark or roots; these facts 
corresponded to the monoterpenoid quantities in the essential oil of C. obtusa. Therefore, it is 
concluded that the degree of inhibitory activity of the essential oil of C. obtusa depends upon the 
monoterpenoid content. In addition terpinen-4-ol was identified not only from the essential oil of 
the fruit, but also from whole amounts of fallen leaves, fresh leaves, etc. Terpinen-4-ol was found 
to be the strongest inhibitor to A. mangostanus. This result agrees with Yun6 and Heisey and 
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Delwiche28 and terpinen-4-ol was also previously recognized for antifungal activity.29
In conclusion, it was shown that the monoterpenoid content could be correlated to the 

toxicity of the essential oil and terpinen-4-ol was the major allelochemical in the fruit essential oil 
of C. obtusa.
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ABSTRACT

Allelopathic activity of Ranunculus arvensis L. on wheat (Triticum durum L.), certain 
vegetable crops and plant pathogenic fungi was investigated with several experiments conducted 
under laboratory and glasshouse conditions. Water leached from foliage parts of Ranunculus 
arvensis delayed germination and reduced growth of wheat seedlings grown in Petri dishes. Shoot 
aqueous extracts completely prevented wheat germination at all concentrations. Volatile materials 
produced from extracts, leachates, and shoots of intact or chopped plants drastically reduced 
germination and growth of wheat seedlings, and the effect increased with increased volume of 
extract and leachates, or weight of fresh shoots used. Addition of fresh shoot extract to the potted 
soil reduced wheat germination and growth. The inhibitory effect was extract concentration 
dependent. Volatile materials from extracts of the same weed species completely inhibited 
germination of cauliflower, cucumber, pepper, and tomato, and severely reduced germination and 
growth of squash. Volatile materials from foliage leachates significantly reduced germination and 
growth of cauliflower, cucumber, and pepper. The effect increased with extract or leachate 
concentration. Preliminary work on aqueous extracts effect of Ranunculus arvensis showed strong 
antifungal activity against Fusarium oxysporum f. sp. lycopersici and Helminthosporium sativum. 
Shoot extracts were more toxic than root extracts and fresh part extracts showed more inhibitory 
effects to both fungal species than dried parts.

INTRODUCTION

Allelochemicals are secondary metabolites released from plants in different ways.1'6 They 
alter the relationships between plants in nature and their effects may also be mediated by soil 
microorganisms.7 This mechanism of plants interaction creates serious problems for the 
agroecosystem, as many noxious annual and perennial weeds have been regarded as potentially 
allelopathic against many crops and can severely affect their survival, growth, and productivity.

However, in the last few decades, allelopathy proved to be an important promising alternative 
method of pest control.8 9 The introduction of this new technology could reduce losses caused by 
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agricultural pests, provide protection to crop plants through production, a wide selection of less 
hazardous and easily biodegradable pesticides.

Ranunculus arvensis is one of the few Ranunculus species found in Jordan. It is an annual 
belonging to Ranunculaceae family and is prevalent in wheat fields in certain locations. It tends to 
grow in patches with almost complete absence of wheat plants around its colonies, suggesting that 
allelopathy may be involved in this pattern. However, literature on allelopathic effect of R. arvensis 
on crop plants and plant pathogenic fungi is not very rich. Therefore, the present investigation was 
undertaken with the following objectives:

1. The effect of shoot extracts, foliage leachates or dried residues on germination, growth and 
development of wheat under laboratory and glasshouse conditions.

2. The effect of extracts, leachates or dried residues concentration on germination and growth of 
wheat seedlings.

3. Any possible allelopathic effects of volatile materials from extracts, leachates or fresh shoots 
of R. arvensis on wheat.

4. Allelopathic effects of volatile materials on certain vegetable crops.
5. Possible antifungal activity of R. arvensis against certain plant pathogenic fungi.

MATERIALS AND METHODS

Source of Inhibitors

Fresh shoots of Ranunculus arvensis were collected at flowering from wheat fields, added 
to distilled water at 300g/L, blended and homogenized in a Waring blender for 5 minutes, and then 
filtered through Whatman no. 1 filter paper.

Leachates were prepared by immersing fresh shoots of the weed in distilled water at a rate 
of 1:1 w/v, using a wide mouthed plastic container, for 10 minutes. Leachates were collected, 
filtered, and then immediately assayed for their allelopathic activity. The filtered extract or leachate 
were considered as full strength concentration. These were poured into dark plastic bottles and 
stored at 4 C.

Dried shoot material was prepared by harvesting flowering Ranunculus arvensis plants, 
oven dried at 80 C for 48 h, and then ground to a fine powder using a Moulinex grinder.

Two Types of Experiments were Carried out:

A. Allelopathic Activity of R. arvensis

1. Effect of shoot extract or leachate on wheat.

One hundred wheat seeds (Triticum durum L. Cv. Stork) were placed on a filter paper in 
each of four Petri dishes per treatment. Full strength of fresh shoot extract of Ranunculus arvensis 
was used at 1, 2, 3 and 4 mL per Petri dish. The final volume was made up to 4 mL by adding 
distilled water. In another treatment, 4 mL of distilled water were used as a control. Dishes were 
incubated in the dark at 24 C for two weeks. Germination percentage was recorded 24 h after 

288



Biological activity of corn buttercup (Ranunculus arvensis L.)

incubation and at harvest time. Then stem length and shoot and root dry weights were determined.
The allelopathic effect of foliage leachates of R. arvensis was investigated in a separate 

experiment, following the same procedure as that with weed extracts and similar data were recorded 
on germination and growth of wheat seedlings.

2. Volatile effects of weed extract or leachates.

One hundred wheat seeds were placed on a filter paper in each of four plastic Petri dishes 
(7 cm diameter) per treatment. Ten mL of distilled water were added per dish. Dishes were left 
uncovered (to allow volatile diffusion) and each was placed in a larger glass Petri-dish of 11 cm 
diameter to which 5,10 or 25 mL shoot extracts or foliage leachates were added. Similar volumes 
of distilled water were used as controls. The large Petri dishes were then immediately covered; the 
contact between crop seed and weed extract or leachates was only through air.

Dishes were incubated in the dark at 24 C for one week. Data on wheat germination and 
growth were then recorded.

3. Volatile effects of intact or chopped shoots of R. arvensis.

Fifty wheat seeds were placed in 9 cm diameter plastic Petri-dishes lined with filter paper 
and moistened with 10 mL distilled water. Then 25, 50 or 100 g of intact or chopped (2-3 cm 
pieces) shoots of flowering R. arvensis plants were placed inside a plastic container 11 cm diameter 
and 500 g capacity. Dishes having wheat seeds were left uncovered and placed over weed shoots 
inside the containers, which were tightly closed to eliminate any volatiles or air diffusion. For the 
control treatments, dishes having wheat seeds were placed in similar containers, but without any 
weed material. The volume of space left per container was the same in all treatments using tissue 
paper placed below weed shoot tissues in the bottom of the plastic containers. Containers with 
their contents were incubated in the dark at 24 C for 60 h. Data on seed germination and growth of 
wheat were then recorded.

The same experiment was repeated with a longer incubation period and plants were allowed 
to grow for one week before harvesting. Then, similar data on germination and wheat growth were 
recorded.

4. Allelopathic effect of R. arvensis on wheat grown in pots.

Allelopathic effects of shoot extracts, leachates or dried residues of R. arvensis on wheat 
were investigated in three experiments. A hundred wheat seeds cv. Stork were sown in 15 cm 
diameter plastic pot filled with a soil mixture of clay:sand:peat (3:1; 1). In the first and the second 
experiments, 200 mL of shoot extract or foliage leachates of 0, 1/4, 1/2, and full strength 
concentration was added to each pot once a week. In the third experiment, ground dried shoot 
residues were added and thoroughly mixed with the soil mixture at a rate of 3,6, and 12 g per pot. 
For the control, a similar number of seeds was sown in each of four pots filled with the soil 
mixture containing no weed residues. Plants were grown in glasshouses for three weeks after 
emergence, and then harvested. Data on wheat germination and growth were recorded.
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5. Volatile effect of R. arvensis extract on vegetable crops.

Seeds of bean (Phaseolus vulgaris L.), cauliflower (Brassica oleracea L. var. botrytis'), 
cucumber (Cucumis sativus L.), pepper (Capsicum annum L.), squash (Cucurhita pepo L.), and 
tomato (Lycopersicon esculentum Mill), were sown separately in plastic Petri-dishes 9 cm diameter 
lined with a Whatman no. 1 filter paper. Fifty seeds of small seeded crops were sown in each of 
four dishes, while 25 seeds were used for bean, cucumber and squash. Ten mL of distilled water 
were added to each Petri-dish, then dishes were placed uncovered in larger glass Petri-dishes of 11 
cm diameter, receiving 5 or 10 mL of shoot extract. Large dishes were covered and incubated at 
24 C for one week.

At harvest, germination percentage, stem and root lengths, and dry weights were determined.

B. Fungicidal Activity of R. arvensis.

1. Preliminary test.

Antifungal activity of aqueous shoot extract of R. arvensis were examined in vitro against 
five plant pathogenic fungi, namely Altemaria solani Sorauer (the causal agent of leaf spot and 
seedlings blight) isolated from tomato fruits, Aspergillus niger van Tiegh (the causal agent of 
black mould disease) obtained from onion bulbs, Fusarium oxysporum Schlecht f. sp. lycopersici 
(the causal agent of tomato wilt disease) isolated from tomato roots, Helminthosporium sativum 
King & Bakke (the causal agent of wheat leaf spot) isolated from wheat leaves, and Penicillium 
digitatum Sacc. (causing green mould disease) isolated from orange fruit. One disc (1 cm diameter) 
of either fungal species, obtained from 8-day-old cultures, was placed in each of four Petri dishes 
(11 cm diameter) containing 20 mL of potato dextrose agar (PDA) medium and 3 mL sterilised 
weed extract. The control treatment was 3 mL of sterile distilled water.

Petri dishes were incubated for 12 days at 24 C in the dark and colony diameter was 
measured for all tested pathogens. Since colony growth of the fungi was not a regular circle, the 
mean diameter (average of the widest and the narrowest diameter of the same colony) was recorded.

2. Effect of extract concentration.

One disc (1cm diameter) of Fusarium oxysporum f. sp. lycopersici or Helminthosporium 
sativum obtained from 8-day-old cultures was placed in each of 4 sterile Petri-dishes (11 cm 
diameter) filled with 20 mL of sterile PDA medium at pH=7.1. Fresh shoot or root extracts of R. 
arvensis were added at 0,1.0,1.5, 2.0,2.5, and 3 mL per Petri dish. The final volume in each dish 
was made up to 3 mL by adding distilled water; 3 mL of sterilised distilled water were added per 
Petri dish for the control treatments. Inoculated dishes were incubated at 24 C in the dark for 12 
days. Diameter of the fungal colonies was measured after 4, 8 and 12 days of incubation.

3. Antifungal effect of dried shoots.

The fine ground shoot materials of R. arvensis were added at 0.8, 1.6, 2.4, and 3.2 g to 
separate flasks containing 80 mL PDA. Each mixture was poured into four replicate Petri dishes 
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(11 cm diameter). Petri dishes containing PDA medium without any plant material added were 
included as controls. One disc (1 cm diameter) of F. oxysporum f. sp. lycopersici was placed in the 
center of each Petri dish and incubated at 24 C for 12 days. Colony diameter was measured at 4, 
8, and 12 days incubation.

Statistics

Treatments in all experiments were laid out in a complete randomized block design in 
quadruplâtes. All data were statistically analysed by the analysis of variance, and treatments means 
were compared using the least significant differences (LSD P=0.05)

RESULTS

A. Allelopathic Activity of R. arvensis.

1. Effect of shoot extract or leachates on wheat.

The allelopathic effect of shoot extract of R. arvensis was clear and dramatic. Addition of 
only 1 mL extract per Petri-dish completely inhibited wheat seed germination (Table 1 ). However, 
the effect of foliage leachates was less pronounced causing only slight reduction in shoot and root 
dry weights of wheat seedlings, although differences between leachate concentrations and the 
control were not significant.

»

Table 1. Effect of fresh shoot extracts (E) or leachates (L) concentration of R. arvensis on 
germination and growth of wheat grown in Petri-dishes at 24 C for two weeks.

Volume of 

extract or 

leachate 

(ml/Petri-dish)

Germination

%

Stem length

(cm/plant)

Shoot dry weight

(g/Petri-dish)

Root dry weight

(g/Petri-dish)

E L E L E L E L

0 (Control) 98 97 3.3 3.4 0.71 0.75 0.56 0.55

1 0 95 0.0 3.1 0.00 0.70 0.00 0.52

2 0 95 0.0 3.3 0.00 0.68 0.00 0.52

3 0 95 0.0 3.2 0.00 0.64 0.00 0.52

4 0 94 0.0 3.2 0.00 0.53 0.00 0.38

LSD (P=0.05) 3 3 0.1 0.3 0.49 0.26 0.10 0.20
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2. Volatile effect of extract or leachates.

Volatile materials produced from only 5 mL of shoot extract significantly reduced shoot 
length and dry weights of wheat seedlings (Table 2). At higher volumes, the inhibitory effects of 
volatile materials were more pronounced on germination and all growth parameters of wheat 
seedlings, and were most severe when 25 mL of extract were used. In contrast, foliage leachates 
stimulated wheat growth at low concentration but inhibited germination and growth of this crop 
with 25 mL extract. At all the volumes used, extracts were more inhibitory to wheat than leachates.

Table 2. Effect of volatile materials from three volumes of extracts or leachates of R. arvensis on 
germination and growth of wheat grown in Petri-dishes for one week at 24 C.

Wheat growth

Volume Treatments

(ml)

Germination

%

Total stem

length

(mm)

Shoot dry 

weight 

(mg)

Total root 

length (mm)

Root dry 

weight (mg)

5 Control 90 3975 530.9 19143 550.1

Extract 88 3380 477.1 11895 390.6

Leachate -- - - - —

LSD

(P=0.05)

7 300 101.6 1523 105.9

10 Control 51 2758 345.1 6673 231.7

Extract 12 685 105.9 495 37.9

Leachate 72 3557 524.1 17368 524.4

LSD

(P=0.05)

19 940 126.9 6792 131.5

25 Control 64 3570 467.2 6952 223.6

Extract 14 292 58.8 38 6.4

Leachate 20 838 87.4 728 29.6

LSD

(P=0.05)

18 816 90.0 1448 28.6
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3. Volatile effect of intact or chopped shoots.

At 60 h after incubation, there were no significant differences in wheat seed germination 
between the control and any treatment of intact or chopped shoots of R. arvensis, except when 100 
g of chopped shoots were used. In contrast, the harmful effect on stem and root length was clear, 
and significant differences between all treatments and the control were found (Table 3). However, 
significant reduction in shoot and root dry weights of wheat seedlings was obtained when 50 and 
lOOg of R. arvensis shoots were used.

Table 3. Effect of volatile materials from intact or chopped shoots of R. arvensis on germination 
and growth of wheat grown in closed containers for 60 h or one week after incubation at 24 C.

Wheat seedlings

Incubation 

period

Amount of

shoots (g)

Germination

%

Stem length 

(mm/dish)

Root length 

(mm/dish)

Shoot dry weight

(mg/dish)

Root dry weight

(mg/dish)

Intact Chopped Intact Chopped Intact Chopped Intact Chopped Intact Chopped

60 hours 0 (Control) 87 87 1218 1218 5931 5931 79.8 79.8 85.2 85.2

25 86 82 881 600 4779 3069 70.0 50.9 75.2 61.2

50 87 83 615 634 3441 3502 60.4 66.4 55.9 49.9

100 81 72 606 0 2822 0 47.9 0.0 44.6 0.0

LSD (P=0.05) 12 13 219 435 1237 2232 25.2 35.0 26.3 35.0

1 week 0 (Control) 89 89 5212 5212 19403 19403 340.2 340.2 296.9 296.9

25 87 79 5217 2688 11581 7848 362.9 252.2 253.8 162.6

50 77 74 5348 2588 10962 5766 318.2 231.2 210.9 129.8

100 59 60 480 51 851 41 38.2 4.1 45.3 0.9

LSD (P=0.05) 14 13 762 1338 8018 6463 57.8 89.4 114.8 87.3

The inhibitory effects of volatile materials on wheat were better demonstrated when seedlings 
were allowed to grow for one week after incubation. Germination and all growth parameters were 
reduced. Inhibition was directly proportional to the amount of shoots used as a source of volatile 
inhibitory materials.

In all treatments, and at both growing periods, volatile materials from chopped shoots were 
more inhibitory to wheat than intact shoots.

4. Allelopathic effect on wheat grown in pots.

None of the leachates or shoot residue treatments significantly reduced germination or 
growth of wheat, when compared with the control (Table 4), although both treatments delayed 
seed germination (data not presented). Only full strength shoot extract inhibited germination and 
growth of wheat seedlings.
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Table 4. Effect of fresh shoot extracts, foliage leachates or dried shoot residues of R. arvensis on 
germination and growth of wheat grown in pots.

Wheat seedlings

Treatment Germination

%

Plant height

(cm)

Shoot dry weight

(g/pot)

Extract cone.

0 (Control) 82 14.9 1.61

1/4 Extract 83 16.6 1.65

1/2 Extract 74 13.1 1.11

Full Extract 6 0.4 0.06

LSD (P=0.05) 10 3.2 0.31

Leachates cone.

0 (Control) 81 12.0 1.58

1/4 Leachaks 77 12.0 1.47

1/2 Leachaks 86 14.0 1.64

Full Leachaks 79 12.0 1.34

LSD (P=0.05) 16 4.4 0.42

Dried residues

(g/pot)

0 78 11.9 1.40

3 75 12.0 1.43

6 81 14.7 1.59

12 75 13.6 1.53

LSD (P=0.05) 8 2.7 0.21

5. Allelopathic effects of volatile materials on vegetable crops.

Volatile materials emanating from as little as 5 mL of R. arvensis shoot extract completely 
inhibited germination of cauliflower, cucumber and pepper (Fig. 1). Tomato growth was completely 
inhibited, while squash growth was severely reduced. When 10 mL extracts were used as a source 
of volatile inhibitors, germination of cauliflower, cucumber, pepper, squash, and tomato was
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prevented. Similar volumes of leachates severely inhibited most crops tested and significantly 
reduced growth of cauliflower, cucumber, and pepper (Fig. 2).

1111 I I
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Figure 1. Effect of volatile materials of R. arvensis extracts on germination and growth of different 
vegetable crops grown in Petri dishes at 24 C for two weeks. I=LSD (P=0.05)

295



Recent Advances in Allelopathy. Vol. I. A Science for the Future

2,500 

| 2,000 

¿5 1 ,500
CT
Ji 1.000

200

Figure 2. Effect of volatile materials of R. arvensis leachates or extracts on different vegetable 
crops grown in Petri dishes at 24 C for two weeks. I=LSD (P=0.05).

B. Fungicidal Activity of R. arvensis.

1. Preliminary test.

Results of the antifungal activity of R. arvensis against 5 plant pathogenic fungi showed 
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differences in the tolerance of these pathogens to weed extracts (Table 5). H. sativum and F. 
oxysporum f. sp. lycopercisi were the most affected. Addition of weed shoot extracts significantly 
reduced colony growth diameter of both fungi species. In contrast, foliage leachates showed no 
antifungal activity against any of the tested fungi.

Colony diameter (cm)

Table 5. Effect of fresh shoot extract of R. arvensis on colony growth diameter of five fungi 
species at 12 days after incubation at 24 C.

Treatments A. solani A. niger F. oxysporum H. sativum P. digitatum

Control 7.5 10.0 10.0 6.8 9.3

Extract 5.8 10.0 1.3 2.5 9.0

Leachates 6.3 10.0 9.5 6.3 9.5

LSD (P=0.05) 1.3 — 0.6 1.0 0.6

2. Effect of extract concentration.

Shoot extracts of R. arvensis severely inhibited growth and development of H. sativum and
F. oxysporum f. sp. lycopersici. As low as 1 mL of shoot extract added to the growing medium 
significantly reduced colony growth diameter of both fungi and was as effective as high extract 
concentration (Table 6). Inhibition was higher for F. oxysporum f. sp. lycopersici than H. sativum. 
On the other hand, root extracts were only effective against F. oxysporum at early incubation 
periods and concentrations higher than 1 mL per Petri-dish.

Colony diameter (cm)

Table 6. Effect of shoot or root extracts of R. arvensis on colony diameter of F. oxysporum f. sp. 
lycopersici and H. sativum grown in Petri dishes at 24 C for three dates of incubation.

Shoot Extract Root IExtract

F. oxysporum H. sativum F. oxysporum H. sativum

Extract cone.

(ml/dish)

Days after incubation Days after incubation

4 8 12 4 8 12 4 8 12 4 8 12

0.0 (Control) 8.1 8.5 8.5 7.4 8.5 8.5 8.2 8.5 8.5 7.9 8.5 8.5

1.0 1.1 8.5 8.5 3.8 6.8 6.9 8.1 8.5 8.5 7.8 8.5 8.5

1.5 1.0 1.8 2.9 1.1 1.5 3.4 3.5 8.5 8.5 7.8 8.5 8.5

2.0 1.0 1.0 1.0 1.1 1.0 1.0 1.9 8.5 8.5 8.2 8.5 8.5

2.5 1.0 1.0 1.0 1.0 1.6 2.1 1.8 8.5 8.5 8.0 8.5 8.5

3.0 1.0 1.0 1.0 1.0 1.0 1.0 1.6 8.5 8.5 7.7 8.5 8.5

LSD (P=0.05) 0.3 0.9 2.3 2.1 2.5 3.4 1.1 0.0 0.0 0.6 0.0 0.0

3. Antifungal effect of dried shoots.

None of the residue treatments were inhibitory to F. oxysporum f. sp. lycopersici. Instead, 
an increase in colony growth of the fungus was obtained with low residue rates (Table 7).
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Colony diameter (cm)

Table 7. Effect of dried shoots of Ranunculus arvensis incorporated in the medium on colony 
growth diameter of F. oxysporum f. sp. lycopersici grown in Petri-dishes at 24 C at three dates.

Residue rate

(g/ Petri-dish)

Days after incubation

4 8 12

0.0 (Control) 3.5 4.9 6.1

0.2 5.0 6.9 8.3

0.4 4.5 8.5 8.5

0.6 4.1 6.0 6.5

0.8 4.5 5.8 6.2

LSD (P=0.05) 0.7 1.3 1.8

DISCUSSION

The work was carried out to search for any possible allelopathic activity of Ranunculus 
arvensis on certain field crops and plant pathogenic fungi using different experimental techniques.

Complete inhibition of wheat germination was obtained when 1 mL of full strength shoot 
extract was added to the growing medium (Table 1). These results were in agreement with others 
reported using full extract concentration of many plant species,10'11 previously suggesting that 
some allelopathic agents in R. arvensis shoots are water soluble, and highly effective on wheat at 
very low concentrations. Extracts of R. asiaticus L. were reported to have a strong allelopathic 
effect on wheat,12 while results reported by Buchanan13 showed similar effects of R. testiculatus L. 
extracts and residues on germination and growth of certain grasses and herbs.

Phytotoxicity of shoot extracts or leachates of R. arvensis experimented a great variation 
with the concentration, higher rates being greatly varied at lower concentrations, required to reduce 
wheat growth. Differences in the toxicity may be due to reduced amounts of toxins leached from 
shoots compared with those found in extracts, probably because of the short period that the shoots 
were immersed in water; low amounts of shoots used to release inhibitors, or the advanced stage 
at which the weed was tested. Patterson14 observed that long term release of toxins from living 
plants into soil caused great harmful effect but this would not occur in short term experiments.

Continuous rain for a relatively long period might leach chemicals from shoots of living 
weed plants, which might account for the absence of wheat growth, observed in and around R. 
arvensis patches in the field. However, allelopathic effects of the leached materials depend upon 
the transfer of chemicals from weeds to crop plants. Many workers have reported allelopathic 
activity of leachates from different plant species, including crops and weeds.5,15-17

Results indicated that the inhibitory compounds are mainly volatile materials liberated 
from shoots of R. arvensis whereby they affect the surrounding plants. Volatile inhibitory materials 
were found to exist in shoot and root extracts, foliage leachates and can be produced in, and 
liberated from, intact or chopped fresh shoots (Tables 1,2,3). However, this was confirmed in pot 
experiments using dried shoot residues which failed to reduce growth of wheat seedlings at any 
rate (Table 4), although delay in seed emergence was observed at early stages (data not presented), 
which did not affect germination percentage. This suggests that allelopathic agents may be mostly 
volatiles produced from shoots during drying and before use or higher residue rates are required 
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to show such an inhibitory effect. Anyhow, volatile materials produced by foliage leachates were 
found to be less toxic to wheat and several vegetable crops while high volumes of leachates (as a 
source of inhibitors) were required to show inhibitory action (Figs. 1 & 2). The degree of 
phytotoxicity on vegetable crops appeared to be species-dependent, with bean being most tolerant. 
Oleszek18 concluded that toxicity of released compounds were species-dependent, while differences 
in the responses of different vegetable crops to allelopathic effects of different weed species have 
been reported.6,19 Volatile materials from chopped shoots showed greater inhibitory effects than 
intact shoots when used as a source of volatile inhibitors (Table 3). Possibly, chopping facilitates 
the release of volatile allelopathic chemicals which exudes from cut surfaces.

Effects of shoot extracts, or their volatiles, were tested for their allelopathic activities 5 
months after preparation and storage at 4 C. These were found to be highly toxic to wheat seed 
germination (data not presented). As low as 1 mL of shoot extract added per Petri-dish or 10 mL 
of extract (used as a source of volatile inhibitory materials) were sufficient to completely prevent 
seed germination, while volatile materials from 5 mL extracts were highly inhibitory to wheat 
seed germination and seedling growth. This indicates the persistance of allelopathic activity and 
the high stability of allelochemicals present in weed extracts.

In vitro, assessment of the potential of R. arvensis extracts as a fungitoxicant against five 
plant pathogenic fungi indicates the presence of active fungitoxic materials in shoot extracts and, 
to a lesser extent, in root extracts which were highly effective against F. oxysporum f. sp. lycopersici 
and H. sativum, and these are probably water soluble (Table 6). However, the toxicity is mainly 
found in shoot rather than root extracts, suggesting that fungicidal compounds are concentrated in 
shoots of this weed species and were found to be highly effective at very low concentration. 
Different Ranunculus species have been reported to have antifungal activities including Ranunculus 
asiaticus L.,20,21 effective against F. oxysporum f. sp. lycopersici', Ranunculus sceleratus L.22 
Ranunculus bulbosus L. against Epidermophyton floccosum (Harz) Langer and the yeast, 
Rhodotorula glutinis (Fres) Harrison from leaf extracts.23

Results obtained on the antifungal activity of dried shoot residues of R. arvensis paralied 
those obtained with allelopathic effects of weed residues on wheat but showed no significant 
differences in colony growth of F. oxysporum f. sp. lycopersici at any rate. These results indicate 
that the active materials are mostly volatiles lost from shoots during the drying process.

In conclusion, Ranunculus arvensis is one of the weed species found in wheat fields in 
certain parts of Jordan. Results of different experiments clearly showed that it has a strong 
allelopathic potential against wheat observed with its extracts, foliage leachates and volatile 
materials liberated from intact or chopped shoots. It is proved to be harmful to different vegetable 
crops through the volatile materials emanated from its shoot extract and the effect was more 
pronounced with the increase in volume of extracts used. There is strong evidence to show the 
high antifungal activity of extracts of this species even when used at low concentrations. However, 
there is a good indication which suggests that allelochemicals are mainly highly stable volatile 
materials in shoot extracts but which are greatly reduced, or even lost in dried shoots.
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ABSTRACT

The mutual allelopathic effects of two perennial angiosperm root parasites and some of 
their perennial plant hosts were evaluated. The root parasite Cistanche phelypaea (L.) Cout. was 
tested against the two hosts Atriplex leucoclada Boiss. and Zygophyllum album L.; while 
Cynomorium coccineum L. was tested against the two hosts Arthrocnemum macrostachyum 
(Moric.) K.Koch and Limonium raddianum (Boiss.) Pignatti. Field studies on naturally growing 
populations indicated significant irregularity of size class distribution in infected individuals at 
both host and parasite levels. Laboratory tests showed that it is not only the presence of the host 
plants that is indispensable for the establishment of the parasite, but also the parasites may activate 
seed germination and seedling growth of the host plants. Germination and seedling growth of the 
parasitic species, in response to their host extracts, were promoted at low concentrations (up to 
1 %), and reduced at higher concentrations. The shoots of the host plant were more sensitive to the 
parasite allelopathic effect than the roots. The allelopathic effects of the parasites extract on the 
pigment content of their host seedlings have demonstrated a decreased chlorophyll content and 
increased carotenoid content with the increased extract concentration.

INTRODUCTION

Some of the parasitic desert plants in Egypt, and their wild hosts, are continuously infesting 
newly reclaimed agricultural lands as troublesome weeds. Because of their reproductive behavior 
and the ability to colonize disturbed lands, many desert plants spread rapidly as weeds.12 The 
ability of parasites to expand their host range and spread infestation in crop plants,3 cause potential 
threat to crop production. Understanding the host-parasite range and relationships will help to 
develop a weed management strategy.

The biology of parasitic flowering plants and their hosts has been well studied,410 but little 
is known about the host-parasite allelopathic potential and the relationships to the structure and 
function of their populations especially in the arid lands of the Middle East and North Africa.1112 
Root parasites affect various vegetation types in the desert biome. All parasitic plants attack by 
means of an haustoria and deprive the host of water and nutrients. The most critical stages in the 
host-parasite relationship are seed germination and establishment of the parasite seedling on the 
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host root. Some investigators consider it a matter of chance and survival. Others consider this a 
function of chemical stimulation or diffusate from the host roots.613 Others4,9 speculate that 
germination and attachment require direct contact between the host root and the parasite seed, or 
that a chemical rather than tactile stimulant is required for the establishment of a host-parasite 
relationship.

Cistanche phelypaea (L.)Cout. and Cynomorium coccineum L. are perennial 
achlorophyllous succulent parasitic herbs. They are obligate root parasites and depend entirely on 
their hosts for nutrition. Mature individuals consist of a swollen subterranean plant body known as 
a tuber or tubercle, from which arise the racemose flowering stalks which are produced annually 
in winter and early spring. The two parasites perennate by hypogeal tubers and seeds. The tuberous 
body is usually present at a depth of up to 30 cm below the soil surface.

In Egypt, the parasite C. phelypaea is common in sand flats and fine sand depressions on 
host shrubs , such as Atriplex leucoclada Boiss. and Zygophyllum album L., while C. coccineum 
is mainly restricted to the salt marshes and maritime sands on perennial hosts such as Arthrocnemum 
macrostachyum (Marie) K. Koch and Limonium raddianum (Boiss.) Pignatti. The two parasites 
have a wide range of hosts: the genus Cistanche was reported as a parasite on some 40 host 
species, and Cynomorium on about 20 flowering plant host species.1112

The present study was carried out to evaluate the mutual allelopathic effects of the two 
root parasites Cistanche phelypaea and Cynomorium coccineum with some of their perennial 
plant hosts.

MATERIALS AND METHODS

Study Sites

The study site of the parasite Cynomorium coccineum and its two hosts Arthrocnemum 
macrostachyum and Limonium raddianum was located in a coastal salt marsh at Burg Al’Arab 
about 60 km west of Alexandria. That of the parasite, Cistanche phelypaea, and its two hosts 
Atriplex leucoclada and Zygophyllum album, were located along the Cairo-Qattamyia road (about 
25 km east of Cairo) and in the coastal desert plains at Al-Arish, Sinai, Egypt, respectively.

Study Species

Based on the available literature,1415 phytochemical screening of the test species revealed 
the following: first, Cistanchephelypaea contains flavonoids, coumarins, sterols, terpenes, saponins 
and tannic substances. The host Atriplex leucoclada contains alkaloids, phenolic acids, coumarins, 
saponins, tannins and oxalates, while Zygophyllum album contains alkaloids, flavonoids, tannins, 
sterols, terpenes, saponins, coumarins, anthraquinones, quinovic acid and zygophyllin. Secondly, 
the parasite Cynomorium coccineum contains saponins, tannic substances, anthocyanins and water 
soluble nitrogen compounds. The host Arthrocnemum macrostachyum contains alkaloids and 
sterols, while Limonium raddianum contains flavonoids, coumarins, tannins, sterols, terpenes, 
anthocyanins, aurones and chaicones. Many of the chemical compounds found in the host and 
parasite species were found to be allelopathic.16 Plant species identification followed Boulos.17

Host and Parasite Populations

The size class structure of the host plant populations was estimated by the crown volume 
method18 from the formula: Crown volume = 4/3 7tab2 where a=crown diameter and b= crown 

302



Host - Parasite Allelopathic Potential in Desert Plants

height. The distribution of plant size classes in different populations was determined. The number 
of infected and noninfected individuals per size class per 100 m2 was counted and the percentage 
values estimated.

Infected individuals were scored by direct observations of the density and length of the 
aboveground inflorescences of the two parasite populations on the different hosts. The distribution 
of inflorescence length classes and percentage value were then estimated.

Preparation of the Plant Extract

Flowering shoots and roots of the host species and the tuberous bodies and flowering 
inflorescences of the parasitic species were collected from naturally growing populations. The 
material was air dried, ground to fine powder and extracted in water. A stock aqueous extract 
(10% w/v) was obtained by soaking the ground plant material in distilled water at 30 C for 24 h 
with occasional shaking. The infusion was decanted and filtered through a Buchner funnel. The 
extract was then purified by centrifugation at 15.000 rpm for 15 minutes.1’ 20 The stock extracts 
were diluted with distilled water into concentrations 0.5,1,2,4, and 8% (v/v) for use in allelopathic 
tests.

Effect of the Parasite Extract on the Host Seed Germination

Seed germination of the host plants was carried out in covered glass petri dishes (9 x 1.5 
cm) on one layer of Whatman filter paper. The seeds of the target plants were surface sterilized 
with 0.1-strength Clorox (0.52% sodium hypochlorite) for one minute and then washed three 
times with distilled water. In every dish, 50 seeds and 5 mL of the test extract were used. Distilled 
water was used for the control treatments. The dishes were incubated at 25 C day and 15 C night 
temperatures. The light period duration was 14 h provided by Sylvania cool-white fluorescent 
lamps (2000-lux). Three replicates per treatment were used. Experiments were terminated after 
35 days when cumulative germination leveled off in all treatments. The percentage of germination 
was calculated. Shoot and root length of the seedlings was measured by using a ruler of 0.5 mm 
divisions and a hand lens (3X).

Effect of the Aqueous Extract on the Pigment Content of Host Seedlings

Seedling shoots were separated from the developed seedlings in seed germination tests. 
Pigments were extracted in 85% acetone. Measurements of absorbance at 662, 644, and 440 nm 
were made on a Beckman spectrophotometer. The chlorophyll and carotenoid contents were 
calculated on fresh weight basis following Lewandowska and Jarvis (1977).21

Statistical Analysis

Results were analyzed statistically following Snedecor and Cochran (1967).22

RESULTS

Host and Parasite Populations

The adult populations of plants associated with the two parasites C. phelypaea and C. 
coccineum are shown in Table 1. The densities ranged between 17 and 28 plants per 100 m2 in L. 
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raddianum and Z. album, respectively. Different crown volume (size) classes are represented in 
the four adult host populations. The crown volume shows a peak percentage distribution in the 
middle size classes. The peak percentages ranged between 25 to 29.5% in A. leucoclada and
L. raddianum, respectively. Not all individuals of the populations were infected by the parasites. 
The overall infection percentages were 38% in A. leucoclada, 18% in Z. album, 29% in A. 
macrostachyum and 41% in L. raddianum. The highest infection percentage was recorded in the 
middle sizes. All individuals of the largest size in different populations were not infected by the 
parasites. The host size class infection percentage attained maximum values of 75% in size class 
1500-2000 dm3 of A. leucoclada, 25% in size class 200-300 dm3 of Z. album, 50% in size class 
50-100 dm3 of A. macrostachyum and 100% in size class 10-15 dm3 in L. raddianum.

Table 1. Crown size class distribution in the infected and noninfected individuals of the four host 
populations investigated. Populations of Atriplex leucoclada and Zygophyllum album were infected 
by Cistanche phelypaea, while populations of Arthrocnemum macrostachyum and Limonium 
raddianum were infected by Cynomorium coccineum. Percentage contribution of size classes to 
the total population appears in brackets.

Host species and 
size classes (dm3)

Number of individuals 
per 100 m2

Percentage infection 
per size class

Atriplex leucoclada:
<500 3(15) 33

500-1000 4(20) 50
1000-1500 5(25) 40
1500-2000 4(20) 75
2000-2500 2(10) -
2500-3000 1 (05) —

>3000 1 (05) -
Zygophyllum album:

<100 6 (21.0) 16
100-200 5 (19.0) 20
200-300 8 (28.5) 25
300-400 6 (21.0) 16
>400 3 (10.5) -

Arthrocnemum macrostachyum
<25 2 (09.5) -

25-50 4 (19.0) 25
50-100 6 (28.5) 50

100-150 5 (24.0) 40
150-200 2 (09.5) -
>200 2 (09.5) -

Limonium raddianum:
<5 4 (23.5) 25

5-10 5 (29.5) 20
10-15 3(17.5) 100
15-20 4 (23.5) 50
>200 1 (06.0) -

The parasitic populations density and inflorescence length classes are shown in Table 2. 
The number of inflorescences per infected individual ranged from 1-4 in C. phelypaea and from 
1-6 in C. coccineum. The highest total density in C. phelypaea was 18 per 100 m2 on A. leucoclada 
population, while in C. coccineum attained 26 per 100 m2 on L. raddianum population. The 
inflorescence length ranged from 15-85 cm in C. phelypaea and from 10-30 cm in C. coccineum.
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The highest inflorescence densities of C. phelypaea were found in the intermediate length classes 
(40-60 cm) parasitising A. leucoclada, while found in the shortest length classes (10-40 cm) 
parasitising Z. album population. The same trend of inflorescences density was found in C. 
coccineum infecting A. macrostachyum andL. raddianum populations, respectively.

Table 2. Density of the aboveground inflorescences of the two parasite populations (number per 
100 square metre) on the different populations of the associated species. KTLE=Atriplex leucoclada, 
ZYAL=Zygophyllum album, ARMA=Arthrocnemum macrostachyum and \ARA-Limonium 
raddianum. Percentage density per class appears in brackets.

Inflorescence length class (cm) ATLE ZYAL ARMA LIRA
Cistanche phelypaea:

10-20 2(11) 3 (30)
20-40 5(28) 6 (60)
40-60 8(44) 1 (10)
60-80 2(11) -
80-100 1 (06) —

Cynomorium coccineum:

Effect of Host Plant Extract on Seed Germination and Seedling Growth of their Parasites

10-15 3 (20) 10(39)
15-20 6 (40) 12(46)

20-25 5 (33) 4(15)
25-30 1 (07) -

The effects of the two hosts A. leucoclada and Z. album on the seed germination of their 
parasite C. phelypaea is shown in Figure 1. In the control experiment, the seed germination of the 
parasites C. phelypaea and C. coccineum were lower than those at low concentrations of the host 
extract. Germination and seedling growth of the parasite were generally promoted at concentrations 
of 0.5 and 1%, while reduction occurred at higher concentrations. In response to the effect of A. 
leucoclada, the seeds of C. phelypaea germinated over a wide range of extract concentration from 
0.5 to 8%, and over a narrower range from 0.5 to 4% of Z. album extract (Figure la).

The seed germination and seedling growth of the parasite C. coccineum showed an optimal 
response to the extract of the two hosts A. macrostachyum and L. raddianum (Figure lb). The 
optimum germination percentage was obtained at 0.5% concentration. Germination occurred over 
a wider range in response to the extract concentration of L. raddianum than in A. macrostachyum. 
The highest cumulative germination values reached 7% in C. phelypaea and 9% in C. coccineum.

The seedling root length of the parasites exhibited higher values in response to the low host
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extract concentrations than in the control treatment, and steadily decreased at the high concentrations 
(Figures la&b). The root length of C. phelypaea increased from 2.3 cm in the control treatment to 
an optimal length of 30 mm in response to A. leucoclada extract of concentration 0.5%. Meanwhile, 
C. coccineum attained an optimal root length of 18 mm at 0.5% concentration of L. raddianum, 
compared to 13 mm length in the control.

Figure 1. (a) Effect of the two hosts Atriplex leucoclada (ATLE) and Zygophyllum album (ZYAL) 
extracts on seed germination (graphs) and seedling growth (histograms) of their parasite Cistanche 
phelypaea (CIPH). (b) Effect of the two hosts Arthrocnemum macrostachyum (ARMA) and 
Limonium raddianum (LIRA) extracts on seed germination (graphs) and seedling growth 
(histograms) of their parasite Cynomorium coccineum (CYCO). Vertical bars around the means 
are the standard deviations.
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Effect of Parasite Plant Extract on Seed Germination and Seedling Growth of their 
Hosts

Seed germination of all host species exhibited an optimal response to the parasite extracts 
(Figures 2&3). Germination of the four hosts occurred over a wide range of the parasite extract 
concentration from 0.5 to 8%. The best cumulative germination percentage attained by all hosts 
was at the parasite extract concentration of 0.5%. In response to their parasite extract, the two 
hosts A. leucoclada and Z. album attained an optimum germination percentages of 24 and 79% 
respectively (Figure 2), while A. macrostachyum and L. raddianum reached 71 and 39% respectively 
(Figure 3). The optimal germination values decreased steadily and finally reached the lowest 
values at a parasite extract concentration of 8%.
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Figure 2. Effect of the parasite Cistanche phelypaea (CIPH) extract on seed germination (graphs) 
and seedling growth (histograms) of the two hosts Atriplex leucoclada (ATLE) and Zygophyllum 
album (ZYAL). Vertical bars around the means are the standard deviations.
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The response of host seedling growth to various concentrations of the parasite extract are 
shown in Figures 2 & 3. The shoot length was markedly reduced in all hosts in response to the 
increased parasite extract concentration. There was no host shoot development with a parasite 
extract concentration of 8%. The host root lengths of A. leucoclada and L. raddianum exhibited 
an optimal response to the parasite extract. The optimum root lengths of 1.8 cm and 2.0 cm were 
obtained at 0.5% concentration of the parasite extract (Figures 2 & 3). In contrast, roots of the two 
hosts Z. album and A. macrostachyum exhibited decreased lengths in all tested parasite extracts, 
where they attained highest values of 2.0 cm and 1.8 cm respectively in the control treatment 
(Figures 2 & 3). In all hosts, the root length exceeded the shoot length.

20
Qi

Parasite extract concentration (%)
Figure 3. Effect of the parasite Cynomorium coccineum (CYCO) on seed germination (graphs) 
and seedling growth (histograms) of the two hosts Arthrocnemum macrostachyum (ARMA) and 
Limonium raddianum (LIRA). Vertical bars around the means are the standard deviations.
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Effect of Parasite Plant Extract on the Pigment Content of the Host Seedlings

With the increase of the parasite plant extract concentration up to 8%, the contents of 
chlorophyll a, chlorophyll b, and chlorophyll a+b decreased in the seedlings of the test host 
species (Table 3a & b). Meanwhile, there was an increase in the carotenoid content. It is apparent 
that, under low concentrations of C. phelypaea extract, the contents of chlorophyll a in the seedlings 
of A. leucoclada and Z. album were higher than chlorophyll b, while the reverse holds true at 
higher concentrations (Table 3a). In case of seedlings developed in C. coccineum extracts, the 
contents of their chlorophyll a were always higher than chlorophyll b. The increase of the parasite 
extract from 0 to 8% have resulted in the reduction of chlorophyll a+b content in the seedlings of 
A. macrostachyum (85% reduction), L. raddianum (82.3% reduction), Z. album (80.4% reduction) 
and A. leucoclada (67.5% reduction). Chlorophyll a/b ratios decreased with the increase of the 
extract concentration in all tested species, with prominent increase in the carotenoid contents. At 
8% parasite plant extract concentration the increase in carotenoid content of L. raddianum and A. 
macrostachyum seedlings was 82.3 and 85% respectively, whereas the increase amounted to 60.7 
and 62.8% in A. leucoclada and Z. album seedlings.

Table 3a. Effect of Cistanche phelypaea extract on the seedling pigment content (mg per gram 
fresh weight) of the two hosts Atriplex leucoclada and Zygophyllum album. LSD=Least significant 
difference at 0.05 probability level.

Extract concentration (%)
Atriplex leucoclada

8 I
Zvctophyllum album

0 0.5 1 2 4 _SD 0 0.5 1 2 4 8 LSD

Chlorophyll a 15.5 12.6 9.3 8.5 5.1 2.6 1.1 14.2 12.8 6.6 4.1 2.8 1.3 1.2

Chlorophyll b 6.2 7.5 10.2 10.8 6.2 4.5 1.5 5.2 6.5 7.8 7.2 3.1 2.5 0.5

Chlorophyll a+b 21.7 20.1 19.5 19.3 11.3 7.1 2.2 19.4 19.3 14.4 11.3 5.9 3.8 2.0

Chi. a/b ratio 2.5 1.7 0.9 0.8 0.8 0.6 0.2 2.7 2.0 0.9 0.6 0.9 0.5 0.1

Carotenoids 3.5 4.1 5.5 6.2 7.1 8.9 1.0 3.5 3.2 5.6 7.8 8.5 9.4 0.5

Chi. a+b/Carot. ratio 6.2 4.9 3.6 3.1 1.6 0.8 0.2 5.5 5.1 2.6 1.5 0.7 0.4 1.2

Table 3b. Effect of Cynomorium coccineum extract on the seedling pigment content (mg per gram 
fresh weight) of the two hosts Arthrocnemum macrostachyum and Limonium raddianum. 
LSD=Least significant difference at 0.05 probability level.

Extract concentration (%)
Arthrocnemum macrostachyum

0 0.5 1 2 4 8 LSD
Limonium raddianum
0 0.5 1 2 4 8 LSD

Chlorophyll a 13.2 10.5 5.8 3.4 2.4 1.3 1.1 17.3 12.5 8.2 4.0 3.6 3.1 0.8

Chlorophyll b 3.5 4.2 4.9 3.1 2.6 1.2 0.4 4.7 4.5 5.6 3.5 0.9 0.8 0.3

Chlorophyll a+b 16.7 14.7 10.7 6.5 5.0 2.5 1.3 22.0 17.0 13.8 7.5 4.5 3.9 2.0

Chi. a/b ratio 3.8 2.5 1.2 1.1 0.9 1.1 0.4 3.7 2.8 1.5 1.1 4.0 3.9 0.2

Carotenoids 4.6 5.0 6.2 7.3 8.4 6.5 1.3 3.8 4.1 5.3 6.6 7.4 9.3 0.8

Chi. a+b/Carot. ratio 3.6 3.0 1.7 0.9 0.6 0.3 0.5 8.7 4.2 2.6 1.1 0.6 0.4 0.1
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DISCUSSION

Since the two investigated parasites C. phelypaea and C. coccineum are not host-specific, 
the response of their hosts to the allelopathic effects varies interspecifically. In mixed vegetation, 
good and bad hosts may exist, i.e., hosts that are strongly attacked and others that are attacked 
mildly.23,24 In general, A. leucoclada and L. raddianum are good hosts, hence are severely affected 
as demonstrated by their repressed infected populations. Meanwhile, A. macrostachyum and Z 
album did not show any significant negative response towards their parasites. In mixed vegetation, 
it appears that the negative effects of parasites on their hosts are selective, when more than one 
host are available for the parasite. This indicates that variation in the host population size classes 
may be due to genetic interspecific differences in the resistance or tolerance of individual hosts 
with respect to the parasite.

The significance of the host-parasite allelopathic relationship appears to be the possible 
influence of the host roots on the development and attachment of the parasite haustoria. As 
demonstrated by Kuijt25 and Fahmy,12 the presence of host roots in the vicinity of the parasite 
haustorium may affect its overall haustorial development causing its elongation in response to 
exogenous stimuli from the host roots. The host stimulation triggers in the parasite endogenous 
stimuli that lead to haustorial elongation towards the host roots. This view was supported from the 
findings of many authors, where shriveling and collapsing occurs only in the long parasitic haustoria 
that fail to contact the host roots.12 It was also suggested that the penetration of the haustoria into 
the host is a result of both mechanical and chemical actions.

The two hosts A. leucoclada and L. raddianum are apparently more sensitive than Z. album 
and A. macrostachyum to parasitic infection as indicated by the overall high percentage infection 
in the population of the latter and disturbed seedling growth, seed germination, and pigment content. 
This is in agreement with Fahmy26 and Singh & Rai27 who observed great reduction up to 70% in 
the fresh and dry weights of infected hosts of Cynomorium and Orobanche.

The stimulation of seed germination and seedling growth of the parasitic species in response 
to low concentrations of host plant extracts (up to 0.5%) suggests that stimulants from the host 
roots initiates such processes to ensure parasite seedling establishment on the host roots. It is 
interesting to observe that the parasite plant extracts (up to 1 %) have activated seed germination 
and seedling growth of their hosts. The stimulating effect of the parasites on their hosts is a peculiar 
strategy: that is, to compensate the degradation of the infected host population by facilitation of 
establishment of new host individuals in the vicinity of the parasite to ensure its existence.

Wether the allelopathic compounds from extracts of the parasites C. phelypaea and C. 
coccineum interfere and/or inhibit chlorophyll biosynthesis is a distinct possibility. Yellowing of 
shoots of the host plants is a visual field observation. This may be attributed to the depletion of 
host nutrients and/or disturbance of its metabolism and water relations due to infection. In the 
present study, the prominent yellowing of seedlings which germinated in extracts of the root 
parasites, particularly at high concentrations, appears not to be related to the depletion of host 
nutrients where no contact occurred between host root and parasite haustoria. Leaf senescence is 
associated with leaf yellowing and loss of chlorophyll.28,29 Therefore, the decrease of chlorophylls 
a&b in the seedling may indicate that they undergo a senescence syndrome in response to the 
possible occurrence of some phytotoxic compounds in the extracts of the parasitic species. The 
decreased ratio of chlorophyll a/b suggests the absorption band of the mixed pigments extended 
towards the green part of the system. Accordingly, the host plants maximize their relative 
photosynthetic activity even during senescence.19,30 A further evidence for the occurrence of 
senescence in the seedlings of the host species due to allelopathic effects was their high carotenoid 
contents, particularly at high parasite extract concentration. Thimann28 states that in senescing 
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leaves, the carotenoids are more stable than chlorophylls. Plant response to stresses such as salinity,31 
drought,32 and allelochemicals’ has been clearly expressed in stomatai closure, decreased chlorophyll 
content, and ultrastructural damage of the chloroplasts which contribute to the low photosynthetic 
and growth rates. This study shows that the presence of allelopathic compounds in the parasite 
extracts likely exert biotic stress that alters the plant seedling growth of their hosts.

Despite the occurrence of host-parasite mutual allelopathic relationship, hosts and parasites 
both benefit from this relation . Further investigations on the host and parasite root exudates fate 
and release onto soil are required. Isolation and identification of the individual compounds and 
testing its mutual biological potency on both hosts and parasites under natural environments would 
explain the nature of host-parasite allelopathic relationships.
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ABSTRACT .

Inadequate natural regeneration and growth-check of planted conifers are observed in many 
temperate forests with dense ericaceous understories. The paper summarizes the characteristics of 
ericaceous induced conifer growth inhibitions, describes the possible biological and chemical 
mechanisms involved in the growth inhibition process, and explores control of ericaceous shrubs 
in order to enhance conifer regeneration.

Vaccinium myrtillus can induce germination inhibition of conifers such as Norway spruce 
(Picea abies), while Kalmia angustifolia does not affect germination but inhibits primary root 
growth of black spruce (Picea mariana), and salal (Gaulthe ria shallon) induces growth-check in 
conifers such as Sitka spruce (Picea site hens  is), western hemlock (Tsuga heterophy Ila), western 
red cedar (Thuja plicata), and amabilis fir (Abies amabilis). Mechanisms thought to be responsible 
for the conifer-growth inhibition include competition for nutrients, aggressive vegetative growth 
after forest disturbance, allelopathy, nutrient sequestration in the humus, and differential nutrient 
uptake due to ericoid mycorrhizae. The type and degree of conifer-growth inhibition and their rate 
of recovery from growth-check depend on factors such as the species, site characteristics (soil, 
climate, species composition), and disturbance regime.

Traditional vegetation management such as herbicides, scarification, cutting and burning 
are of limited success in controlling the ericaceous plants. Among the herbicides tested, Garlon 
and Bialaphos provide some control when applied in late summer. Mulching can control some 
ericaceous plants by destroying their vegetative buds, but the high cost of treatment and the difficulty 
of operating a mulching machine in stony soil makes this option impractical. Repeated application 
of fertilizer-N (600 - 1344 kg per ha) was found to be effective in reducing Kalmia and salal 
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growth and releasing conifer growth. Black spruce seedlings pre-inoculated with mycorrhizal 
fungi such as Paxillus involutus, Laccaria laccata and E-strain, were able to overcome Kalmia- 
induced growth inhibition in greenhouse experiments. Appropriate field trials are necessary to 
validate the results of controlled experiments.

INTRODUCTION

Poor natural regeneration and stunted growth (growth-check) of planted conifers has often 
been observed in presence of a dominant ericaceous shrub cover resulting from forest disturbance 
such as logging and fire.1’9 The main causes of conifer growth inhibition have been identified as 
aggressive vegetative regeneration and allelopathic effects of ericaceous shrubs such Kalmia 
angustifolia, Ledum groenlandicum, Gaultheria shallon, and Vaccinium myrtillus.3’5-10’19 Deficiency 
of available soil-N and P in salal (G. s/izzZ/onj-dominated Cedar-Hemlock sites has been suggested 
as the cause of growth-check in naturally regenerated and planted western hemlock (Tsuga 
heterophyIla) and Sitka spruce (Picea sitchensis) in the northern Vancouver Island.20 Significant 
improvement of conifer growth has been achieved by N fertilization.20 Inderjit and Mallik6 reported 
that water soluble phenolic compounds released from the leaves of Kalmia angustifolia create a 
nutrient imbalance in soil by reducing the amount of available N and increasing the amounts of Fe, 
Zn, K, Ca, Mg, and Mn. The role of ericoid mycorrhizae in differential nutrient uptake which 
favors the host plant, and the antagonistic effects of ericoid mycorrhizae on conifer mycorrhizae 
has been suggested as yet another cause of poor conifer growth in the presence of ericaceous 
plants.21 Thus, the mechanism of ericaceous induced conifer growth inhibition may be better 
explained by the combined effects of competition, allelopathy, soil nutritient deficiency, and 
mycorrhizal activities of the ericaceous shrubs.

Objectives of the present paper were to (a) characterize different types of conifer-growth 
inhibition in presence of ericaceous plants, (b) review the possible biological and chemical 
mechanisms involved in the growth inhibition phenomenon and (c) suggest control measures of 
the ericaceous plants to enhance conifer regeneration.

EXAMPLES OF CONIFER GROWTH INHIBITION IN PRESENCE OF 
ERICACEOUS PLANTS

Sitka spruce growth-check is one of the earliest accounts of the ericaceous-induced conifer 
growth-inhibition phenomenon.122 After a few years of normal growth in the presence of heather 
(Calluna vulgaris), the tree seedlings become chlorotic and their growth stagnates. This type of 
growth-check was widely observed in conifers five to seven years after planting in Calluna- 
dominated heathlands in Britain.23 Similar growth-check phenomena are also observed in the 
presence of salal in regenerating western hemlock, Sitka spruce, and western red cedar (Thuja 
plicata) sites on old growth clearcuts in coastal British Columbia, Canada.24’26 Amabilis fir (Picea 
amabilis) may also experience growth check in the presence of Vaccinium alaskaense in certain 
higher elevation Hemlock-Amabilis fir clearcut sites of Vancouver island. Inderjit and Mallik5 
reported the growth-check of black spruce (Picea mariana) in presence of Ledum groenlandicum, 
another ericaceous plant from the Clay belt region of northern Ontario, Canada. Inadequate natural 
regeneration of Norway spruce (Picea abies) in the presence of bilberry (Vaccinium myrtillus) has 
been reported by several authors from the sub-Alpine spruce forests of France.3,27 Plantation failures 
characterized by stunted growth and eventual death of black spruce in the presence of Kalmia 
angustifolia has been reported on nutritionally poor sites of central and eastern Newfoundland.4,28,29 
Growth inhibition of jack pine (Pinus banksiana) in the presence of Kalmia understory has been 
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reported in New Brunswick, Canada by Krause.30 A low growing member of the Empetraceae, 
Empetrum hermaphroditum, was found to be responsible for the inhibition of germination and 
seedling growth of Scots pine (Pinus sylvestris) in northern Sweden.31

MECHANISMS OF GROWTH INHIBITION

In a majority of the cases, the ericaceous plants that induce growth inhibition in conifers 
possess very efficient vegetative regeneration systems; they are quite resilient to disturbances 
such as forest fire and logging and their rate of recovery after disturbance is fast. Their rapid 
vegetative growth results in high litter biomass on the forest floor.32 Litter of ericaceous plants 
contains a wide range of secondary metabolites, some of which are phyto- and fungi-toxic.3334 The 
litter is characterized by high N capital, but low nutrient availability. Ericaceous plants grow well 
in relatively nutrient poor soils and are equipped with ericoid mycorrhizae that are adapted to 
nutrient deficient sites. The following mechanisms are suggested to explain the ericaceous-induced 
growth inhibition in conifers:

Competition

Most understory ericaceous plants grow vigorously by dense sprouting after removal of 
forest canopy and can attain almost 100 percent ground cover in a matter of four to six years. This 
rapid aboveground growth is accompanied by the proliferation of an extensive network of roots 
and rhizomes, making them highly competitive in the initial phase of forest succession.1213 Moreover, 
vegetative sprouting and seed regeneration in many ericaceous plants are stimulated by cutting 
and fire.1135’36 It has been suggested that competition for soil nutrients, particularly N is the main 
cause for reduced growth of western hemlock, Sitka spruce and western red cedar in presence of 
salal.37 Results of a pot experiment conducted by Messier38 suggested that competition for light is 
a major reason for salal-induced growth check of Sitka spruce and western red cedar. Huffman39 
reported from their transplanting experiment with salal rhizomes grown in different light regimes 
that most vigorous sprouting and rhizomatous growth of salal occurs under 70% of natural light 
intensity. By having morphological and physiological plasticity in relation to available light, some 
ericaceous plants, such as Kalmia, Vaccinium spp. and salal equipped with sun and shade leaves 
are able to change the above and below ground biomass allocation pattern to become better 
competitors.12,40_43

Allelopathy

Allelopathic inhibition of seed germination and primary root growth of germinants has 
been suggested as the main reason for failure of natural regeneration of Norway spruce in the 
presence of Vaccinium myrtillus,16 Sitka spruce in the presence of Empetrum hermaphroditum,31 
black spruce in the presence of Kalmia,10 red pine in the presence of Kalmia,15 and balsam fir 
(Abies balsamea) in the presence of Kalmia.'1'1 Growth-check of planted seedlings of these and 
other tree species is also thought to be due to allelopathic interaction between the understory 
shrubs and the conifers. A number of plant secondary metabolites, mainly phenolic compounds 
such as o-hydroxyphenylacetic,p-hydroxybenzoic, vanillic, p-coumaric, ferulic, syringic, and m- 
coumaric acids, are found in the leaves and humus of Kalmia and salal, and have been implicated 
in growth inhibition of black spruce,45 and western red cedar and western hemlock.17 Wollenweber 
and Kohorst46 have extracted epicuticular leaf flavonoides from Kalmia and salal and speculated 
that these may also have growth inhibitory effects on conifers. Germination and root growth 
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inhibition of Norway spruce in the presence of fresh leaves and humus of V. myrtillus are attributed 
to high concentrations of caffeic acid.47 Seasonal variation in the concentration of several phenolic 
compounds and batatasin-III in E. hermaphroditum leaves are thought to be responsible for its 
allelopathic suppression of seed germination of tree species.31,48 High concentrations of tannins in 
leaves and inflorescence of salai are thought to inhibit the growth of western hemlock, western red 
cedar and amabilis fir.49

Resource-toxin Hypothesis

It has been suggested that organic molecules released from living and detrital tissue parts 
of ericaceous plants can induce nutrient imbalance in soils making them less suitable for conifer 
growth. Most sites with ericaceous dominance have a deficiency in available N. Indeijit and Mallik6 
demonstrated that water leachates of Kalmia can bring about significant changes in nutrient 
concentrations of humus and mineral soil solutions within 72 hours. They found significantly 
higher pH values, lower concentrations of total phenols and available N, and higher concentrations 
of Fe, Zn, K, Ca, Mg and Mn in soil amended with Kalmia leaves compared to the unamended 
controls. These results agree with Damman32 and Meades50,51 who determined that a long term 
occupancy of Kalmia in a site may bring about a permanent change in soil nutrient characteristics 
which is unfavorable for conifer regeneration.

Ericoid Mycorrhizae

Ericaceous plants are in symbiotic association with a variety of mycorrhizae that are 
specifically adapted to nutrient-poor habitats.52 Ericaceous plants produce large quantities of 
polyphenolic materials (e.g. tannnins, humic acids, melanins, and quinones) which can bind soil 
organic N as calcitrant protein-phenol complexes.53'57 Bending and Read58 have shown that ericoid 
mycorrhizae are able to utilize protein N that is complexed with tannic acid by means of enzymatic 
degradation whereas, ectomycorrhizal fungi associated with conifers could not obtain N from the 
same source. They also demonstrated that ericoid mycorrhizae have the ability to utilize tannin as 
a carbon source, a feature other mycorrhizae do not have. The works of Leak and Read59 and 
Bending and Read60 suggest that ericoid mycorrhizal associations have resulted from the selective 
pressure of low available nitrogen environments.

Salai roots are associated with three types of mycorrhizae61,62 - ericoid, arbutoid and 
ectomycorrhizae which confers efficiency in obtaining N and P in acidic soils, as well as obtaining 
nutrients from complex organic forms. Thus, ericaceous plants are better equipped than conifers, 
that typically associate with only ectomycorrhizae for nutrient aquisition in polyphenol-rich shrub- 
dominated conditions that occur after disturbance.

The above mechanisms help to explain why, and how, ericaceous plants may suppress 
conifer regeneration. Under field conditions, some or all of these mechanisms can work 
simultaneously, and/or sequentially, to induce the growth inhibitory effects. Moreover, the site 
characteristics and climatic conditions play important roles in the growth inhibition process. In 
case of Kalmia-induced regeneration failure of black spruce in Newfoundland, Mallik4 suggested 
that the extent of regeneration failure will be determined by the combined effects of climate, site 
type, vegetation composition, type, and frequency of forest disturbance and the resiliency to 
disturbance, regeneration, competitive abilities and allelopathic properties of Kalmia. Similarly, 
Messier and Kimmins63 and Prescott and Weetman20 suggested that competition for nutrients and 
declining site fertility after the assart flush are the major reasons for Sitka spruce, western hemlock 
and western red cedar growth-check in young plantations with salai. Zackrisson64 demonstrated a 
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three-way interaction between conifers, ericaceous plants and feathermoss in immobilizing nutrients 
which may cause growth inhibition in conifers in northern Sweden. Andre65 suggested that high 
phenolic content of a Vaccinmm-dominated humus layer in the forest floor restricted the 
development of mycorrhizae of Norway spruce seedlings in sub-Alpine forests. Figure 1 summarizes 
the dynamics of conifer-ericaceous interactions where competition, allelopathy and nutrient 
sequestration all play a role in creating unfavorable conditions for conifer regeneration. The degree 
and mechanism of conifer growth inhibition often depend on the site type and the ericaceous 
species involved. For example, natural regeneration failure of Norway spruce in the presence of 
Vaccinium myrtillus is caused mainly by the ericaceous canopy whereas black spruce regeneration 
in the presence of Kalmia is caused not so much by germination inhibition, but by root growth 
inhibition, competition and nutrient deficiency. Salal-induced conifer growth inhibition on the 
west coast of British Columbia is most likely due to competition for nutrients and light, and 
allelopathy seems to play a minor role. The time required for canopy closure, after forest harvesting 
and fire, also depends on the site type, climatic conditions, the species of ericaceous plant and the 
associated conifer involved. For example, certain nutrient-poor Kalmia-black spruce sites in central 
Newfoundland may require 150-200 years to achieve forest canopy closure whereas, a poor salal- 
hemlock site may require less than 50 years to develop canopy closure.

Figure 1. Conifer growth inhibition resulting from the combined effects allelopathy, competition, 
phenol-bound nutrient sequestration and ericoid mycorrhizae of the ericaceous plants. (Adapted 
from Ref. 66).

CONTROL OF ERICACEOUS PLANTS

In many ecosystems with an ericaceous understory, the success of forest regeneration after 
harvesting and fire is predicated upon the control of ericaceous plants. The history of ericaceous 
plants, particularly their regeneration behavior after disturbance and their leaf anatomy, are such 
that the traditional vegetation control strategies are often of limited success.

Herbicides

Commonly used herbicides have not been effective in controlling ericaceous plants.67 So 
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far, no cost effective method of Kalmia control in the forest has been developed. Experiments 
were conducted using scarification, prescribed burning and 2,4-D (2,4-dichlorophenoxyacetic 
acid) at 0.75 kg/ha in central Newfoundland, but neither method produced satisfactory results.68 
Engler69 70 reported some success in controlling Kalmia using 2,4-D; however, foliar application 
of a 2,4-D ester formulation in the fall, at sub-lethal rates did not succeed in controlling Kalmia. 
The effectiveness of herbicides appears to decrease when applied later in the season. Mallik 
(unpublished) tested Vision (Roundup or Glyphosate), Krenite (Fosamine ammonium), Velpar 
(Hexazinone or Pronone), and Garlone (Trichlopyr) against Kalmia grown in pots under greenhouse 
conditions. Vision (with or without the surfactants Tween 20 and Triton XR) was not effective in 
controlling Kalmia, even at a relatively high application rate of 7 L /ha (a.i. 356 g/L). However, the 
production of new foliar growth and advantitious shoots was stopped temporarily. Krenite applied at 
the rate of 11.2 L/ha caused some damage to Kalmia six weeks after treatment, but subsequently the 
treated plants regained their vigor and produced new advantitious shoots. Valper, applied at the rate 
of 5 kg/ha, caused defoliation of Kalmia two to three weeks after treatment but the plants were not 
killed and a large number of new leaves appeared five weeks later. Garlon, on the other hand, showed 
some potential for controlling the shrub by killing most plant parts (A.U. Mallik, unpublished data). 
Silvicultural release treatment with Vision (2.6 kg/ha) in a seven year-old jack pine (Picea banksiana) 
plantation, caused a significant decrease in foliage cover and berry yield of blueberry (Vaccinium 
angustifolium and V. myrtillus)^ Jobidon72 reported encouraging results from a field experiment 
which showed that application of a microbially produced herbicide, Bialaphos (L-2-amino-4 
[(hydroxyl) (methyl) phosphinoyl]-butyrl-L-alanyl-L-alanine), in June and August, at the rate of 1 to 
2.5 kg/ha, can control Kalmia by reducing stem density and height. The effectiveness of Bialaphos in 
controlling rhizome growth and the soil seed bank of Kalmia was not tested. However, since Bialaphos 
rapidly translocates to underground parts of the plant it has a potential for effective control of Kalmia.

Cutting and Burning

In general, cutting and burning as a means of controlling ericaceous shrubs, enhanced sprouting. 
Mallik11 reported that Kalmia grown in pots produced as many new advantitious shoots three months 
after experimental cutting and burning treatments as they did prior to treatment. Enhanced sprouting 
is also reported for Calluna, Vaccinium spp., and Arctostaphylos uva-ursi, following burning.35,73 
Smith41 reported that salal growth can be reduced temporarily by controlled burning. Field observations 
indicated that like many other ericaceous plants, salal produces a large number of vigorous vegetative 
shoots and, if burned early in the growing season, most of the shoots produce large numbers of 
flowers and fruits with numerous viable seeds.13

Ploughing and Scarification

Ploughing and liming has been a standard site preperation practice in Scotland for afforestation 
for many decades.23 However, after a few years of normal growth, planted seedlings exhibit growth
check with symptoms of N deficiency. Scarification of Kalmia- and salal-dominated sites also failed 
to improve conifer growth-checks and visible N deficiency symptoms.4-20 25’26,37 The scarified areas 
are invaded by the rhizomes and vegetative sprouts of the ericaceous plants.

Mulching

Mechanical mulching destroys vegetative bud banks and appears to provide a good control 
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of ericaceous plants.11 However, this treatment may not be operationally feasible because of the high 
energy cost of the mulching machine, its inaccessibility in rough terrains and operational difficulties 
in stony soils.

Fertilization

High rates of fertilization with N and P was reported to inhibit the growth of certain ericaceous 
plants with the concomitant release of growth-check of conifers. Application of N, as urea (1344 kg 
N/ha) in a jack pine stand in Quebec was reported to reduce the cover of Kalmia and blueberry 
(Vaccinium angustifolium).™ Remeasurment of these plots 14 years later still showed a significant 
reduction of Kalmia cover.75 Reduced growth of Kalmia was also apparent in the plots that received 
672 kg N/ha and the authors recommended N fertilization as an option for controlling Kalmia in 
conifer plantations. Mallik,76 on the other hand, found vigorous growth of Kalmia with N applications 
in any factorial combination with P and K in greenhouse conditions. Increase of grasses, such as 
Molinia caerulea, at the expense of Calluna vulgaris and Erica tetralix was observed in the 
Netherlands coincident with atmospheric deposition of N.77 Experimental fertilization of Calluna 
heathlands also caused reduction in ericaceous plants with the concomitant increase in Molinia 
caerulea and Festuca ovina.™19 Similar vegetation shifts from ericaceous to nitrophilous species in 
presence of high rates of N deposition have been reported from other parts of Europe.80 Prescott81 
studied the effects of repeated applications of N fertilization on salal cover in two coastal Douglas- 
fir (Pseudotsuga menziesu) forests at the Park Forest in Washington State. Salal was eliminated in 
plots that received N as ammonium nitrate or urea (1540 kg N/ha) between 1950 and 1982, but was 
unchanged in plots that were treated with P and S in addition to N (1082 kg N/ha). Improvement of 
Sitka spruce growth was also achieved in Scotland by one or more application(s) of N or combined 
application of N and P.23 However, such fertilization treatments in Kalmia dominated sites did not 
produce sufficient growth of black spruce to enhance canopy closure within a reasonable time. High 
concentrations of N and P are thought to disrupt the functioning of ericoid mycorrhizae which in turn 
may affect the growth of the ericaceous plants.21

Planting Density

Several authors suggested that salal may be controlled by dense planting of relatively larger 
conifer seedlings. It is suggested that this will accelerate forest canopy closure and thus shade out 
salal.20 However, the sites must allow some growth of the planted conifers in presence of salal to 
achieve canopy closure in the course of time. In many post-logging nutrient-poor Kalmia dominated 
sites of central Newfoundland, canopy closure is expected to take a very long time even with a 
doubling of the normal planting density. This is because the seedlings planted in those sites experience 
complete growth-check in the presence of Kalmia and thus transform the forests into heathlands 
after disturbance.4-50-51

Combined Treatments

Prescott and Weetman20 demonstrated that combined treatments of (i) salal removal by cutting 
or herbicide followed by (ii) dense planting of conifers and (iii) subsequent N and P fertilization can 
stimulate the conifer growth and eradicate salal by shedding.

CONIFER GROWTH ENHANCEMENT BY MYCORRHIZAL INOCULATION

Most tree species in temperate forests are associated with mycorrhizae82-83 which improve the 
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survival and growth of tree seedlings by enhancing nutrient uptake, particularly N and P, and protecting 
the host against root pathogens.84 It has been suggested that mycorrizahe probably detoxify 
allelochemicals produced by competitors.85 Tree seedlings grown in soils that have low inoculum 
potentials form fewer mycorrhizae and show poor growth and survival.84 Forest disturbance, such as 
logging and fire reduces mycorrhizal inocula in the soil. Research has been focused on the manipulation 
of specific ectomycorrhizae as inocula for tree seedlings that are used in afforestation.86,87 The absence 
or low mycorrhizal colonization of tree roots in Calluna heathlands has been reported in Scotland.2,88 
A preliminary study conducted by Zhu and Mallik (unpublished data) showed about a 50 % reduction 
in mycorrhizae of black spruce in a Kalmia dominated post-harvest forest soils compared to that of 
an adjacent Kalmia-free, 80 year old uncut black spruce forest. It is assumed that the reduction in 
diversity of mycorrhizal inocula in ka/mza-dominated soil may be the result of Kalmia’s allelopathic 
effects.

In an attempt to overcome black spruce growth inhibition in the presence of Kalmia, Mallik 
(unpublished) inoculated black spruce seedlings with four strains of mycorrhizae and planted these 
in Kalmia soils treated with Kalmia leaf leachate. They found that Paxillus involutus, Laccaria 
laccata and E-strain could form abundant ectomycorrhizae with black spruce in soil receiving Kalmia 
leaf leachate. The inoculated seedlings, particularly the P. involutus inoculated seedlings, had higher 
biomass compared to the non-inoculated seedlings in presence of Kalmia. Nilsson89 reported that N 
uptake was three times faster in mycorrhizae-inoculated Scots pine (Picea sylvestris) seedlings than 
in non-inoculated control seedlings. The inoculated seedlings overcame the toxic effects of water 
extract of leaves oiEmpetrum hermaphroditum. In an out-planting experiment, McAfee and Fortin90 
demonstrated that the competitive interactions between ectomycorrhizae and the naturally occurring 
mycosymbionts, depend upon the fungal species as well as the habitat. Experiments with mycorrhizae 
in the greenhouse must be evaluated for their relevence to field application.91

CONCLUSIONS

A few conclusions can be drawn from the above studies: (1) Certain ericaceous understory 
plants grow rapidly by vegetative regeneration after forest-clearing and inhibit the growth of conifers; 
(2) the type and extent of conifer growth inhibition are dependent on site factors, autecological 
characteristics of the species involved and the disturbance regimens; (3) multiple ecological processes 
such as competition, allelopathy, allelopathy-nutrient interaction, the abilities of ericoid, ecto- and 
endomycorrhihzae to gain access to N from protein-phenol/polyphenol complexes as well as the 
regeneration response of ericaceous plants to disturbance, are factors involved in the ericaceous- 
induced conifer growth inhibition; (4) application of N-fertilizer can release conifers from growth
check, and repeated application of high rates of N can reduce the cover and abundance of certain 
ericaceous plants; (5) the commonly used herbicides such as Vision and Velpar are not effective in 
controlling ericaceous plants, but herbicides such as Garlon and Bialaphos have potential in controlling 
some ericaceous plants; (6) black spruce seedlings pre-inoculated with certain mycorrhizal fungi can 
overcome ka/mza-induced growth-check; (7) it is necessary to establish appropriate field trials to 
validate results of controlled experiments under greenhouse conditions.
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ABSTRACT

Cholinesterases play a key role in the transmission of impulses across nerve synapses. 
Acetylcholinesterase (AChE) and butyrylcholinesterase (BuChE) were found in homogenates of 
the grain aphid. The activity of AChE was mostly associated with membranes of mitochondria/ 
microsomes, and that of BuChE with both soluble and bound fractions. Brown forms of Sitobion 
avenae showed a higher AChE activity than green forms. AChE activity was greater in adults than 
nymphs, and reverse was the case for BuChE activity. Extracts of whole seedlings of resistant and 
susceptible wheat cultivars strongly inhibited the activity of the aphid’s cholinesterases, whereas 
phloem exudates from these wheats were only slightly inhibitory. The extracts of moderately 
resistant wheats, which contained high concentrations of cereal allelochemicals, inhibited AChE 
activity a little more strongly than did similar extracts of susceptible wheats. When tested in vitro 
allelochemicals affected the activity of aphid cholinesterases. The effect depended on the 
concentration and the structure of the compounds.

INTRODUCTION

The grain aphid, Sitobion avenae (Fabricius) is a serious pest of cereals throughout Europe. 
During the last three decades a lot of effort has gone into reducing the damage done to cereal crops 
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by this aphid. The use of plant resistance against aphids has been proposed as an ecologically 
friendly method. Cereal cultivars moderately resistant to aphids, with high levels of antixenosis 
and/or antiviosis mechanisms are known.1’4 The resistance is mostly associated with the presence 
in these varieties of high concentrations of allelochemicals, e.g., phenolic compounds, hydroxamic 
acids and indole alkaloids.511 These allelochemicals influence the aphid’s feeding behaviour and 
result in a prolonged prereproductive period, reduced daily fecundity and lowered intrinsic rate of 
natural increase (rm) of cereal aphid populations.1216

However, little is know about the mechanism of the interaction between plant xenobiotics 
and aphids.17 One possible mechanism might be through their effect on an aphid’s cholinesterses, 
which are key enzymes in transmission of nerve impulses.18-22 Acetylcholinesterase is a particularly 
important enzyme in the transmission of nerve impulses across synapses. It degrades acetylcholine 
(nerve impulse transmitter) within the synapse and thereby interrupts the action of this 
neurotransmitter on the postsynaptic membrane. In aphids two cholinesterases of different substrate 
specificity are known: acetylcholinesterase (AChE) [E.C. 3.1.1.7] selective for acetylthiocholine 
(ASCh) and inhibited by 10-5M eserine, and butyrylcholinesterase (BuChE) [E.C. 3.1.1.8] selective 
for butyrylthiocholine and insensitive to eserine (BuSCh).23,24

In the present paper we report on the activity of two cholinesterases present in grain aphid 
tissues and the effect of homogenates and phloem exudates of two moderately resistant and two 
susceptible cultivars of winter wheat and of some cereal allelochemicals on the activity of the two 
cholinesterases.

MATERALS AND METHODS

Chemicals

Acetylthiocholine iodide (ASCh), butyrylthiocholine iodide (BuSCh), 5,5’-dithiobis-(2- 
nitrobenzoic acid) (DTNB), eserine, catechol, gallic, syringic, irans-cinnamic,p-coumaric, ferulic, 
and chlorogenic acids, as well as coumarin, esculetin, scopoletin, (+)-catechin, quercetin, gramine, 
tryptamine, 5-hydroxytryptamine, 5-methoxytryptamine, and 5-methoxy-A, A-dimethyltryptamine 
were purchased from Sigma Chemical Company (St. Louis, Mo); SDS (sodium dodecyl sulphate) 
from Serva Feinbiochemica (Heidelberg); tricin from PlantTech (Reading, U.K.), and Bradford 
protein dye reagent from Bio-Rad Labolatori.es (Hercules, Ca).

Insects

The green and brown colour forms of the grain aphid, S. avenae, used in the experiments 
came from a stock culture kept at the University of East Anglia (Norwich, U.K.). The aphids were 
reared in a glasshouse on two-week-old seedlings of winter wheat (Triticum aestivum L.), var. 
Commando.

Plants

Seedlings of four winter wheat cultivars were used: two moderately resistant - Grana and 
Saga and two susceptible - Emika and Liwilla.4 Seeds were germinated in a glasshouse kept at 20
22 C and at a 16h light: 8h dark photoperiod. The seedlings were grown in medium nutrient fine 
structure multipurpose COIR compost (ICI, U.K.) in 15 cm diameter plastic pots, 100 seedlings 
per pot. The plants were regularly watered and no extra fertiliser was added.
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Activity of the Grain Aphid’s Cholinesterases.

Preparation and fractionation of the enzymes from homogenates of whole aphids was 
performed according to Zhu and Brindley.25 Groups of 200 aphids (mixed population) were collected 
from two-week-old seedlings of winter wheat var. Commando and homogenized with 5 mL of ice
cold 0.04 M Na-phosphate buffer, pH 7.0 (about 20 mg tissue per 1 mL of buffer). Homogenization 
was carried out in a glass homogenizer placed in an ice-bath, using a tightly fitting teflon pestle. 
The homogenates were filtered through two layers of cheese-cloth and centrifuged at 500g, for 30 
min at 4 C to remove debris. The supernatant was kept on ice and used as a source of the aphid’s 
cholinesterase for determining the effect on their activity of the plant homogenates, phloem exudates 
and allelochemicals. All the enzymes preparations were carried out in three replications.

In order to separate the cytosolic (soluble) and mitochondrial/microsomal bound fractions, 
the supernatant was further centrifuged for 1 h at 105,000# at 4 C in a Beckman L8-70M centrifuge. 
The final supernatant was used for determining the activity of the enzymes in the soluble fraction. 
The pellet was suspended in 0.04 M Na-phosphate buffer, pH 7.0 and used to determine the 
activity of the aphid’s membrane-bound cholinesterses.

Comparison of the cholinesterses in the different grain aphid colour forms and morphs was 
performed as follow. Groups of 50 apterae, alatae and nymphs of both the green and brown colour 
forms of S. avenae were homogenized. The homogenate was filtered through cheese-cloth and 
centrifuged at 500#, for 30 C and the activity determined.

Enzyme assays

The activity of the cholinesterases was measured by a modified version of Ellman26 method. 
The assay mixture (3 mL total volume) contained: 2.6 mL of 0.04 M Na-phosphate buffer, pH 7.0, 
or 2.5 mL of the buffer plus 0.1 mL of aphid homogenate. The mixture was preincubated for 15 
min at 30 C, and then either a 0.1 mL solution of 75 mM ASCh or 75 mM BuSCh for AChE and 
BuChE respectively, were added. The mixture was incubated for 15 min at 30 C and then the 
reaction was stopped by the addition of 0.1 mL of 0.644 mM eserine (AChE) or 0.1 mL of 3% 
SDS (BuChE), after which 0.1 mL of 10 mM DTNB reagent was added.23,27 Each assay was 
performed three times. The absorbance at 412 nm relative to the appropriate blank (containing 
previously boiled, denaturated enzymes) was measured on a UNICAM 8625 UV/VIS 
Spectrophotometer. The protein concentration of each enzyme preparation was determined using 
Bradford’s28 method. The average enzyme activity was expressed as AA/min/mg protein. The 
inhibition or stimulation of the activity of the grain aphid’s cholinesterases were calculated as a 
percentage of the control, and equal to 0% if lacking an effect.

EFFECT OF WHEAT HOMOGENATES, PHLOEM EXUDATES AND CEREAL 
ALLELOCHEMICALS ON THE ACTIVITY OF THE APHID 
CHOLINESTERASES.

IEDTA Extracts of whole Seedlings

Five seedlings of each variety (5 days old and about 8 cm long) were homogenized in a 
ground glass homogenizer with 5 mM EDTA in 0.04 M Na-phosphate buffer, pH 7.0. During the 
extraction, the glass homogenizer was placed in an ice-bath. The plant homogenate was filtered 
through two layers of cheese-cloth and then centrifuged for 30 min at 500#. The supernatant was 
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collected, boiled for 5 min at 80 C and its modulating effect on the activity of the grain aphid’s 
cholinesterases determined.

IIEDTA Induced Phloem Exudates

The stems of 10 seedlings of each variety were cut through just above soil level and the cut 
stem of each placed in 1.0 mL of 5 mM EDTA in 0.04 M Na-phosphate buffer, pH 7.O.29 30 The 
exudation of phloem sap was enhanced by cutting a further 2 mm for stem from the cut end (under 
the solution to avoid air) 2 h after the beginning of the collection period, which lasted for a total of 
22 h. The exudates from all the varieties were collected at the same time and boiled for 5 min at 80 
C. After cooling the exudates were frozen at - 20 C and kept in a freezer until analysed.

Ill Allelochemicals

The effect of the following three groups of cereal allelochemicals on the activity of the 
aphid’s cholinesterases was investigated: 1) phenolic compounds - catechol, gallic, syringic, 
salicylic, iran.s-cinnamic,p-coumaric, ferulic and chlorogenic acids as well as coumarin, esculetin, 
scopoletin, (+)-catechin, quercetin, and tricin; 2) indole alkaloids - gramine, tryptamine, 5- 
hydroxytryptamine, 5-methoxytryptamine, and 5-methoxy-ATV-dimethyltryptamine; 3) hydroxamic 
acids - DIMBOA (2,4-dihydroxy-7-methoxy-2/7-l,4-benzoxazin-3(4/7)-one). These 
allelochemicals were dissolved in a small volume of ethanol and sufficient 0.04 M Na-phosphate 
buffer, pH 7.0 added to give a stock solution of 0.01 M concentration with the exception of 
DIMBOA and tricin, as only small quantities of these two compunds were available. The stock 
solutions were used to prepare solutions of the following concentrations of the allelochemicals: 
3xlO'4M; 3xl0'5M; 3xl0‘6M and 3xl0‘7M except for DIMBOA and tricin for which the following 
two concentrations: 3xl0‘6M and 3xl0'7M were prepared. The final concentration of alcohol in 
these solutions and the control never exceeded 0.5%. Three estimates were made of the effect of 
each freshly solution of an allelochemical on the activity of the aphid’s cholinesterases.

Statistical Analysis

Differences in the activity of AChE and BuChE within green and brown forms of 5. avenae 
and differences in effect of EDTA homogenates and phloem exudates on the aphid’s cholinesterases 
were analysed by an analysis of variance followed by Duncan’s test.

RESULTS

Occurrence of Cholinesterases in the Grain Aphid

Activity indicating the presence of AChE selective for ASCh and BuChE selective for 
BuSCh was found in grain aphid tissues. Both enzymes showed the highest activity at pH 7.0, the 
condition adopted in the rest of the study. The AChE activity was mostly associated with the 
mitochondrial/microsomal membrane fraction, and only 6% with the soluble cytosolic fraction. In 
contrast, of the BuChE activity 55% was in the soluble fraction and 39 % in the membrane fraction 
(Table 1). The percentage recovery of the total homogenate activity in the two fractions was 
89.1% and 94.5% for AChE and BuChE, respectively. Of the grain aphid colour forms, brown 
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individuals showed a much higher activity of AChE than green individuals. There was no difference 
in the activity of BuChE in the two colour forms (Fig. 1). Adult winged and apterous aphids of 
both colour forms showed the highest activity of acetylcholinesterase, in contrast to the nymphs 
which showed a much higher activity of BuChE (Fig. 1).

Table 1. Distribution of the cholinesterases AChE and BuChE in the subcellular fractions of 
homogenates of the grain aphid.

AChE BuChE
%Total Specific activity %Total Enzyme activity

Fraction activity AA/min/mg protein activity AA/min/mg
protein

Crude homogenate 100.00 0.120 100.00 0.036
Cytosolic 5.65 0.014 55.40 0.042
Mitochondrial/microsomal 83.50 0.270 39.10 0.055
% Recovery 89.15 94.50

AChE BuChE

Figure 1. Mean activity (and SE from 3 replicates) of the cholinesterases in homogenates from 
various morphs of two colour forms of the grain aphid. Values in clusters not followed by the 
same letters are significantly different at P < 0.01 (Ducan’s test).

Effect of wheat Homogenates and Phloem Exudates on the Activity of Aphid 
Cholinesterases

The homogenates of whole seedlings and phloem exudates generally inhibited the activity 
of the grain aphid’s cholinesterases. The inhibition of both AChE and BuChE activity by the 
extracts of whole seedlings was much stronger than by the phloem exudate (Fig. 2). The activity of 
the AChE was more strongly inhibited by the extracts from resistant (63-65%) than from susceptible 
varieties (56-57%). Extracs of whole seedlings of all the varieties inhibited the aphid’s BuChE 
activity by about 90% and was slightly less for the resistant than to the susceptible varieties of 
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wheat. The inhibitory effect of the phloem exudates from the resistant especially var. Saga, and 
susceptible wheats on the activity of the cholinesterases was much weaker. Generally, S. avenae 
BuChE activity was more sensitive to the extracts of whole seedling and phloem exudates than 
was the AChE activity.

AChE BuChE

Figure 2. Mean effect (and SE from 3 replicates) of whole plant homogenates and phloem exudates 
from resitant and susceptible wheat varieties on the activity of grain aphid cholinesterases (control 
= 100%). Values in clusters not followed by the same letters are significantly different at P < 0.01 
(Ducan’s test).

Effect of Cereal Allelochemicals on the Activity of the Aphid’s Cholinesterases

The cereal allelochemicals affected the activity of the aphid’s cholinesterases. The effect 
was dependent mostly on concentration, but also on their chemical structure. Of the phenolics, 
catechol inhibited the activity of AChE at all concentrations and BuChE at the higher concentrations 
(Tab.2). Phenolic acids: syringic and gallic acids, at the higher concentrations, inhibited both 
cholinesterases, whereas salicylic acid strongly stimulated BuChE and reduced AChE activity. 
Phenylpropenoids inhibited BuChE more strongly than AChE (Tab. 2). Similarly, coumarins more 
strongly inhibited the activity of BuChE than AChE. Flavonoids: quercetin and tricin reduced 
slightly the activity of AChE. Quercetin also inhibited the activity of BuChE, whereas tricin at low 
concentrations strongly stimulated the activity of this enzyme and (+)-catechin had no clear effect.

Among the indole alkaloids: 5-hydroxytryptamine inhibited AChE activity at all 
concentrations but at the lowest concentration stimulated activity of BuChE (Tab. 2). Other indole 
alkaloids: gramine, tryptamine, and 5-methoxytryptamine, and 5-methoxy-AQV-dimethyltryptamine, 
strongly inhibited both enzymes at high concentrations, but stimulated their activity at low 
concentrations.

The hydroxamic acid, DIMBOA, inhibited both cholinesterases even at the lowest 
concentrations. With a few exceptions, the allelochemicals affected the activity of BuChE more 
than that of AChE (Tab.2).
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Table 2. Effect of certain allelochemicals on the activity of the grain aphid’s AChE and BuChE 
expressed as a percentage of the activity (control activity, without allelochemicals = 100%).

Allelochemical concentration [M]
3x10" 3x1 O'5 3x10''’ 3x1 O’7

AChE BuChE AChE BuChE AChE BuChE AChE BuChE

Phenols

Catechol 0.0 - 0.0 10.1 76.9 87.6 80.2 101.9

Phenolic acids

Gallic acid 2.5 14.9 13.7 19.0 90.3 26.4 102.1 43.1

Syringic acid 90.5 35.2 95.4 70.1 98.7 73.6 98.7 73.9

Salicylic acid

Phenylpropenoids

72.5 97.9 85.0 140.4 87.4 195.7 88.7 195.7

trans-Cinnamic acid 78.7 79.9 106.7 83.9 110.7 92.0 118.3 92.0

p-Coumaric acid 85.0 28.4 98.9 72.2 99.6 103.4 108.1 104.3

Chlorogenic acid - 31.1 98.0 57.1 98.9 59.5 99.6 59.7

Ferulic acid 88.0 67.5 104.1 76.3 105.0 77.2 1 16.3 77.3

Coumarins

Coumarin 74.4 23.5 94.2 79.2 94.7 96.0 93.7 101.8

Esculetin 104.5 32.9 104.6 80.1 94.8 93.4 95.0 96.5

Scopoletin 0.0 0.0 38.9 76.0 90.8 77.9 111.5 84.1

Flavonoids

(+)-Catechin 89.9 - 100.1 91.7 100.0 126.3 99.9 126.6

Quercetin - - 93.4 50.0 98.2 52.1 96.5 92.1

Tricin - - - - 85.8 50.0 81.5 196.8

Indole alkaloids

Gramine 21.1 22.0 54.1 88.1 90.1 94.2 111.2 103.1

Tryptamine 45.8 73.8 86.7 78.1 109.8 92.4 112.2 127.6

5-Hydroxytryptamine 17.7 15.9 53.7 51.0 84.9 84.8 95.9 157.2

5-Methoxytryptamine 15.9 28.3 76.7 89.7 101.5 104.1 102.8 111.7

5-Mcthoxy-A,7V- 
dimethyltryptamine 
Hydroxamic acids

19.4 26.2 55.8 81.4 96.2 100.0 97.3 115.9

DIMBOA - - - - 58.0 73.2 77.9 75.6

DISCUSSION

Biochemical adaptations of herbivorous insects to host-plants involve both detoxifying 
enzymes and enzymes involved in the transmission of nerve impulses. The activity of these enzymes 
is affected by plant allelochemicals and synthetic insecticides.31,32 The complete inhibition of the 
activity of the enzymes involved in the transmission of nerve impulses is very dangerous for 
insects, for they only survive for a few minutes under these conditions. Ryan and Byrne33 reported 
that allelochemicals that inhibit or inactivate AChE activity cause acetylcholine to accumulate in 
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the cholinergic nerve fibres throughout the central and peripheral nervous systems of insects, 
which results in paralysis and death.

Paralysis and death are not observed when grain aphids feed on moderately resistant wheats, 
which are rich in allelochemicals. However, on these varieties the aphids are usually reluctant to 
settle and feed. Monitoring the feeding behaviour of the grain aphid, using EPG (electrical 
penetration graphs), reveals that it behaves slightly differently on moderately resistant and 
susceptible wheats.34 They spend slightly longer in non-penetration, stylet penetration (ABC pattern) 
and salivation into the sieve elements (El pattern), and less time ingesting phloem sap (E2 pattern) 
on resistant varieties. In addition they make more stylet penetrations on resistant varieties. The 
difference in feeding behaviour of the grain aphid on resistant and susceptible wheats might be 
associated with the effect of the secondary plant substances on the activity of the aphid’s 
cholinesterases, which is reported here for the first time. There have been previous reports of the 
presence of cholinesterases in other species of aphids.35'39 When tested in vitro the whole plant 
extracts and the phloem exudates inhibited the activity of the aphid’s cholinesterases, with the 
extracts from the resistant wheat varieties exerting a slightly stronger inhibitory effect on AChE 
than on BuChE activity. This is important since some investigators believe that only AChE plays 
a significant role in the transmission of nerve impulses in insects Toutant.24

The grain aphid is a phloem feeder, penetrating other plant tissues intercellularly.40,41 As 
cereal allelochemicals are mostly located in the peripheral tissues of grasses they are though to be 
less important in the chemical interaction between aphids and cereals.42 This may be why the 
activity of AChE in green forms of winged aphids, mostly involved in host plant selection and 
colonisation was higher than in apterae and nymphs of these colour forms. However, when an 
aphid’s stylets penetrate plant tissue some mesophyll cells are punctured and salivary sheath material 
is deposited in these cells as well.43 Short punctures of the plasmalemma are common and are 
indicated by short drops in electrical potencial (potential drops) during the stylet penetration.41 
Kimmins44 hypothesited that after such short punctures the plasmalemma is rapidly repaired, leaving 
no histological trace of the intracellular intrusion. Thus, during stylet penetration aphids might 
come into contact with xenobiotics located on the surface and in peripheral tissues. Moreover, 
some of the allelochemicals used in this study are present in phloem sap. Traces of DIMBOA, 
p-coumaric acid and apigenin C-glucoside, schaftoside as well as some other unidentified 
compounds have been found in phloem exudates from wheat varieties (Leszczynski, unpublished 
data). Since some of these compounds can modulate the activity of aphid cholinesterases in vitro 
they might also influence aphid feeding behaviour.

However, the chemical interactions between aphid cholinesterases and natural or synthetic 
allelochemicals are probably more complex since it is difficult to inhibit the acetylcholinesterases 
of insects in vivo45'48 and because the structure of some of the allelochemicals may be changed by 
the action of detoxifying enzymes. Since aphids feed on phloem sap, the detoxifying enzymes 
acting on more hydrophilic allelochemicals are more important.49,50 A high level of activity of 
glutathione S-transferases and UDP-glucosy 1 transferases in grain aphid tissues has been reported 
earlier.51'53 Therefore, 5. avenae can conjugate toxic allelochemicals with glutathione and glucose 
and change them to less biologically active, water soluble compounds, which are excreted in 
honeydew. In addition, both the grain aphid’s watery and gelling saliva contain polyphenoloxidase 
and peroxidase,54 which has also been reported for other aphid species.55,56 These two enzymes by 
oxidation and polymerization detoxify a wide range of plant phenolics and other aromatic 
compounds. This is a particularly effective mechanism of detoxification because it takes place 
within the plant tissues, before the food is ingested.

Summing up, the fact that aphid stylets penetrate plant tissues mainly intercellulary, that 
there are only low concentrations of allelochemicals in phloem sap that grain aphids can detoxify 
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them may account for the big difference in the effect of these substances on the activity of the 
grain aphid’s cholinesterases. Thus, although cereal allelochemicals can modulate the activity of 
the grain aphid’s cholinesterases, there is no evidence to support the hypothesis that these chemicals 
affect the aphid’s behaviour directly by interfering with the transmission of nerve impulses. Further 
studies are in progress to determine the structure and substrate specificity of the cholinesterases 
from the aphids feeding on various cereal crops.
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ABSTRACT

Glyphosate is a herbicide that blocks the shikimic pathway. We have selected two 
Bradyrhizobium japonicum strains with different glyphosate tolerance to study the effects of the 
herbicide on the accumulation of benzoic acids in nodules and young leaves, and the effects of 
those compounds on the main physiological processes of these metabolic sinks. Seven days after 
glyphosate treatment, photosynthesis and nitrogen fixation decreased, and these effects depended 
on the strain infecting the plant. As the herbicide is quickly translocated to the metabolic sinks, we 
detected high amounts of shikimate and hydroxybenzoic acids (mainly protocatechuate) in nodules 
and young expanding leaves. These compounds may play an autoallelopathic role. Nevertheless, 
in chloroplasts incubations, shikimate and protocatechuate were not able to inhibit photosynthetic 
electron transport. There is not a clear relationship between the levels of some of these acids in 
nodules and the inability to fix nitrogen, but in some sensitive strains, shikimate accumulated in 
response to glyphosate may partially contribute to reduce nitrogen fixation.

INTRODUCTION

Glyphosate is a non-selective herbicide widely used alone or combined with other herbicides 
for vegetation control in total vegetation management programs. The mode of action of this herbicide 
is the inhibition of 5-enolpyruvylshikimate-3-P synthase (EPSPs) (EC 2.5.1.19).1 As a result of 
such inhibition, the shikimate pathway becomes deregulated, resulting in an uncontrolled flow of 
carbon in this pathway,2 while synthesis of aromatic amino acids and phenolic compounds derived 
from cinnamic acids is blocked. However elevated concentrations of shikimate and hydroxybenzoic 
acids have been found in glyphosate treated plants3,4 and microorganisms, including 
Bradyrhizobium.5 Those glyphosate-induced benzoic acids may be important because they have 
been commonly reported as allelopathic agents.6

Recently, glyphosate-resistant soybean plants have been obtained and marketed7 due to 
introduction of genes of resistant forms of EPSP synthase.8 This glyphosate resistance may have 
unexpected consequences for the symbiotic microorganisms usually associated with soybean in 
nodules. Since glyphosate is translocated to metabolic sinks, high levels of the herbicide and 
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hydroxybenzoic acids may be expected to accumulate in young foliar tissues and nodules. However, 
there are no studies on the effect of foliarly applied herbicide causing accumulation of benzoic 
acids in nodules and its relationship with symbiotic processes. In this presentation, we study the 
accumulation of benzoic acids caused by glyphosate in nodules and young leaves and the effects 
of those compounds on the main physiological processes of these metabolic sinks.

EXPERIMENTAL

Free-living B. japonicum cells (strains NifTAL 376 and 3-15-B3) were grown in a defined 
MSR medium as described by Moorman5 with several glyphosate doses (0.03 to 1 mM). Cell 
density was estimated turbidometrically to determine the specific growth rate.

Four soybean (Glycine max') plants (cv. fiorir) were grown per pot in a growth chamber 
(25/18 C, 60/80% RH day/night and PPFD 350 pE m2 s’) and inoculated with 1.3 108 B. japonicum 
cells (strains NifTAL 376 (Iowa, 1960) and 3-15-B3 (Glembloux, Belgium)) per plant twelve 
days after sowing. Six weeks old plants were sprayed with 2 mL per pot of glyphosate solution (0 
and 5 mM) with Triton X-100 (0.1% v/v). Carbon assimilation in newly formed leaves was 
determined using an IRGA (Infra Red Gas Analyzer), and nitrogenase activity (estimated by ARA) 
in nodules were measured for all treatments 7 days after glyphosate addition. Phenolic compounds 
concentrations in nodules and leaves were extracted, and analyzed by HPLC seven days after 
treatments as described by Becerril.3

Bacteroids from control plants were extracted anaerobically and ARA was measured9 in 
the presence of the same shikimate and protocatechuate concentrations found in nodules. In such 
incubations bacterial respiration was determined by an oxygen electrode. Photosynthetic electron 
transport (PS I, PS II) was measured in isolated chloroplasts extracted from control plants according 
to the method described by Becerril10 in the presence of shikimate and protocatechuate.

RESULTS AND DISCUSSION

Growth rate of the free living B. japonicum strains tested (NifTAL 376 and 3-15-B3) was 
progressively reduced by all the glyphosate doses applied (IJ0 for the former was 0.016 mM and
0.1  mM for the latter). This different degree of sensitivity was previously pointed out by Moorman,5 
who suggested an interstrain diversity with respect to glyphosate tolerance among three strains. We 
inoculated soybean plants with both strains in order to analyze the effect of the herbicide when 
sprayed over a sensitive cultivar of soybean and to study how rhizobial metabolism could affect 
plant tolerance to glyphosate.

Net photosynthesis was dramatically reduced 7 days after glyphosate application, but the 
extent of this reduction was also different depending on the strain inoculated to the plant (Fig. 1). 
Control plants inoculated with strain 3-15-B3 had higher rates of photosynthetic activity, but the 
recovery was almost complete in the same plants after 21 days (data not shown). Although not as 
a primary target, photosynthesis is inhibited by this herbicide.11 Several authors have analyzed the 
effect of the herbicide on stomatai conductance,12 photosynthetic electron transport in isolated 
choroplast from treated plants,13 variable fluorescence parameters11 and the effect of the herbicide 
on Calvin cycle.14,15 The blocking of EPSP synthase by glyphosate caused a diversion of 
intermediates of the Calvin Cycle to the shikimate pathway reducing the levels of ribulose bis
phosphate and finally, CO, assimilation rates.
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Figure 1. Net Photosynthesis Rates, and Acetylene Reduction Activity in nodulated soybean plants. 
White and black columns are the results at days 0 and 7 after treatment respectively.

As a consequence of the deregulation caused on shikimate pathway, some of the 
intermediates accumulated. Shikimate is the main compound found in leaves and the concentration 
observed differs among the plants inoculated with both rhizobial strains. Benzoic acids have usually 
been proposed as allelochemicals and the huge amounts of those compounds could have elicited 
some autoallelopathic responses, that could explain some of the indirect effects of glysophate on 
photosynthetic tissues. However, no clear relationship exists between the sensitivity of the free 
living forms of Bradyrhizobium to glyphosate and the amount of shikimate accumulated; thus, 
plants infected with 3-15-B3 accumulated more phenolic acids than the NifTAL 376. The high 
accumulation of shikimate in young leaves (10-40 mM) is noteworthy. The amount of benzoic 
acids was substantially lower than those of shikimate with protocatechuate as the main compound 
accumulated (up to 1 mM), following a pattern similar to shikimate (Fig.2). However, the incubation 
of isolated chloroplasts with identical concentrations of the main acids accumulated (shikimate or 
protocatechuate) did not affect substantially the rate of photosynthetic electron transport from 
water to the NAPD (data not shown). Because we buffered the medium of these chloroplasts at pH 
7.5 we cannot rule out an indirect pH effect of those compounds within the plant.

Figure 2. Benzoic acids content in leaves and nodules from glyphosate treated soybean plants. 
Shi: Shikimate, Pro: Protocatechuate, Syr: Syringate, Van: Vanillate, 4Hi: 4 Hydroxy benzoate, 
Gen: Gentisate. (pmol g'1 D.W.).

Since glyphosate is translocated readily to metabolic sinks16 it could alter some nodular 
processes, including nitrogenase activity and phenolic metabolism. In fact, nitrogen fixation in 
treated plants is affected by the glyphosate applied to leaves, but this effect greatly depends on the 
strain inoculating the plants. So plants inoculated with 3-15-B3 were less affected at day 7 and 
could overcome the deleterious effect caused by glyphosate after three weeks, while NifTAL 376 
nodulated plants were not able to recover that activity after that period (data not shown). The 
decrease of nitrogen fixation could be caused by an indirect effect when photosynthetic processes 
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are affected, by a direct effect of the herbicide or by some of the acids accumulated as a consequence 
of herbicide mode of action. Under our experimental conditions, photosynthesis in mature leaves 
(that are supposed to carry out most of the plant CO2 assimilation) was not affected by glyphosate, 
so a limitation in carbohydrate availability is not the main reason for such inhibition.

Glyphosate was translocated to the nodules and provoked a disfunction of shikimic pathway, 
resulting mainly in an accumulation of shikimate and protocatechuate as described before for 
leaves. However, nodule shikimate levels were far below to those found on photosynthetic tissues. 
Other hydroxybenzoic acids did not change substantially in response to glyphosate application. In 
order to test the contribution of benzoic acids toxicity on nitrogen fixation in glyphosate sprayed 
plants, we incubated isolated bacteroids from non-treated plants with those concentrations of 
shikimate and protocatechuic acid found in nodules. Bacteroids from strain NifTAL 376 were 
slightly affected by those concentration of shikimate found in those nodules while no effect was 
observed on 3-15-B3. This could be important, considering than NifTAL 376 was the strain showing 
a higher sensitivity to glyphosate in free living forms. Because respiratory activity of bacteroids 
was unaffected at those concentrations by these intermediates, a limitation in carbon utilisation 
could not explain the low rates of ARA on bacteroids incubated in vitro, and shikimate itself could 
contribute to decrease nitrogen fixation process in some rhizobial strains.

In conclusion, glyphosate is traslocated to nodules affecting nitrogen fixation rates and 
phenolic acid metabolism. Although there is not a clear relationship between the levels of some of 
those acids and the inability to fix nitrogen, in some sensitive strains shikimate could partially 
contribute to reduce nitrogen assimilation.
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ABSTRACT

From 1991 - 1994, field experiments were made on strawberry cv. Senga Sengana weed 
infestation with the following weed species: annual bluegrass (Poa annua), shepherd's purse 
(Capsella bursa-pastoris), Canadian fleabane (Erigeron canadensis), and spreading orach (Atriplex 
patula) in the densities of 5,14 and 25 weeds per 1 m2. C. bursa-pastoris was the most promising 
living mulch in strawberry cropping system and gave the highest yield in the density of 14 plants 
per 1 m2 as well as better growth of strawberry plants in comparison to hand - weeding (control). 
The species of Poa annua was slightly competitive for strawberry growth and fruiting, mainly at 
the highest density (25 weeds per 1 m2), while for E. canadensis the lowest density was - (5 weeds 
per 1 m2). The detrimental effect of A. patula on the strawberry growth and crop occurred at 25 
weeds per 1 m2 which was determined as a specific weed threshold amount for strawberries 
grown on loess soil.

INTRODUCTION

One of the factors which impedes intensive, commercial cultivation of strawberry is high 
labour costs for effective weed control. Herbicide application is also quite expensive and long-term 
use of triazine herbicides may result in resistant weed populations which are detrimental.1-3 This in 
turn, can lead to the elimination of certain weed species and hence the possibility for domination 
and frequency increase of other weed flora.4 Yet, more intensive chemical control is not a proper 
way to decrease infestation as it causes ground and surface water contamination and is generally 
unfriendly towards the environment which attracts so much public concern nowadays.
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So, there appears a necessity to develop an integrated management against most dominant weeds. 
Integrated management is a strategy including a combination of various chemical and non - chemical 
methods to keep weed populations low. It is possible to have a satisfactory level of fruit yield with 
a small prevalent weed population.5'7 Some information on the relationship between crop loss and 
weed density may be helpful regarding some weed species. And, in addition, to determine the 
beneficial allelopathic effects of specific weed populations.

The objective of the present author’s studies was to assess the utility of weeds in strawberry
i. e. considering the possibility of leaving annual weeds as a living mulch or eliminating it, and 
determination of specific weed amount threshold (WAT) below which the presence of weeds does 
not reduce fruit yield and its quality.

RESULTS

Strawberry Plant Growth

As shown in Table 1, between 1991-1994 some significant differences were observed in 
strawberry plant growth rates and the highest rates were noted in the first year following planting.

In 1991, the most favourable conditions for strawberry growth occurred in the hand-weeded 
treatment (control) as the greatest number of crowns, leaves and stolons were recorded there. 
Slightly lower growth parameters were observed for the strawberries with small amount of 
shepherd’s purse and annual bluegrass and in the herbicide fallow. The poorest foliation, and the 
least ramification with a small number of stolons was with the strawberries associated with orach; 
together with this weed number increase, the physical condition of plants evidently deteriorated. 
Canadian fleabane, particulary at low density (15 units/plot), had least inhibitory effect upon 
strawberry growth rate as compared to orach.

Table 1. Some characteristics of strawberry growth; means per 1991 - 1994

Treatment and 
weed plant 
density per m2

Leaf no. 
per plant

Crown no. 
per plant

Stolon no. 
per plant

Petiole length ( cm ) Total no.
( 1992- 1994)

1991 1994 Mean
( 1991-1994 )

inflorescences 
per plant

flowers in 
inflorescence

E*  5 86,9 de 14,2 c-f ll,3e-g 14,3 ab 7,7 a-c 11,5 a-c 53,6 b 19,9 a
E 14 60,0 be 10,5 be 7,2 a-c 15,5 ab 6,1 ab 10,7 ab 46,8 ab 25,2 a
E 25 54,5 ab 10,8 b-d 5,3 ab 16,4b 6,3 a-c 10,7 ab 47,0 ab 21,4 a
A*  5 73,2 b-d 12,1 b-e 8,6 b-e 20,1c 6,7 a-c 12,6 c 47,8 ab 20,7 a
A 14 51,0 ab 9,3 ab 6,4 ab 21,1 cd. 6,0 ab 12,3c 43,0 ab 19,2a
A 25 32,3 a 6,2 a 4,6 a 22,9 d 5,2 a 11,8 a-c 31,6 a 18,7 a
p*  5 81,6 cd 12,3 b-e 10,1 c-g 14,5 ab 7,0 a-c 11,2 a-c 49,3 b 21,1 a
P 14 80,2 cd 13,4 c-f 8,7 b-f 15,5 ab 6,2 a-c 11,1 a-c 46,7 ab 19,6 a
P 25 81,5 cd. 14,4 d-f 7,5 a-d 16,2 b 6,9 a-c 11,0 a-c 51,4 b 20,1 a
C*  5 86,4 de 14,8 ef 10,1 c-g 14,8 ab 7,5 a-c 11,1 a-c 49,2 b 18,8 a
C 14 108,1 e 16,3 f 12,3 fg 14,7 ab 8,9 be 11,7 a-c 51,5 b 21,2 a
C 25 76,2 b-d 11,6 b-e 7,3 a-d 14,1 ab 7,1 a-c 10,6 a 47,3 ab 18,6 a
Herbicide 88,6 de 14,4 d-f 10,9 d-g 13,5 a 7,3 a-c 11,2 a-c 50,7 b 22,4 a
Mulch ( fibre ) 85,8 de 13,1 b-f 10,8 c-g 14,2 ab 9,3 c 12,1 a-c 50,1 b 20,5 a
Control 94,2 de 14,6 d-f 13,1 g 14,0 ab 6,9 a-c 11,5 a-c 53,0 b 19,4 a

Legend: * Weed species: E - Erigeron canadensis, A - Atriplexpatula, P - Poa annua, C - Capsella bursa-pastoris
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In the following years 1992-1994 strawberry plant growth was more equal in the treatments 
examined, except for very weak development with high density of orach (79 units/plot).

Excessive elongation of strawberry leaf petioles was recorded with orach infestation (15, 
45, and 79 units/plot) only in the first year of plantation. In the last year (1994), clearly shorter 
strawberry leaf petioles (P<0,05) were noted for a stand of 79 orach plants compared to a mulch 
of fibre (Table 1).

On an average, the years 1991-1994 for each of weed species under investigation showed 
weaker stolon development of strawberry plants in relation to hand-weeded ones (Table 1). The 
methods of soil cultivation did not affect the dry mass of strawberry leaves as compared to hand- 
weeded controls; the only exception was the lowest value of this characteristic recorded with 
orach, in 1991.

Over 4 years, strawberry growth as compared with the controls was most intensive in the 
vicinity of shepherd’s purse in regular amounts (45 units/plot), followed by annual bluegrass (15-79 
units/plot), herbicide application and fibre mulch. However, strawberry plant growth rate was still 
lesser with a greater density of orach.

The total number of inflorescences recorded in 1992-1994 proved that favourable conditions 
for strawberry development occurred with a small number of Canadian fleabane (15 units/plot), 
an average number of shepherd’s purse (45 units/plot) and the greatest number of annual bluegrass 
(79 units/plot), as well as in the controls (hand-weeding). Yet, significantly, the worst results 
(P<0.05) were noted with dense orach growth (79 units/plot). Flower number in inflorescences 
was not significantly different (Table 1).

Up to the third year following planting (1993) the greatest mean per cent of strawberry 
losses (12-42 %) was found in orach stands (three density levels 15,45 and 79 units/plot). Significant 
differences were statistically proved in relation to all other experimental treatments. Strawberry 
plant loss in the vicinity of annual bluegrass and shepherd’s purse were minimal or did not occur 
at all (Table 2). Heavy damage of plants following freezing in 1993/1994 still maintained highly 
significant losses in great stands with orach (76%) as compared to hand-weeded controls (13%). 
The lowest number of plant losses was observed in the case of mulch use (6%).

Treatment and Strawberry plant losses (%)

Table 2. Strawberry plant loss (%) and weed growth records

Above ground parts of weeds

weed plant 
density per m2

Air-dry weight g/plot Chemical composition in % dry weight
1993 1994 Means per 1991-94 N P K Ca Mg

E*  5 0 a 11 a 905,5 ab 2,31 cd. 0,46 e 2,29 c-e 0,66 a-c 0,16 ab
E 14 2a 31 ab 1665,5 be 2,14 cd. 0,42 c-e 2,19 c-e 0,66 a-c 0,14 a
E 25 4b 34 ab 2279,3 c 1,98 oc 0,43 c-e 2,23 c-e 0,64 ab 0,14 a

A*  5 12 c 39 a-c 4715,3 d 2,40 cd. 0,45 de 3,60 f 1,17 d-f 0,49 d
A 14 14 c 50 be 6277,5 e 2,28 cd. 0,42 c-e 3,38 f 1,04 c-e 0.49 d
A 25 42 d 76 c 7137,8 e 2,08 cd. 0,41 c-e 3,66 f 1,15 d-f 0,45 d

P*  5 Oa 25 ab 198,9 a 1,35 ab 0,39 b-e 2,26 c-e 0,42 a 0,12 a
P 14 Oa 36 ab 329,4 a 1,35 ab 0,33 a-c 2,11 b-d 0,38 a 0,09 a
P 25 1 a 22 ab 452,0 a 1,30 ab 0,34 a-d 2,30 de 0,41 a 0,11 a

C*  5 Oa 22 ab 42,5 a 1,31 ab 0,33 a-c 1,27 a 1,62 g 0,13 a
C 14 Oa 24 ab 82,7 a 1,16 a 0,29 ab 1,45 a-c 1,37 e-g 0,11 a
C 25 0 a 19 ab 160,3 a 0,93 a 0,26 a 1,29 ab 1,44 fg 0,10 a

Herbicide 1 a 20 ab 68,4 a 2,50 c-e 0,29 ab 2,90 d-f 0,75 a-c 0,23 bc

Mulch ( fibre ) 0 a 6 a 44,2 a 2,76 c-e 0,34 a-d 2,96 ef 0,73 a-c 0,26 c

Control Oa 13 ab 121,3 a 3,15 e 0,28 ab 3,45 f 0,82 b-d 0,25 c

Legend: * Weed species: E - Erigeron canadensis, A - Atriplexpatula, P - Poa annua, C - Capsella bursa-pastoris
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Weed Mass and Chemical Analysis

Canadian fleabane and spreading orach produced significantly greater amounts of air dried 
mass of plant tops (900-7130 g from a plot on average) as against the weeds collected from 
control and other experimental treatments (120 g and 40-450 g, respectively) (Table 2). The value 
of the characteristic studied remained at a similar level-low, in controls (hand-weeding), in herbicide 
fallow and soil mulching with black fibre, in the presence of shepherd’s purse and annual bluegrass 
at three density levels (15, 45 and 79 units/plot). Together with weed number increase, there was 
increase in their air dried matter.

Quite a considerable differentiation of chemical composition among weed species was 
observed (Table 2). The highest amount of nitrogen contained in tops of weeds from various 
species appeared in the controls (3.1%), in mulch (2.7%), and herbicide fallow (2.5%). Similarly, 
high values of this element were noted in Canadian fleabane and orach plants (2.3-2.4%). All 
above mentioned weed species contained a great deal of potassium (2.1-3.6 %), while the least 
amount of nitrogen was recorded in shepherd’s purse (0.9%).

The highest content of phosphorus was demonstrated by Canadian fleabane as well as 
orach with quite high content, too. Calcium levels were very different in the weeds: shepherd’s 
purse - the highest, annual bluegrass - the lowest.

Magnesium was predominant in the chemical composition of orach, while annual bluegrass 
and shepherd’s purse showed considerably lower content.

Crop

Some significant differences in strawberry fruit production were confirmed and was related 
to their the method of soil cultivation (Table 3). The lowest yield was for plants grown in a great 
stand of orach (79 units) and crop losses were statistically proved (P<0.05) considering all the 
treatments. The highest crop of strawberry was obtained with a regular density of shepherd’s 
purse (45 units/plot), most heavily infested with annual bluegrass - 79 units/plot and with a small 
stand of Canadian fleabane (15 units/plot), although crop increases were insignificant in relation 
to controls, where various weed species occurred at random. The strawberries grown in herbicide 
fallow demonstrated equal productivity to control hand-weeded plants. Weed species density 
significantly influenced strawberry fruit production. The strawberry plants were most susceptible 
to the changes in Atriplexpatula density. Strawberry production was clearly lower with increase 
of this weed number in the plots (15, 45, and 79 units), while over three years crop losses were 
3.3%, 24.6%, and 64 %, respectively, as compared to hand-weeded controls. In the small stand of 
orach i. e. 15 units/plot, the differences in production in the years studied (1992, 1993, 1994) 
ranged from + 13% down to -21 %. The strawberry plants were more tolerant to a higher degree of 
infestation with Canadian fleabane than Atriplexpatula. Moreover, it was evident that better fruiting 
of strawberry plants was noted for those in dense annual bluegrass stand (79 units) as compared to 
stands with 15 and 45 units.

Among the weed densities investigated, the average stand of Capsella bursa-pastoris (45 
units) proved to be most advantageous for strawberry yields.

There were no reports of fruit quality deterioration where there was a significant decrease 
of strawberry yield with a great stand of orach (79 units/plot). On the contrary, this combination 
provided the greatest percentage of commercial yield and quality.

In 1992 and 1993, the per cent of high-quality fruit (fruit over 3 cm diameter) harvested 
from plants infested with small amounts of annual bluegrass (15 units/plot) was lower than in 
dense stand of orach (45 and 79 units/plot) as compared to controls.

There were no differences found in the dry matter, soluble solids or fruit mean weight, with 
respect to the method of soil cultivation.
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Table 3. Influence of different groundcover management systems on fruit crops and the yield of 
strawberry cv. Senga Sengana

Treatment and 
weed plant 
density per m2

Yield ( kg/plot ) % of commercial 
yield in the total crop
( 1992- 1994)

% of fruit from 3 size classes in commercial yield 
( 1992- 1994)Mean/year

1992-1993
Mean/year
1992-1994 0 > 3 cm 0 3-2 cm 0 2 -1.5 cm

E*  5 7,64 be 6,25 c 94,2 ab 7,6 ab 67,9 a 24,5 a
E 14 7,29 be 5,49 be 93,0 a 7,3 ab 68,2 a 24,5 a
E 25 6,62 be 5,07 be 94,4 ab 9,1 ab 66,2 a 24,7 a
A*  5 7,54 be 5,69 be 94,8 ab 9,1 ab 67,4 a 23,5 a
A 14 5,93 b 4,43 b 93,2 a 11,7b 65,3 a 23,0 a
A 25 2,81 a 2,12 a 95,8 b 12,8 b 67,6 a 19,6 a
P*  5 6,81 be 5,21 be 92,8 a 6,3 a 67,0 a 26,7 a
P 14 7,58 be 5,59 be 91,6 a 8,2 ab 62,2 a 29,6 a
P 25 8,33 c 6,30 c 94,5 ab 7,4 ab 67,7 a 24,9 a

C*  5 7,33 be 5,69 be 93,6 ab 7,5 ab 65,8 a 26,7 a
C 14 7,81 be 6,35 c 94,2 ab 9,5 ab 69,2 a 21,3 a
C 25 7,28 be 5,53 be 93,2 a 7,6 ab 66,2 a 26,2 a
Herbicide 7,61 be 5,80 be 94,0 ab 9,6 ab 63,8 a 26,6 a
Mulch ( fibre ) 5,97 be 5,26 be 95,6 ab 9,2 ab 68,2 a 22,6 a
Control 7,56 be 5,88 be 93,2 a 8,4 ab 65,0 a 26,6 a

Legend: * Weed species: E - Erigeron canadensis, A - Atriplexpatula, P - Poa annua, C - Capsella bursa-pastoris

DISCUSSION

A comparison of different methods of soil management for strawberry c.v. Senga Sengana 
confirmed the use of low weed populations like Poa annua and Capsella bursa-pastoris - as cover 
plants. The vegetative growth of strawberry plants (tillering ability, leaf production, plant vigour) 
with both weed species did not significantly change as compared to hand-weeded control plants. 
According to Lipecki,2 annual bluegrass negatively affected plant mass and length of red currant 
accretion, yet, it stimulated sprout development.

A smaller number of stolons, recorded for all weedy strawberries, facilitated cultivation. 
This statement is confirmed by Lawson and Wiseman’s conclusion5 that leaving weeds impedes 
stolon growth in strawberry.

In the present research, shepherd’s purse and annual bluegrass interference did not affect 
strawberry fruiting which was maintained at a level near that of control plants. Some of the degrees 
of infestation induced a slight increase in crops (7-8%). Strawberry productivity was increased 
when the greatest density of annual bluegrass was 79 units/plot, and medium density of shepherd’s 
purse was 45 units/plot. Then, when there was a minimal number of plant losses (up to winter 
1993/1994) inflorescence was the greatest and fruit mean mass - bigger compared to controls 
(hand-weeding). This is consistent with the results obtained in pot cultures8 ’ showing that annual 
bluegrass associations induced the development of extremely strong root systems in strawberries, 
in particular with large weed stands. That, in turn, brought about a satisfactory fruit crop. More 
favourable cropping of strawberries grown in weed density of 79 plants/plot in comparison with 
those of 15 weeds/plot may result from the differences in inter-weed competition which was created 
by these two weed densities. It is believed that less negative impact on strawberry growth and 
fruiting showed by 79 weed density (A) than by 15 weed density (B) was caused by stronger 
inter-weed rooting restriction brought about by A in comparison with B. As a consequence of the 
interference of annual bluegrass the strawberry stand increased. Furthermore, shepherd’s purse, in 
medium density (45 units/plot), with its stronger taproot system, should be less competitive to 
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strawberry as has been proved by increased fruit yields. The favourable influence of grasses and 
other low-growing weeds on strawberry and grape yields was been demonstrated by some authors,6 7,10 
whereas in raspberry and apple tree production their effects were extremely disadvantageous.11’13 
In Mage’s opinion,14 heavily rooting grasses consume more water as compared to losses obtain by 
mechanical soil cultivation. The present research showed that small stands of annual bluegrass 
(15 units/plot) was equivalent to the application of black fibre mulch which limited water 
evaporation.

Among all the weed species examined, shepherd’s purse had the least influence on strawberry 
growth and yield. The minimal influence of shepherd’s purse and annual bluegrass for strawberry 
was illustrated by a low level of N, K, and Mg in the weeds in comparison with control weeds.

Some authors1516 observe in these plant interactions not only competitive inhibition but 
allelopathy as well. A positive effect of annual bluegrass and shepherd’s purse on strawberry 
compared to their negative influence on apple tree growth, but number and apple yields and 
raspberry cultivation1113 implies that these weeds are allelopathic.

In these experiments, Canadian fleabane exhibited far weaker influence on strawberry than 
did orach. Still, it strongly inhibited plant growth without increasing inflorescence number and 
fruit mass. Since Canadian fleabane displayed greater nutritional requirements (greater biomass 
with higher percentage of nitrogen, phosphorus and potassium) and easy seed reproduction 
compared to orach, it seems reasonable to keep some steady level of weed infestation in the range 
studied, about 5 - 25 units/m2 with a downward tendency (5 -14 units/m2).

Among the species examined, spreading orach proved to be the most aggressive. In the 
dense stand, this species turned out to be a strong interferer with strawberry and caused a serious 
consumption of nutrients in soil (especially Mg, N, P, and K), attenuated plant growth and vigour, 
and finally, brought significant losses (on average 64%) in fruit yields. Intensive shading of 
strawberry resulted in the excessive length of leaf petioles, in the first experimental year, and too 
short in the fourth, inducing quite numerous plant losses (up to 76%). Similar negative response of 
strawberry, currant and vegetables to shading by deeply rooting weeds were observed by other 
authors.2,5,17’20 Kolota21 proved that the presence of many weeds shading cultivated plants are 
conducive to photosynthesis intensity decrease and this probably occurred in the present experiment. 
It was found that WAT for orach amounted to 79 weed plants per plot (25 plants/m2). Weed 
density at WAT = 5 did not significantly influence fruit yields in comparison with control. A clear 
downward tendency of yield (by 1/4) appeared together with weed infestation density growth (14 
units/m2).

The results of the experiments indicate that a rational non - chemical weed control in 
strawberries may be employed.

CONCLUSIONS

1. Shepherd’s purse (Capsella bursa-pastoris (L.) Med.) at 5 - 25 weeds/m2 was the most 
promising living mulch in cropping systems of strawberry in densities of 14 plants per m2 .This 
gave the highest yield and the best growth of strawberry plants in comparison with hand-weeding 
(control) and herbicide.

2. Annual bluegrass (Poa annua L.) did not interference highly with strawberry growth 
and yields in each of the three densities.

- the highest density (25 weeds/m2) slightly increased the fruit yield (by 7%)
- the tendency of a drop in fruit crop at low density (5 weeds/m2) was comparable to the 

yields with black fibre mulch.
3. The growth of strawberry plants was significantly inhibited in the case of proximity of 

14-25 Canadian fleabane (Erigeron canadensis L.) plants per m2 when compared with all Poa 
annua treatments. The response of strawberry crop to Erigeron canadensis was opposite to Poa 
annua: the higher the crop of fruit, the lower density of E. canadensis.
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4. The WAT (specific weed amount threshold) for orach (Atriplexpatula L.) amounted to 
25 weed/m2 for strawberry grown on loess soil.

5. Air-dry weights of low-growing weeds (such as C. ¿unsa-pastoris, Poa annua) and of 
weeds in hand-weeding, herbicide and black fibre mulch plots were significantly lower than these 
of high-growing weeds (A. patula and E. canadensis).

EXPERIMENTAL

Field experiments were carried out for over 4 years (1991 - 1994) on loess soil at the 
Lublin Agricultural University. The effects of four weed species: Poa annua L., Capsella bursa-pastoris 
(L.) Med., Atriplexpatula L., and Erigeron canadensis L. in three densities (15,45 and 79 weeds 
per plot, that is about 5, 14, and 25 weeds/m2) on strawberry performance were compared. In 
addition, comparisons were made between conventional practices: black fibre mulch - Covertan 
type, herbicide fallow maintained by simazine at 1 kg/ha and hand-weeding as control for strawberry
cv. Senga Sengana. B. X X X X X

A. X O o X o o X X o o X o o X

X X X X X

X O o X o o X X o o X o o X

X X X X X

X O o X o o X X o o X o o X

X X X X X

X O o X o o X X o o X o o X

X X X X X

X o o X o o X X o o X o o X

X X X X X

C. X X X X X X X X X

X o X o X o X o X

X X X X X X X X X

X o X o X o X o X

X X X X X X X X X

X o X o X o X o X

X X X X X X X X X

X o X o X o X o X

X X X X X X X X X

X o X o X o X o X

X X X X X X X X X

Figure 1. Pattern of weed plants distribution on the plots.
A: I Weed density degree, 15 units/plot i.e. about 5 units/m2 
B: II Weed density degree, 45 units/plot i.e. about 14 units/m2 
C: III Weed density degree, 79 units/plot i.e. about 25 units/m2 
Legend: X - weed; O - strawberry plant

The control treatment comprised of hand weeding when necessary. The plots were arranged 
in a randomized complete block design and consisted of 20 strawberry plants in four rows with 40 
x 40 cm spacing. There were 15 experimental treatments altogether, with 5 replications each. In 
the planting year, all plants were deblossomed (1991). Seedlings of each weed species were planted 
separately between strawberries plants on a plot in early spring every year. A pre-planned weed 
density was kept untill mid-August. Then its air dried weight in g/plot was fixed. The weed patterns 
in the plots are presented on Fig. 1.

Macroelement content in the weed tops (N, P, K, Ca, and Mg in % of dry mass) was 
determined once, in 1993.

The selection of weed species used in the experiments was established following strawberry 
plantation surveys in the agroecological conditions of the Lublin region.
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The experiment was conducted on grey-brown podzolic soil developed from medium
heavy loam containing 1,8-2,1 % of humus in 0-20 cm layer and mechanical composition correlating 
to fine sandy loam.

Measurements were made on strawberry plant growth i. e. number of crowns, leaves, stolons, 
inflorescences, and flowers in blossom as well as plant losses, petiole length and dry matter content 
in leaves. The biometrical measurements were carried out on five randomized plants from each 
plot. Number of crowns and leaves was determined once in the autumn, whereas the total number 
of stolons, included summer and autumn counts. Percentage of leaf dry matter was established 
after drying at 105 C till a leaf sample attained a constant weight.

Number of strawberry plant losses was determined in October, every year.
The fruit yield (kg per plot) and its quality, i.e. percentage of fruit size classes: high quality 

(> 3cm), I (2-3 cm), and II (diameter 1.5-2 cm), dry matter content (%), and soluble solids (Brix °) for 
each plot were evaluated.

The results were statistically analysed using a variance of analysis in a randomized block 
design and significance of differences was estimated with Tukey’s test at the 5% level. Proportional 
data referring to commercial crop share in the total crop and crop structure were previously 
transformed according to Bliss’ degrees which allowed identification of homogeneous groups, 
marked with the same letters in the final tables.
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INTRODUCTION

Allelopathy expresses itself in many different ways, e.g. inhibition of seed germination, a 
commonly known allelopathic phenomenon is of wide occurrence in the plant kingdom.1 In general, 
allelopathy has been defined as the direct or indirect effect (deleterious or beneficial) by one plant 
on another through the production of chemical compounds that escape into the environment. In 
Gramineae, the seed of commerce is a dispersal unit consisting of a spikelet or group of spikelets 
and the seed (caryopsis) is enclosed in glumes, lemmas, paleas etc. Removal of the cayopsis from 
the enclosing glumes (husk) has an enhanced effect on per cent germination of seeds.2 Furthermore, 
a great increase in the rate of germination of caryopsis has been observed as compared to spikelets.2,3 
The removal of glumes, which facilitate the germination of seed in grasses has been attributed to 
the removal of specific inhibitors present in the husk itself, though glumes are also considered to 
be a barrier to oxygen diffusion, which may contribute to the inhibition of germination.2 The 
favorable effect on germination by soaking seed in water has been widely reported. Therefore, 
removal of germination inhibitors from spikelets by soaking in water or by placing in activated 
charcoal beds before sowing has been recommended.4 Furthermore, inhibition of germination by 
glume extracts/spikelet leachates of test species has been observed and identification of the inhibitors 
has been done in many species.2

The present paper summarizes studies conducted with some important tropical grasses, 
widely distributed in arid and semiarid regions of India. The grass species selected for studies 
were: Cenchrus ciliarisL., C. setigerus Vahl., Bothriochloapertusa (Linn.) A. Camus, B. intermedia 
(R.Br.) A.Camus, Sehima nervosum (Rottl.) Stapf., Chrysopogon fulvus (Spreng.) Chiov., 
Dichanthium annulation (Forsk.) Stapf., Vetiveria zizanioides (L.) Nash., Chloris virgata Sw., 
and Pennisetum pedicellatum Trin. The objectives of the study were: (I) to know the role of the 
seed enclosing husk and secondary metabolites present in the husk in relation to seed germinability 
and viability; (II) to study the inhibitory effect, if any, of spikelet leachates and glume extract on 
test species using allelopathy bioassay techniques; and (UI) to isolate and characterize the secondary 
metabolites present in the husk by combined use of chromatography and UV absorption 
spectroscopy.5
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Dispersal Units in Range Grasses

The dispersal units in the members of Andropogoneae i.e. Dichanthium, Bothriochloa, 
Sehima, Chrysopogon, Vetiveria, etc. are a diad consisting of two spikelets. One spikelet of the 
diad is sessile and hermaphrodite and may or may not possess a grain depending upon per cent 
seed setting due to environmental conditions. The other spikelet of the diad is pedicellate and 
sterile (stamminate). In members of the Paniceae, the dispersal unit is a fascile or bur and the seed 
is enclosed in a rigid husk. The husk may contribute ca. 70-80 % to the total dispersal unit weight. 
For example, in Cenchrus setigerus, a drought resistant grass, 1000 dispersal unit weight is 7.0532 g 
while the weight of 1000 seed (caryopsis) is 0.9156 g, or 13 % of the total weight. The dispersal 
unit of Andropogoneae has also been refereed as a diaspore. In the present paper, spikelets refers 
to dispersal unit and seed means the caryopsis (obtain by dehusking of the spikelets).

During the inflorescence exertion, the spikelets attached to panicle develop a crimson colour 
due to cyanidin glycosides in Cenchrus, Pennisetum, Dichanthium, Bothriochloa, Chloris, Vetiveria, 
etc. The crimson colour of the spikelets turns to a dark brown during maturity. In Vetiveria, cyanidin 
glycosides disappear during maturity, but in Cenchrus cyanidin glycosides can be extracted even 
after 2-3 years storage.

RESULT AND DISCUSSION

Germination Studies

Germination studies revealed that removal of the caryopsis from the glumes has an enhanced 
effect on per cent germination of seeds when the germination was conducted in petri dishes. 
Removal of glumes also facilitates germination of dormant spikelets indicating the glume imposed 
dormancy. However, storing of seeds (obtained by dehusking of spikelets) rendered them 
non-viable within a one-year storage, although spikelets remain potentially viable for 3-4 years 
under ordinary storage conditions. Studies suggested that the seed enclosing husk together with 
secondary metabolites present in the husk are vitally important for preserving the viability of 
seeds for a longer period in a natural ecosystem. Studies also indicated that glumes have some 
kind of mechanical restraint and delay the rate of germination.

Bioassay Studies

Inhibition of seed germination as well as inhibition of root and shoot growth of respective 
grass species as well as test species (Raphanus sativus and Desmenthus virgatus) were recorded 
by the aqueous extract of spikelets of all grass species. However, the degree of inhibition varied 
depending upon the concentration of the spikelet leachates/aqueous extract used for bioassays. 
No inhibition of germination, or root and shoot growth (sometimes there was stimulation in root 
and shoot growth) was observed at the lower concentration of the solution used for bioassays. 
Acylated cyanidin glycosides from Cenchrus and Bothriochloa spp were more inhibitory to root 
growth as compared to shoot growth. The cyanidin glycosides inhibited germination and growth 
when the concentration of solutions used for bioassay studies exceeded 0.5 (optical densities at 
535 pm). The inhibition of germination and growth was more conspicuous with respect to grass 
species (due to the smaller size of seeds) at a given concentration as compared to test species.

Secondary Metabolites of the Dispersal Units

As soon as the inflorescence with spikelets is visible at the base of the flag leaf, the green 
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colour of the spikelets changes to crimson during antitheses in a majority of grasses. Cyanidin 
glycosides (though labile) can be extracted from the spikelets even after 3-4 years storage, e.g. in 
Cenchrus spp. However, in some case (e.g. in Vetiveria), the crimson colour disappears during 
maturation of the spikelets. In other species, i.g. Chrysopogon and Sehima, the spikelets possess 
a yellow coloration due to flavonol glycosides. Acylated cyanidin glycosides extracted in methanolic 
HC15 from spikelets of Cenchrus and Bothriochloa intermedia is quite stable and requires 3-4 hrs 
for hydrolysis in 2N HC1. Methanolic extracts of spikelets of some range grasses also indicated 
the presence of phenolic acids (p-hydroxybenzoic and vanillic acids), hydroxycinnamic acids 
(caffeic, ferulic, and p-coumaric acids), and other flavonoids.6 GC-MS studies of Cenchrus setigerus 
spikelet extracts also revealed presence of glycine betaine, a secondary metabolite usually associated 
with drought resistance. According to Harbome7 phenolic acids are universally distributed in 
plants. Chou and Young1 also isolated phenolic acids as phytotoxins in 12 spp. of subtropical 
grasses.

The ecological Significance of Secondary Metabolites Present in Seed Husk

Phenolics and coumarins are reported to be almost universally present as germination 
inhibitors in the seed husk.8 Earlier workers1 believed that germination inhibitors present in seeds 
result in a sporadic germination over extended periods of time, and inhibitors from ‘seeds’ are 
removed by rain and bacterial action at different rates, thus causing irregular germination over an 
extended period so as to avoid the risk of total extermination of a crop of seedlings. Germination 
inhibitors present in fruit juices have been found effective in preventing the germination of seeds 
within the fruit.’ However, Mayer and Poljakoff-Mayber’ are of the opinion that these presumed 
functions of inhibitors are by no means proven, since it is possible to interpret the observed facts 
differently.

There is now plenty of evidence110 indicating that secondary metabolites present in ‘seeds’ 
act as preservatives, i.e. prevent a seed from decaying, as most of the seeds that do not germinate 
rapidly after landing on soil would be decomposed before germination if they did not contain 
these microbial inhibitors. Rice1 believes that it may be one of the most consistent and important 
ecological role of allelopathy in perennial plants growing in natural ecosystems, though limited 
amounts of research done in this field do not reflect its importance. It is very unlikely that seeds 
could remain in the soil for a long period without being decomposed if they did not contain these 
microbial inhibitors.111 According to Putnam and Tang10 the importance of these inhibitors as 
preservatives require further research, while Kefeli12 is of the opinion that these chemicals should 
not be considered as inhibitors.

It has now also become increasingly evident that phenolics act as protective agents for 
seeds and have both toxicological and behavioral effect on insects.13 Therefore, possibly these 
phenolics in ‘seeds’ of range grasses act as feeding deterrents for a variety of phytophagous insects 
and thus constitute a chemical defense against herbivorous predators becoming essential during 
the course of evolution of a particular community. Parihar6 also observed that dehusked seeds 
(caryopsis) of various grasses were easily damaged by insects (Tribolium castaneum and Solenopsis 
germinata) while the spikelets could not be eaten.

The defense mechanism of ‘seeds’ is illustrated by providing an example of Cenchrus 
setigerus a common fodder grass of arid and semiarid regions of India. It produces seeds during 
September / October after the commencement of growth during July at the advent of the monsoon. 
The seeds remain buried in sand for a long period, especially during unfavorable environmental 
conditions (when the monsoon fails in the subsequent years). Therefore, ‘seeds’ of this spp. must 
posses some defense mechanism against herbivorous insects and microorganisms so as to keep 
the ‘seed’ viable for the next irregular monsoon. The spikelets of C. setigerus are extremely rich 
in cyanidin glycosides and 2-3 spikelets are sufficient to give a pink colour to 10 mL of acidic 
water.
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In discussing the role of toxic compound in seeds Bell14 has appropriately written “A seed 
does not exist in an ecological vacuum but in a complex living web which includes the seed parent 
plants and all other living spp. with which the plant and seed interact. This implies that the presence 
of secondary metabolites in a seed will be accompanied by other related adaptations (morphological, 
biochemical and physiological) in the seed, in the whole plant and in the interacting spp. These 
adaptation will result from the progressive modification derived from the presence of the secondary 
compound and minimize any evolutionary disadvantage”.

CONCLUSIONS

The exogenous secondary metabolites present in the husk seems to play an important 
allelopathic role to prevent the ‘seed’ from decaying and also to act as feeding deterrents for 
insects. Since almost all the perennial grasses are apomictic, the role of cyanidin glycosides for 
pollination is ruled out. It is not clear the role of secondary metabolites in seed dormancy. Inhibition 
of germination is an artifact of laboratory environment when germination studies are conducted in 
petridishes. Under field condition using soil trays no inhibition of per cent germination was observed, 
though dehusked seeds germinate rapidly as compared to spikelets. The per cent germination in 
spikelets was less due to less per cent seed setting (empty spikelets) as compared to seeds (obtained 
after dehusking of spikelets). Lahiri and Kharbanda15 presumed that these inhibitors caused 
important practical problems in their establishment. This seems to be unlikely, and under field 
conditions these are leached by rain or diluted to the extent that the inhibitory effect is negated or 
possibly has a stimulatory effect.6
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ABSTRACT

The allelopathic effects of dead and living mulches from perennial ryegrass on the growth 
of Calystegia sepium were investigated. Dead mulch led to a significant inhibition on the germination 
and growth of both lettuce and C. sepium. The inhibition was mulch rate-dependent. However, the 
rhizome bud sprouting of C. sepium was hardly influenced by the surface mulching. Shoot residues 
of ryegrass before acetone extraction was more allelopathic than acetone-extracted residues to the 
growth of lettuce and C. sepium developed from rhizome. The inhibitory effect of incorporated 
residues before extraction was rate dependent and it decreased along with the decomposition 
process. The inhibitory effect of residues after extraction increased with the decomposition course, 
indicating the occurrence of microbial transformation of non-toxic substances into toxic 
phytotoxins. Rhizome bud sprouting, seed germination, and growth of C. sepium were suppressed 
by the living mulch of ryegrass. The inhibition of the growth of this weed by ryegrass cover is not 
due to less light. The decaying residues and the continuous release of allelochemicals from living 
ryegrass account for the accumulation of sufficient level of phytotoxins to suppress the C. sepium. 
The present study showed that ryegrass allelopathy is an important factor inhibiting the growth of 
C. sepium in pasture.
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INTRODUCTION

Increasing environmental awareness has prompted the search for sustainable and 
environmental friendly farming methods. The conversion of current farming systems into sustainable 
ones is underway in many countries. Sustainable systems emphasize reducing reliance on 
commercial inputs, particularly on pesticides and fertilizers, by substituting them with efficient 
internal management resources. The practices of dead and living mulch (living cover) are preferable 
in ecologically-managed agricultural systems. Cover crops and dead mulch are to reduce soil 
erosion, to improve soil aggregation, to prevent leaching of nutrients, to inhibit weed growth and 
to enhance water penetration and retention . The use of cover crops as a method for weed control 
has been practiced for many years. Studies showed that cover crops, like barley (Hordeum vulgare)1 
and rye (Secale cereale),23 were found to be allelopathic to the growth of weeds. A multitude of 
studies indicated that some degree of weed suppression can be predicted from allelopathic residues 
of various crops, such as maize (Zea mays'),4 oat (Avena sativa),5 rye (Secale cereale),3 cucumbers 
(Cucumis sativus)61 and sunflower (Helianthus annuus).* 9

Other reports include residue applications of allelopathic weeds. Gliricidia sepium leaves 
are widely used for mulching purposes in agricultural practice. Fifteen allelochemicals have been 
identified from Gliricidia sepium.10 Alsaadawi11 reported that only a small amount of Euphorbia 
prostrata L. residue is sufficient to significantly affect the growth of bermudagrass. It is suggested 
that residues or living plants of E. prostrata may prove useful to control bermudagrass and 
Amaranthus retroflexus in certain crops.

Allelopathy has been increasingly viewed as a potential weed control method in integrated 
weed management.81214 Many reports are available about allelopathic effects on annual weeds, 
but few on perennial weedy species. The allelopathic effect of a suspected species on the 
development of vegetative reproductive organ deserves investigation.

Hedge bindweed, Calystegia sepium is becoming a problematic perennial weed in various 
crops in the Netherlands. Due to the development of creeping stems (stolons) and climbing stems, 
C. sepium severely infests maize fields. In a field experiment, the growth of this problematic weed 
was suppressed by a vegetation of perennial ryegrass (Lolium perenne L.) in such a way that it 
could not be attributable to competition only (H. Naber, personal communication). Our present 
research was conducted to see if dead and living mulches of perennial ryegrass are allelopathic to 
the growth of C. sepium.

MATERIALS AND METHODS

Collection and Preparation of Materials

The seeds of perennial ryegrass (Lolium perenne L.) was obtained from the Department of 
Agronomy, Wageningen Agricultural University (WAU). Lettuce seeds (Lactuca sativa L.) were 
obtained commercially. Seeds of C. sepium were provided by the Department of Theoretical 
Production Ecology (TPE), WAU. Rhizome buds of C. sepium were collected from a maize field 
nearby Wageningen. Rhizome buds were cut in 1-cm pieces with one bud in the middle. Pot 
experiments were carried out in the greenhouse of UNIFARM, WAU and petri dish experiments 
were conducted in growth chambers at TPE. Plastic pots (13 x 13 x 12 cm3) were used for pot 
experiments.
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Mulch Experiment

Thirty seeds of lettuce, 10 rhizome buds, and 10 seeds of C. sepium were sown in pots 
filled with 1200 g of soil mixture with sandy soil and sand (2:1, v/v). Ground powder of freeze- 
dried shoots from 8-month-old ryegrass with four application rates (0, 4, 8, and 12 g per 1200 g 
sandy soil) were evenly mulched on the soil surface of each pot. The pots were arranged in a 
randomized complete block design with 3 replicates and placed in a greenhouse at 26 C/22 C in 
daily cycles of 12 hr light — 12 hr dark. Four fluorescent lamps (400 W, Philips) were placed 1 m 
above the supporting table (4x1.5 m2). After initial watering with 50 mL of nutrition solution, the 
pots were saturated with 100 mL of nutrition solution every week (alternation with solution A and 
B) in order to avoid nutrient stress caused by the microbial transformation of residues. Pots were 
subirrigated to maintain 80 % field capacity when necessary. The total numbers of seedlings were 
counted 2 weeks after sowing. At this time, the pots were thinned to 3 plants each. After continuous 
growth for another 2 weeks, the whole plant in each pot was harvested individually by carefully 
clearing the soil cores with pressurized tap water. The whole plant was divided into aboveground 
and underground parts. Plant materials were oven-dried at 70 C for 48 hours. The total dry weights 
of both aboveground and underground parts, and dry weights of whole plants were determined for 
each pot.

Solution A or B: Four hundred grams of fertilizer A or B was dissolved in 200 litres of 
deionized water mixed with 30 mL of Fe-EDTA (concentration, 3%) and 200 mL of H3BO3 
(concentration, 0.286%), respectively. Fertilizer A contained 18% N, 18% P2O5,18% K2O, 0.04%
B, 0.2% Mn, 0.001% Mo, 1.8% Mg, 0.06% Cu, 0.06% Zn, and 0.13% Fe. Fertilizer B contained 
21% N, 7% P,O5,22% K2O, 3% MgO, 0.04% B, 0.1% Mn, 0.0005% Mo, 0.002% Cu, 0.05% Zn, 
and 0.2% Fe.

Preparation of Acetone-extracied Residue

Four hundred and eighty grams of freeze-dried and pulverized shoot residues of 8-month-old 
ryegrass was first put into a container filled with 10 L of acetone, agitated and left to stand for 20 
hours. The acetone mixture was filtered through 4 layers of cheesecloth, washed thoroughly with 
deionized water, agitated and extracted with 10 L of deionized water for 24 hours at room 
temperature. The residue was then filtered and washed completely with deionized water. The final 
extracted residue was collected, oven-dried and designated as shoot residue after acetone extraction.

Partial Decomposition of Residues

Petri dish experiments were carried out using extracts from soil incorporated with residues. 
Twelve grams of eight-month-old shoot residues (before and after extraction) were incorporated 
into 600 grams of sandy soil in polyethylene bags 0, 5, 10, 20, and 30 days prior to extraction. 
Two hundred and fifty grams of freeze-dried sandy soil samples amended with shoot residues 
were immediately shaken for 12 hours after the addition of 250 mL of deionized water and left to 
stand for 5 hours at room temperature. After centrifugation (8,000 g, 15 min.), the supernatants 
(extracts) were vacuum-filtered with 3 layers of filter papers and stored at 5 C before use. Extracts 
from sandy soil (without the amendment of residues) and deionized water were used as controls.

Lettuce was used for the bioassays. Twenty-five grams of water-washed, oven-dried (150
C, 24 hr) and sized sand were thoroughly mixed with 25 seeds of lettuce in each dish. After the 
addition of five mL of each extract or water (control), the dishes were sealed with a plastic film 
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and lids for preventing water evaporation. The petri dishes were first maintained in a growth 
chamber (15 C/20C) for 2 days and were then transferred to another growth chamber (20 C/30 C) 
for continuous growth. Petri dishes were arranged in a randomized complete block design with 4 
replicates. The dishes were equilibrated under laboratory conditions at 20 ± 3 C with 400 mE/m2/ 
sec fluorescent light with 16/8 hr light/dark period. Germinated seeds with > 1-mm radicle were 
recorded after 8 days of incubation. The lengths and oven-dried weights of radicles and hypocotyls 
were measured.

Incorporation of Residues Before and after Acetone Extraction

Pulverized shoot residues before and after acetone extraction were incorporated into sandy 
soil (1200 grams) at rates of 3,6 and 12 grams, respectively, and allowed to decay in polyethylene 
bags 30, 20, 10, 0 days prior to sowing. The shoot residues were mixed thoroughly within the 
entire potting medium. Control pots received no amendment (normal sandy soil only). Eight buds 
of C. sepium were then planted 4 cm deep in each pot. Pot management was as described.

Covering Effect of Ryegrass

Treatments (A)

Aj Living ryegrass cover: Three hundred ryegrass seeds were sown in 15 pots. After the 
seedlings had grown for 2 months, the pots were treated with subtreatments B.

A, Contaminated soil: Three hundred ryegrass seeds were sown in 15 pots. Contaminated 
soils from 15 pots were collected and treated with subtreatments B. The soil, collected from pots 
which had supported the growth of ryegrass for two months, was called “contaminated” soil in this 
study.

A3 Uncontaminated soil: Fifteen pots were filled with uncontaminated soil, kept free of 
vegetation for 2 months then treated with subtreatment B.

Subtreatments (B)

B] Ryegrass cover 100%: Five buds of C. sepium were planted in pots filled with 1200 g 
of contaminated (A2) or uncontaminated soil (A3). The pots were then completely covered by a 
thin layer of ryegrass seedlings, which had been previously nursed in plastic trays (30 x 45 cm2) in 
the greenhouse for two months. For Ap the buds of C. sepium were inserted 0.5 cm deep into soil.

B, Ryegrass cover 95%: Pots were filled with 1200 g of contaminated (A,) or 
uncontaminated soil (A3), and completely covered by a layer of ryegrass. Then, the ryegrass layer 
was perforated with a knife to make 5 holes with lxl cm2. Five buds of C. sepium were planted 
in the centre of the bare area uncovered by the ryegrass.

B3 Ryegrass cover 80%: Pots were filled with 1200 g of contaminated (A2) or 
uncontaminated soil (A3), and completely covered by a layer of ryegrass. Then, the ryegrass layer 
was perforated with a knife to make 5 holes with 2x2 cm2. Five buds of C. sepium were planted 
in the centre of the bare area uncovered by the ryegrass.

B4 Ryegrass cover 0%: Pots were filled with 1200 g of contaminated (A2) or 
uncontaminated soil (A3). Then 5 buds of C. sepium were planted in each of the pots.

B;: Black polyethylene film cover: Five buds of C. sepium were planted in pots filled 
with 1200 g of contaminated (A2) or uncontaminated soil (A3). The pots were then irrigated and 
completely covered by a layer of black polyethylene film for a period of 7 days. For Ap the pots 
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were also covered by the film right after the buds/seeds of C. sepium were inserted 0.5 cm deep 
into soil.

A randomized complete block design with 3 replicates was used with, three treatments (Ap 
A, and A3) and five subtreatments (B]( B2, B3> B4 and Bs).

Statistical Analysis

A randomized complete block design with 3 or 4 replicates was normally used for each 
experiment. Data was statistically analyzed using Genstat 5.1 for analysis of variance and treatment 
means were tested separately with least significant difference (LSD) at a 5% or 1% level of 
probability.

RESULTS

Allelopathic Potential from Surface Mulch of Ryegrass Shoot Residue

Ryegrass mulch caused a significant reduction in seed germination of both lettuce and C. 
sepium. Inhibition of germination was enhanced as the mulch rate of ryegrass shoot residue increased 
(Table 1). The growth of lettuce was more sensitive than C. sepium to ryegrass mulch. Higher 
mulch rate (up to 0.12 g cm'2) is required to inhibit the growth of C. sepium seedlings. As for the
C. sepium developed from rhizomes, the root weight was remarkably reduced only at mulch rates 
of 0.12 g cm 2 of residue, compared to no mulch. The growth of shoots was stimulated at 0.04 g 
mulch rate and then sharply decreased to a significant level at the rate of 0.12 g. However, the 
surface mulching was not inhibitory to rhizome bud sprouting of C. sepium over the range of 
mulch rates. These results indicate that rhizome sprouting is hardly influenced by the mulching 
effect of ryegrass shoot residues.

Table 1. Allelopathic mulching effect of ryegrass on the germination/sprouting and growth of 
tested species

Mulch rate
(g/cm2)

Lettuce Seed of C. seDium Rhizome of C. sepium
Germination

(%)
Weight (mg)* Germination

(%)
Weight (mg) Sprouting

(%)

Weight (mg)
Root Shoot Root Shoot Root Shoot

0.00 91.11“ 10.17“ 113.7“ 96.7“ 87.6“ 531“ 100“ 55.0“ 185“
0.04 16.67b 7.13b 103.9“ 50.0” 64.2“ 423“ 93“ 46.5b 253b
0.08 18.89b 6.17”' 80.2b 40.0b 62.8“ 421“ 100“ 48.2“” 162“
0.12 3.33“ 4.17“ 33.9“ 43.0b 39.lb 270b 93“ 43.lb 157“

*: Average weight per plant calculated on 3 plants per pot with three replicates;
Means not followed by the same letters are significantly different at 5% level within a column

Effect of Decomposing Periods on the Inhibitory Activity of Decaying Ryegrass Residue

The inhibition of decaying shoot residues before extraction on the growth of lettuce slightly 
decreased over time (Figure 1A). The inhibitory ability was found even after 30 days of 
decomposition when compared with soil and water controls (Figure IB). After the amendment of 
acetone-extracted shoot residues, it seems that the inhibition on germination and growth increased 
slightly over the time course of decomposition, but no significant differences were found.
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Decomposing time (day)

W ater control (root): 4.56 (cm)

Soil control (root): 3.42 (cm)

Water control (shoot): 1.26 (cm)

Soil control (shoot): 1.43 (cm)

A

Water control (shoot):6.75 (mg)

Soil control (shoot): 632 (mg)

Water control (root): 6.78 (mg)

Soil control (root): 628 (mg)

Decomposing time (day)

Residue after extraction (root) Residue before extraction (root)
• -o Residue after extraction (shoot) ■ Residue before extraction (shoot)

B

Figure 1. Effect of decomposing time of ryegrass residues incorporated into the soil on the growth 
of lettuce.

Allelopathic Potential of Plant Residues before and after Acetone Extraction

After the incorporation of 12 grams of shoot residues (before and after acetone extraction) 
with 1200 grams of sandy soil for 20 days, the amended soil was extracted with water. Extracts 
from normal soil without amendment and water were used as controls. In petri dish experiments, 
striking differences in the elongation of roots and hypocotyls, and weights of shoot and lettuce 
plants were found between plant materials with and without extraction (Table 2), while weight of 
the roots was not significantly affected. Results indicated that ryegrass contain phytotoxins which 
may be removed by acetone extraction. In comparison with soil extracts and water controls, even 
acetone-extracted residues had the ability to inhibit the germination and growth of lettuce, indicating 
that both kinds of residues will be rapidly biodegraded and transformed into bioactive phytotoxins 
which may inhibit the germination and growth of species tested.
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Table 2. Effect of shoot residues before and after acetone extraction on the germination and 
growth of lettuce.

Extracts Germination
(%)

Length (cm) Weight (mg/nlant)
Shoot Root Shoot Root Plant

Residue before 
extraction* 60.8* 0.98* 4.40* 7.56*  3.38* 10.94’

Residue after 
extraction** 62.40* 1.27b 5.46b 6.50b 3.40* 9.90b

Soil 
control 77.00b 1.43b 3.42* 6.32b 6.28b 12.60°
Water 
control 82.00b 1.26b 4.57’ 6.75b 6.78b 13.53°

*: Extract from the soil amended with residues before acetone extraction;
**: Extract from the soil amended with residues after acetone extraction;

Means not followed by the same letters are significantly different at 5% level within a column.

Allelopathic Potential of Incorporated Residue on the Growth of C. sepium Developed from 
Rhizome buds

Similar pot trials were carried out to determine the effects of decomposing time and the 
level of residues incorporated on the growth of C. sepium developed from rhizome buds. Results 
are presented in table 3. Regarding ryegrass residues before acetone extraction, the inhibitory 
effect of the residues on the length and weight of newly-formed rhizomes, the number of the 
rhizome bud and the weights of root and shoot decreased as the decomposing period prolonged. It 
reached the lowest toxicity 20 days after decomposition and then tended to increase. The toxicity 
of residues decomposed for 30 days is greater than that of those decomposed 20 days, indicating 
the occurrence of microbially transformed phytotoxins from ryegrass residue. As for residues 
after acetone extraction, the inhibitory effect increased slightly as the decomposition proceeded. 
Regardless of the various decomposing time, the residues before extraction showed higher inhibition 
than the residues after acetone extraction, revealing that the removal of available phytotoxins in 
ryegrass residues by acetone reduced the toxicity of the extracted residue. Difference between the 
two kinds of residues lessened along with the decomposition process.

Decomposing time (days)

Table 3. The interaction of decomposing time and residues on the growth of C. sepium developed 
from rhizome buds.

per plant
0
Al* A2*

10 20
Al A2

30
Al A2 Al A2

Length of new rhizome (cm) 17.00 21.67 19.75 20.77 22.14 19.36 17.83 17.42
Number of Rhizome buds 9.95 11.65 10.30 11.14 11.58 11.23 10.64 9.95
Weight of new rhizome (mg) 0.21 0.30 0.27 0.27 0.31 0.29 0.25 0.28
Weight of root (mg) 0.027 0.032 0.023 0.030 0.024 0.029 0.021 0.034
Weight of shoot (mg) 0.13 0.15 0.13 0.15 0.14 0.15 0.12 0.13

*: Al and A2 stand for the residues before and after acetone extraction, respectively.

The inhibitory properties of ryegrass residues incorporated into the soil increased as the 
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level of incorporated residues increased (Table 4), showing the rate-dependent nature. There is 
almost no difference between 6 grams and 12 grams of residues amended to 1200 grams of soil, 
revealing that the amount of residue when amended over 6 gram per pot (1200 grams of soil) did 
not significantly enhance its inhibitory ability. A rate of 6 g residue per pot (1200 g soil) is equivalent 
to ryegrass dry matter of 15,000 - 24,000 kg ha1 in the field (assumed bulk density, 1.2-1.5 g cm'3).

Table 4. The level of incorporated residues on the growth of C. sepium developed from rhizome 
buds.*

Level of residue 
incorporated (g/pot)

Length of new 
rhizome (cm)

Number of 
rhizome bud

Weight of new 
rhizome (mg)

Weight of 
root (mg)

Weight of 
shoot (mg)

3 21.97 12.31 0.30 0.033 0.16
6 18.73 10.28 0.28 0.031 0.15
12 18.72 10.39 0.28 0.030 0.13

*: Average data per plant calculated on 3 plants per pot with three replicates.

Effect of Living Cover from Ryegrass

The growth of sprouts developed from rhizomes was significantly suppressed as the level 
of ryegrass coverage increased (Table 5). Results clearly showed that bud sprouting and seed 
germination were greatly inhibited by ryegrass cover. The inhibitions cannot be ascribed to the 
absence of light, because the bud developed quickly and freely under the cover of a black plastic 
film (data not shown). Data in Figure 2 revealed that a continuous grass cover had profound 
influence on the growth of C. sepium from rhizome buds. The continuous release of allelochemical(s) 
by living ryegrass cover enables continuous inhibition on seedling growth of C. sepium. The 
weights of roots, shoots and whole plants were greatly reduced. It seems plausible that the ryegrass 
roots are able to release inhibitory phytotoxins in the associated soil. The contaminated soil covered 
by ryegrass was also inhibitory to the growth of C. sepium when compared to uncontaminated soil 
covered by ryegrass. In this treatment, it took time for the ryegrass to develop its new root system 
to release allelochemicals. Its toxicity was, therefore, lower than the continuous ryegrass cover.

Table 5. Living mulch effect of ryegrass on C. sepium.

Germination
%

Sprouting
%

Weight (mg/plant)***
Root Shoot Plant

Ryegrass cover 0% 31.la 67.2“ 4.7“ 48.3“ 53.0“
Ryegrass cover 85%* 33.3“ 55.6“ 2.6“b 13.2b 15.9b

Ryegrass cover 95%** 28.9“ 31.3b 0.6b 7.9b 8.5b

Ryegrass cover 100% 6.7b 13.3C 2.2“b 11.8b 14.0b

*: 5 holes of 2 x 2 cm2;
**: 5 holes of 1 x 1 cm2;
***: Data from seedlings developed from rhizome buds;

Means not followed by the same letters are significantly different at 5% level within a column.
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*: Any two bars not marked by the same letters are significantly different from each other within 
a group at 5% level, by Duncan’s multiple range test.

Figure 2. The effect of allelopathic soil from ryegrass on the growth of C. sepium developed from 
rhizome buds.

DISCUSSION

Dead mulch of ryegrass led to a significant inhibition in the germination and growth of 
both lettuce and C. sepium. The inhibition was mulch rate-dependent. Germination and growth 
were significantly inhibited at mulch rates of 0.12 g cm-2, which amounted to 7,000 -12,000 kg dry 
matter ha1 of ryegrass residues treated on 5,920,000 - 10,000,000 seedlings of C. sepium per ha. 
Ryegrass allelopathy partly accounted for the inhibition of seed germination in tested species. In 
addition, the depletion of oxygen by microbial transformation of residues could be another reason 
for the germination reduction, especially when larger amounts of residues were mulched. Larger 
seeds (C. sepium) germinated better than smaller seeds (lettuce). It seems that physical suppression 
by mulch may also partly contribute to the germination inhibition. However, the rhizome bud 
sprouting of C. sepium was hardly influenced by surface mulching. It appears that the sufficient 
food reserve and moisture in the buds enable rhizomes to develop freely when other growth factors 
are met. It holds true that the fresh rhizome bud does not need to absorb additional moisture to 
sprout, thereby escaping the attack of allelochemical(s) from decaying dead mulch. For those 
seedlings germinated from bioassay seed species, the germination and growth are more easily 
inhibited by the mulched residues due to the absorption of moisture coupled with allelochemical(s). 
After 8 months of growth, ryegrass with 2 cuts in between, it was observed that the amount of 
dying root and leaf reaches 2.6-3.9 x 103 kg and 155.0 kg ha1, respectively. In permanent pasture, 
the amount of root and leaf returned to the soil is supposed to be much higher than the above 
figure, due to its continuous growth. During wintertime especially, considerable amounts of ryegrass 
return to the soil, serving as dead mulch. The decaying residues in the soil will partly contribute to 
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the allelopathy of ryegrass in pastures. Uneven distribution of plant residues led to the localization 
of allelochemicals on the soil surface, suggesting that allelochemicals might be released from 
localized residues in sufficient quantity to affect plant growth.4,15

Original freezed-dried shoot residues of ryegrass (before acetone extraction) were more 
allelopathic than acetone-extracted residues on the root elongation and lettuce hypocotyls. It shows 
that the available phytotoxins from shoot residues of ryegrass were removed after acetone extraction. 
The original residues may immediately release its available phytotoxins into the soil to attack a 
target plant species after incorporation. The allelopathic potential of original residues decreased 
as the period of incorporation increased. The residues remain allelopathic even after 30 das of 
decomposition. In agreement with these results, Mallik16 found that phytotoxins from lambsquarters 
shoots persisted even after a decomposition of 30 days. In contrast, Kimber17 reported that the 
inhibition of aqueous extracts of several legumes and grasses, decomposed up to 21 days, was 
negligible. It is possible that the available phytotoxins in the original shoot residues may encounter 
biodegradation after incorporation, subsequently leaving no traces of toxicity. In ryegrass pasture, 
however, residue build-up is a continuous dynamic process, and the collected residue is always in 
a stage of early decomposition, which is inhibitory to the germination and growth of other species. 
It is interesting to note that the extracted residues also showed certain level of inhibition on 
germination and growth of lettuce. The allelopathic potential of the extracted residues increased 
slightly as the period of incorporation increased. It may be inferred that microbial transformation 
of non-toxic residues into toxic substances took place after the residue incorporation. Chase18 
reported that soil microorganisms can either release or produce phytotoxins directly from residues, 
or use the residues as substrates in the production of bioactive compounds.

Similar results were found in pot experiments for C. sepium developed from rhizomes. The 
inhibitory effect of residues before extraction, decreased along with the decomposition process up 
to 20 days. From 20 days to 30 days of decomposition, the inhibitory effect tended to increase, 
indicating the involvement of microbial transformation. The inhibitory effect of the residues before 
extraction was rate dependent. However, residues amended with over 6 grams per pot did not lead 
to a significant increase of its inhibitory effect. The inhibitory effect of the residues after extraction 
increased with the course of decomposition. It is clear that when the allelopathic residue is applied 
to the field, the available phytotoxins are immediately released to attack the growth of other plant 
species. The inhibitory feature will persist for about 15 days. After this, a least inhibitory period is 
approached. After the amendment of the residues for about 20 days, the microbial transformation 
of non-toxic substances into toxic phytotoxins occurred. However, this transformation process 
started right after the application of non-toxic residues.

Residues can interact with plants and potentially reduce growth. This interference can 
arise from allelochemicals released by the decaying residues3,19 and/or from the change of C:N 
ratio and the immobilization of nitrogen.20,21 Excessive fertilization in the present research provided 
sufficient nutrients, avoiding the nutrient competition between plant species. By using original 
and acetone-extracted residues in soil incorporation experiments, the same immobilization process 
occurs. The only difference between these two kinds of residues is their allelopathic potential. 
Therefore, the influence of immobilization on the allelopathic potential of ryegrass shoot residue 
is avoided in the present experiment by using acetone-extracted residues as controls. It would be 
better if residue incorporation and soil chemical analysis are coupled, which may lead to a better 
understanding of the allelopathic potential of residues.
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The rhizome bud sprouting, seed germination and growth of C. sepium were suppressed by 
living ryegrass mulch. The growth of C. sepium was even inhibited at ryegrass cover level 1 
(80%). The inhibition of the growth of this weed by ryegrass cover is not due to reduced light. Bud 
sprouting and seed germination of C. sepium are not light-dependent. Buds sprouted and grew 
well under the cover of a black film. In addition to the allelopathic effect of living ryegrass cover, 
physical suppression from ryegrass may be in doubt.

The allelopathic nature of perennial ryegrass (Lolium perenne L.) against Trifolium repens
L. has been studied extensively.22'25 It was suggested that the allelopathic activity in the leachate 
from the shoots of L. perenne was partly due to chlorogenic acid and that in the root exudate, fatty 
acids partly were accounted for the inhibitory effect. The continuous decomposition and 
accumulation of leaf and root residues of ryegrass in pastures, coupled with the continuous release 
of allelochemicals from living ryegrass, may result in the accumulation of toxic substances in the 
top soil. It may be concluded that ryegrass is able to release allelochemicals into soil to inhibit the 
growth of C. sepium. Decaying ryegrass residues, either left on the soil as surface mulching, or 
incorporated into soil, also contributed to the suppression of C. sepium in permanent pasture. 
Allelopathy of ryegrass is an important factor inhibiting the growth of C. sepium, although 
competition between two species should not be neglected.
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ABSTRACT

The indiscriminate use of herbicides during the last 45 years has resulted in various problems 
e.g. the increasing incidence of resistance in weeds, shifts in weed populations so that they are 
phenotypically similar to the crops they infest, environmental pollution, and human and livestock 
health hazards. This indicates that such practices are not sustainable. Allelopathic strategies may 
overcome all these problems and are thus essential for future sustainable agriculture. This paper 
reviews our work with a variety of living smothering crops and residues for weed control. In field 
and laboratory studies, wheat crop residues stimulated the germination and growth of summer 
weeds, while summer forage crops smothered weeds. This effect persisted up to 45 days in the 
treated crop. The smothering potentials were: pearlmillet > maize > sorghum > cluster bean > 
cowpea. In further studies, of 13 pearlmillet genotypes, HHB 67 and 88004 A x 833-2 proved to 
be the most smothering. In screening Brassica spp. for weed suppression, the most potent of the B. 
juncea were : RH 8689, RH 8605, RH 8693, RH 8539, RH 8546, RH 8686, RH 8690; of the B. 
napus were : N 20-7-1, N 20-12-1, N 20-23-2, N 20-26-1, Tower 5-2 and Tower 7-A and of the B. 
carinata were: BCCN 1, HC2, Car 6A, HC 9003, HC 9004, HC 9015 and HC 9016. Soil 
incorporated rice residues decreased the population of broad leafed winter weeds. Among the 
crops tested, only berseem (Trifolium alexandrinum L.) and wheat decreased broad leaved weed 
density. The suppressive effects on broad leaved weed biomass were in order: berseem > oat > 
lentil > wheat. These studies have shown the weed management potential of specific crops, but 
more such research is necessary to produce a cleaner environment and sustainable agriculture for 
future generations.
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INTRODUCTION

Sustainable agriculture aims at long term maintenance of natural resources and agricultural 
productivity with minimal adverse impact on the environment. It emphasizes optimal crop 
production with minimal external inputs on the form of reducing dependence on commercial 
inputs (fertilizers and pesticides) and substituting them with internal resources and relying on 
sustainable practices which maintain productivity over long periods. In the past, farming practices 
were sustainable, hence, the soil remained productive over a long period of time. However, modem 
agricultural practices are harmful to the soil and environment, and may not be sustainable. The 
first herbicide 2,4-D was discovered in 1945 and its commercial use started around 1950. Presently, 
there are more than 100 weed control agents, field crops, horticultural crops, forestry, grasslands 
and fallow lands. The use of herbicides during the short span of about 45 years has caused several 
problems and hence their use may not be sustainable in the long run. The use of allelopathic 
strategies to manage weeds has been necessitated because of the indiscriminate use of herbicides 
which has resulted in (a) increasing incidence of resistance in weeds to important herbicides such 
as S-triazines,1 dinitroanilines,2 and isoproturon, (b) shifts in weed populations to species that are 
closely related to the crop they infest, (c) great environmental pollution, and (d) health hazards in 
human and livestock from ground water contamination.3 Thus serious ecological questions about 
the reliance on synthetic herbicides for weed control have been raised.

Allelopathic strategies may help in overcoming all these problems through (a) use of weed 
smothering crops, (b) use of phytotoxins from plants or microbes as herbicides, and (c) use of 
synthetic derivatives of natural products as herbicides.3 These strategies for weed management 
may not cause the problems associated with herbicides, hence, are sustainable in the long run and 
are essential for success of future sustainable agriculture. The use of phytotoxins from plants, or 
microbes, as herbicides and the use of synthetic derivatives of natural products as herbicides have 
been recently reviewed.3 Hence, this chapter briefly reviews research (lab. bioasssays, glasshouse, 
field studies) done in the last few year at this university on the use of live smothering crops, their 
varieties or their residues for weed control.

WEEDS SMOTHERING CROPS

Narwal3 has listed weed smothering crops for summer (Sorghum, Sudan grass, pearlmillet, 
hemp, soybean, cowpea, alfalfa) and winter (barley, rye, oat, buckwheat, sweet clover, rapeseed). 
We have conducted research on some of these smothering crops to manage weeds at Haryana 
Agricultural University, Hisar, India (19°10’N latitude and 75°40’E longitude, 215.2 m above mean 
sea level). They suppress weeds by competition and allelopathy. In these field studies, competition 
was challenged through adequate supply of soil nutrients as fertilizers and soil moisture through 
irrigation.

SUMMER WEEDS

In India, the summer season extends from April to October and includes the main rainy 
season (July-September). During this period availability of PAR (Photosynthetically Active 
Radiation) and soil moisture (during rainy season) is maximal. These parameters, coupled with 
warm temperatures, provide most ideal conditions for weeds growth. The experimental site, Hisar, 
India, has a semi-arid climate. During the experimental period (May-November 1990 and 1991) 
the range of weather parameters were: range temperatures maximum (31.2-41.6 C), minimum 
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(12.0 -28.0 C), relative humidity (39-66%), and sunshine period (3.0-9.0 hours).The mean 
temperature ranged from 30.5 to 33.6 C and the rainfall in 1990 and 1991 was 585 and 303 mm, 
respectively.

The two field studies described below were conducted for weed suppression in crops. The 
experiments were conducted during the summer seasons of 1990 and 1991 in the Department of 
Agronomy, CCS Haryana Agricultural University Hisar. The soil was a sandy loam pH 8.10, CEC 
(8.5c mol (P4) /kg), poor in organic carbon (0.35%) and available nitrogen (58.5 kg/ha), medium in 
phosphorus (29.8 kg P2OJha) and rich in available potassium (593 kg K2O/ha).

The treatments consisted of three wheat ‘ WH’ 283 straw management practices (removed, 
burnt and soil incorporated) and six test crops viz., sorghum (Sorghum bicolor L.Moench) ‘JS 
20’, pearlmillet (Pennisetum glaucum L.) ‘HHB 60’, maize (Zea mays L.) ‘ Ageti 76’, cluster bean 
(Cyamopsis tetragonoloba Taub.) ‘HG 75’, and cowpea (Vigna unguiculata (L.) Walp.) ‘HFC 
42-1’, and fallow. The treatments were quadruplicated in a split-plot design, with straw 
management practices in the main plot and test crops in the sub-plot. After harvest of the wheat 
crop with a combine harvester, the field was divided into three equal strips of 60.0 x 6.0 m each. 
In the first strip, wheat straw was completely removed, in the second it was burnt, and in the third 
it was disced into the soil. Thereafter, the field was irrigated, each strip was ploughed separately 
thrice with disc harrow. Each strip was further subdivided into six plots of gross and net plots 
of 6 x 3 m and 5 x 2 m, respectively. The crops seeds were drilled with a hand plough in rows 30 
cm apart as per recommended seed rates. The crops were sown in the last week of May and 
harvested in the second week of August and were grown with recommended cultural practices. 
The observations on populations of broad leaved, grassy and total weeds and dry matter per m2 
were recorded from 15 days after sowing (DAS) at biweekly intervals until harvest.

Sorghum and Pearlmillet:

This study was conducted in the summer seasons of 1990 and 1991 to determine (a) the 
effects of wheat residues on the germination and growth weeds and (b) the smothering effect of 
crops on the associated weed spp. It consisted of both field and laboratory studies. The field trial 
was conducted in split-plot design with four replications. The wheat straw treatments (removed, 
burnt, soil incorporated) were in the main plot and summer crops (fallow, sorghum, pearlmillet, 
maize, clusterbean and cowpea) in sub-plots. The mean temperature during the crop seasons 
varied between 30.5 to 33.6 C.

A. Field study

In both years, straw treatments stimulated the germination of weed seeds, the forage crops 
decreased the weed population. The residual effects of straw management practices and crops 
also persisted in the next crop season. The higher weed population in 1991 than in 1990 was due 
to rainfall immediately after crop emergence, which favored quicker germinations of weed seeds.4

1. Broad leaved weeds:

Among the broad leaved weeds, carpet weed is a major weed. It constitutes up to 70% of 
the population weeds and up to 50-60% of the total weeds. Burnt straw, or raw straw incorporation, 
increased the population of carpet weed from 2.6 to 8.4% and 37.7 to 41.9% and of total broad 
leaved weeds from 3.0-43.5% and 36.2 and 36.2 to 67.6%, respectively, as compared to straw 
removal (Table-1). In bioassays, aqueous extracts of wheat straw and wheat field soil also stimulated 
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the germination of carpet weed over the controls.
The weed population data at fodder crops harvest (70 DAS), showed that all crops suppressed 

the weeds compared to fallow, but varied in their degree of suppression. Pearlmillet proved to be 
the most smothering crop and suppressed the population of carpet weed up to 80.8 to 85.8% and 
broad leaved weeds up to 79.3 to 91.2%, compared to fallow. Broad leaved weed suppression 
was: pearlmillet > maize >sorghum > clusterbean > cowpea.

2. Grassy weeds:

Similar to broad leaved weeds, the burning or soil incorporation of wheat straw increased 
the population of grassy weeds (Table 1 ). However, the degree of stimulation was greater in these 
weeds as compared to broad leaved weeds. Straw burning, or its soil incorporation, increased the 
grassy weed population from 110 to 225% and 152 to 238%, respectively, over straw removal. 
The straw and wheat soil extracts also stimulated the germination of grassy weeds at lower 
concentrations.

Like the broad leaved weeds, the fodder crops differed in suppressive effect on grassy 
weeds. Pearlmillet caused maximum suppression (83.7 to 100%) in grassy weeds, followed by 
sorghum (78.2 to 96.4%). The cereal fodders exerted greater smothering effect than legumes.

Table 1. Effect of wheat straw and crops on weed density and dry matter

Treatment Trianthema 
portulacastrum

Weed population (no./m2) Weed
- dry matte

Broad Grasses Total

Straw management [% inhibition (-)/stimulation (+) over control (straw removai)]
Removed 63.1 73.2 5.2 78.4 110.5
Burnt 68.2(4- 3.0) 77.6(4-23.3) 15.5(4-157.9) 93.1(440.3) 126.0(4-17.0)
Soil incorporated 89.3(4-39.8) 101.4(4-52.0) 16.5(4-195.6) 117.9(4-67.2) 141.4(4-27.9)
CD(P=0.05) 1.35 1.96 2.04 1.79 1.36

Fodder crops [% inhibition (-)/stimulation (4-) over control (fallow)]
Fallow 176.4 192.0 32.2 232.4 450.2
Sorghum 79.2(-55.3) 89.2(-59.8) 5.2(-87.3) 94.4(-71.1) 101.0(-78.1)
Pearlmillet 33.4(-82.9) 37.2(-85.3) 3.8(-91.8) 41.0(-87.4) 28.4(-92.9)
Maize 42.2(-76.6) 51.3-(46.9) 7.9(-80.9) 59.2(-79.4) 50.4(-87.9)
Clusterbeans 64.5(-78.3) 74.8(-64.9) 12.4(-65.5) 87.2(-73.9) 54.3(-63.6)
Cowpea 70.3(-56.3) 76.9(-63.2) 18.8(-54.2) 95.7(-64.0) 119.2(-72.1)
CD(P=0.05) 1.15 1.13 2.25 1.30 1.41

3. Total weeds:

Similar to broad leaved and grassy weeds, straw burning or soil incorporation increased 
the total weed population over straw removal (Table 1). Straw burning and soil incorporation of 
straw increased the weeds population by 20.4 to 60.1 % and 49.5 and 84.8%, respectively, over its 
removal. The soil incorporation of straw increased the weed population perhaps because 
allelochemicals released from the decomposing straw stimulated the weed seed germination, as 
observed in the bioassays (Table 3). Burning breaks the dormancy of weed seeds and thus increases 
their germination.
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Table 3. Effect of aqueous extracts of wheat straw on germination and seedling growth of weeds 
at 240 HAS

Extract 
concentration (%)

Germination
%

Shoot Root Seedling
length length dry weight

(cm) (cm) (mg/plant)

Trianthema portulacastrum
0 (control) 43.5 1.25 0.29 45
5 44.5 2.98 2.60 90
10 54.5 3.10 1.75 54
CD (P=0.05) 2.20 0.55

Amaranthus spp.
0.48 19

0 (control) 79.0 0.94 1.89 68
5 69.5 1.16 2.12 103
10 63.5 0.99 1.97 75
CD (P=0.05) 2.90 0.15

Physalis minima
0.18 23

0 (control) 59.0 1.20 1.61 223
5 51.0 1.12 1.66 211
10 45.3 1.01 1.41 191
CD (P=0.05) 4.05 0.06 0.09 13

Echinochloa colonum
0 (control) 85.5 5.67 1.22 73
5 94.0 6.92 2.25 80
10 83.5 3.73 0.89 75
CD (P=0.05) 3.21 0.39

Dactyloctenium spp._
0.66 NS

0 (control) 36.0 1.40 0.88 10
5 39.5 1.72 1.26 13
10 32.0 1.15 0.80 6
CD (P=0.05) 1.05 0.14 0.23 2.0

The pearlmillet proved to be the most smothering crop and suppressed the weed population 
up to 80.7 to 94.0%, as compared to fallow. The greater weed suppression from pearlmillet may 
be due to its faster growth rate, hence, it competed well with weeds and its root exudates may 
contain certain allelochemicals which might have inhibited weed seed germination and seedling 
growth. Narwal5 has reported smothering ability of pearlmillet genotypes for weed suppression. 
The sunlight interception studies through the test crops canopies showed that more PAR 
(Photosynthetically active radiation) reaches the soil surface in pearlmillet plantings than in maize, 
clusterbean and cowpea, even though the pearmillet smothers the weeds.6 This indicates the role 
of pearlmillet allelopathy in weed suppression. To determine the role of shading from various 
crops in weed suppression, the PAR parameters viz. reflection, transmission and absorption 
coefficients were studied during both years at 70 days after sowing. The straw treatment did not 
influence these parameters.

The cereal fodders caused greater suppression of weeds than the legumes, owing to taller 
plants, which offered competition for light, soil moisture, nutrients and space.
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4. Weed dry matter:

Similar to weeds population, the straw treatments also increased the dry matter accumulation 
in weeds (Table 1). Straw burning, or soil incorporation increased the dry matter production by 
7.3 to 20.7% and 27.1 to 28.7%, respectively than without straw. In bioassays, the wheat straw 
and soil extracts also increased seedling growth (shoot and root length and dry matter) of all the 
weed species tested.

The fodder crops decreased the dry matter accumulation in weeds over fallow. The cereal 
fodders caused greater reduction in dry matter than the legume fodders. Among the cereals, 
pearlmillet resulted in a maximum reduction of 88.8 to 96.1% in the dry matter production of 
weeds.

5. Residual effect:

In undisturbed plots and sorghum plantings, the residual effect of straw treatments and 
preceding fodder crops persisted up to 45-75 days after harvest (DAH) of fodder crops, respectively 
(Table 2). Straw treatments increased the weed populations, similar to the results in the original 
experiment.

Table 2. Residual suppression effect of preceding fodder crops and straw treatments on weed 
density in succeeding sorghum crop

Treatments in 
previous crop

Sorghum Fallow/undisturbed plot

15 DAS 70 DAS 15 DAH 70 DAH

Straw management [% inhibition (-)/stimulation (+) over control (straw removal)]
Removed 3.2 85.7 85.6 168.5
Burnt 9.6(4-200.0) 146.8(448.6) 146.8(4-71.5) 185.2(4-9.9)
Soil incorporated 11.7(4-262.5) 133.1(+55.3) 158.8(4-85.5) 191.2(4-7.4)
CD (P=0.05) 0.68 5.68 4.12 7.42

Fodder crops [% inhibition (-)/stimulation (+) over control (fallow)]
Fallow 17.9 130.1 143.6 305.3
Sorghum 6.1 (-66.0) 129.4(- 0.5) 106.5(-25.8) 121.7(-60.1)
Pearlmillet 2.4(-86.6) 100.8(-22.6) 66.1 (-54.0) 99.0(-67.6)
Maize 11.2(-27.4) 99.4(-26.7) 88.2(-38.6) 173.0(-43.3)
Clusterbeans 6.2(-65.4) 108.9(-16.3) 133.8(- 6.8) 205.0(-32.9)
Cowpea 13.7(-23.5) 123.8(- 4.8) 124.3(-13.4) 186.3(-39.0)
CD (P=0.05) 0.93 6.24 8.26 11.48

DAS = Days after sowing, DAH = Days after harvest of preceding crop, Figures in parentheses indicate 
percent increase (+) or suppression (-) over control (straw removal)/fallow

Pearlmillet caused maximum suppression (54 to 67.6%) over fallow, probably due to 
release of some phytotoxins from its decomposing stubble.

B. Bioassays

Two type of bioassys were conducted:

Wheat straw:

The wheat straw samples were collected at wheat harvest, cleaned, dried and ground in a 

370



Smothering Crop in Weeds Management: Preliminary Studies

Wiley mill. An aqueous extract of 10% (w/v) was prepared by soaking 100 g dried ground samples 
in 1000 mL distilled water at room temperature (30 C) for 24 h. The extract was filtered through 
muslin cloth, Whatman filter paper No.l, and then centrifuged at 3000 rpm for 20 minutes. An 
extract of 5% was prepared by diluting the 10% solution. Fifty test weed seeds of: carpet weed 
(Trianthema portulacastrum L.), pigweed (Amaranthus spp.), sunberry (Physalis minima L.), 
barnyard grass (Echinochloa crus-galli (L.) Beauv.), and crowfoot grass (Dactyloctenium 
aegyptium (L) Beauv.) were placed in each petri-dish lined with two Whatman No. 1 filter papers. 
The treatments were replicated four times in a completely randomised design. As per treatment, 
5.0 mL each of extracts or distilled water as controls were added per petri plate on the first day. 
Thereafter, extract or distilled water was applied as needed. Petri plates were incubated at 29+2
C. Germination (%) was recorded at 48, 144, and 240 h after sowing. Root and shoot length and 
dry weight of 20 randomly selected seedlings per petri plate were recorded at 240 h.

Wheat field soil:

The soil samples (0-30 cm depth) taken from the experimental field at the harvest of wheat 
crop were thoroughly mixed and undecompsed materials were removed by sieving. For preparing 
aqueous extracts, the method of Thorne7 was followed, except that pH adjustment and 
lyophilization was not done. A 50% solution (w/v) was prepared by adding 500 g soil in 1000 mL 
distilled water and kept for 24 h with occasional stirring. Thereafter, the slurry was filtered 
through Whatman filter paper No. 1 and the filtrate was centrifuged at 3000 rpm for 30 min. The 
supernatant was collected, a part of the extract was further diluted with distilled water to get 25 % 
concentration and used for biossay. Thereafter, the bioassay followed the methodology described 
for the wheat straw extract bioassay.

1. Wheat straw:

The wheat straw extract had variable effects on germination and seedling growth in weed 
spp. (Table 3). It stimulated the germination of carpet weed, barnyard grass, and crowfoot grass 
but inhibited that of pigweed and sunberry. With the exception of carpet weed, the germination of 
weeds tested spp. was inhibited at the higher extract concentration (10%). The degree of inhibition 
was greater in sunberry and pigweed.

The extracts stimulated seedling growth parameters viz., root and shoot length and dry 
matter in broad leaved weeds, except in sunberry. At lower concentrations (5%), seedling growth 
of all spp. was increased, except in sunberry. However, higher concentrations (10%) of the extract, 
proved inhibitory to grassy weeds (barnyard grass and crowfoot grass) and sunberry. In sunberry, 
the extract inhibited seedling germination and growth. This may account for less weed infestation 
in wheat based rotations.

The extracts stimulated seedling germination and growth of carpet weed and pigweed and 
that may be the reason for their greater infestation in the subsequent crops following wheat.

2. Wheat soil:

Soil extracts stimulated the germination of carpetweed and crowfoot grass relative to the 
control, while they inhibited the germination of pigweed, sunberry and barnyard grass (Table 4). 
They proved less inhibitory to weed seedling germination and growth than wheat straw extracts, 
perhaps, owing to lower concentration of water extractable chemicals in soil than in wheat straw. 
The organic acids like ferulic, coumaric, cinnamic, vanillic, benzoic, hydroxamic acids, etc. are 
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present in wheat residues. These are growth stimulatory at lower concentrations and inhibitory at 
higher concentrations.8’9 The crop residues (roots and stubble) left in the field after crop harvest 
are sources of phenolic compounds in soil.10 Waller11 also reported inhibitory effect of wheat soil 
extract and the sources of phytotoxic substances in rhizosphere soil were root exudates or microbial 
toxins.

Table 4. Effect of aqueous extracts of wheat field soil on germination and seedling growth of 
weeds at 240 HAS

Extract 
concentration (%)

Germination
(%)

Shoot 
length 
(cm)

Root 
length 
(cm)

Seedling 
dry weight

(g/plant)

0 (control) 52.0
Trianthema portulacastrum

1.67 1.58 0.41
25 55.5 2.24 1.59 0.59
50 60.0 2.34 1.76 0.51
CD at 5% 1.08 0.41 0.12 0.11

0 (control) 91.5
Amaranthus spp.

1.00 2.23 0.061
25 85.3 1.13 2.37 0.125
50 81.5 1.08 2.62 0.128
CD at5 % 1.83 0.06 0.12 0.046

0 (control) 83.3
Physalis minima

1.21 1.97 0.271
25 83.0 1.38 2.17 0.338
50 75.0 1.14 1.13 0.201
CD at 5 % 2.54 0.13 0.18 0.051

Echinochloa colonum
0 (control) 90.3 4.31 1.97 2.01
25 85.3 4.83 2.79 2.11
50 84.5 4.98 2.96 2.12
CD at 5 % 4.32 0.36

Dactyloctenium spp.
0.34 0.08

0 (control) 34.3 1.57 1.14 0.10
25 44.4 2.05 1.55 0.17
50 38.8 2.07 1.48 0.17
CD at 5 % 4.12 0.18 0.32 NS

The seedling growth of all weeds tested was stimulated by soil extract except in sunberry at 
higher concentration (50%). The maximum stimulation in shoot length occurred in carpet weed 
and crowfoot grass, minimum in sunberry. Maximum root elongation was observed in grassy 
weeds and minimal in sunberry. The dry matter accumulation was greatest in pigweed and crow 
foot grass, and minimal in barnyard grass.

Pearlmillet Genotypes

A field trial was conducted during the summer season of 1991 to study the smothering 
capability of 13 pearlmillet genotype on weeds. The entries were ‘861A x 90/4-5’, ‘81A x 77/ 
273’, ‘843A x 77/371’ , ‘HHB 50’ , ‘HHB 60’, ‘HHB 67’, ‘81A x HC-4’, ‘843A x HTP 88/33’, 
‘843A x 8602’, ‘843A x HTP 88/47’, ‘88006A x 90/4-5’, ‘8800A x 833-2’, and ‘88004A x 833
2’. The experiment was replicated three times in randomized block design. A no crop control 
(fallow) was maintained in all replications. The crop was sown on July 26,1991 in plots 4 x 2 m 
and was raised with all recommended cultural practices without weed control. Since the field was 
highly infested with weeds, the studies were conducted with natural weed inoculum of in the field. 
At pearlmillet crop harvest, the weed population, weed dry weight, plant population, plant height 
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and fodder yield were recorded. The crop was harvested for fodder on October 20, 1991. Weed 
populations were recorded from three sites in each plot with a quadrate, while crop population 
was counted per running meter from three sites. The average of five plants were taken for plant 
height. Two weed species, Trianthema portulacastrum L. and Amaranthus spp. were dominant 
and were recorded separately, while other species like Cyperus spp. and Physalis minima L. were 
only present in some plots.

The maximum smothering effect of pearlmillet on weeds as compared to other summer 
crops4 encouraged the author to screen 13 pearlmillet (Pennisetum typhoides L.) genotypes for 
weed suppression as noted in cucumber,12 oat,13 sunflower14 and soybean.15 Since the field was 
highly infested with weeds, studies were conducted with weed seed already present. At pearlmillet 
harvest, weed population and dry weights were recorded. The two most dominant weed spp. 
(Trianthema portulacastrum L. and Amaranthus spinosus L.) were recorded separately. While 
other species like Cyperus rotundas and Physalis minima were present in some plots.

Table 5. Suppressive effect of pearlmillet accessions on the populations of weeds/m2

Accession [% suppression of weed population over control (fallow)]

Total weeds Chenopodium album L.

HHB-68 72.3 73.0
8804A x 833-2 71.1 72.6
HHB-60 57.5 57.3
863A x HTP 88/33 57.2 42.4
88OO6A x 90/4-5 54.6 55.7
843A x HT 8 88/47 53.5 46.2
81AxHC-4 38.5 41.1
88006A x 833-2 36.7 26.9
861A x 77/273 34.2 38.5
HHB-67 32.6 74.8
843A x 8602 31.0 56.7
843A x 77/371 22.4 53.8
HHB-50 18.0 52.4

All the pearlmillet genotypes reduced the weed population of Trianthema portulacastrum, 
Amaranthus spp., and total weeds, compared with the controls. Nine genotypes significantly 
smothered the entire weed population over the control. Of these, HHB 67, ranked first in weeds 
suppression (72.3%) over the control, closely followed by 88004A x 833-2 (71.1%), HHB 60 
(57.5%) and 863A x HTP 88/33 (57.2%) (Table 5). Other genotypes that suppressed 50% of the 
weed population versus controls were 88006A x 90/4-5 (54.6%) and 843Ax HTP 88/47 (53.5%). 
Four genotypes, 843A x HTP 88/47, 81A x HC4,88006A x 833-2, and 861A x TH2T5 suppressed 
the weed > 40% over the controls. Weed populations of Trianthema portulacastrum varied greatly 
with different genotypes of pearlmillet, while genotype HHB 67 sufficiently suppressed its 
population (74.8%) over the control closely followed by 88004A x 833.2 (72.6%). Smothering of 
this weed species by other genotypes such as HHB 60 (57.3%), 843A x HTP 88/33 (56.7%), 
8806A x 90/4-5 (55.7%), and 843A x HTP 88/47 (55.4%) was quite satisfactory. The pearlmillet 
cultivars, HHB 50, HHB 60,81A x HC-4,843A x HTP 88/33, and 843A x HTP 88/47 significantly 
suppressed the Amaranthus population over the control and these cultivars had a similar suppressive 
effect. Shetty and Rao16 also reported that pearlmillet solely suppressed the growth of weeds 
much more strongly than groundnut.

All pearlmillet genotypes significantly reduced the dry matter of weeds compared to controls. 
The variety HHB 67 and the genotype 88004A x 833-2 caused a maximum suppression of 87.7 
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and 85.0%, respectively, over the control. The pearlmillet genotypes did not significantly differ in 
their plant population, plant height and fodder yields. Hence, the differences in weed populations 
in different genotypes, indicate the variability in suppressive effect of the genotypes.

WINTER WEEDS

In India, the winter season (November to March) is generally dry, hence, weeds are a major 
problem in irrigated agriculture; while in rainfed areas they compete with crops for conserved soil 
moisture. The heavy weed infestation in the latter may result in crop failure due to depletion of 
soil moisture by weeds. In irrigated areas, herbicides are used extensively, which has resulted in 
resistance development in Phalaris minor to Isoproturon, but only in rice-wheat rotation. Perhaps 
because of the maximum amounts of herbicides are in rice-wheat rotation it reduces yields (12.0
15.0 t/ha). It is likely that in the near future many weed species may develop such resistance. 
Worldwide, several weed species have become resistant to various herbicides hence, it is a major 
problem for the weed scientists. This has necessitated more research on allelopathy, to overcome 
such problems. It is well known that some pests (insects, nematodes, pathogens, weeds) have 
become resistant to traditional pesticides. Two studies were conducted with Brassica spp. and rice 
straw.

Brassica spp Accessions

Three field trials were conducted during the winter of 1990-91 to study the smothering 
effect of Brassica crops on weed species. The treatments in the first experiment consisted of no 
crop control (fallow) and eleven Brassica juncea genotypes viz., RH 839, RH 8315, RH 8605, 
RH 8689, RH 8690, RH 8693, RH 1812, RH 8814, Varuna, RH 781 and RH 819. The treatments 
in the second experiment were control (fallow) and ten Brassica napus genotypes, N-20-7-1, N- 
20-23-2, HNS-11 -1, N-20-26-1, Tower 7A, Midas, N 20-12-1,Tower 5-2,Tower 6-1-3, and HNS 
8902. The treatments in the third experiment were control (fallow) and eight Brassica carinata 
genotypes, BCCN-1, BCCN-2, BCCN-3, BCCN-4, BCCN-5, BCCN-6, BCCN-7, and BCCN-8. 
In all these experiments, genotypes RH 30 and RH 8113 were used as standard checks. The 
treatments were triplicated in a randomized block design. These were sown in rows 30 cm apart 
on October 13,1990 in plots 6x4 m. The crops were grown using the recommended cultural practices, 
no herbicide was applied for weed control and uniform plant stand was maintained. Crops were 
harvested from 136-169 days after sowing, at maturity. The weed population and weed dry weights 
were recorded at harvest from three sites in each plot with quadrate. Since there was great variability 
in weed population data, square root transformations were done for statistical analysis to increase 
the efficiency of the ‘F’ test.

These are major oilseed crops for the winter season and are grown in large acreage. Oleszek17 
in their review concluded that some Cruciferae spp. possess the potential to inhibit germination 
and weed growth and thus these species may be used successfully in weed control. The degradation 
products of glucosinolates seems to be responsible for the allelopathic potential of Brassica spp. 
Field studies were conducted to determine the smothering effect of three Brassica spp., B. juncea, 
B. napus, and B. carinata on weed species. The crops were sown in a completely randomised 
design in triplicate in plots 6 x 4 m. Crops were raised using recommended cultural practices and 
uniform plant stand was maintained, however, no herbicides or hand weeding was employed. The 
weed populations and dry weights were recorded at harvest. The genus Brassica is reported to 
have allelopathic properties that can affect germination, establishment and growth of other species 
in agroecosystems.18 ” Broccoli also showed potential for allelopathic interference on weeds 
depending upon the growth stage.20 Wild mustard has a complex reaction on the crop environment 
and controls weeds and pests. The complex of glucosinolates and their derivatives common to the 
genus Brassica are being explored as possible active agents for the controlling weeds and pests.
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A. Brassica juncea

Accession

[% suppression of weed population over control (fallow)]

Total weeds Phalaris minor Chenopodium album*

Table 6. Suppressive effects of Brassica juncea accessions on weeds/m2

RH 8689 91.6 87.9 78.0
RH 8605 85.9 80.7 78.7
RH 8693 81.4 71.3 76.8
RH 8113 74.3 68.2 82.0
RH 8812 72.6 62.1 77.7
RH 8602 68.4 51.8 77.2

NB: All these accessions reduced the C. album population by 80%

* % suppression of weed dry matter

These genotypes successfully smothered all weed population. Significantly lower weed 
populations and weed dry matter were recorded in all the genotypes compared to crop control and 
per cent suppression was greater in dicot than in monocot weeds. Among the genotypes, RH 8689 
showed maximum ability to smother weed populations (8.3 weeds/m2), followed by RH 8605 
(13.09 weeds/m2) and RH 8693 (18.1 weeds/m2) causing 91.6, 85.9 and 81.4% suppression, 
respectively, over the controls (98.4 weeds/m2). However, the genotype Varuna had the least 
smothering effect (Table 6). Weed population suppression in other accessions were identical with 
61.5 to 81.3% reduction over the control. All genotypes significantly decreased (> 80%) the C. 
album population compared with no crop control. Although all genotypes significantly decreased 
the population of P. minor, the most potent genotypes were RH 8689 (2.5 weeds/m2), RH 8693 
(4.0 weeds/m2), and RH 8814 (4.5 weeds/m2) with 87.9, 80.7, and 71.3% reduction, respectively, 
over the control. Lovett and Duffield19 and Jimenez-Osomio18 also observed that some species of 
Brassicae family considerably affected germination, establishment and growth of other species. 
The genotypes had no significant effect on Cyperus spp. compared with the controls. Dry matter 
production in weeds was also significantly lower in all the genotypes over the control. Among the 
genotypes, RH 8113 recorded the lowest dry matter production (6.8 g/m2) closely followed by RH 
8605 (8.0 g/m2) and RH 8689 (8.3 g/m2), RH 8812 (8.4 g/m2), and RH 8602 (8.6 g/m2) showing 
82.0, 78.7, 78.0, 77.7, and 77.2% reduction, respectively, over the controls. Weed dry matter in 
all other genotypes was at par. In later studies, during 1992-93,21 out of 40 accessions RH 8539, 
RH 8546, RH 8686, RH 9689, RH 8690, RH 8693, and RH 8696 decreased weed populations by 
76.7 to 87.1 % over the controls, respectively.

B. Brassica napus

Table 7. Suppressive effects of Brassica napus accessions on weeds/m2

Convolvulus arvensis: HNS 11-1 and N-20-12-1 completley suppressed the weed.
Cyperus spp. : Midas caused complete suppression ana N-20-7-7, N-20-12-1 resulted in > 80% suppression.

Accession [% suppression of weed population over control (fallow)]

Total weeds Chenopodium album

HNS 8902
N-20-7-1
N-20-23-2
Tower 5-2
Tower 7-A 
N-20-26-1
Tower 6-1-3

61.3 (83.8)*  45.7
56.0 (33.7)*  47.8
52.0 50.0
51.1 47.8
48.6 37.0
45.2 32.6
39.6 28.3

* % suppression of weed dry matter
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All the genotypes significantly reduced the population and dry matter of weed species over 
controls (Table 7). Among the genotypes, HNS 8902 showed the maximum suppression of weed 
populations (19.3 weeds/m2) closely followed by N 20-7-1 (22.0 weeds/m2) and N 20-23-2 (24.0 
weeds/m2) resulting in 61.3,56.0, and 52.0% reduction, respectively, over the controls (50.0 weeds/ 
m2). The population of the dominant weed, C. album, was suppressed by genotypes N 20-32-2 
(50.0%), Tower 5-2 (47.8%), N 20-7-7 (47.8%), HNS 8902 (45.7%), Tower 7A (37.0%), N 20
26-1 (32.6%), and Tower 6-1-3 (28.3%) over the control. The genotypes, however, showed a 
variable response to Convolvulus arvensis. Two of them (HNS 11-1 and N 20-12-1), completely 
suppressed weeds, while four genotypes (N 20-7-1, N 20-21-1, Midas and Tower 6-1-3) increased 
its population. In the case of Cyperus spp. the genotype ‘Midas’ completely suppressed this 
weed and three others (N 20-7-1, N 20-12-1, and check RH 8113) and caused >80% suppression 
over the control. However, in two genotypes viz., HNS 11-1 and Tower 5-2, its population was 
higher than in the control. It was observed that with all the genotypes, dicot weed populations 
exceeded the monocots and the majority of the genotypes caused greater suppression in the dicots 
than in the monocots. Leather22 reported that tissue leachates of B. napus inhibited the growth of 
Abutilón theophrasti and Ipomoea spp. but did not affect wild mustard. Weed dry matter production 
was least in genotypes, HNS 8902 (5.87g/m2) closely followed by HNS 11-1 (9.4g/m2) with 83.8 
and 74.1% reduction, respectively, over the control (36.3 g/m2). Significantly lower weed dry 
matter was recorded in HNS 8902 as compared to ‘Midas’ (32.87 g/m2). Yadav23 screened 25 
accessions for weed suppression and found that all genotypes reduced weed populations, but 
early maturing lines from Japan and Canada, N 20-7-1, N 20-12-1, N 20-23-2, N 20-26-1, Tower 
5-2, and Tower 7A showed > 80% suppression in weed populations as compared to controls. 
Adverse effects of Brassica genus on establishment and growth of weed species has also been 
reported earlier.1819

C. Brassica carinata

Significantly lower weed populations and dry matter were recorded in all the B. carinata 
genotypes over the control except BCCN-1 (Table 8). Among the genotypes, BCCN-2 recorded 
the least weed population (10.66 weed/m2) with a 61.4% reduction over the control (27.67 weed/ 
m2). The smothering ability in other genotypes (BCCN-3, BCCN-8, BCCN-6, and BCCN-4) 
ranged from 32.6 to 44.6%. There was great variability in the weed population of Chenopodium 
album among the genotypes. More than a 50% reduction in Chenopodium album population was 
recorded in three genotypes, BCCN-2 (66.0%), BCCN-6 (54.7%), and BCCN-5 (50.9%). 
Inconsistency in the population of Convolvulus arvensis was observed among the genotypes of B. 
carinata. Five genotypes (BCCN-4, BCCN-5, BCCN-8, BCCN-3, and RH 30) recorded a 65% 
reduction in population while in three genotypes (BCCN-1, BCCN-6, and BCCN-7), its population 
increased over the control. All the genotypes significantly reduced weed dry matter yield over the 
controls. Genotype BCCN-5 recorded the lowest dry matter production (6.33 g/m2) followed by 
BCCN-8 (10.8 g/m2) and BCCN-2 (10.87 g/m2) showing 80.1, 66.0 and 65.8% reduction over 
controls (31.8 g/m2). Other genotypes causing a 50% reduction in weed dry matter were BCCN- 
3 (60.2%), BCCN-6 (58.9%) and BCCN-1 (50.5%). Weed dry matter in all the genotypes was at 
par, except that BCCN-5 significantly differed with BCCN-4 (20.6g/m2 (35.2% weed suppression). 
In further studies during 1992-93,20 accessions were assessed for weeds smothering effect. The 
genotypes HC2, Car 6A, C6Y S7B, HC 9003, HC 9014, HC 9015, and HC 9016 decreased weed 
density by 44.6 to 65.6% over the control. Adverse effects of the Brassicae family on germination, 
establishment and growth of other species has been reported earlier.19 22
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Table 8. Suppressive effects of Brassica carinata accessions on weeds species/m2

Accession [% suppression of weed population over control (fallow)]

Total weeds Chenopodium album Total weeds*

BCCN2 61.4 50.9 65.8
BCCN5 58.1 62.3 80.1
BCCN 1 54.2 56.3 50.5
BCCN 3 44.6 47.4 60.2
BCCN 8 38.2 54.7 66.0
BCCN 6 34.1 49.1 58.9
BCCN 4 32.6 66.0 35.2

Convolvulus arvensis : BCCN-3, BCCN-4, BCCN-8 caused > 65% suppression in plant density.

* % suppression of weed dry matter

Oat and Berseem (Trifolium alexandrinum L.)
A. Pot study:

The study was done in pots in an open air net house during the winter of 1990-91 to 
determine (a) the suppressive effect of crops on weeds and (b) influence of soil incorporation of 
rice straw on weeds. The experiment was conducted in soil brought from a rice field in the paddy 
growing belt, Pabnawa village, Kaithal District, Haryana, India. The rice straw, stubble and soil 
(upper 15 cm layer) were collected after the harvest of the summer rice crop in November, 1990. 
The soil was sieved through a 2 mm sieve to remove crop and weed residues. Pots were filled (30 
cm height 30 cm dia) with 5.0 kg soil/pot. As in the main treatments, rice stubble and stubble + 
straw were mixed in the top 15 cm of soil in the pots, in the same proportion as found in the field,
i.e.,  1.1. g stubble (2.2 t/ha) and 2.6 g stubble + straw/kg soil (5.2 t/ha). Thereafter, pre-sowing 
irrigation was given. The sub-treatments consisted of rice residue managements (control, stubble, 
stubble + straw incorporated in soil) and field crops (wheat ‘HD 2329’, oat ‘OS6’, berseem 
‘Muscavi’, lentil ‘L9-12’, and fallow). The treatments were replicated 11 times in completely 
randomized design. The crops were raised with recommended cultural practices, except for weed 
control.

The soil incorporation of rice residues suppressed weed density, however, test crops exhibited 
both inhibition or stimulation and decreased the weed biomass.

1. Broad leaved weeds:

Soil incorporation of rice stubble, or stubble + straw, decreased the weed densities over the 
controls (Table 9). The suppression of weeds population was greater in earlier stages i.e. at 15 
DAS (days after sowing) and decreased in later stages (45 DAS).

Table 9. Effect of rice residues and test crops on the weed populations per pot

Treatment Broadleaf weeds 
(DAS)

15

Grassy weeds 
(DAS)

15 30 45 30 45

Soil incorporated Rice residues
Control 3.66 5.30 5.59 0.34 0.98 1.37
Stubble 3.23(-11.74) 5.01(-5.48) 5.15(- 7.88) 0.25(-26.48) 1.02(4-4.10) 1.50(4-9.49)
Stubble + straw 3.21(-12.30) 4.88(-7.93) 5.09(- 9.00) 0.20(-41.18) 0.97(+ 1.1) 1.48(4- 8.03)
C.D. at 5 % NS NS NS NS NS NS

Test crops
Fallow 3.08 5.02 5.55 0.54 0.78 0.96
Wheat 2.99(- 2.92) 4.90(- 2.39) 4.62(-16.76) 0.24(- 5.55) 1.09(4-39.75) 1.70(4-77.08)
Oat 4.53(4-4.71) 6.72(4-33.86) 6.48(4-16.78) 0.18(- 6.66) 1.03(4-32.05) 1.81(4-88.54)
Berseem 1,93(- 3.73) 2.39(-52.93) 3.37(-39.28) 0.24(- 5.55) 1.24(+58.97) 1.51 (+57.29)
Lentil 4.30(+ 3.96) 6.29(+25.30) 6.37(4-14.77) 0.12(- 7.77) 0.85(4- 8.97) 1.29(+34.37)
C.D. at 5 % 1.12 1.39 1.21 0.18 0.24 0.28

DAS = Days after sowing. Values in parentheses indicate per cent inhibition (-) or stimulation (+) over 
control
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The test crops had variable effect on weed density. Wheat and berseem decreased weed 
populations, whereas oat and lentil increased them (Table 11). Berseem proved to be the most 
smothering crop to broad leaved weeds and caused 52.39% suppression as compared to wheat 
(16.76%). Oat caused slightly greater suppression in weed populations than lentil.

In contrast to the population of weeds, both soil incorporated rice residues and test crops 
considerably decreased the dry biomass of weeds as compared to the controls (Table 10). Soil 
incorporated rice stubble caused grater suppression of weed dry matter than stubble + straw. The 
inhibitory effects of decomposing crop residues on the growth of many weeds species have already 
been reported.7,14,24'27 Kuwatsuka and Shindo28 isolated 13 phenolic acids in rice straw and its 
decay products. The suppression effect increased up to 90 DAS and decreased thereafter. The 
toxicity of phenolic acids has been proved to decreased with progress in decomposition in other 
cases.7 The smothering effect of crops on weed dry matter was: berseem > oat > lentil > wheat 
(Table 11). The degree of suppression increased up to 120 DAS in crops. The suppression was 
maximum in berseem (87.5%), oat (75.4%), lentil (50.2), and wheat (44.2%) as compared to 
fallow at 120 DAS. However, the interaction effect of soil incorporated rice stubble further 
ameliorated the degree of weed dry matter suppression in berseem, oat, lentil, and wheat to 88.9, 
78.4, 54.3, and 54.6% respectively, over the fallow controls. Alieri and Doll,29 Leather,14 Rice,30 
Chou,23 and Putnam31 have also reported suppression effects of several crops on numerous weeds.

Treatment Broad leaf weeds Grassy weeds
(DAS) (DAS)

Table 10. Effect of rice residues and test crops on weed biomass(g/pot)

90 120 135 90 120 135

Soil incorporated Rice residues

Control 2.28 8.88 12.77 0.060 0.190 1.584
Stubble 0.88(-61.40) 5.06(-43.02) 8.51(-33.36) 0.136(+126.67) 0.734 (+286.31) 1.784(+12.6)
Stubble + straw 0.99(-58.58) 5.35(39.75) 8.64(-32.34) 0.101(+68.33) 0.598(+214.74) 1.743(+10.04)
CD(P=0.05) 1.12 1.68 4.06 NS NS NS

Test crops
Fallow 1.71 12.96 18.74 0.195 1.296 2.347
Wheat 1.45(-15.20) 7.23(^4.21) 12.20(-34.90) 0.114(-41.54) 0.693(-46.53) 1.768(-24.67)
Oat 0.73(-57.31) 3.19(-75.38) 6.24(-66.70) 0.102(-47.69) 0.488(-62.34) 1.616(-31.15)
Berseem 0.36(-78.95) 1.62(-87.50) 3.18(83.03) 0.042(-78.46) 0.130(-89.97) 1.322(-43.67)
Lentil 1.58 (-7.60) 7.15(-44.83) 9.33(-50.21) 0.043(-77.95) 0.208(-83.95) 1.465(37.58)
CD(P=0.05) 0.66 1.04 2.74 0.036 0.232 0.58

DAS =Days after sowing. Values in parentheses indicate percent inhibition (-) or stimulation (+) over control

Table 11. Inhibitory effect of rice residues and test crops on broad leaved weeds biomass (g/pot) 
at 135 DAS

Crops Rice residues treatments

Control Stubble Stubble 4- Straw Mean

Fallow (Control) 22.91 18.48 14.84 18.74
Wheat 15.97(30.3) 8.14(56.0) 12.48(15.8) 12.20(34.9)
Oat 7.94(65.4) 4.00(78.5) 5.98 (59.7) 6.24(66.7)
Berseem 4.74(79.3) 2.05(88.9) 1.96(86.8) 3.18(83.0)
Lentil 12.27(46.5) 8.44(54.3) 7.27(51.0) 9.33(50.2)
Mean 12.76(55.4) 8.54(69.4) 8.61(53.3)

Factor C.D.(P=0.051
Rice residues 4.06

Crops 2.74
Residues x crop 3.02

Figures in parentheses indicate % inhibition over fallow (control)
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B. Grassy weeds

The effect of rice residues and test crops on grassy weeds was entirely different than on 
broad leaved weeds (Table 9). Soil incorporated rice stubble or stubble + straw suppressed the 
weed population up to 15 DAS and thereafter, improved it. The inhibitory effect was greater in 
stubble + straw incorporation over the stubble alone, but both had identical stimulatory effect. All 
the test crops suppressed weed density up to 15 DAS and increased afterwards till 45 DAS. Oat 
and wheat caused maximum increase in weed populations.

Both soil incorporated rice stubble or stubble + straw increased the dry mass of grassy 
weeds and the former proved superior than later up to 120 DAS (Table 10). All the test crops 
proved inhibitory to grassy weeds. The smothering effect increased linearly up to 120 DAS. The 
smothering effect of crops at 120 DAS were: berseem (90.0%) > lentil (84.0%) > oat (62.3%) > 
wheat (46.5%).

C. Bioassays

Bioassays were conducted with aqueous extracts of rice stubble or stubble + straw, in 9 cm 
diam. petri dishes in a BOD Incubator at 20 C ± 2 C. The treatments were: Test weed species, 
Convolvulus arvensis L., Avena ludoviciana Dur, Phalaris minor Retz, and Chenopodium album 
L.) and aqueous extracts (control, stubble extract 5% & 10% and stubble + straw extract 5% & 
10%). The tratments were replicated four times in completely randomized design.

The aqueous extracts of rice stubble or stubble + straw at both concentrations of 5 and 10% 
inhibited the germination and seedling growth of test weed spp. The variability in inhibitory effect 
of straw, or straw + stubble, was reputed to the phenolics concentration vary among the plant 
parts.7

1. Broad leaved weeds:

A. Convolulus arvensis:

Table 12. Inhibitory effect of aqueous extracts of rice residues on weed seed germination and 
growth at 10 DAS

Extract Concentration Germination 
(%)

Shoot Root
(%)

Length
(cm)

Dry weight 
(g/plant)

Length 
(cm)

Dry weight 
(g/plant)

Control 0 96 6.18
Convolvulus arvensis

4.88 4.24 1.50

Stubble 5 90(6.25) 4.32(8.31) 3.20(4.42) 4.18(1.41) 1.40(0.66)
10 84(12.50) 2.58(58.25) 1.94(60.24) 2.01(52.59) 0.87(42.00)

Stubble+straw 5 87(9.37) 3.88(37.21) 3.05(37.50) 3.11(25.65) 1.24(17.33)
10 79(17.70) 2.10(66.07) 1.75(64.13) 1.62(61.79) 0.71(46.00)

CD at 5% 1.96 0.346 0.129 0.229 0.105

Control 0 84 6.65
Avena ludoviciana

3.44 11.15 1.65
Stubble 5 65(22.61) 6.05(9.02) 3.14(8.72) 7.50(32.33) 1.29(21.81)

10 52(38.09) 4.67(29.77) 2.39(30.52) 4.40(0.53) 0.94(43.30)
Stubble+straw 5 58(30.95) 5.30(20.30) 2.91(15.40) 6.32(43.31) 1.13(31.51)

10 45(46.42) 3.34(49.77) 2.15(37.50) 3.47(68.87) 0.76(53.93)
CD at 5% 2.81 0.677 0.102 0.859 0.114

Control 0 78 4.37
Phalaris minor

2.64 3.16 1.28
Stubble 5 66(15.38) 3.38(22.65) 2.11(20.12) 2.71(14.24) 1.13(11.38)

10 54(30.76) 1.64(62.47) 1.05(60.18) 1.87(40.82) 0.83(35.04)
Stubble+straw 5 61(21.79) 3.74(14.41) 2.29(12.70) 2.84(10.12) 1.17(8.34)

10 49(37.18) 0.00(100.00) 0.00(100.00) 0.00(100.00) 0.00(100.00)
CD at 5% 1.87 0.299 0.116 0.209 0.102

Figures in parentheses indicate % inhibition over control (water)
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The aqueous extracts of both rice stubble, or stubble+straw, and at both concentrations (5 
and 10%) inhibited the germination and seedling growth of C. arvensis over the controls (Table 
12). The stubble+straw extract, irrespective of concentrations, was more inhibitory than stubble 
extract. This indicates that straw contains more inhibitory allelochemicals than stubble. Germination 
and seedling inhibition was concentration dependent. Higher concentrations (10%) were more 
inhibitory than lower concentrations (5%). The extracts had similar inhibitory effects on shoot 
length and dry weight, but were more inhibitory to root elongation than dry weight.

2. Grassy weeds:

The aqueous extracts of rice residues proved more inhibitory to both grassy weeds compared 
to broad leaved weeds.

A. Avena ludoviciana:

Similar to C. arvensis, both extracts and both concentrations were inhibitory to germination 
and seedling growth of A. ludoviciana; the inhibition was concentration dependent (Table 12). 
The stubble extract had identical inhibitory effect on shoot length and dry matter, however, 
stubble+straw extract was more inhibitory to shoot dry matter than to length. However, stubble, 
or stubble+straw, extracts caused more inhibition in root dry matter than to elongation.

B. Phalaris minor:

Like A. ludoviciana and C. arvensis, both extracts and both concentrations were inhibitory 
to germination and seedling growth of P. minor, and the inhibition was concentration dependent 
(Table 12). The extracts proved more inhibitory to shoot dry matter and elongation than roots. At 
10% the stubble+straw extract caused total inhibition in seedling growth.

CONCLUSIONS AND FUTURE RESEARCH

These studies have shown that allelopathic strategies, including use of smothering crops, 
could provide weed control both in summer and winter crops. Although these crops do not provide 
complete weed control they can manage weed populations at economic threshold levels. This 
may either eliminate or minimise the use of herbicides and thus overcome all the major problems 
associated with herbicide use. The order of weed suppression in summer crops was: pearlmillet > 
maize > sorghum > clusterbean > cowpea and the order in winter crops was: berseem > oat > 
lentil > wheat. The studies with accessions of pearlmillet and Brassica species (B. juncea, B. 
napus, B. carinata) exhibited greater variability in their weed smothering ability.

To provide satisfactory weed control in field crops using allelopathic strategies, Narwal32 
has suggested research on the following aspects:

(i) In the world, about 500 domesticated plant species are grown as crops and these plants 
offer a great scope for selection of weed smothering species.

(ii) In promising crops, varieties may be screened for smothering potential.
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(iii) The genes responsible for production of allelochemicals may be identified and possibly 
transferred to develop new transgenic varieties in the same or other crops using techniques of 
biotechnology so that plants could produce their own herbicides.

(iv) Research may be directed to utilize microbial and fungal toxins to control weeds.

(v) New and cheaper synthetic analogues of natural products having greater selectivity, stability 
and efficacy to control weeds may be developed.

(vi) Agronomical practices (sowing time, plant population, row spacing, crop geometry, 
cropmixture/intercropping) may be further improved to provide a competitive edge to crops over 
weeds.

(viii) Crop rotations with allelopathic crops may be developed to control weeds.
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ABSTRACT

Recent research has pointed to the promising allelopathic potential in rice germplasm. 
Accessions with allelopathic potential have different origins and different stages of improvement, 
indicating allelopathic potential to be widespread in the germplasm. At IRR1, field experiments 
testing 111 rice cultivars were conducted in the 1995 wet season and 1996 dry season to find plant 
allelopathic potential against Trianthema portulacastrum. Eight cultivars had a good performance 
in both seasons with an average weed reduction of over 40%. Of these, six cultivars have also 
shown promising allelopathic effects against Echinochloa crus-galli in field experiments and 
laboratory screening. Greenhouse experiments showed that physiological cost of allelopathic 
potential seems negligible. To distinguish allelopathy from competition, the cultivars tested in the 
field were also tested in the laboratory. Results showed that cultivars which were able to suppress 
weeds in field experiments were also able to decrease root elongation in the laboratory.

INTRODUCTION

Rice is the most important food crop in the world, being the basic ingredient of every meal 
for billions of people. Increasing population pressures in rice-consuming nations require more 
attention toward novel approaches to increasing production. Improvements in both management 
and yield performance of rice, through research, are necessary to meet future demands. Optimally, 
yield increases must be achieved through agronomic approaches that are environmentally safe. 
Controlling weeds through sustainable methods is a focal point for researchers working to ensure 
the world’s food supply for future generations.

Weeds are the most severe and the most widespread biological constraint to rice production. 
They are the constant component of agroecosystems unlike insect pests and plant diseases that 
attack periodically. Thus, herbicide use is increasing dramatically in all rice-growing regions of 
Asia, Africa, and South America. Its desirable features (i.e., less expensive than hand labor, very 
effective, easy to use) are major constraints to developing alternative control strategies. The use 
of herbicides for weed control in rice also poses some adverse implications. There has been a shift 
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from relatively easy-to-control broad-leaved weeds to more difficult-to-control grass weeds. 
Continuous use of herbicides will naturally select for tolerant species leading to the development 
of herbicide-resistant weeds. The detrimental effects of increased herbicide use on health and the 
environment are of major concern. Our challenge is to create an environment favorable to the rice 
crop, but unfavorable to weeds using less labor, water, and chemical herbicide inputs.

No single weed management strategy will ever solve the weed problems in rice.1 Preventive, 
physical, managerial, biological, and chemical control methods need to be combined to attain an 
acceptable weed management strategy that uses less herbicides.2 In integrated weed management, 
the emphasis should be on managing the weed population not eradication of weeds from the 
fields.3,4 Weed management should be viewed as a long-term investment on the farm where weed 
management strategies are developed for the farming system. Unfortunately, long-term decision 
making in much of the developing world is constrained because survival of the majority of 
subsistence farmers is on a day-to-day basis; therefore, short-term strategies with immediate benefits 
are most often applied.5

To achieve integrated weed management, it becomes increasingly important that the crop 
is optimized in agronomic performance including its competitive ability against weeds. Competitive 
ability of crops is mainly determined by the ability to capture and utilize resources that are shared 
by the crop and its associated weeds. Traditionally, competition has been considered the most 
important factor in crop-weed interactions.6 Recent research with allelopathic potential in rice 
germplasm has shown that allelopathy is equally important in suppressing weed growth in rice 
fields.710 Allelopathic potential is determined by the ability of a crop to release chemical compounds 
that will affect the growth of the associated weeds, without affecting its own growth. Maximizing 
the effect of both allelopathy and competition is, therefore, a most promising area of research that 
could decrease the future need for herbicides in rice production.

Several rice cultivars have been shown to reduce the root growth of a susceptible test weed 
species, Echinochloa crus-galli, in the laboratory and also reduce its growth in the field. Laboratory 
results were correlated with field findings, whereby a close correlation between root reduction in 
the laboratory and Echinochloa crus-galli reduction in the field was seen.10,11 However, before we 
can start breeding for high-yielding allelopathic rice cultivars, there is still considerable research 
to be done.

This paper aims to go a little deeper into allelopathic potential in rice by discussing growth 
characteristics in allelopathic and non-allelopathic rice and what is actually happening in the field 
when allelopathic rice is suppressing weed growth. It will also report on a two-season field 
experiment with 111 rice cultivars against Trianthema portulacastrum.

MATERIALS AND METHODS

Screening for Allelopathy in Rice

Rice cultivars were screened using the relay seeding technique described by Navarez and 
Olofsdotter.11 Seeds of barnyard grass were relay-seeded to 7-day-old rice seedlings and they 
were grown together for 10 days on a well-watered petri dish inside a closed, transparent germination 
box containing distilled water. The glass petri dish had a bridge filter paper strip for watering, one 
layer of circular filter paper, and perlite to keep rice roots from arching. The setup was kept in a 
lighted room, and the plants were not provided with nutrient solution. Two checks were included 
in each test: the no-rice check and the non-allelopathic cultivar check (AUS196 or IR62751-06). 
Shoot and root lengths of five bamyardgrass seedlings were measured at day 17.
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Growth Characteristics of Allelopathic and non-allelopathic Rice

From the screening results, six rice cultivars were chosen as representatives of allelopathic 
and non-allelopathic rice cultivars. Allelopathic cultivars were Taichung native 1, Woo Co Chin 
Yu, IR64, and AC1423, whereas AUS 196 and IR38 were the non-allelopathic cultivars. The 
chosen cultivars have different genetic backgrounds and stages of improvement. All cultivars 
were from the rice genebank at the International Rice Research Institute (IRRI). The rice plants 
were grown in hydroponics in a greenhouse using randomized complete block design with three 
blocks. Rice seeds were soaked in distilled water and arranged in plastic boxes with moist filter 
paper at room temperature. Twelve days after germination, uniform seedlings were selected and 
transplanted into hydroponics. Each seedling was wrapped with foam and inserted in a styrofoam 
float with 5 rice plants per pail. The seedlings were grown in nutrient solution in plastic pails (24 
L), following the procedure of Flowers and Yeo.12 All pails were placed in a water-cooled bench. 
The nutrient solution was replaced every 2.5 days and maintained at pH 5.5 throughout the whole 
experiment. At 0, 10, 15, 20, 25, 30, 35, 40, 50, and 60 days after transplanting (DAT), 3 plants 
were sampled from each pail and the leaf area of fully expanded leaves (Licor-3000, Licor Corp. 
NZ), shoot height, shoot, and root dry weight were measured. Data were analyzed using a statistical 
analysis system (SAS).

Field Performance

Field experiments were conducted in the 1995 wet and 1996 dry seasons under upland 
conditions at the IRRI experimental farm. One hundred and eleven rice cultivars were tested in a 
complete randomized design with 4 blocks. The rice cultivars under study were chosen from 
previous rice allelopathy studies, and from cultivars with special traits (aromatic flavor, drought 
resistance, insect tolerance, competitive ability). Each rice cultivar was dry seeded in three rows 
of 75 cm with 25 cm between rows. In between each plot was a 50-cm alley where weeds were 
allowed to grow alone. Sampling from the 6 nearest alleys was used as control plots for weed 
growth to enable data adjustments for uneven weed growth in the field. A natural population of T. 
portulacastrum (200 plants/m2) was used as test species. Other weeds were hand-weeded as early 
as 3 weeks after seeding (WAS) and repeated as needed. The fields were monitored weekly and 
pests were controlled when necessary. Nitrogen was applied in a split application with 120 kg N at 
sampling time 8 WAS. Rice and weed stands were evaluated 4 WAS in both seasons. All plots 
with less than 75% rice stands and all cultivars with less than three remaining blocks were excluded 
from the data. Rice and weed height was measured one week before sampling in the dry season 
experiment to enable correlation analysis between weed reduction and rice height. Weed dry matter 
was measured 8 WAS by placing two 40-x 20-cm rectangular frames between the rice rows and 
harvesting weeds at the soil surface. In the rice free alleys, weeds sampled were taken in the same 
pattern. Samples were oven-dried at 70 C to constant weight. Results were analyzed using SAS 
and general linear models (GLM).

RESULTS

Screening for allelopathic potential using the described technique resulted in root length 
reduction of Echinochloa crus-galli ranging from 0-60%. Based on the outcome, the screening 
procedure can be easily conducted, is cheap, and the results are reproducible, which are all 
requirements for a suitable screening procedure. Results showed that cultivars which were able to 
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suppress weeds in the field were also able to decrease root elongation in the laboratory.
The experiments with growth characteristics in the greenhouse showed no significant 

difference between allelopathic and non-allelopathic cultivars during the early growth stages. 
Shoot and root dry weight show similar trends with the exponential growth starting after 20-30 
days after transplanting (DAT) (Fig. 1). The other growth parameters such as leaf area and tiller 
number also had the same tendency. This suggests that allelopathic cultivars have the same growth 
patterns as non-allelopathic cultivars. The shoot-root ratio for the six cultivars showed significant 
differences among the cultivars at 15-60 DAT (Fig. 2). The upland control, AUS 196, had the 
lowest shoot-root ratio whereas the lowland control, IR38, had the highest. The shoot-root ratios 
of the allelopathic cultivars were between these two controls. The shoot-root ratio is an important 
index for carbon allocation between under- and above ground tissues. This result suggests that 
allelopathic cultivars have a root system with a spread in nutrient efficiency and indicates that 
allelopathic cultivars do not spend extra energy to obtain allelopathic ability, with the result that 
physiological costs for allelopathic potential in rice are minimized.

Experiment A was done from April to May 1996 and B was done from January to February 1996. 
A: B=AC1423, A=IR64, <=^38, B: V=Taichung native 1, D=Woo Co Chin Yu, O=AUS196

Figure 1. Biomass accumulation in allelopathic and non-allelopathic rice.
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Experiment A was done from January to February 1996 and B was done from April to May 1996.

Figure 2. Variation of Radio of Shoot to Root Dry Weight (RSR)

In the field experiments, significant weed suppression occurred in several rice cultivars. 
The wet season experiment showed 12 cultivars suppressed weed growth (dry matter) by more 
than 40% and one of these cultivars by more than 50%. In the dry season, 13 cultivars were able 
to suppress weed growth by more than 40%. Looking at the performance in both seasons, 8 cultivars 
gave an average weed reduction of more than 40%. Of these, six cultivars have also shown promising 
allelopathic effects against Echinochloa crus-galli in both field experiment and laboratory 
screening.10 The results from field experiment with T. portulacastrum are presented and compared 
with results from that using Echinochloa crus-galli as test species and with results from the 

387



Recent Advances on Allelopathy. Vol.l

laboratory screening procedure (Table 1). It was apparent that the field performance of allelopathic 
rice cultivars against both T. portulocastrum and Echinochloa crus-galli have the same numerical 
value as root length reduction in laboratory screening. The close correlation between laboratory 
and field performance suggests that allelopathy is an important plant interference factor for rice 
cultivars.

Table 1. Weed reduction in field experiments and root lenght reduction in laboratory screening 
procedure. Comparison of results from 2 field experiments with Trianthema portulacastrum as 
test species, 3 field experiments with Echinochloa crus-galli as test species with results from 
laboratory screening procedure.

Fiel experiments Laboratory screening
Cultivar % Weed reduction 

(T. portulacastrum)
% Weed reduction 

(E. crus-galli)
% Root length reduction 

(E.crus-galli)
WS ‘95 DS ‘96 DS ‘95 WS ‘95 DS ‘96

AC 1423 64 53 61 59 58 58
Speaker 50 - 46 - - 55
Brown Gora - 48 36 50 52 35
IR 36 39 52 30 - 28 -
Oryza glaberrima 44 47 31 - 76 58
Taichung native 1 31 57 50 46 41 48
Woo Cu Chin yu 37 51 61 52 56 42
Musashikogane 50 37 59 55 64 52
IRAT 169F 35 44 38 35 40 33
IR58 37 41 40 33 41 -
AUS 257 45 32 53 49 55 37
IR5 33 43 52 39 48 48
Ratna 1 42 35 37 19 38 42
IR 50 32 43 38 30 50 31
Tono Brea 49 36 - 22 - -
PSBRC18 53 30 16 - 39 -
Mahsuri 38 35 34 - 53 -
Nepal No.8 36 36 18 - 62 -
Tsai Yuan Chou 31 38 40 32 55 44
Dinorado -5* 26* 23* 21* 20* -
AUS 196 22* 0* - 7* 53 5*

* not significantly different from the no-rice check.

DISCUSSION

This study indicates that broad-spectrum weed-suppressing ability occurs in some rice 
cultivars and that there is a potential for breeding for weed-suppressing ability in rice. Breeding 
efforts must aim to optimize both allelopathic potential and competitive ability in future high- 
yielding rice cultivars. Breeding for competitive ability in rice have so far been a failure. One of 
the major reasons for this failure could be the disregard of the importance of allelopathic ability in 
rice cultivars.
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Earlier studies have shown that allelopathic potential seems to be normally distributed 
among rice cultivars.11 This means that there are no strong linkages between allelopathic potential 
and the features included in the breeding programs, such as yield, disease resistance, and other 
stress resistance. This study indicates that there seems to be no direct physiological costs of 
allelopathic potential in rice as there is no difference between the growth patterns of allelopathic 
and non-allelopathic rice cultivars, which confirms the weak linkage between allelopathic potential 
and important agronomic features.

Moreover, this study indicates that some allelopathic rice cultivars are potent weed 
suppressers against several weeds. Comparison of results from earlier studies using Echinochloa 
crus-galli as test species with those from T. portulacastrum trials shows several allelopathic rice 
cultivars to be potent against both weed species.

Such weed-suppressing ability against two weeds botanically speaking far apart indicates 
promising potential. This new knowledge would be a good starting point for breeders and weed 
scientists to work together toward developing weed-suppressing rice cultivars.
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ABSTRACT

The object of this study was to observe the effects of aqueous extracts (10%) of seeds, 
shoot and roots of Leucaena leucocephala on the germination and radicle elongation of the grasses 
Brachiaria humidicola, Brachiaria decumbens, and Brachiaria brizantha cv. Marandu. The extracts 
were analyzed for pH, electrical conductivity and osmotic potential. The germination bioassays 
were conducted for ten days in chambers at 35/15 C (day/night temperature) with a photoperiod of 
12 hours. The radicle elongation bioassays also lasted ten days and were conducted in chambers at 
a constant temperature of 25 C and photoperiod of 24 hours. The extracts were compared to 
deionized water (control) and 6.0 mL of extract or water were applied to each gerbox. There was 
no relationship between the effect of the extracts, pH values, and conductivity. L. leucocephala 
showed the highest allelopathic effect, the seed-aqueous extract being the main source of 
allelochemicals. B. brizantha cv. Marandu was less sensitive to the effects of leucaena extracts, 
while B. decumbens and B. humidicola presented similar response to the extracts. Radicle elongation 
was a more sensitive indicator of the effects of the aqueous than seed germination.

INTRODUCTION

Until recently, the instability of cultivated pasture ecosystems, particularly with respect to 
mixed pasture, was attributed to factors such as competition for specific components, as well as to 
physiological differences between grasses and legumes, and the difficulties of managing two 
plant groups of different physiology.

Presently, there is an understanding that a plant can interfere in the development of 
neighboring plants through the production of chemical compounds liberated into the environment, 
a phenomenon called allelopathy by Molisch.1 By definition, allelopathy involves both harmful 
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and stimulative effects, and takes microorganisms into consideration.2 Allelopathy, and has been 
considered to be one of the mechanisms by which several plants influence their enviromental 
pattern and density.3

From an agronomic point of view, allelopathy is of great interest because it makes possible 
not only the selection of pasture plants to control undesirable species, but also the establishment 
of mixed grass-legume pastures with plants that are not strongly allelopathic between themselves. 
Therefore, it can be used in a stable pasture with positive effects on productivity and longevity.4

The object of this study was to identify the potentially allelopathic effects of leuchaena on 
three tropical forage grass species.

MATERIAL AND METHODS

Seeds of leucaena (Leucaena leucocephala (Lam.) de Wit) were germinated in 100 liter 
boxes, containing sifted soil classified as a dark red latosol medium texture. Soil was fertilized 
with 100 kg of P2Oj/ha and 60 kg of K2O/ha. Four months after seed germination, the plants were 
collected from the boxes and separated into two parts: shoots (leaves and stems) and roots. Each 
of these were washed and kept in paper bags and dried in an oven at 39 C for 72 hours. Then they 
were ground in a Wiley mill, placed in paper bags, and kept at room temperature until use. The 
seeds were not dried, but ground in the Wiley mill.

Aqueous seed, shoot and root extracts were prepared at a 10 % concentration and left for 
6 hours, then filtered under vacuum and stored in a freezer until use. The extracts were analyzed 
for pH, electrical conductivity and osmotic potential. The allelopathic potential was evaluated by 
effects on germination and radicle elongation of the following tropical grasses: Brachiaria 
humidicola Stapf, Brachiaria decumbens (Rendle) Schweickerdt, and Brachiaria brizantha Stapf 
cv. Marandu.

Germination was evaluated in over ten days, with daily counting and elimination of 
germinated seeds. The bioassays were conducted in chambers with constant temperature at 35/15 
C (day/night) with a photoperiod of 12 hours of light. For each species, fifty seeds were germinated 
into germination boxes containing two sheets of filter-paper. All seeds were considered germinated 
when there was protuberance approximately 2 mm long.

The radicle elongation bioassays were carried out in a germination chamber with a constant 
temperature of 25 C and light photoperiod of 24 hours. Eight pre-germinated seeds were placed in 
each germination box. After a ten-day period, the radicle elongation was measured. In each bioassay 
(germination and radicle elongation) 6.0 mL of extract and water were applied to each germination 
box. Extracts are deionized water (control) effects were compared in each bioassay.

The experimental design was a complete randomized block in triplicated. The data were 
analyzed and the means compared by the Tukey test (0.05). The germination data were transformed 
using arc sin

To quantify and isolate the effects of osmotic potential of aqueous extracts, five 
Polyethyleneglycol-6000 (PEG - 6000) solutions were prepared, each one containing 0.0; 78.49; 
119.57; 151.40 and 178.34 g of PEG - 6000/liter of deionised water, corresponding to an osmotic 
potential of 0.0, 0.1, 0.2, 0.4, and 0.5 MPa, respectively. The results obtained were analyzed by 
regression, and calibration curves were used to estimate the extent to which the germination and 
radicle elongation would occur in aqueous extracts containing an equivalent osmotic potential. 
This method allows the relative effects of osmotic potential to be separated from those of allelopathy. 
These bioassays were conducted under the same conditions as those carried out with aqueous 
extracts.
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RESULTS AND DISCUSSION

Effects of pH.

Leucaena extract pH values varied from 5.46 to 5.74 (Table 1). For this grass species 
references about pH effects on seed germination or radicle elongation were not found, but there 
was some information for other species.

Table 1. Analysis of aqueous extracts from leucaena.

Factors analyzed Parts of the plant

Seeds Shoots Roots

PH 5.46 5.74 5.64

Conductivity (mmHo) 2.20 3.22 2.71

Osmotic potential (MPa) 0.27 0.28 0.18

The literature examines the effects of pH on germination and radicle elongation mostly in 
temperate species. Furthermore, the data show that shoots and roots were affected by extreme 
acidity or alkalinity. Eberleins showed that germination of Sorghum almum did not vary significantly 
for pH values between 5.0 and 8.0. On the other hand, germination was greatly reduced below pH 
4.0. Other studies by Pattnaik & Misra6 showed a quadratic response for seed germination of 
Aristida setacea for pH values between 2 to 12, with maximum germination at pH 6.0. For 
values < 4 and > 8, germination was severely reduced at pH below 4.0 and above 8.0.

Regarding pH effects on radicle development, plants can withstand a pH from 4.0 to 8.0. 
Outside this range, high concentrations of H+ and OH can be directly toxic to the plants.7 For the 
majority of vascular plants, pH < 3.0 and > 9.0, the root cellular protoplasm is severely affected.8 
These observations were confirmed by Batra & Kumar.9

Apparently, the pH values of the extracts (Table 1) are out of the range where they could 
negatively affect germination and radicle elongation. Thus the pH of aqueous extracts from leucaena 
should not be considered as a promoting factor in the results obtained.

Effects of Electrical Conductivity.

Aqueous extracts prepared at 10% concentration showed little variation in conductivity 
values. The shoots and seed extracts gave the highest and the lowest values, respectively (Table 
1). Aqueous extracts prepared from ground plant-parts may contain the cations Cu, Zn, Fe, K, Mg, 
Na, and Ca,10 and the concentrations may vary according to different factors depending on the 
plant. Little information is available to show how certain cations such as Mg, Na, and Ca can 
influence seed germination at different levels.11,12 Everitt,13 studying different salt concentrations 
which varied from 16 to 40 mmOhms, did not find any negative effects on seed germination of 
Kochia scoparia up to values of 20 mmOhms. Beyond this value germination was progressively 
reduced.

The values of electrical conductivity of the extracts presented in this paper (Table 1) are 
below those obtained by Everitt (20 mmOhms), indicating that cationic concentration did not 
affect the results. Martin14 studying the relation between allelopathy and electrical conductivity, 
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did not find any relationships that could account for the disparity obtained with the extracts. 

Effects of the Aqueous Extracts.

The effects of the osmotic potential of the extracts (Table 1) on the results were estimated 
by calculation considering the osmotic potential of the extracts, and the regression equation was 
adjusted for the variations of each parameter in the range of 0.0 to 0.4 MPa. The regression 
equations obtained were:

Germination
B. humidicola
B. decumbens
B. brizantha

not significant
Y = 57.3079 + 24.3139X - 119.4882X2 (R2 = 0.99)
Y = 50.9649 - 30.479 IX (R2 = 0.94)

Radicle elongation
B. humidicola
B. decumbens
B. brizantha

not significant
not significant
Y = 3.3880 - 2.1325X (R2 = 0.85)

The aqueous extracts from leucaena tended to reduce seed germination and radicle elongation 
in the bioassays (Table 2). The average decrease induced by the aqueous extracts from different 
parts of leucaena on seed germination were 27%, 30%, and 18% for B. humidicola, B. decumbens 
and B. brizantha respectively. The results for radicle elongation were 49%, 47% and 42%, 
respectively. Apparently, these results show that B. humidicola and B. decumbens are more sensitive 
to leucaena extracts effects than B. brizantha. This indicates that pastures based on leucaena and
B. brizantha probably will be more in equilibrium than in leucaena and B. humidicola or B. 
decumbens, if the allelopathic potential of leucaena is considered.

Table 2. Effects of aqueous extracts of leucaena on the forage grasses. Results are expressed as a 
proportion of control values.

Bioassays Receiver species Parts of the plant

Seeds Shoots Roots

Germination B. humidicola 0.425* 0.755* 1.00ns

B. decumbens 0.430* 0.654* 1.00ns

B. brizantha 0.588* 0.584* 0.827*

Radicle elongation B. humidicola 0.515* 0.368* 0.635*

B. decumbens 0.142* 0.575* 0.861*

B. brizantha 0.337* 0.905ns 0.974ns

* = Significant inhibition ; ns = not significant (Tukey 5%)
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The data presented in Table 2 show that radicle elongation was a more sensitive indicator 
for aqueous extracts effects rather than seed germination.The extract source (seeds, shoots or 
roots) or the target species has no great influence on this fact.

In spite of the allelopathic compound not being identified, it is possible that the observed 
effects are related to mimosine. Some results on the allelopathic potential of mimosine are presented 
by Kuo15 and Tawata & Hongo.16 In leucaena plantings, there is an absence of understory growth 
and it is a dominant species. This could be due primarily to phytotoxins, including mimosine, 
released from its leaves and litter. The compounds can suppress the growth of many species.17

The aqueous seed extracts induced greater reduction on the seed germination and radicle 
elongation than aqueous shoots and roots extracts, independent of the receiver species (Fig. 1). 
Pereira & Alcántara18 showed that mimosine was in greater concentration in the seeds (12.1% in 
dry matter), while the concentration in the leaves it was varied from 4.0% to 2.0%, and in the roots 
about 1.0%. This agrees with Friedman & Waller19 who showed that the non-proteic aminoacids, 
when present, are mainly found in the seeds, where they occur in very high concentrations. Thus, 
the greater inhibition induced by aqueous seeds, shoot and root extracts, in decreasing order, 
agrees with the distribution of mimosine in the plant.

Figure 1. Average inhibition induced on seed germination and radicle elongation by aqueous 
extracts (mean of three forage grasses). Plant parts: 1 - Effects of aqueous seed extract. 2 - Effects 
of aqueous shoot extract. 3 - Effects of aqueous root extracts.

REFERENCES

1. Molisch. (1937). Der Einfluss einer Pflanze auf die andere-Allelopathie, Fischer, Jena.

2. Rice, E.L.(1984). Allelopathy. New York: Academic Press. 422p.

3. Smith, A.E. (1989). Weed Sei., 37, 665-9.

4. Wardle, D.A. (1987). New Z. J. Exp. Agric., 15, 243-55.

5. Eberlein, C.V. (1987). Weed Sei., 35, 796-801.

6. Pattnaik, S.K. and Misra, M.K. (1987). Acta Bot. Hung., 33, 413-20.

7. Amon, D.I. and Johnson, C.M. (1942). Plant Physiol., 17, 525-39.

395



Recent Advances in Allelopathy. Vol. I. A Science for the Future

8. Larcher, W. (1980). Physiological plant ecology. 2nd.ed. Berlin: Spring Verlag. 303.

9. Batra, L. and Kumar, A. (1993). Indian J. Agrie. Sci., 63, 412-6.

10. Chou, C.H. (1989). J. Chem. Ecol., 15, 2149-59.

11. Ryan, J., Miyamoto, S. and Stroehlein, J.L. (1975). J. Range Manage., 28, 61-4.

12. Rumbaugh, M.D., Johnson, D.A. and Pendery, B.M. (1993). Crop Sci., 33, 1046-50.

13. Everitt, J.H., Laniz, M.A. and Lee, J.B. (1983). J. Range Manage., 36, 646-8.

14. Martin, V.L., Mccoy, E.L. and Dick, W.A. (1990). Agron. J., 82, 555-60.

15. Kuo, Y.L., Chou, C.H. and Hu, T.W. (1982). Leucaena Res. Rep., 13, 65-70.

16. Tawata, S. and Hongo, F. (1987). Leucaena Res. Rep., 8,40-1.

17. Chou, C.H. and Kuo, Y.L. (1987). J. Chem. Ecol., 12, 1431-48.

18. Pereira, A.F. and Alcántara, P.B. (1993). In Simposio sobre usos mútiplos de leguminosas 

arbustivas e arbóreas, I. Anais Nova Odessa, 183-202.

19. Friedman, J. and Waller, G.R. (1993). J. Chem. Ecol., 29, 1107-17.

396



Allelopathy in the Biological Control of Plant Diseases

38 Allelopathy in the Biological 
Control of Plant Diseases

Horace G. Cutler

Southern School of Pharmacy, Mercer University, 
3001 Mercer University Drive, 

Atlanta, Georgia 30341-4155, USA

INTRODUCTION

As the need for environmentally compatible pest control agents increases, so does the role 
of allelochemicals as potentially marketable agents. This is especially true in the area of plant 
diseases which covers a large number of diverse disciplines. Lumped into this field are viruses, 
mycoplasms, bacteria, fungi, and plant parasitic nematodes. But the number of viricidal compounds 
available to control the myriad viruses that attack plants is nil, and the same is true for mycoplasms. 
A number of synthetic materials are available for antimicrobial treatment in agriculture, but some 
are suspect carcinogens and their numbers appear to be decreasing. A few nematocides are marketed.

Research in the field of pharmaceuticals is constantly progressing to find new, potent 
substances for medicinal use. Some of the impetus has been prompted by the discovery of new 
diseases, such as AIDS, and some by the desire to replace relatively effective materials already in 
the pharmaceutical arsenal by ones with higher specific activity and less side effects. In addition, 
the financial return for investing in a successful pharmaceutical may be astronomical. It is no 
wonder that the agricultural chemical field lags behind and receives relatively little attention. Yet, 
in the very broad sense, the goals are the same. That is, to keep the patient healthy and disease 
free, without producing too many undesirable side effects. It is, therefore, very probable that a 
number of medicináis, and their congeners, may well find their way into agriculture in the future. 
So, as the search for antiviral compounds continues, to control AIDS and other viral diseases, 
there may well be concomitant discoveries to conquer plant viruses. A number of papers in the 
scientific literature deal with the isolation of fungal metabolites to control human fungal pathogens. 
Yet once in a while, a few phytopathogenic organisms are included in a list of in vitro bioassays 
almost as an addendum but, insofar as the plant pathologist is concerned, an important addendum.

In this short review, we shall be looking at some examples of allelopathic agents, isolated 
from microorganisms, that are potential fungicides. The structures range from being relatively 
simple to highly complex, insofar as small molecules go, but one of the important points to constantly 
bear in mind is that microorganisms make, with great facility, those sorts of compounds that are 
very challenging for the synthetic chemist. Thus, they offer new templates for use per se, or as 
biotransformed species.

Nitrogen Containing Compounds

Myxobacteria are saphrophytes that are characterized by their distinctive fruiting bodies 
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and by their long, slender nonflagellated vegetative cells. One such myxobacterium, Polyangium 
sp. PI VO19, was fermented on lean standard peptone liquid medium, at 30 C for 3-5 days, in 
shake culture, to produce phenoxan at < lmg/L. The metabolite (Figure 1) was isolated using an 
MT-4 cell culture assay with HIV-1 as the monitoring system, and proved to be a novel substituted 
oxazole-y-pyrone.1’2 Because of the nature of the metabolite, and the bioassay system used to 
detect its presence, it was tested in a number of biological systems. Among these were 
submitochondrial particles obtained from beef heart wherein it was demonstrated to be a potent 
inhibitor at the Complex I site (NADH: ubiquinone oxidoreductase) of the eukaryotic respiratory 
cycle. Furthermore, with in vitro assays against eleven bacteria, and a yeast, using 40 pg/6 mm 
disk, the material proved to be inactive. But select phytopathogens, including Botrytis cinerea 
[17], Gibberella fujikuori [13], Pythium debaryanum [12], and Ustilago maydis [35], [diameter 
of inhibition zone in mm], were markedly inhibited. Likewise, Mucor hiemalis [20] and Trichoderma 
koningii [10] were also inhibited. The MIC for U. maydis was calculated to be 19 pg/mL, rendering 
it an important fungicide for this specific use. Other strains of Polyangium also produce phenoxan 
and these include PI 3890, PI 6245, PI 6353, and PI 6370.

Phenoxan
(Polyangium sp. strain PI V019)

(Paecilomyces variotii)

Figure 2

Sphingofungin E: Rp R2 — O r3 = oh r4 = ch2oh

Sphingofungin F: RltR2=O r3 = oh R4 = CH3

Sphingofungin B: RbR2 =OH, H r3 = oh r4 = h

Myriocin: Ri»R2 =O r3 = h r4 = ch2oh

A structurally interesting group of antifungal compounds has been isolated from 
Paecilomyces variotii Bainier, found on rabbit dung (Sylvilagus floridanus) fermented on brown 
rice supplemented with yeast extract, KH2PO4, and sodium tartrate for 14 days at 25 C. Extracts 
were made in methanol and the filtrate was chromatographed on Mitsubishi SP-207. Eventually, 
there followed ion exchange chromatography to yield sphingofungins E and F (Figure 2), novel 
compounds relative to the sphingofungin group.3 They are related to myriocin (=thermozymo- 
cidin), first reported in 19724'5 and both sets have antifungal properties. There is yet another close 
relative, fumifungin,6 from Aspergillus fiimigatus which is also antifungal and, it should be pointed
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out, sphingofungins A, B, C, and D have their genesis in this organism.7 The sphingofungins 
characteristically inhibit the enzyme serinepalmitoyl transferase which is necessary in sphingolid 
biosynthesis3 and this activity is also exhibited by the members discovered earlier.7,8 While 
sphingofungin E is relatively active against a number of human pathogens, certain filamentous 
phytopathogens were strongly inhibited in in vitro disk assays including Dutch elm disease, 
Ceratocystis ulmi and Alternaría solani. The MIC for Aspergillus flavus MF 383, the producer of 
aflatoxins in stored commodities, was > 32 pg/mL. However, sphingofungin F was not as active as 
sphingofungin E in any of the bioassays. This is interesting in light of the fact that in the former 
there is a CH2OH attached at the C2 position, while in the latter, there is a CH3 group. Because of 
the number of functional groups that may be modified in this family of compounds a worthwhile 
structure-activity endeavour may be profitable. A further extension of this is, of course, the change 
in target specifity and concomitant specific activity brought about by this exercise.

(Streptomyces albospinus A 19301 )

Figure 3
Phenamide, a derivative of phenylalanine, was discovered in the fermentation broth of 

Streptomyces albospinus A 19301. The broth, while not extraordinary in many of its components, 
did contain one odd ingredient and that was freeze-dried powder of tobacco homworm (Manduca 
sexto). The mixture was incubated at 30 C and the flasks were placed in a rotary shaker for 5 days. 
At harvest, the broth was adjusted to pH 7. Apparently, sufficient quantities of phenamide (Figure 
3) were obtained from IL of fermentation to perform all the necessary bioassays. The crude filtrate 
completely inhibited both Septoria nodorum and grey mould, Botrytis cinerea, at rates of 25 pL/ 
mL. But, to complicate the issue, the nucleoside toyocamycin was also found in the broth and, 
therefore, the exact fungistatic properties of phenamide were not reported relative to B. cinerea.9 
In spite of that, synthesis yielded both d- and L-phenylalanine isomers of phenamide and it was 
determined that the L-phenylalanine species was identical to natural phenamide both 
stereochemically and biologically, but the D-isomer was only half as inhibitory to Septoria nodorum 
at 500 mg/L.

( Streptomyces sp. OM-5714 )

Figure 4

A somewhat unique screening method has been developed for obtaining herbicides, plant 
growth regulators, and fungicides where the disruption of cellulose formation is the target.10 Two 
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microorganisms are utilized. The first, Phytophthora parasitica contains cellulose as one of its 
cell wall components, while the second, Candida albicans, does not. Using this system, the 
secondary metabolite phthoxazolin A (Figure 4) was isolated from Streptomyces sp. OM-5714. 
The name is derived from Phytophthora and oxazole: structurally, the compound is a lipophilic 
triene with an oxazole moiety.11 The specific activity of phthoxazolin A against Phytophthora was 
relatively small. For example, the MIC’s were 125 jig/mL against P. parasitica IFO 4873 and 31.3 
against P. capsici. As for other fungi, which do not contain cellulose, like Fusarium oxysporum 
lycopersici KF-166, Botrytis cinerea KF-184, and Pyricularia oryzae, there was no control. But 
the compound gave excellent herbicidal activity against growing, but not germinating plants. Of 
great importance is that oral administration of phthoxazolin at 100 mg/kg failed to kill mice. It is 
possible that this piece of information coupled to a further look at the structure may lead to a 
useful fungicide for Phytophthora sp. It is significant that the material was four times more active 
against P. capsici than P. parasitica, and one wonders what the activity may have been against P. 
infestans. Armed with this information, it seems likely that a derivative of phthoxazolin made 
either by synthesis or biotransformation would have greater activity.

Phosmidosine

(Streptomyces sp. RK-16 )

Figure 5
The purine and pyrimidine analogs are starting to appear with some regularity among the 

biologically active secondary metabolites of microorganisms and among these is phosmidosine, a 
novel nucleotide antibiotic that specifically inhibits spore formation in Botrytis cinerea.12 Only 6 
mg of phosmidosine (Figure 5) were isolated from 60 L of liquid fermentation of Streptomyces sp. 
RK-16, following ion exchange chromatography with different resins, but this was sufficient to 
conduct in vitro bioassays against spore formation in Botrytis cinerea (= Botryotinia fukeliana 
IFO 5365), Aspergillus nigerJCM 5697, Alternaria mali IFO 8984, Colletotrichum lagenarium 
IFO 7513, and Pyricularia oryzae IFO 5994. The MIC’s were obtained by a dilution method on 
potato-sucrose agar followed by incubation at 27 C for 72 hours, then observing effects on spore 
formation, under a microscope. A. mali, C. lagenarium, and P. oryzae required > 500 p.g/mL to 
induce spore formation inhibition, while A. niger required 1.0 pg/mL, and B. cinerea 0.25 pg/mL 
[MIC’s]. As with so many natural products, we once again see target specificity. For comparative 
purposes some other nucleotide antibiotics include agrocin 84 from Agrobacterium radiobacter,'1 
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thuringiensin from Bacillus thuringiensis,1* fosfocytocin from Pseudomonas fluorescens,15 and 
fosfadecin from Pseudomonas viridiflava.'5

As is often the case, natural products exhibit more than one function in expressing biological 
activity. Alisamycin (Figure 6), from Streptomyces sp., is one such example because it is active 
not only against Gram positive bacteria and fungi, but it also possesses weak antitumor activity. 
The metabolite belongs to the manumycin family which is comprised of manumycin,16 asukamycin,17 
colabomycin,18 U-56,407,19 and U-62,162.20 The separation of alisamycin from 17 L of shake 
culture appears to have been moderately straightforward. The liquid was partitioned against ethyl 
acetate, which was then concentrated, and a material precipitated with n-hexane. This was captured, 
placed on a silica gel chromatographic column and eluted with a CHCl3:ethyl acetate gradient. 
The resulting alisamycin was recrystallized from aqueous methanol to yield 110 mg of pure 
metabolite. As would be expected from examining the structure, the compound had a yellow 
crystalline composition. While the substance was active against three strains of Staphylococcus 
aureus, and three strains of Streptococcus faecalis, its agrochemical potential lies in the fact that 
the MIC’s were > 50 pg/mL for Pyricularia oryzae and Botrytis cinerea.2' Because of the functional 
groups and the presence of an epoxide ring, a number of synthetic modifications may be performed 
on the molecule to produce some interesting products with, no doubt, altered biological activities. 
It would be exciting, for example, to break the molecule into two parts at some point in the triene 
group, and to evaluate the components.

A-methylstreptothricin D (Figure 7) is a close relative of streptothricin D, and was isolated 
from a soil sample collected on the campus of Seoul National University, Seoul, South Korea, that 
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contained Streptomyces spp. SNU 8810-111. The metabolite was produced quite quickly at 28 C 
for 4 days in liquid shake culture consisting of tryptic soy broth and calcium carbonate. It was 
isolated using a primary separation on ion exchange chromatography followed by cellulose column 
chromatography of the biologically active fractions. Three liters of broth gave 19 mg of pure 
TV-methylstreptothricin D. The MIC’s were determined on twenty-six microorganisms, but only 
one, Pyricularia oryzae, was of agronomic interest. The MIC for this phytopathogen was 16 pg/mL.22

HO
Mulundocandins

(Aspergillus sydowii)

Figure 8
Another antibiotic that has both an odd structure and which exhibits very variable activity 

against different strains of Botrytis cinerea, is deoxymulundocandin (Figure 8) isolated from the 
culture filtrate of Aspergillus sydowii (Bainier and Sartory).23 This metabolite is related to 
mulundocandin (Figure 8) which also comes from the same fungal strain. Both are cyclic peptides 
having a fatty acid side chain and they are members of the echinocandin class of antifungals. 
Examination of the structure reveals that deoxymulundocandin contains a 3-hydroxyhomotyrosine 
residue, while mulundocandin has a 3,4-dihydroxyhomotyrosine residue.24'25 The liquid 
fermentation was carried out on a large scale so that after 66 hours there was 33.5 kg of mycelium 
and 337 L of culture filtrate. Final chromatography on silica gel only yielded 85 mg of pure 
deoxymulundocandin.23 The bioactivity of the antibiotic against a number of bacteria was low 
[MIC > 200 pg/mL] although it was active against the yeasts Candida albicans [1.5], and 
Saccharomyces cerevisiae [3.1], It was fairly active against Penicillium italicum [25], but inactive 
against P. digitatum [> 200], Fusarium culmorum [> 200], and F. nivale [> 200]. While none of 
this is surprising, because of the species difference, what was remarkable was the activity against 
strains of Botrytis cinerea. For example, the MIC’s [pg/mL] were: B. cinerea 47 [6.25 ], B. 
cinerea 57 [50], B. cinerea 211 [25], andB. cinerea 212 [25]. Other phytopathogens were more 
sensitive with MIC’s for Cladosporium species [0.15] and Cercosporabeticola 71 [6.25]. Again, 
the molecule has a number of functional groups that may be modified to produce antibiotics with 
different target specificities. Furthermore, before final purification there were 6 g of the crude 
antibiotic and this amount, and stage, would be ideal for synthetic derivatization.

Lactones have a reputation for exhibiting biological activity and this is especially true of 
the macrolides. Some of the antibiotics are 36-membered nitrogen containing macrolides and 
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include the azalomycins,26'29 guanidylfungins,30 31 and scopafungin,32 though more recent additions 
to the family are shurimycin A and B (Figure 9), produced by Streptomyces hygroscopicus A 
1491. The latter are, in addition to being lactones, polyhydroxylated and afford a number of 
functional groups for derivatization. The mycelial cake, harvested from 30 L, 4-day-old cultures, 
was extracted with methanol and chromatographed on HP-20 columns. Fractions were examined 
for activity against the phytopathogens Alternaría malí, Botrytis cinérea, Fusarium oxysporum, 
Pyricularia oryzae, and Rhizoctonia solani. Those that exhibited antifungal properties were again 
chromatographed, this time through a reversed phase, ODS-A60, to finally yield 120 mg of 
shurimycin A and 160 mg of shurimycin B.33 A certain target specificity was experienced in some 
cases with each metabolite, while in others the results were remarkably consistent. The MIC’s 
[pg/mL] were as follows on storage organisms, or phytopathogen:

Aspergillus fumigatus: 
Altemaria mali: 
Fusarium oxysporum 
Botrytis cinerea 
Pyricularia oryzae 
Rhizoctonia solani

shurimycin A [3.1 ], shurimycin B [6.2 ] 
shurimycin A [3.1 ], shurimycin B [3.1 ] 
shurimycin A [12.5], shurimycin B [12.5] 
shurimycin A [0.78], shurimycin B [0.78] 
shurimycin A [0.78], shurimycin B [0.78] 
shurimycin A [0.78], shurimycin B [1.56]

Shurimycins

( Streptomyces hygroscopicus A 1491)

Figure 9
In the cases where the MIC’s are identical for each of the shurimycins (A. mali, F. oxysporum, B. 
cinerea, and P. oryzae) it would seem that the R group substitution does not make a great difference, 
although it would be interesting to see the bioassay results obtained with a longer carbon side 
chain. In both azalomycin and scopafungin, the substitution is H. The shurimycins are different to 
the azalomycins in that they do not have a C2-CH3, but do possess a C28-CHr33

Non-nitrogen Containing Compounds

A specific fungicidal natural product for controlling Phytophthora infestons is xanthofusin 
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(Figure 10) isolated from a Fusicoccum sp. (IMICC No.351573) found growing on a Mediterranean 
plant.34 In a sporangia suspension bioassay, specifically designed for plant pathogenic Oomycetes, 
the MIC for xanthofusin was 0.2 pg/mL against P. infestans. Only weak fungicidal activity was 
noted with Botrytis cinerea and Rhizoctonia solani. The metabolite had an LDJ0 of 250 mg/kg 
when fed orally to mice. This secondary metabolite belongs to the 4-ylidenetetronic acid clan, and 
these are characterized by the exocyclic double bond at C4. Their general characteristics, including 
biological activity, have been discussed previously.35

h3c oh

Xanthofusin

( Fusicoccum sp.)

Figure 10

What appears to be a relatively unstable, but biologically active compound has been isolated 
from Pénicillium urticae and trivially named patulodin (Figure 11). It essentially belongs to the 
azaphilone family of structures, but it is unique in that it possesses the epoxide ring. Twenty-five 
liters of culture filtrate had to be quickly worked because of the inherent instability of the molecule 
and the initial separation involved chromatography on HP-20 using a methanol mobile phase, 
collection of the yellow fraction, which was evaporated to an aqueous stage, and liquid-liquid 
partitioning against ethyl acetate, using 50 mL of that solvent. Because of the transient nature of 
the compound, that fraction was divided into 5 aliquots, each of which was separately 
chromatographed on silica gel and pooling of the active fractions gave 149 mg of yellow crystalline 
powder. The substance was active against the rice phytopathogen Pyricularia oryzae and the 
MIC was 50 pg/mL.36 Patulodin is so named because of its origin from P. urticae mutants which 
generate the patulolides. However, the patulolides, and specifically patulolide A,37 are macrolides. 
Patulodin is not a macrolide.

Patulodin

( Pénicillium urticae )

Figure 11

Pénicillium verruculosum (IMI-352119) has generated three macrocyclic polylactones 
upon liquid fermentation. These have been given the unromantic names BK 223-A, BK 223-B, 
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and BK 223-C (Figure 12) and yields of the metabolites, either on surface or submerged culture, 
were 128 mg for A, 52 mg for B, and 28 mg for C, from twenty fermentation flasks, each containing 
100 mL of liquid.38 However, BK 223-A had previously been isolated from P. verruculosum 
F-4542 and named NG-012. It was classified as a nerve growth factor potentiator.39 The structural 
difference between BK 223-A and BK 223-B is that they are regioisomers. The cytotoxic activities 
of A, B, and C were measured in the mouse peritoneal macrophage bioassay and the IC50 values 
for cellular ATP (viability) and chemiluminesence (phagocytosis) were 2.5 and 2.0 pg/mL, 
respectively for A; 6 and 6.6 pg/mL for B: and 10 pg/mL for B in both.38 In bioassays with select 
fungi, A was inactive against Ascochyta pisi, Alternaría alternata, and Phoma betae\ moderately 
active against Botrytis cinerea, Pyrenophora teres, Phoma lingam (note the inactivity against P. 
betae) and Sclerotinium sclerotiorum; and highly active against Monolinia fructigena. On the 
other hand B, like A, was inactive against A. pisi, A. alternanta, and P. betae, while being slightly 
active against the remainder. In contrast to A and B, C was slightly inhibitory to all the 
microorganisms tested, but was inactive against S. sclerotiorum.33 Again, we note that slight 
structural changes alter the specific activity and target specifity of a molecule.

BK 223-A, B.C

(Penicillium verruculosum IMI352119 )

Figure 12

The next natural product to be discussed is rousselianone A (Figure 13), a novel compound 
isolated from Phaeosphaeria rousseliana, which has an object lesson for all natural product 
researchers. That lesson consists of two elements, both of which will become evident. The essence 
of the isolation of the metabolite was founded on the bioassay which consisted of applying fractions 
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for evaluation on potted seedlings of rice (Oryza sativa var. Suyoh), wheat (Triticum aestivum 
var. Norin No. 61), cucumber (Cucumis sativus var. Suyoh) and tomato (Lycopersicon esculentum 
var. Red Cherry). After the applied fractions had dried on the leaves, spore suspensions of the 
appropriate pathogen was applied to each plant. That is, rice was treated with Pyricularia oryzae, 
wheat with Puccinia recondita, cucumber with Botrytis cinerea, and tomato with Phytophthora 
infestans. The treated seedlings were kept in a moist chamber for 24-40 hours, removed to a 
greenhouse and observations were made of the disease index. The formula for the protective value 
was: protective value (%)={(A-B)/A}xl00, where A is the total number of lesions or disease rate 
in untreated plants, and B is the total number of lesions or disease rate in treated plants.40 
Concomitantly, zn vitro bioassays were carried out with bacteria, in a yeast-agar medium, and 
fungi and yeast, in a polypeptone-yeast extract-glucose-agar-medium, with incubation at 37 C for 
24 hours for the bacteria, and at 27 C for 48 hours for fungi and yeasts. Neither rousselianone A, 
nor rousselianone A’ had activity against Staphylococcus aureus, Micrococcus luteus, Bacillus 
subtilis, Clavibacter michiganens, Escherichia coli, Pseudomonas aeruginosa, Klebsiella 
pneumoniae, Xanthomonas oryzae, Saccharomyces cerevisiae, Botrytis cinerea, Pyricularia oryzae, 
Alternaria mali, Aspergillus niger, Fusarium oxysporum, and Glomerella cingulata.™ However, 
and this is where the caveat is strongly emphasized, insofar as the protective response was concerned 
with in vivo bioassays rousselianone A was very active at 10,50, and 250 pg/mL so that at 50 pg/mL 
there was 99% protective value. At 250 pg/mL, plants were protected = 90% against P. oryzae, P. 
recondita, and P infestans. So, had the program relied solely on an in vitro bioassay, roussellianone 
A would have remained just another structurally interesting natural product. In addition, 
rousselianone A had abroad range of solubility in chloroform, ethyl acetate, and acetonitrile, with 
slight solubility in methanol and dimethyl sulfoxide. But it was unstable to light and temperature, 
and when it was placed in acetone with a trace amount of acetic acid, it was converted to 
rousselianone A’. This was inactive in both the in vivo and in vitro bioassays.40 But, as all natural 
products scientists learn, sooner or later, solvents and trace materials can produce very interesting 
results. Rousselianone A is 2,2,4,9-tetrahydroxy-6-isopentoxy-7-methyl-1H -phenalene-1,3-(2H 
)-dione and rousselianone A’ is 2-acetonyl-2,4,9-trihydroxy-6-isopentoxy-7-methyl-17/ -phenalene- 
1,3-(2/7 )-dione (Figure 13).

Rousselianone A: Rj=OH

Rousselianone A': Ri=CH2COCH3

Rousselianones
( Phaeosphaeria rousseliana )

Figure 13
Benastatins A and B contain a benzo [a] naphthacene skeleton and, respectively, are 8,13-

dihydro-1,7,9,11 -tetrahydroxy-13-dimethyl-8-oxo-3-pentyl-benzo [a] naphthacene-2-carboxylic 
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acid, and 5,6,8,13-tetrahydro-l,7,9,ll-tetrahydroxy-13-dimethyl-8-oxo-3-pentyl-benzo [a] 
naphthacene-2-carboxylic acid (Figure 14).41 These compounds were isolated using a glutathione 
S-transferase inhibition assay as the monitor; the enzyme governs the glutathionyl group transfer 
to an electrophilic acceptor and it is a multifunctional enzyme in mammalian cells.42 The metabolites 
were obtained from shake cultures of Streptomyces sp. MI 384-DF12 as the calcium salts of each, 
although the source of the calcium was not determined because it was not intentionally added in 
the final fermentation broth. Isolation was effected on column chromatography using silanised 
silica gel and, later, YMC GEL. Cuts from the latter were further chromatographed on silica gel 
and C]g reversed phase. Benastatins A and B were converted to the free acids and tested against a 
number of medically important pathogens, and in the glutathione S-transferase inhibition assay. In 
the latter, they were competitive with 3,4-dichloronitrobenzene as the substrate with inhibition 
constants of 5.0 x 10 6for A, and 3.7 x 10'6for B. They were both equally as active against the plant 
pathogens Cochliobolus miyabeanus and Pyricularia oryzae with MIC’s of >25 and 50 jlg/mL, 
respectively.43 Furthermore, the benastatins have low toxicity with no deaths reported in mice 
treated with 100 mg/kg, intraperitoneally.

As we mentioned earlier, the lactones are noted for expressing activity in biological systems. 
Among these is sultriecin (Figure 15) an a, 0-unsaturated lactone that occurs naturally as a sulfate. 
Structurally, the compound is 5,6-dihydro-5-hydroxy-6-(6-hydroxy-5-methyl-4- 
hydroxysulfonyloxyheptadec-l,7,9,ll-tetraenyl)-2//-pyran-2-one, monosodium salt. The 
metabolite was produced in liquid shake culture, and an in vitro disk microbial bioassay, using 
Candida albicans and Cryptococcus neoformans, directed the isolation. Following incubation 
for seventy hours, the yield was 30 Jlg/mL, and the compound was isolated following 
chromatography on reversed phase silica gel and Sephadex LH 20. The infra red spectrum resembled 
that of the pyrone fostriecin44 45 which also has a triene side chain, is a phosphate ester, and has 
antitumor properties, but the mass spectral and NMR data quickly eliminated that possibility.46 
The antimicrobial properties of sultriecin were determined using an agar dilution method and the 
MIC’s ascertained on a number of medically important organisms. From the agronomic standpoint, 
the MIC’s [|ig/mL] were Aspergillus fumigatus [>100], Aspergillus flavus FA 21436 [50], Fusarium 
moniliforme A2284 [25], and Pyricularia oryzae D 91 [50], respectively [36]. While these are 
not spectacularly fungicidal, the molecule and, especially, the desulfated species (Figure 15), 
offer a number of functional groups for derivatization. In addition to the antifungal properties, the 
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compound had potent antitumor activity against P 388 and L1210 leukemias, and B 16 melanoma.46 
Once again, we note the diverse activity that so marks natural products.

Sultriecin: R=SO3Na
Desulfated sultriecin: R=H

Sultriecin
( Streptomyces roseiscleroticus L827-7 {ATCC 53903} )

Figure 15

A rather imaginative isolation method centers around the compound soraphen Ala obtained 
from the fermentation of Sorangium cellulosum So ce 26, a myxobacterium. In fact, the fermentation 
gave rise to at least forty related compounds, all belonging to a new class named the soraphens, of 
which soraphen A (Figure 16) was the most abundant.47 This particular secondary metabolite 
was produced during the log and early stationary phase of liquid fermentation, and XAD-1180 
adsorber resin was added to the mixture, as 1% of the volume, to capture the biologically active 
material. And during the fermentation process, the glucose level was monitored with glucose test 
strips, and starch levels were observed using the iodine-starch test. After a fifteen-day fermentation, 
the XAD-1180 was collected by passing the culture broth through sieves. The resin was washed 
with water, then treated with methanol. The alcoholic fraction was reduced to an aqueous phase 
and partitioned against ethyl acetate. After evaporation, the residue was dissolved in n-butyl acetate, 
filtered, and crystals deposited overnight at 0 C. Improved clones and more efficient fermentation 
procedures have increased yields of the metabolite to 120-150 mg/L. Obviously, a good deal of 
expertise and imaginative thinking helped to make that which would have been a relatively difficult 
isolation, fairly easy. The metabolite had a broad spectrum of activity not only against a number of 
yeasts, but also against plant pathogens and the MIC’s [pg/mL] were very low for certain organisms. 
For example, Ustilago zeae DSM 3121 [4.0 pg/mL]; Botrytis cinerea 877 [0.15]; Ceratocystis 
ulmi CBS H6 [0.5]; Pythium debaryanum DSM 62946 [0.1].47

( Sorangium cellulosum So ce26 )

Figure 16

408



Allelopathy in the Biological Control of Plant Diseases

Large Ring Structures (Over 25 Carbons)

Large natural product structures excluding, of course, enzymes and certain polypeptides, 
give the appearance of being beautifully clumsy, too large to fit into any active sites reserved for 
small chemicals, and too floppy to handle with ease. In fact, these sorts of molecules seem to have 
a life of their own and they deserve special recognition. Among these is oligomycin F (Figure 17), 
isolated from Streptomyces No. A 171, which is a macrolide related to oligomycin A (Figure 17), 
NK 130119,48 and NK 86-0279-1.49 During the isolation of oligomycin F, oligomycin A was isolated, 
following column chromatography on XAD-2 resin, and the NMR data of each bore a close 
resemblance. This clue, together with the mass spectral data where a mass difference of 14 amu 
between the two compounds was apparent, led to the identification of oligomycin F, which had an 
additional methylene group.50 From the medicinal perspective, the metabolite was an extremely 
potent suppressing agent for immunological systems, but from the agronomic point of view it was 
highly effective against a number of phytopathogens including Fusarium culmorum but, 
unfortunately, no hard data were disclosed. The authors claim that the specific activity was strikingly 
high against powdery mildew of barley (Erysiphe graminis') when assayed using host plants.50 
Once again, this is a natural product that has a number of functional groups readily available for 
derivatization.

Oligomycins

( Streptomyces sp. No. A 171 )

Oligomycin A: Rj=H r2=ch3 r3=h2
Oligomycin F: r,=ch3 r2=ch3 r3=h2
Oligomycin B: R,=H r2=ch3 r3=o

NK 130119: R1=H r2=ch2ch3 r3=h2

NK 86-0279-1: R]=H r2=ch2ch3 r3=o

Figure 17
The AB 023 series (Figure 18) consists of two novel polyene macrolides, AB 023a and AB 
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023b, both produced by Streptomyces sp. SD 581.51 Their isolation was bioassay directed using 
Botrytis cinerea, and column chromatography that included the macroreticular neutral resin XAD- 
4, followed by Clg reversed phase so that 50 mg of AB 023a and 100 mg of AB 023b were 
obtained from 50 L of culture broth. Apparently, the isolation of the metabolite was difficult,52 
though successful. Both antibiotics were about as equally as active against plant pathogens and 
results of the MIC’s [pg/mL] for AB 023a were as follows: Botrytis cinerea [5]; Helminthosporium 
teres [10]; Fusarium roseum [10]; Fusarium moniliforme [25]; Rhizoctonia solani [10]; 
Colletotrichum coffeanum [10]; Pyricularia oryzae [10]; and Pythium ultimum [100]. It is 
interesting to note the different concentrations needed to control each species of Fusarium.

AB023b: R=CH2CH3

AB023

( Streptomyces sp. SD 581 )

Figure 18

The final examples of macrolides that exhibit biological activity are the desertomycins, 
especially desertomycin B, a close relative of desertomycin (Figure 19). The latter was isolated 
from Streptomyces flavofungini, in 195853 as a broad spectrum antibiotic and the empirical formula 
reported, incorrectly, as _62O14N. A detailed structure elucidation was later given54 and the 
molecular formula proved to be C61H109O21N. Essentially, this laid the groundwork for the structural 
determination of desertyomycin B55 which was isolated from the culture broth of Streptomyces 
SD 167 in a program designed to discover agrochemicals of microbial origin for use against 
phytopathogens. Ten liters of liquid shake culture yielded enough of both desertomycin and 
desertomycin B after column chromatography on resin, followed by reversed phase on C , to 
conduct comparative bioassays. The MIC’s [pg/mL] were quite different so that desertomycin 
exhibited the following values: Botrytis cinerea [25]; Helminthosporium teres [15]; Rhizoctonia 
solani [30)] and Pythium ultimum [5)]. Values for desertomycin B were: B. cinerea [>100)] H. 
teres [>100]; R. solani [>100]; and P. ultimum [40]. However, desertomycin was somewhat toxic 
to mice at 2.6 mg/kg ip.,56 but desertomycin B was not toxic at rates <20 mg/kg ip.55 
Obviously, the substitution at the carbon adjacent to the lactonic ring oxygen is highly important 
to the expression of biological activity and, presumably, derivatives of either existing compounds 
would lead to useful, biologically active compounds.
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Figure 19

CONCLUSION

The literature dealing with fungicidal natural products for potential use against 
phytopathogens is sprinkled with chemical gems. But, there are several questions that arise as to 
why these metabolites have not been further exploited. Is it because they are, generally, narrow in 
their spectrum of activity? Can the market adapt to specific treatments for specific phytopathogens? 
Is the day approaching when a specialized, licensed diagnostician will analyse a singular disease 
situation and write a prescription for “cocktails” with specific target activities? Does the literature 
represent the tip of the iceberg insofar as new discoveries are concerned, or is it just the slagheap 
of discarded, but interesting compounds? Perhaps there will be no answers to these questions in 
this century. Nevertheless, the natural products vein of gold has not been depleted but, in stark 
reality, will yield far greater treasures to those who persevere.
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ABSTRACT

For many biological control agents, the production of metabolites such as antibiotics, 
siderophores and/or hydrogen cyanide is the primary mechanism of disease suppression. Antibiotic 
production is very common among both fungi and bacteria that are biocontrol agents. Evidence 
for the importance of antibiosis in biological control includes the demonstration that production 
of antibiotics by some agents correlates with biocontrol activity, and the purified antibiotic or 
cell-free filtrate can duplicate the effect of the whole biocontrol agent. However, the application 
of molecular Koch’s postulates has provided the most compelling evidence. This protocol consists 
of (i) mutagenesis to inactivate the trait of interest; (ii) screening of mutants and characterization 
of the mutant phenotype; (iii) complementation of mutants with DNA from a wild-type genomic 
library to genetically restore the trait; and (iv) comparison of the activities of the mutant, 
wild-type, and restored phenotypes. The mutant will be impaired in disease suppressiveness and 
genetic complementation will restore biocontrol activity if an antibiotic is important. Confirmation 
of the importance of antibiosis has been provided by direct isolation of antibiotics from sites of 
biocontrol activity such as the rhizosphere. Antibiotics that have been isolated from in situ sources 
following introduction of biocontrol agents include phenazine-1-carboxylic acid,
2.4- diacetylphloroglucinol, pyrrolnitrin, pyoluteorin, herbicolin A, iturin A, chaetomin, and 
gliotoxin. The biosynthetic loci for several of these antibiotics, including phenazine-1-carboxylic 
acid, 2,4-diacetylphloroglucinol, and pyrrolnitrin have been cloned from fluorescent Pseudomonas 
spp. and sequenced. Characterization of antibiotic biosynthetic genes allows the development of 
specific probes and primers that can be used to readily find other locally-adapted strains producing 
the antibiotic of interest. Furthermore, the biosynthetic loci for phenazine-1-carboxylic acid and
2.4- diacetylphloroglucinol can be expressed in heterologous bacteria, thus facilitating the 
development of recombinant strains with enhanced biocontrol activity. Recent evidence suggests 
that the production of 2,4-diacetylphloroglucinol may contribute to the natural biological control 
occurring in some disease-suppressive soils.
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INTRODUCTION

Biological control of plant pathogens is “the reduction of the amount of inoculum of disease 
producing activity of a pathogen accomplished by or through one or more organisms other than 
man”.1 This definition includes the use of resident or introduced microorganisms; the host plant 
via disease resistance or induced resistance; and the pathogen used against itself as with hypovirulent 
strains. The deliberate introduction of microorganisms to suppress plant diseases has been studied 
for over 70 years, yet for most of that time biological control has been considered by most scientists 
to be an academic exercise and not a commercially feasible technology. However, in the last two 
decades, there has been a renaissance of interest and research in biological control and a shift to 
the opinion that biocontrol has an important role in agriculture in the future. This renewed interest 
in biological control is in part a response to increasing public concerns about the potential hazards 
associated with the use of synthetic chemical pesticides and the need for agriculture to become 
more sustainable. Furthermore, renewed interest has been spurred by the emergence of modem 
molecular biology, which has provided the tools both to dissect the mechanisms of pathogen 
suppression and to genetically engineer biocontrol agents with enhanced activity.

Bacteria and fungi produce a wide spectrum of biologically active metabolites.These can 
potentially contribute to disease suppression through their ability to reduce the inoculum density 
or inoculum potential of the target pathogen, to protect plant surfaces against infection and/or 
induce host plant resistance. These metabolites include siderophores (e.g. pyoverdine, hydroxamates 
and catechols), volatiles (e.g. hydrogen cyanide (HCN), ammonia and ethanol), enzymes (e.g. 
chitinases, /Tglucanases, cellulases and proteases) and antibiotics (e.g. phenazines,
2,4-diacetylphloroglucinol,  pyoluteorin, pyrrolnitrin, oomycin A, agrocin 84, herbicolin A, 
chaetomin, gliovirin, gliotoxin, viriden, iturin A, and zwittermicin).2 In the last ten years, the 
research on biocontrol antibiotics has been especially dynamic and productive. For example, the 
genes involved in biosynthesis and regulation of several biocontrol antibiotics have been cloned, 
sequenced and expressed in heterologous strains. Furthermore, through the use of reporter gene 
fusions and sensitive detection systems, studies of antibiotic production in situ can now be routinely 
conducted. This review will focus on antibiotics involved in the suppression of soilbome plant 
pathogens.

EVIDENCE THAT ANTIBIOSIS IS IMPORTANT IN BIOLOGICAL CONTROL

Antibiotics are a chemically heterogeneous group of small organic molecules of microbial 
origin that, at low concentrations, are deleterious to the growth or metabolic activities of other 
microorganisms.3 Classically, several types of observations have provided strong, yet equivocal 
evidence for the importance of antibiotics in biological control: i) many biocontrol agents produced 
antibiotics; ii) in some biocontrol agents antibiotic production correlated with biological control; 
iii) purified antibiotics or cell-free filtrates of some biocontrol agents duplicated the effects of the 
agent; and iv) antibiotic deficient mutants generated by chemical mutagens or UV-light (which 
cause multiple mutations) were less suppressive than wild-type strains.4 The following are examples 
of these types of studies. Bacillus cereus UW85 suppressed damping-off of alfalfa caused by 
Phytophthora megasperma f. sp. medicaginis5 and produced two antibiotics, zwittermicin A, an 
aminopolyol of 396 Da, and a second less active compound designated antibiotic B.6 Stabb7 found 
that in a worldwide collection of B. cereus strains about 9% produced zwittermicin A. Strains that 
produced both zwittermicin A and antibiotic B were more suppressive of damping-off than strains 
that produced only one or neither antibiotic. Furthermore, strains that produced only one antibiotic 
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were more suppressive than nonproducing strains. Similarly, Di Pietro8 showed that the amount 
of suppression of Pythium damping-off of sugar beet by strains of Chaetomium globosum was 
directly related to the amount of chaetomin produced in vitro. Howell and Stipanovic,910 
demonstrated that Pseudomonas fluorescens Pf-5 suppressed damping-off of cotton caused by 
Rhizoctonia solani and Pythium ultimum and produced the antibiotics pyrrolnitrin and pyoluteorin. 
In soil infested with Rhizoctonia solani, Pf-5 applied to the seed increased seedling survival from 
30 to 79% and pyrrolnitrin at approximately 6.7 pg/seed increased seedling survival from 13 to 
70%.9 Pyoluteorin at 10 pg/seed provided the same level of Pythium damping-off suppression as 
strain Pf-5.10 Gliocladium virens GV-P produced gliovirin and as an in-furrow treatment reduced 
damping-off of cotton caused by Pythium ultimum from 76 to 40%. A UV-induced, gliovirin- 
deficient mutant, GV-4, was less effective at protecting cotton against damping-off than the parental 
strain GV-P.11 Gliocladium virens G20-4VIB produced gliotoxin and as a soil treatment controlled 
damping-off of bedding plants caused by Pythium ultimum. Seven UV-induced, gliotoxin-deficient 
mutants lost nearly all of their antagonism in vitro toward Pythium and displayed on average only 
54% of the biocontrol activity against Pythium damping-off as the wild-type strain.12

Many biocontrol agents produce multiple antibiotics with overlapping activity spectra. In 
the past, it was difficult to sort out the contribution of each metabolite to the biocontrol activity by 
mutational analysis because UV and chemical mutagenesis caused multiple lesions in the genome 
which could alter other traits besides the antibiotic of interest. In the last decade, however, 
application of recombinant DNA technology has revolutionized research on microbial metabolites 
involved in biological control because these techniques allow the mutation, identification and 
recovery of individual genes. Mutants can be constructed that are indistinguishable from the 
parental strain other than in the trait(s) of interest, thus facilitating analysis of the contribution of 
a single antibiotic against the background of multiple metabolites. Furthermore, once the 
biosynthetic locus of an antibiotic has been identified, fusions with reporter genes such as lux, 
lacZY, or inaZ can be constructed which serve as “biological sensors” of gene expression both in 
vitro and in situ.

It is important to remember that the value of the molecular genetic approach in antibiotic 
research is in direct proportion to the specificity of the mutation causing loss of antibiotic production. 
The most useful mutants are those specifically defective in the synthesis of a particular metabolite. 
Antibiotic synthesis is a highly regulated process, and mutations in many genes other than those 
encoding biosynthetic enzymes can also affect production. For example, mutations in regulatory 
genes, such as gacA, will affect the production of a variety of metabolites.3

The genetic strategy now commonly applied to determine the role of a specific metabolite 
in biological control has been likened to Koch’s postulates and has been termed molecular Koch’s 
postulates. In recent years, it has been used in concert with modem analytical techniques to 
demonstrate unequivocally that antibiotics are synthesized in situ and can contribute to the 
antagonism and persistence of biocontrol agents. Molecular Koch’s postulates consist of (i) 
mutagenesis to inactivate the trait of interest; (ii) screening of mutants and characterization of the 
mutant phenotype; (iii) complementation of mutants with DNA from a wild-type genomic library 
to genetically restore the trait; and (iv) comparison of the biocontrol activities of the mutants, 
wild-type and genetically complemented mutants. A fifth step, in which the complementing gene 
is mutated, used to replace the wild-type homolog and shown to confer the mutant phenotype, is 
important to confirm the functional role of the mutated DNA but often is not done.13 The mutant 
will be impaired in disease suppressiveness, and genetic complementation will restore 
biocontrol activity if an antibiotic is important. Molecular Koch’s postulates have been 
applied most successfully to the study of antibiotics including phenazine-1-carboxylic acid,
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2,4-diacetylphloroglucinol,  pyrrolnitrin, pyoluteorin and oomycin A3 that are produced by 
fluorescent Pseudomonas spp. Gram negative bacteria such as pseudomonads are especially 
amenable to this molecular approach because of the ease with which they can be manipulated 
genetically. In contrast, genetic systems in most Gram positive bacteria and fungi are less well 
developed, thus studies of the role of antibiosis in these types of biocontrol agents generally are 
still largely dependent on the use of the classical approaches.

Confirmation of the molecular genetic evidence for the involvement of antibiotics in 
biocontrol has been provided by sensitive bioanalytical approaches to isolate and quantify these 
metabolites from in situ sites of pathogen suppression. Thomashow13 recently reviewed the topic 
of antibiotic production by soil and rhizosphere microorganisms and listed nine metabolites known 
to have a role in biocontrol that could be detected in situ after introduction of the biocontrol agent. 
These compounds include: phenazine-1-carboxylic acid produced by Pseudomonas fluorescens 
2-79 in the rhizosphere of wheat at 40 ng/g root;14 2,4-diacetylphloroglucinol produced by P. 
fluorescens CHAO in an artificial rhizosphere of wheat at 0.94-1.36 p.g/g root in one study 15 and 
at 0.25 pg/g root in a second study;16 pyrrolnitrin produced by a Pseudomonas sp. in the 
spermosphere of barley and the rhizosphere of cotton at 65-165 ng/seed and 5.3-8.4 ng/g root, 
respectively;17 pyoluteorin produced by P. fluorescens CHAO in the rhizosphere of wheat at 30-50 
ng/g root;16 herbicolin A produced by Erwinia herbicola B247 in crown roots of wheat at 2.3-3.0 
ng/g dry root;18 iturin A produced by Bacillus subtilis RB14 in soil at 0.4-5.0 pg/g dry soil;13 
chaetomin produced by Chaetomium globosum Cg-13 in soil (unspecified amount);8 and gliotoxin 
produced by Gliocladium virens G-20 in soils and soilless mixes at 0.02-1.3 pg/cm3 soil.19

PHENAZINE-1-CARBOXYLIC ACID

Phenazine-1 -carboxylic acid (PCA) is a product of the shikimic acid pathway and is one of 
the most thoroughly studied biocontrol antibiotics. It has activity against a broad spectrum of 
fungal pathogens including Cochliobolus sativus, Fusarium culmorum, Gaeumannomyces graminis 
var. tritici, Pythium ultimum, and Rhizoctonia solani.20 PC A is produced by Pseudomonas 
fluorescens 2-79 and P chlororaphis (formerly P. aureofaciens) 30-84. In addition, 2-79 produces 
anthranilic acid and a pyoverdine siderophore; and 30-84 produces a pyoverdine siderophore, two 
other phenazines (2-hydroxyphenazine-1 -carboxylic acid and 2-hydroxyphenazine) and hydrogen 
cyanide.21 Strains 2-79 and 30-84 were isolated from wheat grown in take-all suppressive soil 
from fields near Lind, Washington, USA22 and Glen Elder, Kansas,21 USA., respectively. 
Bacterization of wheat seeds with either of these two strains resulted in significant suppression of 
take-all, caused by Gaeumannomyces graminis var. tritici, in spring and winter wheat in about 
60% of field trails. For example, strain 2-79, used alone or in combination with other strains, 
increased yields an average of 17% in experimental plots and 11 % in commercial scale tests.23 In 
these two strains, phenazine production accounts for 60-90% of the biocontrol activity against 
take-all.

Studies involving 2-79 and 30-84 were the first to demonstrate unequivocally that production 
of antibiotics in situ contributed to the biocontrol activity of introduced bacteria.24 Phenazine- 
deficient (Phz ) Tn5 mutants of 2-79 failed to inhibit G. g. tritici in vitro and were significantly 
less suppressive to take-all than 2-79. Mutants that were complemented with homologous DNA 
from a 2-79 genomic library were restored for production of phenazine-1 -carboxy He acid, inhibition 
of G. g. tritici and suppression of take-all. Furthermore, Bull25 demonstrated an inverse Hnear 
relationship between the population size of Phz+ 2-79 or 2-79-B46R (complemented mutant) on 
roots of wheat seedlings and the number of take-all lesions. In contrast, no relationship existed 
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when the Phz mutant 2-79-B46 colonized the roots and no dose of this strain reduced lesion 
number. PCA then was isolated from the roots of wheat colonized by the Phz+ strains 2-79,2-79- 
B46R and 30-84 (29-133 ng/g root) but not from roots colonized by the Phz mutants 2-79-B46 
and 30-84.44-8.14 As further evidence for the importance of PCA in the biocontrol of take-all, 
Mazzola26 demonstrated that strains 2-79 and 30-84 were less effective in suppressing isolates of 
G. g. tritici (insensitive in vitro to 1.0 pg of PCA/mL) than isolates of the pathogen sensitive to 
this concentration of the antibiotic.

In addition to its role in take-all suppression, Mazzola27 demonstrated that PCA contributes 
positively to the persistence of strains 2-79 and 30-84 in soil habitats. Strains 2-79, 30-84, Phz’ 
mutants (2-79-B46 and 30-84.44-8) and genetically complemented mutants (2-79-B46R and 30- 
84.44-8R) were introduced individually into a raw soil. Up to five cycles of wheat were sown and 
at the end of each cycle, 20 days each, shoots were severed, the soil was mixed and wheat was 
again planted. Populations of the Phz’ mutants declined significantly more rapidly than populations 
of their respective parental or genetically restored Phz+ strains in both rhizosphere and bulk soil. 
The fact that populations of Phz+ and Phz strains remained similar when studies were conducted 
in steam-pasteurized soil suggested that phenazine production contributes to competitiveness against 
indigenous microorganisms.

The phenazine biosynthetic loci from both strains 2-79 and 30-84 have been cloned and 
the sequences have been deposited under Genbank Accession Numbers L4861628 and L48339,29 
respectively. In strain 2-79, the phenazine biosynthesis locus contains nine open reading frames 
named phzA., phzB, phzC, phzD, phzE, phzF, and phzG encoding biosynthetic functions, and the 
divergently transcribed regulatory genes, phzl and phzR.2i There is a high DNA similarity in the 
sequences from 2-79 and 30-84. The phenazine locus is very portable and easily expressed in 
other nonproducing pseudomonads. Some recombinant strains showed enhanced biocontrol activity.

2,4-DIACETYLPHLOROGLUCINOL

2,4-Diacetylphloroglucinol  (Phi) is another antibiotic that has been studied extensively. 
The structure of Phi is consistent with synthesis via the polyketide pathway, with 
monoacetylphloroglucinol as a biosynthetic intermediate. It inhibits a variety of fungi and bacteria, 
has herbicidal activity,15 and is the key mechanism of suppression of several fluorescent 
Pseudomonas spp. including P. fluorescens CHAO, Q2-87, and Fl 13. Strain CHAO is the most 
extensively studied of the Phi producers and was isolated from the roots of tobacco grown in a soil 
in Switzerland that is naturally suppressive to black root rot of tobacco caused by Thielaviopsis 
basicola.30 Strain CHAO also produces several other bioactive metabolites including pyoverdine, 
salicylate, hydrogen cyanide, indole-3-acetic acid, pyoluteorin, and pyrrolnitrin.31 Using molecular 
Koch’s postulates, the role of most of these metabolites in biological control has been determined. 
Production of Phi is the primary mechanism of take-all suppression, and both Phi and hydrogen 
cyanide contribute to the control of black root rot of tobacco. Pyoluteorin is involved in suppression 
of damping-off, but roles for the pyoverdine and indoleacetic acid were not found.15,31

Pseudomonas fluorescens Q2-87 was isolated from wheat roots grown in a suppressive 
soil collected from a field near Quincy, Washington, USA. Q2-87 produces Phi and HCN and 
suppresses take-all of wheat but only Phi is known to contribute to its biocontrol activity.32'33 In 
field studies, take-all suppression by Q2-87 was greatest when it was used in combination with 
three other strains also isolated from the Quincy suppressive soil.34 Pseudomonas sp. Fl 13 was 
isolated from sugar beet in Ireland and suppressed damping-off of sugar beet caused by Pythium 
ultimum.3536
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The locus coding for the biosynthesis of 2,4-diacetylphloroglucinol was first cloned from 
Q2-8732 37 and the sequence has been deposited under Genebank accession number U41818. In 
strain Q2-87, the Phi biosynthesis locus contains six open reading frames named phlE, phlD, 
phlB, phlC, phlA, and phlF.K The locus has been expressed in other pseudomonads and some of 
the recombinants have enhanced biocontrol activity. Studies to date have indicated that Phi 
production is a widely distributed trait among Pseudomonas biocontrol agents and it may contribute 
to the natural biological control that occurs in some disease suppressive soils.39

FACTORS AFFECTING ANTIBIOTIC PRODUCTION

Nutrient availability is the major determinant of microbial population density and metabolic 
activity, and of antibiotic production in natural habitats. Nutrients are not uniformly dispersed 
throughout soil but rather are concentrated in the spermosphere and rhizosphere and in and around 
plant debris and plant wounds. Thus, these microhabitats are the sites of both intense microbial 
activity and antibiotic production.440 Plant species and cultivar will have a significant effect on 
antibiotic production in the spermosphere and rhizosphere because the quantity and type of seed 
and root exudates is controlled genetically by the plant. Georgakopoulos et al.41 inserted the ice 
nucleation reporter gene, inaZ, into the phenazine biosynthetic locus of Pseudomonas aureofaciens 
PGS 12 to study the expression of phenazine in the spermosphere. Significant differences in 
expression of the phenazine locus occurred on barley, wheat, cantaloupe, sunflower, sugar beet, 
radish, and cotton. The greatest expression was on wheat and the lowest was on cotton.

Abiotic factors that influence antibiotic production in situ include temperature, pH and soil 
type. For example, production of oomycin A is involved in the suppression of Pythium damping- 
off of cotton by P. fluorescens HV37a.42 A transcriptional fusion between the key oomycin A 
biosynthetic gene, afuE, and the lux operon was used to indirectly monitor antibiotic expression 
by HV37a in the cotton spermosphere. Gene expression was greatest at 20 C and significantly 
reduced at 16 and 24 C.43 In contrast, production of gliotoxin by Gliocladium virens GL-21 in a 
soilless mix increased as the temperature increased from 15 to 30 C. Furthermore, production of 
gliotoxin by Gl-21 was about 10-fold greater in a Beltsville silty clay loam than in a Beltsville 
Galestown gravely loamy sand.19

CONCLUSION

During the past ten years, antibiosis has been shown to be a major mechanism by which 
both fungal and bacterial biocontrol agents suppress plant diseases. Notable advances have been 
made in cloning and characterizing genes responsible for the biosynthesis and regulation of 
biocontrol antibiotics. Perhaps most exciting has been the demonstration that biosynthetic loci 
are portable and readily expressed in heterologous strains. These findings have facilitated the 
construction of recombinant strains with enhanced biocontrol activity. Further research should 
focus on the characterization of other antibiotic biosynthetic genes, especially from fungal biocontrol 
agents, and the biotic and abiotic factors that influence antibiotic production and stability in situ.
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ABSTRACT

Even though all plants are continuously exposed to a wide variety of potentially pathogenic 
microorganisms, most plants are resistant to these attacks. There are two major reasons for such 
resistance: (1) physical/morphological mechanisms and (2) chemical/biochemical mechanisms of 
defense, i.e., allelopathy. In spite of the diversity of allelopathic defense mechanisms found in 
plants, some microbes are able to circumvent or overcome these defenses. Recently, some pathogens 
have been found to produce chemicals called suppressors that can counteract plant defense 
mechanisms. Some plant defense mechanisms have been elucidated, and many allelochemicals 
and biomolecules have been implicated as agents against disease-causing microbes. Some of these 
natural products occur commonly and have simple chemical structures, but many are more complex 
molecules. Understanding the biochemistry and regulation involved in plant-microbe interactions 
is needed to develop pathogen-resistant crops and to reduce weed resistance to pathogens so that 
pathogens can be more efficaciously used in biological weed control strategies. Secondary plant 
metabolism is a major biochemical source for many compounds implicated in plant defense. Various 
enzymes of secondary metabolism and their metabolic products (hydroxyphenolic compounds, 
terpenoids, and other low molecular weight down-stream products, including phytoalexins) have 
been shown to be elevated during various types of stress, including pathogen attack. These 
compounds act by inhibiting spore germination, growth, and/or infectivity of pathogens. Elicitors 
generally are glucans, glycoproteins, and other pathogen cell wall components that induce 
phytoalexin production and accumulation in plants. Interactions of agrochemicals (synthetic 
herbicides, fungicides, and insecticides) with plant products allelopathic to pathogens have been 
found. Other non-pathogenic microbes on the phylloplane or in the rhizosphere can also interact 
with plants and pathogens to protect against diseases. An overview of plant defense mechanisms, 
plant-microbe interactions, and the influence of synthetic chemicals on plant-pathogen interactions 
is presented.

INTRODUCTION

Agricultural production in many developing countries is changing from conventional 
practices, which require high input of agrochemicals, to sustainable agriculture systems. Sustainable 
agriculture will mean the use of reduced-tillage, organic amendments, herbicide-resistant crops, 
and various biological control methods. Strategies for the biological control of weeds include the use 
of bioherbicides, i.e., microbes and microbial products13 or plant products that are phytotoxic,4-5 and 
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selecting crops that have allelopathic potential against competing weeds.6,7 Biological control of 
plant diseases might also be approached using microbes to control pathogenic agents8,9 or plant 
biochemicals as antimicrobials.5,10

Molisch11 coined the term allelopathy to include chemical interactions between plants, and 
microbes (algae, fungi, and bacteria). Numerous allelopathic interactions are possible, including 
plant-plant, microbe-plant, and microbe-microbe. Natural plant products, plant pathogens, and 
natural products from microbes (pathogens and non-pathogens) have been examined and some 
may have potential for use as commercial pesticides,4, ’■10 including agents to control disease, or as 
bioherbicides1,2 Many researchers have investigated the agricultural aspects of these interactions.6,12,13

Allelopathy plays a role in the natural ecological succession of plants competing with each 
other and in plant protection against pathogens. The biochemical mechanisms of plant-microbe 
defense and pathogenicity have co-evolved over millions of years. Allelochemical interactions 
among managed plant systems in agronomic crops, turf, landscape, gardens, etc., are also important. 
Expression of the natural allelochemic potential in these managed systems can be greatly influenced 
by exposure to various compounds (synthetic and natural) during their life cycles in attempts to 
protect them from pests. The synthetic chemical pesticide industry began roughly 50 years ago. 
Currently, over 1 million tons of synthetic agrochemicals are applied to plants yearly on a world
wide basis for pest control. Herbicides are estimated to comprise 50 to 60% of this total, with 
insecticides, acaricides, nematocides, fungicides, and plant growth regulators accounting for the 
remainder. These compounds have been pivotal in our ability to produce food and fiber for an 
ever increasing world population. However, some synthetic agrochemicals have been found to 
alter the biochemistry and allelopathic interactions in various plants, including disease resistance.

One of the main plant defense systems against pathogens is the production of allelopathic 
secondary plant metabolites. Secondary plant products play no direct role in the primary 
biosynthesis and metabolic mechanisms required for normal cell maintanence (respiration, 
photosynthesis, etc). Increasing our understanding of the interactions between synthetic chemicals 
and plant disease resistance could be useful for crop protection and in developing weed control 
programs with plant pathogens and microbial phytotoxins. The major focus of this general overview 
will be on the effects of synthetic compounds on plant defense mechanisms associated with 
secondary plant metabolism. Only brief coverage will be devoted to microbe-microbe interactions 
and microbial allelochemical effects on plants. The discussion of allelopathic interactions of 
plants and pathogens will primarily encompass plant-microbe (pathogen) and microbe (non- 
pathogen)-microbe (pathogen) from the two viewpoints, i.e., crop protection and weed control 
using microbes and microbial products. Generally, only selected recent citations will be used to 
illustrate important findings on the topics covered.

PLANT DEFENSE MECHANISMS

Physical Plant Defenses

The primary physical barriers against pathogen attack are the cuticle and associated waxes, 
lipids, and other surface chemicals. In addition to the epicuticular wax and lipid components, 
other physical defense barriers are callose, hydroxyproline-rich glycoproteins, and lignin. Although 
physical barriers are not included in depth in this overview, some of these barriers are formed via 
chemical processes activated in response to attack by pathogens or other stress factors.
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Callose

Callose is composed mostly of ft -(1—>3) glucans situated at surfaces of plant cells. This 
macromolecule is synthesized by UDP-glucose:glucan synthase, and its production increases 
following cellular damage via pathogen attack or other stresses. Callose production is induced at 
infection sites of various plants, such as muskmelon (Cucumis melo),'4 cucumber (Cucumis sativus 
L.),15’16 tomato (Lycopersicon esculentum Mill.),17 and alfalfa (Medicago sativa L.).18 Callose 
deposition around infection lesions has been related to limiting viral spread in hypersensitive 
responses.19 The active site of callose synthase is on the cytoplasmic side of the plasma membrane.20 
Some chemicals can regulate callose synthesis and deposition. Several reports indicate that 
activation of callose synthesis is associated with increased levels of Ca+2.21 UDP-glucose:glucan 
synthase is synergistically activated by both Ca+2 and a /J-glucoside.22,23 At sub-toxic concentrations, 
syringomycin, a bacterial phytotoxin, elicits Ca+2-dependent callose synthesis in cell cultures of 
Madagascar periwinkle (Catharanthus roseus).2* /J-Furfuryl-/3-glucoside is a specific endogenous 
activator of higher plant callose synthase.25 However, 2-deoxyglucose can reduce formation of 
callose-containing papillae in mL-o barley (Hordeum vulgare L.) tissues, enhancing pathogenicity 
of powdery mildew.26 Callose synthase and cellulose synthase may be the same enzyme.27 Therefore, 
compounds that interfere with cellulose synthesis,28 such as the herbicide dichlobenil (2,6- 
dichlorobenzonitrile)29 and an analog (2,6-dichlorophenylazide), might reduce callose-related 
defense.

Hydroxyproline-rich Glycoproteins

Defense proteins can be grouped into categories according to their biological roles.30 
Accumulation of hydroxyproline-rich glycoproteins (also called extensins) is a defense reaction 
of dicotyledenous plants to several pathogens and stress factors.31'32 These proteins exist in low 
amounts in plant cell walls and accumulate via de novo synthesis in response to infection.32 They 
may be involved in pathogen recognition, and their defensive action is via physical agglutination 
of negatively charged fungal and/or bacterial pathogens.33’34 Ethylene causes accumulation of 
hydroxyproline-rich glycoproteins in several plant species,35 but aminovinylglycine (which prevents 
ethylene synthesis via 1-aminocyclopropane-1-carboxylic acid synthase inhibition) can reduce 
the formation of hydroxyproline-rich glycoprotein.36 Several other compounds can inhibit ethylene 
production in plants,37 but their regulatory effects on hydroxyproline-rich glycoprotein production 
have not been examined. The discovery of compounds that inhibit callose formation could act as 
synergists with pathogens for weed control.

Lignins

Various phenolic /Tglucosides of cinnamyl alcohols are precursors of lignin formation. 
Some oxidases (polyphenoloxidase, laccase, and peroxidase) cause polymerization of 
hydroxycinnamyl alcohols into lignin. Lignins are the most abundant and widely distributed 
phenolic polymers produced in higher plants.38 Lignin is deposited in papillae and in cell walls, 
and deposition is often increased during pathogen invasion. Since many pathogens are unable to 
degrade lignin, it acts as a physical barrier to disease initiation and proliferation.

Cuticular Wax-lipids

Several herbicides have been examined for alteration of plant lipid synthesis.39 Seven 
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herbicides inhibited and four (auxin-type) stimulated lipid synthesis in hypocotyls of the weed 
hemp sesbania [Sesbania exaltata (Raf.) Rydb. ex A. W. Hill]. Other herbicides, representing 
several herbicide classes, also affect wax biosynthesis or deposition in many plants (Table 1). 
Some epicuticular waxes are not only physical defense barriers, but can also inhibit spore 
germination and reduce germ tube number [e.g., Alternaría brassicae (Berk.) Sacc. conidia].50 
Since pure compounds were not used in all studies, adjuvants, surfactants, and other formulation 
additives could have contributed to these alterations. Surfactants can alter wax structure or formation 
on plant surfaces and thereby change protection properties.51

Table 1. Plant wax-lipid physical barriers to disease influenced by xenobiotic herbicides.

Herbicide Species Effect Ref.

Amitrole (1 W-l,2,4-triazol-3- Carissa spinarum red'd epicuticular waxes and 40
amine) Maba buxifolia 

Gymnosporia emarginata 
Randia dumetorum

cuticular materials

CDEC (2-chloroallyl pea red'd or altered leaf wax formation 41
diethyldi thio-carbamate) (Pisum sativum L.)
CIPC (isopropyl m- pea little effect on epicuticular lipids 41
chlorocarbanilate and wax formation
Diallate [S-(2,3,- 
dichloro-2-propenyl)bis-( 1 - 
methylethyl)]

pea red'd epicuticular lipids 41

Diuron [7V'-3,4- cabbage inh'd de novo fatty acid (f.a.) 42
dichlorophenyl(-iV,lV- 
dimethylurea)]

(Brassica oleracae L.) synthesis, but not elongation

EPTC (S-ethyl 
dipropylcarbamothioate)

pea red'd or altered leaf wax formation 41

sicklepod no effect on lipid ratios; red'd 43
(Cassia obtusifolia L.) cuticle thickness
cabbage red'd epicuticular waxes 44

Metolachlor [2-chloro-7V-(2- cucumber red'd alkane-l-ol; inc'd alkanes, esp. 45
ethyl-6-methyl- phenyl)-N-(2- 
methoxy-1 -methylethyl)

(Cucumis sativa L.) shortchains

acetamide]
sorghumfSorghum bicolor L. 
(Moench)]

inh'd C28 to C32 alcohols and f.a. 46

Propanil [V-3,4-dichloro Carissa spinarum red'd epicuticular waxes and 40
-phenyl)propanamide] Maba buxifolia 

Gymnosporia emarginata 
Randia dumetorum

cuticular materials

TCA
(trichloroacetic acid)

cucumber inh'd alkane accumulation 45

TCA pea little effect on epicuticular lipids 
and wax formation

41

pea; 
cabbage

red'd epicuticular waxes 47-49

2,4,5-T [(2,4,5-trichloro- Carissa spinarum red'd epicuticular waxes and 40
phenoxy)acetic acid] Maba buxifolia cuticular materials

Gymnosporia emarginata 
Randia dumetorum
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Although these are termed physical defenses, they are derived from biochemical pathways 
in plants. Therefore their production can be altered by specific synthetic compounds and/or 
allelochemials that regulate their synthesis or degradation.

Biochemical Defenses

Hypersensitive Reaction

Resistance involves rapid death of plant cells at the infection site. This hypersensitive 
reaction is one of the most important plant defense mechanisms. After infection, cells in resistant 
plants rapidly lose turgor, become brown, and die, but cells of susceptible varieties survive 
considerably longer. Physiological and biochemical changes in hypersensitive reactions include 
loss of membrane permeability, increased respiration, accumulation and oxidation of phenolic 
compounds, and production of phytoalexins. Fungal and bacterial pathogens within the area of 
the hypersensitive reaction are consequently isolated or walled-off by necrotic tissue and quickly 
die, and the rest of the plant is thus protected. In the susceptible plant, the pathogen proliferates 
to other plant parts and the plant may eventually die.

Free Radicals

Oxygen radicals are generated in plants as a response to certain pathogenic attacks. These 
radicals are highly reactive and attack double bonds of unsaturated fatty acids in membranes,52 
which leads to autocatalytic lipid peroxidation, loss of membrane function, and cell death.53'56 In 
some plants, the enzyme lipoxygenase attacks unsaturated fatty acids in membranes, produces 
both singlet oxygen and superoxide (O2~), and may be responsible for the loss of membrane 
integrity.57 There are indications that singlet oxygen is not directly involved in hypersensitive 
reactions, but is converted to O,- ,58 In some plants, rapid cell death may be caused by disruption 
of the tonoplast due to lipid peroxidation57 which releases toxic phenolic compounds, previously 
sequestered in the vacuole. Some plant tissues possess an O " generating NADPH oxidase activated 
by digitonin, that can enhance resistance to pathogens.53 Digitonin did not induce rishitin (a 
phytoalexin), but increased O2*.  Superoxide dismutase (SOD), SH-reagents, and a glucan 
suppressor reduced O " production and increased pathogenicity.53'54 Since some herbicides and 
other chemicals can increase or suppress injury to plants by tree-radicals, studies of such compounds 
and their mechanisms might provide insight on defense mechanisms in plants. Free radical 
scavengers, such as glutathione, ascorbate, a-tocopherol, and Tiron® (4,5-dihydroxy-l,3- 
benzenedisulfonic acid), could also be useful to determine the role of free radicals in specific 
plant-pathogen interactions. Some of these compounds can lower defense responses of potato 
(Solarium tuberosum L.).54 Such compounds that are free radical scavengers might synergize weed 
pathogens used in biological weed control.

Pathogenesis-related (PR) Proteins

The synthesis of PR-proteins is induced by infection, environmental stress, or developmental 
stage.59,60 They generally have low molecular weight (14,000 to 30,000) and differ from heat 
shock proteins. Each plant species expresses a characteristic set of proteins detectable by comparing 
protein extracts of healthy and infected plants. The well-characterized tobacco PR1 proteins 
represent one class of PR-proteins of unknown function.61 A second class of PR-proteins of unknown 
function includes potato pSTH2,62 parsley [Petroselinum crispum (Mill.)Nym.] PR1,63 pea Pl49,64 
and bean (Phaseolus vulgaris) PvPRl and PvPR2.65 A third class of PR-proteins, originally 
characterized in tobacco, encodes thaumatin-like proteins.66 Two additional PR-protein classes 
with known enzymatic activities are chitinases and /3-1,3-glucanases67'70 which can degrade pathogen 
tissues. /3-1,3-Glucanases can be induced by salicylic acid, ethephon (degrades to ethylene), and 
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an extracellular exoenzyme preparation from a bacterial pathogen that induces PR-proteins in 
tobacco.71 Amino acid sequence comparisons indicated that PvPR3 belongs to a new class of PR- 
proteins induced in bean cell suspensions elicited with cell wall fragments of Colletotrichum 
lindemuthianum (Sacc. & Magnus) Lams.-Scrib. Many PR-proteins accumulate in the cytosol or 
in vacuoles.59 PVPR3 may accumulate in the cytoplasm. The cellular location of tobacco G- 
protein is unknown, whereas the tomato Pl 4 protein is postulated to interact with membranes.61,72 

PR-proteins (also called stress proteins) are associated with resistance in infected plants 
including bean,65 cucumber,73 cowpea [Vigna ungiculata (L.) Walp.) and tobacco.74 PR-proteins 
can be caused by viral, bacterial, or fungal infections that initiate hypersensitivity in hosts,75 during 
induced resistance by pathogens, or by chemicals such as ethylene,76 benzoic acid and polyacrylic 
acid,77 and salicylic acid.78 Metabolic responses of plants to pathogen attack or wounding are 
rapid, and specific polypeptides accumulate, as determined by in vivo labeling of proteins or in 
vitro translation of RNA.79'82 Chemicals such as aspirin, kinetin, and abscisic acid altered protein 
patterns, but did not induce resistance of tomato against Phytophthora infestans (Mont.) de Bary 
infections. However, IAA, ethephon, and fusicoccin induced PR-proteins and/or resistance.83 An 
elicitor from P. megasperma also induced PR-proteins and both local and systemic resistance.83 
Induction of PR-1 proteins and resistance (TMV) was induced by salicylic acid (2.5 mM) applied 
to healthy tobacco plants.84 Penicillin (100 pg mL1) induced protein production in non-inoculated 
hosts similar to PR-proteins in inoculated host plants, and increased resistance against sheath 
blight disease in rice.85 Even though PR-proteins may be induced in stressed plants, evidence of 
their involvement in resistance mechanism(s) remains unclear in many cases.30 Furthermore, the 
identity and activity of many PR-proteins and their role(s) in pathogenesis have not been elucidated.

Suppressors

Various metabolites from different fungi can suppress active biochemical resistance 
mechanisms in host plants. Mechanisms suppressed include: phytoalexin production/accumulation, 
hypersensitive cell death, NADPH-dependent superoxide generation, silicon deposit formation, 
and production of some general infection inhibitors. Such compounds have been termed 
suppressors86 and information on several known suppressors have been recently reviewed.87 
Suppressors are non-toxic to plants, but act in plants by delaying or preventing host defense 
responses. In some instances, suppressors have rendered plants susceptible to avirulent or non- 
pathogenic microorganisms.88'90 Endogenous defense response suppressors have also been found 
in uninfected plants. Preparations of intercellular fluid from uninoculated tomato leaves suppressed 
induction of necrosis and callose deposition when co-injected into tomato leaflets with non-specific 
elicitors.91 An endogenous suppressor from healthy pea plants elicited phytoalexin accumulation 
in various legumes, but suppressed pisatin (a phytoalexin) accumulation.92 Similarities between 
endogenous suppressors from healthy pea plants and a suppressor from M. pinodes have been 
summarized.92 Some suppressors have been identified as glycoproteins, glycopeptides, and glucans. 
However, the chemistries of many suppressors have not been elucidated, nor have their defense 
mechanisms or biochemical regulation been characterized.

Elicitors of Phytoalexins

Elicitors are generally comprised of glucans, glycoproteins, and other pathogen cell wall 
components that induce phytoalexin production and accumulation. Elicitors were first discovered 
when a protein was found to elicit the phytoalexin phaseolin in beans, but not similar phytoalexins 
in pea or broadbean (Viciafaba L.).93 Microbial elicitors have been characterized from only three 
fungal genera (Phytophthora, Colletotrichum, and Fusarium) and are generally high molecular 
weight cell wall components (glucan-cellulose or glucan-chitin) of pathogenic fungi.94 Elicitors 
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induce accumulation of phenolics and phytoalexins, and the development of necrotic symptoms. 
For example, a fungal elicitor from P. megasperma f. sp. glycinea induced genes that code mRNA 
for PAL (which plays a pivotal role in the phenolic/phytoalexin mechanism) in parsley cell 
suspension cultures.95 96 Generally, there is a lack of specificity of elicitors in plants, but in-depth 
studies have not been conducted. The identities of some elicitors are known, and some have been 
synthesized. Information on the chemical nature and activities of elicitors from weed pathogens is 
generally lacking.

Phytoalexins are secondary plant compounds, produced post-infection, that exhibit anti
microbial activity.97 Phytoalexins can be grouped into three chemical categories: phenolics, 
isoprenes, and polyacetylenes.98 Phenolics are derived from the shikimate pathway, isoprenes 
(mono-, di-, and sesquiterpenes) from the acetate-mevalonic acid pathway,99 and polyacetylenes 
from the condensation of acetate.100 Thus far probably less than 100 phytoalexins have been isolated 
and identified from about 200 plant species encompassing 20 Families.94’101 Many phytoalexins 
are phytotoxic102 and the potential use of elicitors of phytoalexins as herbicides has been suggested.103 
The diverse chemical structures of some phytoalexins are shown in Fig. 1. These particular 
phytoalexins are from a variety of Families: oryzalexin A from rice (Oryza sativa L.), Gramineae; 
phaseolin from bean (Phaseolus vulgaris L.), Leguminosae; mycosinol, Compositae; rishitin from 
potato (Solatium tuberosum L.); Solanaceae; magnolol from Cercidiphyllum japonicum, 
Cercidiphyllaceae; and gossypol from cotton (Gossypium hirsutum L.), Malvaceae. Phytotalexins 
can be degraded by plant enzymes, but enzymes from bacterial and fungal pathogens that metabolize 
phytoalexins can diminish this defense mechanism.98

Some enzymes from bacteria, fungi, and plants can degrade phytoalexins.98 Recently, nine 
fungal pathogens of alfalfa (Medicago sativa L.) were shown to metabolize the pterocarpanoid 
alfalfa phytoalexins (-)-maackiain and (-)-medicarpin to multiple products.104
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Figure 1. Structures of various phytoalexins.
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Plant Enzymes Involved in Response to Pathogens

Phenylalanine Ammonia-lyase (PAL) Activity and Pathogen Challenge

Various enzymatic reactions are involved in channeling carbohydrate metabolism into the 
shikimic acid pathway, and the subsequent formation of many products of secondary plant 
metabolism. Phenylalanine ammonia-lyase (PAL) is a pivotal regulatory enzyme connecting these 
two pathways by transforming phenylalanine to t-cinnamate. Formation of cinnamate leads to 
downstream production of many hydroxyphenolic compounds (flavonoids, lignins, etc.). Activity 
of PAL increases dramatically in response to stimuli such as light, mechanical injury, action of 
chemicals, elicitors, and challenge by pathogens.105 Increased enzyme activity can lead to increased 
production of phenolic products. PAL activity is under feedback control regulation by various 
phenolic products in some systems.105 Some phenolic compounds of this pathway are toxic to 
bacteria and fungi, and some (phytoalexins) are produced only in response to the above stimuli. 
Numerous examples correlate PAL activity with pathogen challenge and plant defense. PAL activity 
was rapidly increased in potato leaves within hours after treatment with zoospores or an elicitor 
from Phytophthora infestans (Mont) de Bary.106 PAL activity was examined in soybean cultivars 
that had differential resistance to P. megasperma Drechs. f. sp. glycinea at different temperatures. 
PAL activity was lower at 33 C than at 25 C in each of six cultivars, but was lowest in two cultivars 
that became susceptible to the pathogen at 33 C.107 PAL activity increased rapidly 2 h after P. 
megasperma f. sp. glycinea inoculation of hypocotyls of a resistant soybean cultivar but not in a 
susceptible cultivar, and increases in the phytoalexin glyceollin were concomitant with enzyme 
activity increases.108 Abscisic acid decreased PAL activity and glyceollin synthesis, causing 
increased susceptibility of a resistant soybean cultivar to P. megasperma f. sp. glycinea.109 PAL 
increased 2 h after inoculation of barley leaves with Erysiphe graminis DC, reached a peak after 
4 h, and then declined.110 PAL activity was increased 12-fold above control in tomato cell cultures 
inoculated with Verticillium albo-atrum Reinke et Berthold.111 Inoculation of blast fungus conidia 
induced PAL activity in rice leaves.112 Fungal cell wall elicitors from Colletotrichum 
lindemuthianum (Sacc. & Magnus) Lams.-Scrib. also stimulated PAL activity in bean,79'113 and 
fungal or elicitor challenge induced PAL activity in a variety of plant species.114 Several 
graminaceous plants infected by various pathogens responded with enhanced PAL activity and 
changes in phenolic metabolism.115117

As previously stated, most research on pathogen-plant interactions pertains to crops and 
their associated pathogens, but there are some reports of weed defense against pathogens. The 
fungal pathogen Alternaría cassiae Jurair and Kahn, which has bioherbicidal activity against 
sicklepod,118 ’20 alters phenolic metabolism in this weed.121 PAL activity levels were increased 
prior to visual symptomology of pathogenesis when A. cassiae spores were applied to seedlings. 
PAL activity was elevated about 3-fold above uninoculated plants, and remained high for several 
days. Hydroxyphenolic compounds were also increased in stems and leaves of infected plants 
compared to untreated tissues. Similar effects on PAL and phenolic constituents were found in 
interactions between this pathogen and a plant species related to sicklepod, Cassia alata L..122 
Examination of defense responses of red-stemmed and green-stemmed varieties of jimsonweed 
(Datura stramonium L.) during challenge by the pathogen Alternaría crassa (Sacc.) Rands123 
indicated that PAL activity was elevated 2- to 3-fold above untreated control levels in both 
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biotypes.124 Anthocyanin content was also increased after infection.

Other Enzymes of Phenolic Metabolism Related to Plant Defense.

Peroxidase (PO) and polyphenol oxidase (PPO), enzymes associated with secondary plant 
metabolism, are also implicated in plant defense. PO is important in oxidation and polymerization 
of hydroxycinnamic alcohols into lignin. PPO converts hydroxylated phenolics into antimicrobial 
quinones125 which react with each other to form insoluble phenolic polymers. PO and PPO activities 
increase dramatically in many infected plants.126-128 Treatment of plants with compounds that inhibit 
PAL, PO, or PPO activities can suppress their disease resistance.126 For example, a triazine analog 
of the herbicide metribuzin [4-amino-6-(l,l-dimethylethyl)-3-(methylthio)-l,2,4-triazin-5(4//)- 
one] is apotent inhibitor of lignification catalyzed by PO in lupin (Lupinus albus).'29 PAL inhibitors 
as related to secondary plant metabolism and disease resistance will be discussed later in this 
overview. Such inhibitory compounds have potential to lower plant resistance and, hence interact 
synergistically with pathogens. The key secondary compound cinnamic acid is an endogenous 
substrate of glutathione-S-transferase (GST) in plants. GST can be induced in plants by fungal 
elicitors130 and by pathogen attack.131 /^Glycosidase can release toxic quinones sequestered as 
phenolic glycosides. These glycosides are generally inactive and are compartmentalized, but they 
can be released by hydrolysis when pathogens act on membranes. /J-Glycosidase in apple has 
been shown to be responsible for resistance to apple scab disease.132 Oat leaves contain the inactive 
saponins avenacosides A and B, that are hydrolyzed after wounding by a /^-glucosidase to yield 
more pathogen-toxic products.133

Lytic Enzymes Related to Plant Defense

Other enzymes of plant defense are lytic enzymes associated with pathogen interactions, 
namely chitinase and /?-1,3-glucanase. These enzymes can degrade chitin and glucans, which are 
major components of fungal cell walls. Both enzymes have been implicated as antifungal defense 
proteins in plants.134 Pathogenic fungi also produce similar enzymes and a scheme of the 
relationships of these lytic enzymes in plants and fungi has been outlined.135

These and other enzymes of plant defense (NADPH oxidase, proteases, etc.) have been 
summarized and discussed.126 The interactions of various inhibitors and regulators of the activity 
of these enzymes are also reviewed therein and some of these will be presented later in this overview.

EFFECTS OF CHEMICALS ON SECONDARY PLANT METABOLSIM

Secondary Metabolic Interactions

Herbicides

Although various herbicides have diverse molecular modes of action, their general action 
is to kill or injure plant tissue. As a result of this injury, many biochemical pathways including 
secondary plant metabolism can be altered by the action of herbicides (Table 2). General phenolics 
and some phytoalexins can be increased or decreased after herbicide treatment. Thus, there is 
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potential for these agrochemical compounds to alter plant resistance to pathogens in situations 
where plants are tolerant to these compounds or where sublethal amounts of herbicides come into 
contact with plant foliage or roots. Many herbicides have been examined for their effects on PAL 
activity in vivo,140 and some were able to substantially lower extractable PAL activity levels. The 
herbicide glyphosate was unique in that it dramatically increased extractable PAL, but reduced 
total phenolic compound levels.

Table 2. Secondary plant products altered by synthetic herbicides.

Product Plant Herbicide Effect3 Ref
Anthocyanin carrot 2,4-D - 136

com (Zea mays L.) sethoxydim {2-[l-
(ethoxyimino)butyl]-5-[2-
(ethy lthio)propyl] -3 -hydroxy-2- 
cyclohexen-1 -one}

+ 137

sorghum (Sorghum bicolor L. 
(Moench)]

alachlor [2-chloro-7V-(2,6-
diethylphenyl)-2V-
(methoxymethyl)acet-amide]

138

soybean (Glycine max Merr.) chlorsulfuron {2-chloro-2V-[[(4- 
methoxy-6-methyl-1,3,5-triazin- 
2-yl)amino]carbonyl]- 
benzenesulfonamide}

+ 139

soybean DSMA (methylarsonic acid, 
disodium salt)

+ 140

soybean glyphosate - 141
soybean metribuzin [4-amino-6-(l,l- 

dimethylethyl)-3-(methylthio)- 
1,2,4-triazin-5(4H)-one]

140

soybean propanil . - 140
Caffeate sunflower (Helianthus annuus L.) chlorsulfuron + 142
p-Coumarate sunflower chlorsulfuron + 142

velvetleaf (Abutilon theorphrasti
Medic.)

glyphosate - 143

Ferulate sunflower chlorsulfuron + 142
Ferulate amine spinach (Spinacia oleracea L.) acifluorfen + 144
Gallate various glyphosate + 145
Glyceofuran soybean acifluorfen + 146
Glyceollin soybean acifluorfen + 146
Hemigossypol cotton acifluorfen + 146
Hydroxybenzaldehyde velvetleaf glyphosate - 143
4-Hydroxybenzoate various glyphosate - 145
Lignin sorghum alachlor - 138
Medicarpin broadbean acifluorfen + 146
Phaseollin bean acifluorfen + 146
Pisatm pea acifluorfen + 146
Protocatechuate velvetleaf glyphosate + 143
Scopolin sunflower 2,4-D + 147
Shikimate buckwheat glyphosate + 148

ryegrass
perenne L.)

glyphosate + 145

tobacco Glyphosate + 149
velvetleaf glyphosate + 143

Sinapate sunflower chlorsulfuron + 142
Xanthotoxin celery

(Apium graveolens L.)
acifluorfen + 146

a += increase in level of plant product; - = decrease in level of plant product
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Plant Growth Regulators

Other chemicals such as synthetic or naturally occuring plant growth regulators can also 
alter production or accumulation of secondary plant products related to plant defense (Table 3). 
Ethylene, a ubiquitous plant hormone, regulates various enzyme activities and plant growth 
responses. Generally, ethylene levels are increased in infected plants, causing activation of defense 
enzymes that provide resistance in some instances.126,155

Table 3. Secondary plant products altered by synthetic or natural plant growth regulators.

Product Plant Plant growth regulator Effect3 Ref

Amaranthin Amaranthus sp. kinetin [lV-(2-furanylinethyl)-
l/7-purin-6-amine]

+ 150

Anthocyanin cranberry
(Vaccinium macrocarpon Ait.)

ethylene + 151

poinsettia
(Euphoriba pulcherrima Willd.)

ethylene + 151

soybean (Glycine max Merr.) dimethipin (2,3-dihydro-5,6- 
dimethyl-l,4-dithiin 1,1,4,4- 
tetraoxide)

152

soybean IAA (indole acetic acid) - 153
sorghum ethylene - 151
turnip
(Brassica rapa L.)

ethylene ■ 151

Flavonoids lettuce
(Lactuca sativa L.)

ethylene + 154

a + = increase in level of plant product; - = decrease in level of plant product

PAL Inhibitors

Synthetic compounds that are potent PAL inhibitors in vitro and in vivo have been discovered. 
Among the more specific PAL inhibitors are aminooxyacetic acid (AOA), a-aminooxy-/?- 
phenylpropionic acid (AOPP), (l-amino-2-phenylethyl)phosphonic acid (APEP), and O- 
benzylhydroxylamine (OBHA). AOA inhibits transaminase(s)156 and is the least specific of these. 
AOA can be very injurious to plant tissues157 and has been registered as a herbicide.158 AOPP is a 
more specific and potent PAL inhibitor that can be used in planta to alter secondary metabolism 
without substantial effects on growth and development.38,159,160 AOPP also strongly inhibits tyrosine 
decarboxylase161 and some other biochemical reactions.162 Another potent PAL inhibitor, APEP, 
has recently been discovered.163 OBHA inhibits PAL and decreases the accumulation of some 
secondary plant products.164 All of these compounds lower levels of a large variety of phenolic 
compounds in various species (Table 4). AOA, AOPP, and OBHA also inhibit ethylene production 
in some plants.37
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Table 4. Various secondary plant product levels lowered by PAL inhibitors in vivo.

Plant Product Plant Compound Ref
anthocyanin buckwheat Aminooxyacetic acid (AOA) 165
anthocyanin soybean AOA 157
chlorogenic acid buckwheat AOA 165
isoflavonoids soybean AOA 166
kievitone cowpea AOA 167
lignin eucalyptus

(Eucalyptus spp.)
AOA 168

phaseollidin cowpea AOA 167
anthocyanin carrot a-Aminooxy-ß-phenyl-propionic

acid (AOPP)
169

anthocyanin cabbage (Brassica oleracea
L.)
mint
(Perilla frutescens L.)

AOPP 159

caffeate AOPP 170

feruloyl derivatives radish
(Raphanus sativus L.)

AOPP 171

glyceollin soybean AOPP 172,
173

hydroxycinnamates cucumber AOPP 174
kaempferol radish AOPP 171
rosmarinate coleus

(Coleus hlumei Benth.)
AOPP 175

sphagnorubin sphagnum moss 
(Sphagnum magellanicum
BRID.)

AOPP 176,
177

vanillin (fr. lignin) buckwheat AOPP 178
anthocyanin red cabbage (1 -Amino-2- 

phenylethyl)phosphonic acid 
(APEP)

179

glyceollin soybean APEP 180,
181
164Anthocyanin mungbean

(Vigna radiata L.)
O-Benzylhydroxylamine
(OBHA) '

Terpenoids

Other secondary metabolites related to plant defense are the terpenoids and related 
derivatives. The terpenoid pathway in plants produces many products necessary for plant growth, 
but other products of the pathway have a range of biological activities that makes them potential 
pesticide candidates.182 Some terpenoids and essential oils are phytotoxic and are compartmentalized 
in epidermal trichomes and/or glands of plants, thus offering protection against pathogens on 
plant surfaces. Specific anti-fungal activity of selected terpenoids is shown in Table 5. Some of 
these compounds have been shown to function as phytoalexins. The sesquiterpenoid phytoalexins 
from potato (rishitin, lubimin, and solavenivone) can dramatically inhibit growth of Phytophthora 
infestans at very low concentrations.190 Other terpenoids and related products have fungicidal or 
antibacterial activity.184,191, 192 The mode of action of these terpenoid-related compounds has not 
been intensively studied. However, camphor and citral are thought to have non-specific membrane 
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effects on fungal pathogens.184 Various terpenoids have allelopathic properties.193 Some terpenoid 
phytoalexins with fungitoxic activity have also been examined as commercial fungicides. Wyerone 
is a phytoalexin produced in legumes. It has a broad spectrum of activity against fungal pathogens 
and has been used for fungal protection in crop plants.194 Overall, however, plant products have 
not been useful sources in the development of pesticides against diseases. Low levels (13 |1M) of 
the herbicide acifluorfen {5-[2-chloro-4-(trifluormethyl)phenoxy]-2-nitrobenzoic acid} increased 
wyerone levels by 15-fold in broadbean (Vicia faba L.) after only two days.195 This again points 
out the interaction of synthetic xenobiotics with plant allelochemicals.

Table 5. Examples of various fungi sensitive to plant terpenoids.

Organism Compound Reference

Alternarla solarti geraniol 183
Aspergillus niger camphor 184
Boletus variegatus carene 185

limonene 185
pinene 185
terpinolene 185

Ceratocytis pilifera carene 186
myrcene 186
pinene 186

Lenzites saepiaria limonene 187
Rhizopogon roseolus terpinolene 185
Trichoderma viride p-cymene 188

limonene 188
myrcene 188
pinene 188

Uromyces appendiculatus sclareol 189
Verticillium dahliae hemigossypol 187

deoxyhemigossypol 187

In addition to controlling plant diseases, fungicides have been shown to alter plant 
metabolism. Some fungicides may act as fungitoxic agents or as inducers of plant defense chemicals 
such as phytoalexins (Table 6). Fungicides of the triazole and morpholine classes are used on 
many crops and affect sterol biosynthesis similarly in fungi and plants.196 The action of some other 
fungicides on plant metabolism have been discussed.197

Saponins

Saponins are glycosides of steroid alcohols and some triterpenoids that can be toxic to 
microbes and plants. Saponins can be released into soil by secretion from roots and/or by leaching 
from living or decaying plant material, and thereby influence soil microflora. In some instances, these
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Table 6. Examples of synthetic fungicides that increase plant defense mechanisms.

Fungicide Defense compound Defense mechanism Plant source Fungus inhibited Reference

Benomyl [l-(butylcarbamoyl)-2- 
benzimedazolecarbamic acid methyl ester]

hydroxyphaseollin phytoalexin soybean not tested 198

Nabam [1,2-ethanediylbiscarbamo-dithioic acid 
disodium salt]

hydroxyphaseollin phytoalexin soybean not tested 198

Maneb {[[1,2-ethanediylbis-
[ carbamodithioate ] ] -(2-)] manganese ]

hydroxyphaseollin phytoalexin soybean not tested 198

DDCC (WL 28325; 2,2-dichloro-33- 
dimethylcyclopropane carboxylic acid)

momilactone A phytoalexin rice Pyricularia oryzae 199

momilactone B phytoalexin

Metalaxyl [methyl-M(2-methoxy-acetyl)-N- 
(2,6-xylyl)-DL-alaninate]

glyceollin phytoalexin soybean Phytophthora spp. 200, 201

Probenazole (3-allyloxy-1,2-benzoisothiazole- a-linoleic acid lignification; rice Pyricularia oryzae 202, 203
1,1-dioxide) (fungitoxic)
Phenylthiourea phenolics lignification cucumber cucumber scab 204
Fosetyl aluminum (aluminum tris/ethyl phenolics increased cowpea Phytophthora 205
hydrogen phosphate) hypersensitive 

reaction
cryptogea

compounds are of agronomic interest because of allelopathic interference with plant growth. 206 :208 The 
effects of these compounds on soil microflora has been known for some time.209 Saponins have 
been shown to inhibit a wide variety of bacteria and fungi, many of which are pathogens (Table 7). 
Saponins from alfalfa (Medicago sativa L.) and other plant species have been studied in 
phytopathogenic and non-pathogenic fungi and in phytopathogenic bacteria.210-212 Some fungi are 
extremely sensitive to saponins, thus a saponin bioassay has been developed using the fungus 
Trichoderma viride.213 The mode of action of these compounds in sensitive fungi appears to be 
interaction with sterols in the plasma membrane.214 Some pathogenic fungi may be resistant to 
saponins because of the presence of detoxifying enzymes215 or because of non-sensitive membrane 
composition.216

Table 7. Examples of fungi and bacteria inhibited by saponins.

Fungi Bacteria

Aspergillus niger Agrobacterium tumefaciens

Fusarium oxysporum Bacillus thuringiensis

Fusarium solani Bradyrhizobium japonicum

Phoma spp. Corynebacterium michiganense

Phytophthora cinnamoni Curtobacterium flacumafaciens

Rhizopus mucco Pseudomonas lachrimans

Sclerotium rolfsii Rhizobium meliloti

Trichoderma viride Xanthomonas campestris

Verticillim albo-atrum

Photodynamic Plant Compounds as Antimicrobial Agents

Various other secondary plant products such as the coumarins, including furanocoumarins, 
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have photodynamic activity.217 Some of these are phytoalexins,218 and protect plants against 
microbes.219Polyacetylenes are plant products that can act as photosensitizers.220 There are numerous 
compounds in this group, and they exhibit toxicity to a wide range of organisms, including plants, 
bacteria, fungi, and viruses. Their photodynamic action is the generation of toxic singlet oxygen 
when they absorb UV light. a-Terthienyl, which is derived from polyacetylene, has antibacterial 
and antifungal activity.217 Wyerone is an acetylenic acid derivative with a wide spectrum of actions 
against fungal pathogens.221

EFFECTS OF SYNTHETIC CHEMICALS ON DISEASE INCIDENCE

Synthetic Chemicals that can Increase Disease

Herbicides

Herbicide-induced microbial invasion of plants roots,222 interactions between herbicides 
and pathogens,223'225 and effects of sublethal herbicide concentrations on root pathogens226 have 
been reviewed. Various synthetic chemicals can increase or decrease plant resistance to disease. 
Most of these are agrochemicals, including herbicides, plant growth regulators, and most certainly 
fungicides. There is little information on the effects of commercial insecticides on secondary 
plant metabolism or on plant susceptibility to disease. Published reports indicate several synergistic 
interactions of chemicals with fungal pathogens (Table 8). Some of these interactions occured in 
the aquatic weeds water hyacinth and Eurasian watermilfoil. The study of allelopathy/allelochemical 
interactions of aquatic plants is a difficult challenge since foliarly exuded compounds are 
immediately diluted and dispersed. Although such synergy is desirable for bioherbicide efficacy, 
it can be detrimental in crop situations.

Other synergistic interactions of 12 herbicides and plant growth regulators with four fungal 
weed pathogens have been examined.227 The pathogens and weed target hosts were Alternaría 
cassiae on sicklepod; Colletotrichum coccoides on velvetleaf; C. truncation on hemp sesbania; 
and Fusarium lateritium on Florida beggarweed. Generally, the herbicides acifluorfen and bentazon 
were the most effective and synergized weed control with all four organisms. Diclofop {(±)-2-[4- 
(2,4-dichlorophenoxy)phenoxy]propanoic acid]}, fluazifop {(±)-2-[4-[[5-(trifluoromethyl)-2- 
pyridinyl]oxyJphenoxyJpropanoic acid}, imazaquin {2, [4,5-dihydro-4-methyl-4-( 1 -methylethyl)- 
5-oxo-l//-imidazole-2-yl]-3-quinolinecarboxylic acid}, mefluidide {A-[2,4-dimethyl-5- 
[[(trifluoromethyl)sulfonyl]amino]phenyl]acetamide}, and oryzalin [4-(dipropylamino)-3,5- 
dinitrobenzenesulfonamide] had synergistic interactions with A. cassiae and C. truncatum, but 
were not tested on the other two pathogens. The mechanisms of these synergistic effects are 
unknown due to lack of biochemical investigations.

Several other herbicides have increased plant susceptibility and disease in several species. 
Chloramben (3-amino-2,5-dichlorobenzoic acid) and 2,4-DB [4-(2,4-dichlorophenoxy) butyric 
acid] increased root colonization of soybean by the pathogen Macrophomina phaseolina.w Diuron 
increased root rot in anthurium (Anthurium andraeanum Lind.) caused by several pathogens.245 
Glyphosate induced susceptibility of tomato to an isolate of Fusarium solani (Mart.) Sacc. f. sp. 
pisi which was not normally pathogenic to tomato.246
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Herbicide Antidotes

Table 8. Examples of synergistic fungal pathogen and chemical interactions that increase infectivity/ 
disease in crop plants and weeds.

Herbicide/PGR/Invert Pathogen Plant Ref.

Acifluorfen {5-[2-chloro-4- 
(trifluoromethyl)phenoxy]-2-nitrobenzoic acid} 
& Bentazon [3-(l-methylethyl)-(lH)-2,l,3- 
benzothiadiazin-4(3H)-one 2,2-dioxide

Fusarium lateritium Florida beggarweed [Desmodium tortuosum (Sw) 
DC.]

227

Atrazine [6-chloro-N-ethyl-N -( 1 -methylethy 1)-
1,3,5-triazine-2,4-diamine

Cochliobolus lunatus Bamiard grass 228

Diquat {6,7-dihydrodipyrido[ 1,2-<x:2', 1'- 
c]pyrazinediium ion)

Cercospora rodmonii Waterhyacinth [Eichomia crassipes (Mart.) Solms] 229

Endothall {7-oxabicyclo[2.2.1 ]heptane-2,3- 
dicarboxylic acid}

Colletotrichum gloeosporioides Watermilfoil (Myriophyllum spicatum L.) 230

Glyphosate [N-phosphono-methyl)glycine] Phytophthora megasperma soybean 231
Glyphosate Pythium & Fusarium spp. bean 232
Glyphosate Altemaria cassiae Sicklepod 233,

234
Invert (oil/water) emulsion Altemaria cassiae Sicklepod 235
Several herbicides Altemaria cassiae Various 227
Thidiazuron (N-phenyl-N'-1,2,3-thiadiazol-5-yl 
urea)

Colletotrichum coccodes Velvetleaf 236
239

Trifluralin [2,6-dinitro-N,7V-dipropyl-4-(trifluoro- 
methyl)benzenamine]

Fusarium Spp. pinto bean (Phaseolus vulgaris L.) 240

Trifluralin Phytophthora spp. soybean 241
Trifluralin Fusarium solani f. sp. cucurbitae Texas gourd [Cucurbita texana (Scheele) Gray] 242
Trifluralin Rhizoctonia solani bean 243

Herbicide antidotes or safeners i.e., compounds used to protect crops from herbicide injury, 
can also alter susceptibility to disease. Flurazole [phenylmethyl 2-chloro-4-(trifluoromethyl)-5- 
thiazolecarboxylate] seed treatment significantly reduced downy mildew incidence in two of three 
susceptible sorghum genotypes inoculated with Peronosclerospora sorghi, while another antidote, 
CGA 92194 {a-[(l,3-dioxolan-2-ylmethoxy)imino]-benzeneacetonitrile}, increased disease 
incidence in sorghum.247

PAL Inhibitors

PAL inhibitors have been used to examine the role of PAL in disease resistance (Table 9). 
AOPP reduced glyceollin levels in soybean, and increased susceptibility to P. megasperma f. sp. 
glycinea. 251,252 Phosphite [a degradation product of the fungicide fosetyl-Al (aluminum-tris-O- 
ethyl phosphonate)] increased PAL activity and inhibited growth and infectivity of Phytophthora 
cryptogea Pethybr. & Lafferty on cowpea leaves.167 Pretreatment of leaves with AOA, prior to 
phosphite and P. cryptogea, lowered PAL activity, reduced accumulation of the phytoalexins 
kievitone and phaseollidin, and increased disease symptomology.167 AOA increased disease severity 
in tomato plants resistant to Fusarium oxysporum,246 increased infection by Phytophthora parasitica 
Dastur var. nicotianae in tobacco,256 and induced susceptibility of potato tuber tissue to non- 
pathogenic Cladosporium cucumerinum Ellis & Auth.257 Significant inhibition of accumulation of 
avenalumins [a major phytoalexin group in oat (Avena sativa L.) leaves] by AOA was correlated 
with increased susceptibility of oats to the rust pathogen Puccinia coronata Corda f. sp. avenae.258 
Although APEP produced disease resistance,255 its enantiomers had different efficiencies in reducing 
glyceollin levels. R-APEP was more effective in reducing this phytoalexin and in lowering 
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resistance.255 PAL inhibitors do not always act to reduce disease resistance. Wheat treated with 
some PAL inhibitors remained resistant to non-pathogens.259 Bean leaves also remained resistant 
to cowpea rust fungus after PAL inhibitor treatment.260 AOA and AOPP did not block resistance 
expression or glyceollin accumulation in soybean tissue treated with an incompatible race of P. 
megasperma f. sp. glycinea.231'261 AOA, aminoethoxyvinylglycine (AVG), and the herbicide 
dinitramine [,A’-diethyl-2,4-dinitro-6-('trifluoromethyl)-1,3-benzenediamine] reduced ethylene 
biosynthesis and induced resistance of melon (Cucumis melo L.) to Fusarium wilt.262

Table 9. Increased plant disease symptoms caused by several PAL inhibitors.

Disease symptom PAL inhibitor Action Reference
Decreased hypersensitive response (TMV) AOA Reduced phenolics 248,249
Prevented resistance expression AOA Inhibited PAL

250
Decreased hypersensitive response (TMV) AOPP Reduced phenolics 248,249
Increased susceptibility - Phytophthora megasperma AOPP Reduced glyceollin 251,252
Suppressed resistance to powdery mildew in oat AOPP Reduced phenolics ? 253,254
Suppressed resistance; suppressed single-resistance gene, barley AOPP Reduced phenolics ? 253,254
Transformed incompatible pathogen to compatible APEP Prevented glyceollin production 255

Some compounds have been used to alter pathogen host range. PAL inhibitors allowed 
infection of reed canarygrass (Phalaris arundinacea L.) by Helminthosporium avenae, an oat 
pathogen which normally does not infect reed canarygrass.263 Overall, compounds such as PAL 
inhibitors and herbicides that alter secondary plant metabolism can weaken plant defense and 
increase disease severity and/or extend pathogen host range.

Synthetic Herbicides and other Compounds that can Decrease Disease

In contrast to several reports of glyphosate-increased infectivity or disease in plants (see 
Table 8), this herbicide has other effects on other plant-pathogen combinations. Glyphosate inhibited 
or stimulated (depending on herbicide concentration) mycelial growth and spore production of 
pea pathogens (Fusarium solani f. sp. pisi and Phythium ultimum), but had no effect on the 
pathogenicity of F. solani.264 Glyphosate inhibited mycelial growth of Calonectria crotolariae 
(red crown rot of soybean) and reduced disease incidence with low preplant application rates.265 
Glyphosate did not affect root colonization of a soybean pathogen (Macrophomina phaseolina).244 
Some dinitroaniline herbicides caused induced resistance to both bacterial and fungal wilt pathogens 
in eggplant (Solanum melongena L.) and tomatoes (Lycopersicon esculentum Mill.)266 and in 
melon (Cucumis melo L.).267 The herbicide concentration used did not affect other pathogens, 
suggesting that unknown mechanisms of plant defense were operative. The levels of glutathione 
(GSH) in tomato plants treated with dinitroaniline herbicides was positively correlated with the 
degree of disease protection.268 The chloroacetanilide herbicide alachlor [2-chloro-A-(2-ethyl-6- 
methylphenyl)-2V-(2-methoxymethyl)acetamide] did not alter GSH levels or disease resistance in 
tomato, but did affect these responses in melon species.268

Other herbicides and plant growth regulators have increased resistance by elevating levels 
of natural toxicants in plants. Phytoalexin accumulation increased by pretreatment with herbicides 
and the pathogen Fusarium oxysporum in cotton.269,270 Levels of juglone, a naftoquinone from 
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walnut (Juglans spp.), can be increased in pecan (Carya illinoensis Koch.) leaves after treatment 
with the plant growth regulators IAA or dimethylpiperidinium chloride.271 Juglone has been more 
effective for bean rust protection than some commercial fungicides.4

Di-3-Amino-n-butanoic acid (a non-protein amino acid) protected tomato plants against 
Phytophthora infestans272 by a mechanism thought to be induced plant defense. In further work, 
pathogenesis-related proteins (PR-proteins) accumulated in tomato leaves of plants treated with 
this compound. However, these proteins were not found in leaves treated with analogs of the 
inducer compound, dl-2- or 4-amino-n-butanoic acid.273

Synergistic Effects of Non-pathogenic Bacteria with Herbicides

Microbe-plant interactions

Plants exude many chemicals from their roots. The microbial flora attracted to these exudates 
grow in close association with root systems, and this zone of most intense microbial activity is 
called the rhizosphere. Rhizosphere organisms can influence plant root growth positively or 
negatively (pathogens and toxic compound producers), and thus the allelopathic and allelochemic 
interactions of these microbes and plant hosts are important. Numerous studies have been published 
on the allelopathic effects of root exudates and of purified compounds from exudates on plants 
and microbes. Rhizosphere microfloral populations and species are influenced by plant species, 
chemicals exuded from plant roots, and decaying vegetation. Also, agrochemicals (herbicides, 
fungicides, and insecticides) and their metabolic and degradation products can influence the plant 
exudates, plant defense responses, and thus affect rhizosphere and soil microbe population and 
diversity.

Certain rhizosphere organisms can suppress pathogens by various mechanisms, (including 
production of antibiotic substances) and thereby protect plants from root diseases. However, 
rhizobacteria have also been studied as bioherbicides.274 Diverse rhizobacteria have been found to 
have potential as biocontrol agents for broadleaf weeds275 and for monocot weeds without injury 
to wheat.276 These bacteria inhibit plant growth by several mechanisms including the production 
of toxins.277 Various microbes including those in soils, can produce phytotoxins that have diverse 
chemistries and modes of action in plants.278 Some deleterious Pseudomonad rhizobacteria can 
release harmful volatiles that impede plant root growth.279 It is obvious that the allelopathic 
interactions of plant-microbe, microbe-plant and microbe-microbe in soils and rhizospheres is 
extremely important and complex in the context of disease.

The use of combinations of synthetic herbicides and bacterial agents for weed control has 
resulted in some synergistic effects.280 The herbicide sulfosate (trimethylsulfonium- 
carboxymethylamino-methyl phosphonate) is effective on various weeds, but when combined with 
certain bacterial strains that alone cause little or no plant injury, a synergistic effect was found on 
weed control. Similar synergistic effects on several weeds were found with two bacterial strains 
plus the herbicide glufosinate [2-amino-4-(hydroxy-methylphosphinyl)butanoic acid]. This 
herbicide is a very potent phytotoxin (inhibits glutamine synthetase). It was originially isolated as 
phosphinothricin from cultures of the fungi Streptomyces viridochromogenes.2*1-2*2

Interaction tests with pendimethalin [7V-(l-ethylpropyl)-3,4-dimethyl-2,6- 
dinitrobenzenamine] or metribuzin, pathogen-antagonist microbes (Streptomyces corchorusi and/ 
or S. mutabilis), and pathogens (Pseudomonas solanacearum and/or Fusarium oxysporum sp. 
lycopersicf) showed that all treatments increased the phytoalexin tomatine to levels that inhibited 
pathogen growth.283
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As pointed out above, such synergy in biological weed control could reduce the amounts 
of herbicides needed to control a broad spectrum of weeds, but it was concluded that improved 
strains and formulations would be needed before successful commercialization.280 As in other 
studies of disease susceptibility involving interactions of synthetic compounds with microbes or 
plants, the biochemical mechamisms involved were not determined.

CONCLUSIONS

Plant-pathogen allelochemical interactions are very complex. Plants may use several defense 
actions against a pathogen, and defenses may be specific or generic depending on the pathogen. 
Although many enzymes from plants and pathogens, and other plant consituents have been identified 
as defense entities, the precise mechanism(s) involved in many specific plant pathogen interactions 
is still unclear. The overall role and degree of participation of an individual defense response with 
other defense activities in a given plant pathogen situation is also obscure. In examining the literature 
from this overview, it is obvious that many synthetic chemicals (agrochemicals, specific enzyme 
inhibitors, and others) can alter plant defense mechanisms and increase or decrease disease 
susceptibility of crop plants or weeds. Altered disease susceptibility is dependent on a multitude 
of factors, including the chemical and its concentration, the plant and the pathogen, plant age and 
health, and various environmental factors. A greater understanding of biochemical defense 
mechanisms and their interaction with synthetic compounds could provide valuable knowledge 
about the regulation of natural defense for biological weed control and crop protection. This 
might lead to altered pesticide application, more favorable crop rotation systems, and to the 
development of improved pesticides via rational design or of commercial products based on the 
chemistry of natural allelochemicals.

Further understanding of naturally-occuring or synthetic elicitors of phytoalexins is important 
in the development of safer, more efficacious, and novel fungicides. It is important to identify and 
understand allelochemical processes involved in plant defense so that crops with superior disease 
resistance might be found using screening procedures with allelochemicals as markers, or so that 
genetically-engineered pathogens might have broader host ranges for use in weed control programs 
with pathogens. The use of such markers may have advantages over traditional breeding and 
traditional screening programs for improved disease resistance.7'284 The use of the allelopathic 
potential of crops to control weeds is promising. However, defining the parameters involved and 
the actual screening of many thousands of cultivars is a monumental task, as outlined in a program 
to find rice cultivars with strong allelopathy against weeds.284

The role of volatiles (plant and microbial) in plant-microbe allelochemical studies has 
received little or no attention mainly because of the difficulty of trapping, concentrating and 
quantifying these products. However, these compounds provide an aura of volatiles (typically of 
low molecular weight) surrounding plant surfaces that might regulate/inhibit pathogen propagule 
germination, growth and penetration, and infection, and thereby play a role in host specificity.

Allelopathic interactions of microbes against plants also need further study. Many 
compounds with complex and novel chemistries have been isolated from microbial sources. These 
compounds possess a wide range of biological activity including antibiotic or phytotoxic potency. 
Some compounds possess both of these activities, for example the prokaryote product monensin.285 
The chemical diversity and phytotoxic activity of some microbial products have been summarized.278 
However, there is little or no information on the effects of these unique compounds on plant 
defenses.

Although there has been only a small effort in the development of plant-derived compounds 
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as pesticides, this area has yielded some achievements in insecticide development with minor 
successes in other areas including fungicides. Further research in the area of plant defense could 
lead to a more complete understanding of the role of allelochemicals in plant disease and in the 
development of novel and environmentally safe compounds to protect plants from disease.

Weeds are hosts of numerous specific pathogens that do not attack crop plants. Furthermore, 
weeds are the targets of synthetic herbicides and of pathogens used in weed biocontrol programs. 
Thus it is important to know (1) what defense systems weeds have and how they are similar or 
different from those of crops, (2) what compounds, enzymes, suppressors, and elicitors these 
weed pathogens produce that allow them to infect and kill weed hosts, and (3) how pathogens and 
agrochemicals alter the allelochemical defense systems in weeds. It is obvious that weeds are a 
reservoir for new defense allelochemicals including phytoalexins.

Induced resistance can be a very useful tool in protecting crops from disease and plant 
immunization has been proven.286 However, we have seen in this overview that the use of many 
agrochemicals has been positively correlated with increased disease in both weed control with 
microbes and in crops. Some microorganisms (bacteria or fungi) are efficient competitors and 
inhibitors of pathogens in soils. The use of chemical regulators (agrochemicals and others) and 
microbes antagonistic to pathogens to elevate or induce crop resistance via stimulation of natural 
defense mechanisms is another area that needs further study. Perhaps an ultimate goal would be 
the discovery of chemicals that act by regulating the physiological/biochemical processes of the 
host-pathogen relationship, rather than causing pathogen mortality.
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ABSTRACT

This review considers the allelopathic potential for weed control in agriculture, either in 
field crops, grasses or vegetables, and in forestry systems, with special reference to weed control 
in tree canopies and in the understory vegetation. Either in agricultural or forestry systems several 
cultivated species are already in use or are promising to be used for allelopathic weed control. In 
both fields, cooperative work is in progress to increase our knowledge about improved utilization 
of crop residues to reduce weed effects in cultivated systems. Probably, in the near future, different 
genes responsible of the synthesis of secondary plant products may be incorporated in commercial 
cultivars to enhance allelopathic weed control.

INTRODUCTION

Weed species are characterized by their wide adaptation to different environments and 
resistance to stress factors, either from biological or physical origin. In general, weed species 
produce a great number of viable seeds with different dispersal mechanisms and dormancy strategies 
that allow them to invade cultivated fields during a long period.1'3 Most of them are propagated 
through vegetative organs, like tubers, bulbs, stolons, and rhizomes and some of the world’s worst 
weeds fall within this case, such as Agropyron repens, Convolvulus arvensis, Cynodon dactylon, 
Cyperus rotundus, Rottboellia exaltata, and Sorghum halepense.4

Weeds presence in cultivated fields cause deleterious effects upon yield and quality due to 
competition for light, water, nutrients, space, and interference with harvesting operations.5 8 Weeds 
may also act as alternate hosts for pests and diseases, like Myzus persicae. This aphid lives on a 
wide range of crops and weeds such as Capsella bursa-pastoris, Solanum nigrum, and 
Chenopodium album and it is known to transmit several virus diseases with severe effects on 
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potato.’ Moreover, many weed species release a variety of secondary products and their derivatives 
from leaves, stems, roots, and decaying litter that exert allelopathic effects upon crop plants.1012

To avoid or reduce these problems, millions of dollars are spent each year in the development 
and application of new synthetic herbicides and in mechanical weed control. However, the actual 
agricultural systems are directed towards a sustainable crop production, by reducing the inputs of 
fossil energy. Hence, new and different crop management strategies concerned with the conservation 
of natural resources are being developed. Practices such as reduced or no-tillage crops, 
intercropping, cover crops, a more efficient use of water and fertilizers, and to control pests, 
diseases, and weeds biologically are being used.1315

The management of crop and tree residues is a suitable alternative to reduce labour, fertilizer 
and herbicide uses, to improve soil conditions and ground water quality, and to modify soil 
microflora and fauna.1619 Crop and tree residues not only exert influence on soil temperature, soil 
humidity, and radiation received at soil level, but in turn influences crop emergence, growth and 
productivity,20-22 and also modifies weed population dynamics.23 24 Moreover, it is well known that 
several allelochemical compounds released from plant tissues in several ways, such as volatilization, 
root exudation, leaching and decomposition of plant residues25 may affect future crop and weed 
performance.26’27 Several compounds, such as coumarins, benzoic, cinnamic and other organic 
acids are recognized as effective allelochemicals in weed suppression.28-31

The aim of this review is to present and discuss the potential role of allelopathy for weed 
control in agricultural and forestry systems while the goal is to enhance the development of further 
strategies for crop and tree sustainable management with reduced agrochemical inputs.

ALLELOPATHIC WEED CONTROL IN AGRICULTURE

In Field Crops

Residues of several grain crops, like oats, rye and wheat are widely used in minimum 
tillage systems. Their thin stems give these crops the ability to cover the soil more efficiently than 
other crops32 and are also easily controlled by herbicides.33 Moreover, these crops are well known 
due to their allelopathic effects upon several weed species.27,31,34,35 Almeida35 experimenting with 
different mulches found that oat mulch gave the highest weed control for longer time, followed by 
rye. Barnes and Putnam27 and Putnam34 demonstrated that rye residues contribute to weed 
suppression in no tillage systems. These authors determined that the most effective regime to 
suppress weeds was to grow cover crops of rye, wheat, sorghum and barley to a height of 0.40
0.50  m, dessicate the crops by contact herbicides and allow the residues to remain on the soil 
surface. In this way, up to 95% of weed control was obtained in the 30-60 day period after 
dessication. Almeida36 found that the allelopathic effect of rye residues was correlated with the 
amount of crop residues; the effect being greater when residue biomass was more than 4.5 t/ha. In 
a recent study to evaluate the feasibility of no-tillage tobacco, rye mulch with 6.72 kg diphenamid/ha 
gave the best overall weed control. The rye mulch shows a 22 and 29% decrease in broadleaved 
and grass weeds, respectively. The pythotoxins identified from rye foliage were: [3-phenyl-lactic 
acid and P-hydroxybutyric acid,37’ 38 while rye residues maintained on soil surface released 
2,4 dihydroxy-1,4 (2H)-benzoxasin-3-one (DIBOA) and a breakdown product 2 
(3/7)-benzoxazalinone (BOA), both of which strongly inhibited germination and seedling growth 
of annual broadleaved weeds.39 In North Carolina, soybeans and sunflowers sown directly into 
killed green rye showed a weed reduction of 99% of Chenopodium album, 96% of Amaranthus 
sp., and 92% of Ambrosia artemisiifolia when compared with tilled plots without mulch.40 Moreover, 
when tobacco was sown directly into killed green rye, early season growth of Amaranthus sp. was 
reduced by 51%, C. album by 41% and A. artemisiifolia by 73% when compared with tilled plots.
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Worhsam40 also mentioned that P-phenyl-lactic acid and P-hydroxybutyric acid produced by rye, 
the same compounds found by Shilling,37 inhibited root and shoot growth of C. album and 
Amaranthus sp. In a more recent study Worsham and Blum41 found that Amaranthus retroflexus, 
A. spinosus, A. hybridus, and C. album were controlled 80-100% up to 4 weeks after sowing into 
killed cover crops of rye and Trifolium subterraneum without the use of herbicides. Moreover, 
Worsham42 stated that 80-90% early control of Cassia obtusifolia, Ipomoea hederacea, Sida 
spinosa, and Amaranthus sp. was observed when rye mulch was used to suppress weeds in the 
following crop.

The allelopathic potential of wheat straw has been evaluated on weed-seed germination 
and seedling growth. In descending order, Ipomoea hederacea, Abutilon theophrasti, Ipomoea 
lacunosa, Sesbania exaltata, Cassia obtusifolia, and Echinochloa crus-galli CN.frumetaceae were 
susceptible to straw residues and their inhibition was extract-, species-, and temperature-dependent.43 
Wheat residues between 3.6-6.7 t/ha offered better weed control when maize was sown afterwards, 
even when the higher biomass reduced the amount of herbicides that reached the soil44 and 
Worshaw40 mentioned that the most inhibiting compound from wheat was ferulic acid. Wicks45 
demonstrated that the presence of 5 t/ha of wheat straw mulch in no-tillage systems can increase 
com yields in the central Great Plains (USA) and no increase in metolachlor rates was needed to 
reduce weed competition. However, Yongqing46 mentioned that wheat straw increased com seedling 
biomass under dry years, while under wet years a certain allelopathic effect on com appeared. 
Probably, the release or type of the allelopathic compounds was increased or modified under wet 
conditions which resulted in different com response. Gaspar and Neves31 found that fatty acid 
esters, phenolic acids and sterolic compounds were present in allelopathic extracts of wheat straw 
and identified six new chemical structures and other compounds for the first time in higher plants.

Sunflower inhibits growth of Trianthema portulacastrum, Flaveria australasica, 
Parthenium hysterophorus, Portulaca oleracea, Amaranthus viridis, Cynodon dactylon and 
Echinochloa colonum, among other weeds.47 Allelochemicals found werep-coumaric acid, ferulic 
acid, and vanillic acid.47 The growth of sunflower as a preceding crop reduced growth of Cleome 
viscosa, Corchorus trilocularis, and Cyperus iria,4S while Leather49 found that seedling growth of 
Abutilon theophrasti, Datura stramonium, Ipomoea purpurea, and Sinapsis arvensis were inhibited 
by leachates of stem and leaf tissue of sunflower cv. Hybrid 201. Chopped sunflower residues, 
equivalent to 6.9 t/ha suppressed weed number by 50% if incorporated to the soil while ground 
leaf material surface-applied at 15 t/ha reduced weed populations by approximately 75% when 
compared with residue-free treatments.50 However, sunflower residues are also known to decrease 
grain production in Vigna mungo and soybean,51 to reduce DW gain of 5 day-old wheat seedlings 
by 20-40%,50 and to stimulate seed germination of Sinapsis arvensis when diluted stem tissue 
extracts were used.49 Macias52’53 found five new guaianolides and a sesquiterpene heliannuol in 
leaf aqueous extracts of sunflower cv. SH-222 that are involved in allelopathic action with certain 
specificity over dicotyledon species. The same research group found that fresh leaf extracts of 
sunflower cv. SH-222 and VYP at the 3rd plant development stage severely reduced mono and 
dicot growth.54

Rice (Oryza sativa cv. Saijoo-52) residues reduced the population of Echinochloa colonum 
and broadleaved weeds by 40 and 56% and biomass production by 39 and 64%.55 Fujii,56 in a 
study to control paddy weeds, used 189 rice cultivars and varieties belonging to the specie O. 
sativa and a few belonging to O. glaberrima and found significant differences in the allelopathic 
effects of different rice varieties. The author indicated that some native varieties of Javanica rice 
and red rice strains showed strong inhibitory activity when bioassayed in a plant box method with 
lettuce (Lactuca sativa cv. Great Lakes 366). At the same time, Smith57 mentioned that although 
allelochemicals from rice are not yet commercially developed they could be used to control aquatic 
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weeds.
Gomide58 also found that sugar cane (Saccharum officinarum cv. SP70-1143 and SP71- 

1406) residues exerted an allelopathic effect upon Digitaria ciliaris, Eleusine indica, Cynodon 
dactylon, and Cyperus rotundus, reducing weed density.

In Pastures

Allelophatic effect of pastures upon weeds did not deserve the same attention as those of 
crop residues, as already discussed. However, some particular cases that involved the effect of 
pastures upon the plant community are discussed. Among allelopathic grasses, it is well-known 
that A ristida oligantha releases certain phenolic compounds which inhibit nitrogen-fixing bacteria 
and blue-green algae of the soil. Aristida is tolerant to low N levels in the soil, but this situation 
delays the invasion and replacement of this grass comunity by other species.59 Tsuzuki and 
Kawagoe60 demonstrated that Trifolium repens exudates decreased dry weight of alfalfa while 
Macias54 demonstrated that sweet clover (Melilotus messanensis) produced several sterols and 
triterpenes with allelopathic potential. Triterpenes were especially active against other dicots. In a 
recent paper, Smith and Martin61 demonstrated that aqueous extracts of tall fescue (Festuca 
arundinacea), Italian ryegrass (Lolium multiflorum), and little barley (Hordeum pussilium) leaf 
and stem tissue harvested at the mature stage of plant development reduced seed germination and 
seedling growth of alfalfa and Italian ryegrass. Both, tall fescue and Italian ryegrass were already 
mentioned as allelopathic species.62-63

In Vegetable Crops

The allelopathic effect of rye residues was used to control weeds in tomato crops.64 
Masiunas65 performed a reduced-tillage (RT) experiment to determine the effect of rye seeding 
density and killing method on rye biomass, weed suppression and tomato yield. Seedling density 
did not affect rye biomass, weed control or tomato yield, and rye residues only differed between 
locations and years, ranging from 3.2 to 11.5 t/ha. Except for one location in 1990 (Champaign, 
Illinois), processing tomato yields in RT-glyphosate with hand-weeding were equal or better than 
yields in conventional tillage.

Lanfranconi66 also used rye as a cover crop to reduce herbicide use in potatoes. He found 
that rye residues improved weed control in oryzalin-treated RT systems but, rye residues between 
1.2 and 2.3 t/ha did not reduce weed population of Amaranthus retroflexus, Chenopodium album, 
and Galinsoga ciliata. Probably, a higher amount of rye residues is needed to effectively control 
these weeds.36-31 ■40

Among the allelopathic effect of horticultural crops on several weeds, it is worthwhile to 
quote the work of Abreu67 who demonstrated that rotenoid extracts from seeds of a certain type of 
bean, Pachyrhizus tuberosus, inhibited germination of Bidens pilosa and Amaranthus viridis by 
78 and 87%, respectively. Forster68 also demonstrated the allelopathic effect of Canavalia ensiformis 
upon Cyperus rotundus.

A more interesting case is that of sweet potato (Ipomoea batatas). Harrison and Peterson69 
found that extracts from the periderm tissue of sweet potato cv. Regal inhibited growth of Cyperus 
esculentus, while Miles70 found inhibitory effects of sweet potato on Cyperus rotundus. Moreover, 
Reinhardt71 found differential effects of sweet potato cultivars on C. esculentus. The authors 
suggested that soil where sweet potato cv. Brondal was grown contained substances that inhibited 
C. esculentus growth.

Galletta72 demonstrated that growing a cover crop the year prior to planting strawberries 
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significantly reduced weed population in the establishment year compared to fallow. However, 
intersowing of Sorghum sudanense after harvest and mowing it twice a year also provided acceptable 
weed control, especially when used in conjunction with a winter straw mulch.

More recently, Bewick73 studied the allelopathic effect of celery (Apium graveolens) root 
residues on weed growth. They used a range of concentrations to determine the percentage of 
celery residues needed to cause a 50% reduction in plant growth. The most sensitive weed among 
Echinochloa crus-galli, Solatium nigrum, Portulaca olerácea, Setaria viridis var. major, Digitaria 
sanguinalis, Cyperus iria, Amaranthus spinosus, and Sinapsis arvensis was A. spinosus and the 
least sensitive was P. olerácea. Hence, selective weed suppression may be obtained when celery 
residues are present.

However, either in field, grasses or vegetable crops, weed populations are differentially 
modified not only by crop residues but also by tillage systems and herbicide use. In a recent work, 
Vencill and Banks74 demonstrated that tillage influenced weed seed densities as follows: Ambrosia 
artemisiifolia, C. album, and Cassia obtusifolia seed densities often were greater in no-tillage 
than conventional-tillage; Xanthium sp. and Digitaria sanguinalis seed densities were usually 
greater in conventional-tillage than no-tillage; Amaranthus spinosus seed densities were not affected 
by tillage. Based on these and other results, it seems important to analyze not only the inmediate 
effects of tillage and residue management on weed population but also to study the weed seed 
bank in the soil during the following years. Moreover, further research should consider the long
term effect of cover crops on soil physico-chemical properties and biota.

ALLELOPATHIC WEED CONTROL IN FORESTRY

In this section, all plants that grow in the neighbourhood of trees, such as those that inhabit 
the canopy, either parasites or epiphytes, and the understory vegetation are considered. This criteria 
was adopted because although in some cases these species are not typical weeds, they interfere in 
different ways with growth or development of woody species. The reduction or exclusion of the 
accompanying vegetation would represent an advantageous strategy for certain tree species.

As already mentioned in the introduction of this review, woody species can control 
undesiderable plants by the exudation of volatile chemicals from living parts, by leaching from 
leaves, bark or roots in response to the action of rain, dew or fog, exudation of water soluble 
toxins from below ground parts or release of toxins from non-living plant parts through leaching 
from litter.25 Associated plants in the canopy can be controlled mainly by exudation of volatiles or 
by leachates from leaves or bark. Epiphytes are potentially more vulnerable to allelopathy than 
are terrestrial species. In woody canopies, dilution, physical absorption and microbial degradation 
are less effective in reducing possible effects of allelochemichals secreted by the host, than under 
terrestrial conditions.75 Thus, a more direct relationship between hosts and their associated flora is 
established and the movement of potential allelopathic agents into the environment is reduced.

Research has been particularly active in the role of allelopathy in forestry, especially in the 
exclusion of understory vegetation by dominant woody species.76 On the other hand very little 
research have been done considering the chemical relationship between the crown of the tree and 
its associated flora. As mentioned, both situations will be discussed.

In the Canopy

Associated canopy forms, as parasites, may injure trees by haustoria growing through their 
bark or roots.77 In the case of epiphytes they can compete for different kinds of resources, strangle 
branches,78 inhibit the protrusion of buds,79 or release some kind of allelochemicals, as in the case 
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of the lichens Evernia prunastri and Ramalina calicaris on oak branches.80 It seems that in some 
cases the control of these kinds of plants would also be beneficial for woody species. Hence, one 
of the possible strategies of unmanaged systems or plantations to control accompanying plants is 
the development of different kinds of allelopathy.

Although many authors have recognized the importance of bark chemistry on the population 
of epiphytes81’83 very few experimental data are available. Frei and Dodson84 found that bark of 
some Mexican oaks contained allelochemichals inhibitory to the germination and development of 
certain orchid seeds. Moreover, they demonstrated that the epiphytes were strongly inhibited with 
the extract obtained from Quercus magnoliaefolia, where orchids were absent.

The ball moss (Tillandsia recurvata) is an epiphyte that causes a deleterious effect upon its 
hosts when abundant.85 Caldiz86 studied different characteristics of supports which are relevant to 
the successful anchorage of the epiphyte. At present, a set of experiments is being performed to 
analyze the possible allelopathic effect of different barks of potential hosts on germination and 
growth of the mentioned epiphyte. These studies will provide information on host-susceptibility 
or resistance to epiphyte invasion.

In the Understory Vegetation

The understory plants can compete with trees for light, nutrients or water, or release different 
kinds of allelochemicals25’76,87 90 affecting for example, ectomycorrhizal fungi and the formation 
of mycorrhizal root tips on tree seedlings.91 As the intent of this review is not to analyze all cases 
of allelopathy in forests, this section is restricted to those we consider more relevant in relation to 
the possible use of woody species for weed control.

The effects of different species of Eucalyptus sp. in the reduction of understory growth, 
especially under certain conditions are well known.92’97 Nevertheless, many bioassays cannot be 
extrapolated to field conditions.98 It has been demonstrated that the effects must be considered in 
relation to water balance, being stronger in drier climates.99 The extracts of leaves collected in 
April (NH) were more inhibitory than those of January.100 Moreover, extracts of decomposed 
Eucalyptus sp. litter showed the strongest effects during the initial stages of decomposition.101 
Kohli102 found that different extracts of Eucalyptus sp. leaves sprayed onto seedlings of Parthenium 
hysterophorus caused reduction in cell survival, chlorophyll, RNA, protein, and acid soluble and 
water soluble carbohidrates contents.

Early research on the allelopathic effects of Ailanthus altissima carried out by Mergen103 
and later on Heisey104 showed that mature trees produce powerful inhibitors of seed germination 
and seedling growth, the effect being greater in extracts of bark roots when they were applied 
under greenhouse conditions. Lawrence105 found that also leaves and stems of young ramets had 
compounds that inhibit the growth of neighbouring plants.

Different species of Juglans sp. have been also investigated, with special emphasis on J. 
nigra.16 Possibly juglone is the most tested plant toxin, and it has been isolated by various 
researchers. Rietveld106 studied the sensitivity of herbaceous and woody plants while Hejl107 
demonstrated the effects on growth, respiration and photosynthesis and Li108 presented much 
evidence concerning juglone inhibitory metabolic activity. Moreover, Scisciolo109 studied seasonal 
patterns of juglone in soil and its influence on understorey vegetation. The latter authors stated 
that juglone contents were high in spring , declined in summer and were again high in autumn. 
Piedrahita110 observed some differential susceptibility to juglone in ornamental species.

Several species of Conifers are also allelopathic.76,111 Juniperus scopula rum’s extracts 
inhibited germination and growth of grasses of understory plants.76,112 At the same time, Thomas113 
demonstrated that extracts of Picea pungens produced malformations in seedling roots of grasses 
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and Stepanov114 stated that roots of some Conifers, such as Pinus sibirica, P. sylvestris, Picea 
odorata, Abies sibirica, and Larix sibirica produce volatile compounds. Kil115 studied pine forests 
of Pinus densiflora, P. thunbergii, P. rigida, Larix leptolepis, and Cedrus deodara in Korea Republic 
and observed that understory vegetation can be classified into three groups according to their 
behaviour in relation to tree toxins: (a) vegetation which grew within the forest and seemed to be 
rather tolerant; (b) vegetation from outside the forest that was very susceptible and (c) an 
intermediate group of plants that could be found inside or outside the forest. In the same study the 
authors discussed the possible significance of autotoxicity of Pinus sylvestris and Larix sibirica in 
regeneration. Ballester100 observed that pine needles collected in April (NH) were more inhibitory 
than those of January, when they were tested on Festuca's seedlings and recently, Lopez Mosquera 
and Guillen116 mentioned the possible use of treated pine bark for weed control.

The ability of green foliage or different tree residues in weed control had also been tested 
under field conditions. One example is that of Alnus firmifolia, whose leaves were inhibitory to 
the growth of weeds in crops of beans or squash.117 Fresh leaf residues of Nerium oleander, Tamarex 
articulata, and Eucalyptus camaldulensis have demonstrated, to be effective in the reduction of 
weed growth on Sorghum halepense, Cyperus rotundus, Convolvulus arvensis, and Lagonychium 
farctum."1 Jobidon118 suggested that allelopathic weed control can be achieved with fresh leaves 
or fitter of conifers. Moreover, green foliage of Phitecellobium sp., Eucalyptus sp., and Casuarina 
sp. spread on land heavily infested with Cynodon spp., rather efficiently controlled weed growth.119 

Other woody species with biological activity under field conditions that can be used in 
weed control are Acacia dealbata,120 A. melanoxylon,101 Que reus robur,121 Celtis occidentalis, C. 
laevigata,122 Platanus occidentalis,1231 124 Robinia pseudoacacia,125 Leucaena leucocephala, and 
Casuarina equisetifolia.92

CONCLUSIONS AND PERSPECTIVES

This review shows that allelopathy is a possible strategy to control weeds in agriculture 
and forestry systems. Several field crops, patures, vegetables, and woody species can be succesfully 
used to control or reduce weed populations in different environments and management systems. 
Some particular crops, such as oats, rye and wheat seem to be more promising in their use as cover 
crops. Among woody species, residues of those with an important biomass production, such as 
Eucalyptus, Acacia, and Pinus could be directly used for weed control, or to obtain several natural 
compounds with herbicide activity. However, research should focus on the effect of different 
cultivars, amount of residues and herbicide use on weed populations and, in addition, note their 
effects on future crop growth. The need to reduce herbicide use will certainly increase research in 
this area, either in agricultural or forestry systems and will contribute to the development of 
integrated weed control programs.

Nevertheless, certain efforts should be made in order to precisely identify those substances 
responsible for allelopathic effects and to standarize the biological assays used to demonstrate 
them.

Cooperative research between several fields, such as agronomy, physiology, soil science, 
organic chemistry, and microbiology, seem to be the key to improving our knowledge about the 
allelopathic processes that take place at the field level. The possibility of applying allelopathic 
knowledge to control weeds will increase in the future and the capture of biological herbicides 
from certain cultivated plants is not far off. Probably, in the near future, different genes responsible 
for the synthesis of secondary products may be incorporated in commercial cultivars to enhance 
allelopathic weed control.
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ABSTRACT

Thirty six aqueous and hexane extracts from 107 plant species were inhibitory to Aspergillus 
flavus', essential oils of Cinnamomum zeylanicum, Mentha piperita, Ocimum basilicum, Origanum 
vulgare, Syzygium aromaticum, Teloxys ambrosioides, and Thymus vulgaris caused a total inhibition 
of fungal spores, mycelial growth, and kernel contamination. Best protection dosage with essential 
oil in com fluctuated between 3 to 8 %. Mixtures of C. zeylanicum with other oils gave efficient 
control. Residual effect of C. zeylanicum was detected even after 4 weeks following treatment. No 
phytotoxic effect on germination or com growth was detected with all these oils.

INTRODUCTION

Aspergillus flavus is a fungus pathogenic to plants, insects and domestic animals, which 
causes severe losses in agriculture, animal production and human health.1 The use of secondary 
plant metabolites with antifungal properties as a control measure in vivo has not been studied 
much, although they gave good results in in vitro assays. There are reports2’5 about maize and 
other plants secondary metabolites, which inhibit growth and toxin production of Aspergillus 
species. These studies were carried out with plant spices,6 herbal drags, dry condiments,7 and 
some native plants from Japan and the Philippines.8-9 All these studies were carried out with artificial 
(liquid or solid) media, but none with natural substrates such as com kernels, peanuts, or cottonseed. 
In the present research, a screening was made with water and hexane extracts of 10610 plant 
species from Mexico and other countries and 10 essential oils, to detect their effects on spore 
germination and mycelial growth of A. flavus, and com kernel protection against this fungus. The 
best treatments were tested to optimize the dosage in com. Plant extract combinations, the residual 
effect of plant essential oils, and their toxicity to com plants were also evaluated.
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RESULTS AND DISCUSSION

Antifungal Plants

Thirty six plants had an antifungal effect and the principal ones are presented (Table 1). 
Maize kernel protection was more than 45%, relative to controls, against A. flavus with an aqueous 
extracts of Rosmarinus officinalis, Euphorbia dentata, and Larrea divaricatcf, a total inhibition 
was obtained with the essential oils of Cinnamomum zeylanicum, Mentha piperita, Ocimum 
basilicum, Origanum vulgare, Syzygium aromaticum, Teloxys ambrosioides, and Thymus vulgaris. 
These oils (except T. ambrosioides) had been used in culture media, but not on natural substrates.

Table 1. Principal plant species with antifungal properties.

Species Aqueous

Isg.

extract Hexanic

Fun.

extract

K.Pr.

Powder

Fun.

Essential

Isg.

Oils

K.Pr.Fun. K.Pr.

Cinnamomum zeylanicum + ++ 4- 100%

Coffea arabica + 43% ++ ++ NT NT

Coleus blumei 40% NT NT

Euphorbia dentata 53% + NT NT

Euphorbia pulcherrima + 27% + NT NT

Lantana camara 20% NT NT

Larrea divaricata + + 48% 4- 4- NT NT

Marrubium vulgare 23% NT NT

Mentha piperita + 23% + 100%

Ocimum basilicum + 100%

Origanum vulgare + 4- 4-4- 4- 100%

Piper nigrum + 42%

Raphanus raphinastrum + + 28% 4- NT NT

Rosmarinus officinalis 61% 4- 4- NT NT

Syzygium aromaticum + + 4-4- 4-4- + 100%

Teloxys ambrosioides + + 100%

Thymus vulgaris + 100%

Tridax coronopifolia 43% NT NT

Isg. = Inhibition of spore germination; Fun. = Fungistasis; K. Pr. = Kernels protection (% of contamination 
reduction); + = inhibitory effect; ++ = highly inhibitory effect; NT. = Not tested.
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Optimal Protective Dosage

The best rates for protection (Table 2) were high, a fact that increases the price of their 
practical application. In the case of O. vulgare the concentration needed was the highest of those 
tested. These results differ from others previously reported11 in culture media, where the minimal 
inhibitory concentrations of C. zeylanicum and S. aromaticum fluctuated between 200 and 250 
ppm with cinnamic aldehyde and eugenol as their main active principles.

Table 2. Optimal doses of essential oils for com protection.

Essential oil Percentage of oil concentration

0.1 0.5 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0

Percentage of contaminated kernels

Mentha piperita 82.5 97.5 98.3 100 79.1 59.3 53.4 49.5 0 7.2 0 0

Cinnamomum 87.5 97.5 87.5 91.6 90.6 63.9 67.5 10.0 5.7 0 0 0

zeylanicum
Ocimum basilicum 100 100 100 100 29.9 4.4 0.8 0 0 0 0 0

Origanum vulgare 95.7 100 99.1 100 41.1 42.2 22.6 68.2 64.1 68.8 12.3 13.6

Syzygium 100 69.6 50.0 56.8 83.3 50.4 2.6 0 0 0 0 0

aromaticum
Teloxys 95.8 82.3 91.4 67.2 10.0 0 0 0 0 0 0 0

ambrosioides 
Thymus vulgaris 67.2 100 81.2 91.4 83.3 14.8 13.3 2.5 0 0 0 0

Combination of Essential Oils.

The combinations of C. zeylanicum with T. ambrosioides, T. vulgaris, S. aromaticum, and
M. piperita (Table 3) gave good inhibition of the fungus. The mixture of oils with other components 
did not have a synergistic effect where oil properties may be individually blocked.
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Table 3. Essential oil combinations for com kernel protection. Relation between contaminated/ 
healthy grains.

Plant species

I

Replications Total Cont.%* Red.%* **

II HI IV

T. ambrosioides1 + S. aromaticum' 9/22 18/11 19/4 15/22 61/59 50.8

M. piperita + 0. basilicum2 10/21 26/8 22/6 23/7 81/42 65.8

M. piperita2 + C. zeylanicum3 0/26 8/22 0/34 0/31 8/113 6.6

M. piperita2 + 5. aromaticum1 24/4 11/19 0/33 22/9 57/65 46.7

M. piperita2 + T. ambrosioides1 15/16 15/14 1/28 2/30 33/88 27.2

M. piperita2 + T. vulgaris2 27/6 0/27 0/26 24/4 51/63 44.7

C. zeylanicum3 + 0. basilicum2 8/24 6/28 3/24 2/28 19/104 15.4

C. zeylanicum3 + S. aromaticum1 1/31 0/28 0/32 0/33 V124 0.8

C. zeylanicum3 + T. vulgaris2 3/28 3/26 0/27 1/30 7/111 5.9

C. zeylanicum3 + T. ambrosioides' 0/24 0/28 0/38 0/29 0/119 0.0 100

Control 30/0 33/0 35/0 23/0 121/0 100 -

0. basilicum2 + S. aromaticum' 22/6 30/3 26/2 27/3 105/14 88.2 0.6

T. ambrosioides' + T. vulgaris2 6/24 8/24 16/10 13/18 43/76 36.1 59.7

O. basilicum2 + T. ambrosioides' 7/23 20/9 23/7 18/10 68/49 58.1 35.1

0. basilicum2 + T. vulgaris2 20/13 9/16 13/15 15/16 57/60 48.7 54.3

S. aromaticum' + T. vulgaris2 28/4 24/6 21/9 17/13 90/32 73.7 17.7

Control 27/3 22/7 26/4 29/1 104/12 89.6

1 = 2 % Dosage;2 = 3 % Dosage;3 = 4 % Dosage; Cont. % * = percentage of contaminated kernels Red. %
** = percentage of contamination reduction in relation to control.

Residual Effect of Essential Oils

The best residual effect was obtained with C. zeylanicum with almost 100 % healthy kernels 
at 4 weeks following application (Figure 1), which might be due to the diverse components with 
biological activity (cinnamic aldehyde, eugenol, and O-methoxycinnamaldehyde)7 and their stability. 
In the remaining oils, the residual effect fluctuated between 2 and 3 weeks so that they may only 
be used as treatments at the beginning of the grain storage.
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• C. zeylanicum; + M. piperita', * T. ambrosioides', ■ O. basilicum; x S. aromaticum; ♦ T. vulgaris; ▲ O. 
vulgare.

• C. zeylanicum; + M. piperita; * T. ambrosioides; ■ O. basilicum; x 5. aromaticum; ♦ T. vulgaris; 
Control.

Figure 2. Germination and com seedling emergency after essential oils treatment.

Figure 1. Residual effect of essential oils.

Germination and Development of Treated Grains.

There was no inhibition of maize germination with any treatment (Figure 2) and only T. 
ambrosioides and M. piperita gave 20 % reduction in germination. The dry weight of all the 
treatments were similar to the controls, being slightly higher in fresh weight, M. piperita treatments 
having less dry weight (Figure 3).
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Average weight (wt) per plant (g). J Fresh wt; |^?| Dry wt 

Figure 3. Effect of essential oils on com growth.

Therefore, treatment of maize seeds with the essential oil of Teloxys ambrosioides (4% v/v), 
and those of Ocimum basilicum (6% v/v), and Syzygium aromaticum (6% v/v), strongly indicates 
that these substances may be useful agents to control A. flavus in stored products.

EXPERIMENTAL

Plant Material

A total of 106 species from 50 botanical families were tested including weedy, forest, 
medicinal, and crop plants from roots, seeds, or the complete plant dried and ground. Most of 
them were collected in the State of Morelos, Oaxaca, and Mexico City and some were identified 
by Abigail Aguilar from the Herbarium of the Mexican Institute of Social Security (IMSS).

Extraction

Aqueous and hexane extracts were made from plant powders. 2 g in 100 mL solvent were 
done, water was left to stand for 12 hr and was later filtered for use in bioassays; the same amount 
of powdered plant and solvent was used with hexane, boiled for 5 min and filtered. The essential 
oils were obtained from “ Aceites y Esencias de México, S.A.” company.

Bioassay Method

A. flavus from contaminated maize of the State of Tamaulipas, Mexico, was used to establish 
pure fungal cultures in Malt Salt Agar (MSA). Strains were kept refrigerated, periodical inoculations 
and contaminated maize re-isolations were done to keep the fungal capacity of aflatoxin formation. 
For the spore germination and mycelial growth assays, a 5 days old spore suspension of A. flavus 
was prepared in a Petri dish with MSA. Spores were transferred and sterile distilled water was 
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added to complete a volume of 200 mL; all the spore suspension was used in each test lot. Lots of 
7 of 13 extracts of different plants were prepared. From both solutions (fungal spores and plant 
extracts) drops were taken and mixed v/v on a slide and placed in a Petri dish that worked as 
humidity chamber. After an incubation period of 12 to 14 hr, each slide was examined with a 
microscope, the percentage of germinated spores was obtained from 3 slides, and also the 
development of the mycelium growth was determined in comparison to the control. Each treatment 
had 6 replications whose average gave the germination percentage and degree of mycelial 
development. In the case of pure essential oils the same procedure of a drop mixture was used.

Mycelial Growth with Powders and Hexane Extracts

Several tests with powders and hexane extracts were done with plant lots. First, MSA 
media was used and 2 g of plant powder were placed in 100 mL of culture media.Then, 20 mL of 
each hexane extract was mixed with the same proportion of culture media and each combined 
media was autoclaved at 15 pounds for 15 min. Once the MSA-extract or MSA-plant powder 
cooled at ca. 45 C, it was poured in Petri dishes, and circles of the fungus were placed at the center 
of the dish. For each plant powder or extract tested, 4 boxes were prepared with the fungus and 
incubated at room temperature (22 to 28 C) for 5 days. The fungal growth area was determined by 
measuring a paper of the same area and the average per treatment was obtained. There was 
a control (“guamuchil” Pithecellobium dulce extract) for each lot and 6 replications per 
extract/powder.

Maize Grain Protection

This assay was done with healthy maize grains of the variety “pozolero”: 120 grains were 
immersed in each extract for 30 minutes, dried for half hour and distributed in 4 Petri dishes with 
wet cotton; they were sprayed with the fungal spore suspension and incubated for 5 days and the 
number of contaminated grains were obtained from the 4 replications.

Optimal Protective Dosage

Tests using different rates at 0.1,0.5,1.0,1.5,2.0,3.0,4.0, 5.0, 6.0,7.0, 8.0,9.0, and 10.0 
% were made with the essential oils of C. zeylanicum, M. piperita, O. basilicum, O. vulgare, S. 
aromaticum, T. ambrosioides, and T. vulgaris. In each of these concentrations 120 maize grains 
were immersed for 30 min, dried at room temperature and placed in Petri dishes in wet cotton for 
inoculation with a fungal spore suspension. After 5 days incubation, the percentage of contaminated 
grains from 4 replications per treatment was obtained.

Mixture of Extracts

To increase the efficiency of the plant extracts by an additive or synergistic effect, 
combinations were done with the best dosages obtained from essential oils, in pairs of treatments, 
to obtain all possible mixtures. In each one of these combinations 120 g of maize were inmersed 
for 30 min, dried at room temperature, and placed in Petri dishes with wet cotton for inoculation 

469



Recent Advances in Allelopathy. Vol. I. A Science for the Future

with a fungal spore suspension. After incubation at 5 days, the percentage of contaminated grains 
was determined from 4 replications per mixture of plant extract.

Residual Effect of the Plant Extracts

Each lot of maize kernels was treated with a protective optimal dosage of the essential oil, 
and was inoculated later at 0,7,14, 21,28, and 35 days after the treatment. After 24 hr incubation 
in wet chambers, they were incubated for 5 days and the percentage of healthy grains determined. 
Each essential oil / inoculation time treatment had 120 g of maize.

Germination and Growth of Maize Grains with Essential Oils

One hundred maize seeds were immersed in a 10 % concentration (v/v) of essential oil, for 
30 min. When dried, they were inoculated with the fungus and put in to wet chambers for 48 hr; 
later they were sown in sterile soil. The treatments gave the percentage of germination and emergence 
of seedling from 6 to 8 days after planting. On the 20th day, wet and dry weight of the leaves per 
plant were determined and compared with the untreated controls. Graphs were made of the seedling 
emergence and treatments of wet and dry weight data.
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ABSTRACT

Water hyacinth (Eichhomia crassipes (Mart.) Solms) has proliferated in Egyptian water 
bodies at a tremendous rate causing many environmental crises. Tissues of this plant contain 
water-soluble substances that are toxic to other species. Experiments were conducted to determine 
the potential use of these substances as natural herbicides for inhibition of growth on a selected 
weed (Cichorium endivia) which invades the crop Trifolium alexandrinum. Results indicated that 
the degree of weed inhibition depended on the aqueous extract concentration. Stem, root, and leaf 
extracts have significant inhibitory effect on the germination percentage of the weed species 
examined, but have no effect on those of T. alexandrinum. A decomposing tissue bioassay indicated 
that only the decomposing leaf tissue inhibited weed germination. In all bioassays, the 
allelochemical compounds of the water hyacinth did not affect radicle growth rate of T. 
Alexandrinum and C. endivia. Results of this investigation recommend using water hyacinth leaf 
tissue for production of an herbicide.

INTRODUCTION

Water hyacinth, Eichhornia crassipes (Mart.) Solms, grows profusely throughout tropical 
and subtropical regions of the world and has been the subject of many scientific investigations. It 
was introduced from South America (Brazil) during the rule of Khedive Tawfiq (1879-1892) into 
Egyptian water ways. Most of the earlier studies on this vascular aquatic plant were directed 
toward eradication since its rapid growth rate obstructs navigable waterways,12 restricts the supply 
of sunlight to submerged plants and fish life,3 and increases the evaporation rate of water through 
transpiration from the leaves.4

The water hyacinth is propagated both by seed and by vegetative means whereby mature 
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plants produce rosettes of leaves and fibrous roots at each node of the growing stem.5 A single 
plant can produce approximately 65,000 offspring during a single season.6 Consequently, water 
hyacinth is widely recognized as one of the most serious aquatic weed problems known to exist in 
warm climates.

Ironically, the water hyacinth is also one of the most promising candidates for solving 
many serious problems in areas of food supply,7 as an energy source,8’9 compost or mulching 
material,1011 and water pollution control.1214

Currently, with increased conservation tillage practices, the possibility of utilizing 
allelopathic properties to control weeds has received considerable attention, as natural herbicide 
compounds from various plants exhibit allelopathic selectivity against weed species.1519

In Egypt, the use of allelochemicals from water hyacinth as natural herbicide to build a 
sustainable agricultural system is considered a new avenue to be evaluated, because huge amounts 
of mechanically removed water hyacinth plants from water sources are available. Such an approach 
preserves the environment from the impacts of using persistent synthetic herbicides and reduces 
the problems caused by water hyacinth because it may be harvested for chemical use. The present 
work was done to evaluate this approach by studying the germination and growth rate of one of the 
main Egyptian crops, namely Trifolium alexandrinum (Fabaceae) and an associated weed, 
Cichorium endivia (Asteraceae).

MATERIALS AND METHODS

Shoot and root tissues of rosette water hyacinth plants were collected from the River Nile 
and its irrigation canals at Sohag area, Upper Egypt in December 1995 and February 1996, 
placed in ice and transported to the laboratory. Then, they were prepared for the bioassay. All the 
bioassays were conducted in a greenhouse (22 ± 2 C, 11 h light day 1, illumination: 170 pE m 2) 
to assess allelopathic potential of the material against the test species. A randomized block design 
was used for all experiments.

Dose Response Determination

The phytotoxicity of different extracts of E. crassipes roots, stems, and leaves were quantified 
using a seed germination bioassay. Different concentrations in the primary experiments were used 
to determine a concentration range for each plants species.

Tissue Extract Bioassay

Leaves, stems and root tissues of water hyacinth were air dried and mixed with deionized 
water to prepare 20% W/V concentration of aqueous extracts according to Wardle20 and El-Khatib.21 
Two grams of finely powdered proanalysis-activated carbon were added to 100 mis of the 20% 
water extract solutions and also to a separate sample of 100 mis of distilled water: the latter was 
used as the control. After 12 h of stirring and subsequent filtration, the extract had lost its 
characteristic color and smell. Allelopathic effects of these extracts on the germination and radicle 
elongation of the two test species were evaluated as follows:

Four mis of each extract were added to each of four 9 cm petri-dishes, for each of the two 
test species. Then ten seeds were placed on two pieces of Whatman no. 1 filter papers in each dish. 
Dishes were maintained in greenhouse conditions. One mL of deionized water was added to each 
dish, as needed to prevent desiccation. Percentage of germination was recorded until there was no 
further germination.

The previous experiment was repeated, but five pregerminated seeds of each species were 
placed, instead, in each petri-dish; the length of each seedling radicle was then measured after one 
week.
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Tissue Decomposing Bioassay

This approach was used to assess whether decomposing water hyacinth tissues in contact 
with soil release phytotoxins.22 The tissues used were the same as for the aqueous extract bioassay. 
Each tissue type of rosette water hyacinth plants was mixed with clay soil (30% W/W concentration). 
The amended soil was placed in pots (9 cm diameter x 10 cm deep) and left until decomposition.

Allelopathic effects of these decomposing tissues in the soil on the germination and radicle 
growth of the two test species were assessed. Ten seeds of every test species with 4 replicates 
(Petri dishes) each were used x tissue type. Percent of germination was recorded until there was no 
further seedling emergence. Control soil samples consisted of identical soil samples in the absence 
of water hyacinth tissues.

Selectivity of Allelopathic Compounds

To determine the relative selectivity of allelochemicals from water hyacinths, a randomized 
block design was used. The design consisted of 40 pots, half of which contained soil amended 
with water hyacinth leaves at a concentration of 30% W/W. The other half contained soil without 
leaves tissues (control). For each pot, ten seeds of each of both T. alexandrinum and C. endivia 
were planted. The pots were irrigated by distilled water to the field capacity level and maintained 
under greenhouse conditions. A relative association index (RAI) of C. endivia in treated and 
untreated pots was calculated as follows:

RAI = Z {NC/ NTj + NC2/NT2 +................. NC20/NT20} X 100
where, NCj NC2......NC,0 represented to number of C. endivia seedlings in pot 1, 2 ..20

NT], NT2......NT20 represented to number of T. alexandrinum seedlings in pot 1,2..........20.

RESULTS

Table 1 shows the aqueous extract dose of E. crassipes, roots, stems, and leaves, which 
inhibited germination of the two test species. This inhibition was expressed at different 
concentrations of the extracts used. Inhibition of T. alexandrinum germination was initiated at a 
concentration of 20% for the different tissue types; minimum inhibition was obtained only with 
the leaf extract. Inhibition of germination started at a concentration of 15%; and maximum inhibition 
was achieved at a concentration of 20% of the leaf extract with the C. endivia. The results of the 
different bioassays were as follows:

Table 1. Dose response concentration of the different tissue extracts of E. crassipes on the 
germination percentage of the test species.

Species tissue type concentration
W/V

5% 10% 15% 20%

T . alexandrinum
Stem 
Root 
Leaf

100 100 100 80
100 100 100 80
100 100 100 90

C. endivia
Stem 
Root 
Leaf

100 100 80 60
100 100 70 50
100 100 60 40

Tissue Extract Bioassay

In the absence of activated carbon, all aqueous extracts from water hyacinth leaves, stems 
and roots negatively affected germination of C. endivia but have no effects on the radicle growth 
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rate (Table 2, 3). Compared to the controls, a more significant seed germination inhibition with 
different tissue (P>0.01, P> 0.05) extracts was apparent. Also, the effects of the different tissue 
types were statistically different in their inhibitory effects on germination. Accordingly, they have 
been arranged in the following order: leaf > stem > root. Rosette tissue extracts of water hyacinth 
did not affect germination and radicle growth T. alexandrinum.

Table 2. Effect of different tissue extracts of E. crassipes on germination percentage of the test 
species in presence and absence of activated carbon.

Treatments T. alexandrinum C. endivia

Absence of carbon
Control 72 82.6

Stem 85.3 42.7

Root 76 44

Leaf 76 40

L.S.Do.o5 24.5 13.13

L.S.Dq.oi 37.1 19.88

Presence of carbon
Control 73.3 44

Stem 74.6 43.3

Root 75.3 44

Leaf 72 44.2

L.S.Do.o5 28.1 6.4

L.S.Dq.oi 42.6 9.7

Table 3. Effect of different tissue extracts of Eichhomia crassipes on radicle growth rate (mm/day) 
of the test species in presence and absence of activated carbon.

Treatments T. alexandrinum C. endivia

Absence of activated carbon
Control 0.99 0.16

Stem 1.01 0.14

Root 0.95 0.16

Leaf 0.96 0.25

L.S.Do.05 0.32 0.12

L.S.Dq.oi 0.49 0.18

Presence of activated carbon
Control 0.94 0.41

Stem 1.14 0.20

Root 0.96 0.26

Leaf 0.86 0.33

L.S.Do.05 0.38 0.40

L.S.Dq.oi 0.58 0.66
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In presence of activated carbon, the different extract types showed no effects on the 
germination percentage and radicle growth of the two test species.

Tissue Decomposing Bioassay

Compared to the control, germination of C. endivia was significantly suppressed in soil 
amended with leaf tissue of E. crassipes (P>0.05); stems and roots had no effects (Table 4). In the 
case of T. alexandrinum, germination was not affected by soil amended with the different types 
of tissue from water hyacinth.

Table 4. Effect of soil amended with different parts of E. crassipes on germination percentage of 
the test species.

Treatments T. alexandrinum C. endivia

Control 96.4 84.9

Stem 84.9 83.5

Root 81.4 85.7

Leaf 97.5 69.2

L.S.Do.os 22.6 9.7

L.S.Dq.oi 34.2 14.6

Selectivity of Allelopathic Compounds

Due to the dramatic effects of leaf extract or decomposing leaf tissue on germination of C. 
endivia, the present experiments were conducted only with the leaf tissue. The results showed the 
selective effect of allelochemicals in water hyacinth leaf tissue on the test species. Cross-reference 
to Figure 1 clearly shows that the RAI value of C. endivia in the control soil reached 91.91%, 
whereas in the amended soil the RAI value was 17.61%.

Figure 1. Comparison between number of seedlings of the two test species in 
a) control soil b) soil amended with Leaf tissue of E. crassipes
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DISCUSSION

The result showed that all the aqueous extracts of water hyacinth tissues significantly 
inhibited the germination of C. endivia and had no significant effect on T. Alexandrinum. However, 
the use of green tissues (such as is characteristic of this bioassay) is likely to result in a different 
range of compounds as to that which would occur in truly senescent material under natural 
conditions.23,24 Muller25 found that the shrub Encelia farinosa contains water-soluble toxins that 
do not contribute to its allelopathic activity under natural conditions. He attributed the inactivation 
of toxins to microbial activity or adsorption to soil colloids. In general, radicle growth rate of the 
two test species was not affected by the different extracts. The inhibition of seed germination may 
be due to the inhibitory effect of allelochemicals on the production of hormone-induced growth, 
which affect the mobilization of storage compounds during germination. At the seedling stage, the 
susceptibility to these allelochemicals may be decreased, so the radicle growth rate is not affected. 
In this concern, many investigators found that polyphenols synergize IAA-induced growth by 
counteracting IAA decarboxylation.

Table 5. Effect of soil amended with different part of E. crassipes on radicle growth rate (mm/ 
day) of the test species.

Treatments T. alexandrinum C.endivia
Control 0.40 0.23
Stem 0.20 0.19
Root 0.49 0.23
Leaf 0.88 0.66
L.S.D0.05 0.51 0.57
L.S.Dq.01 0.77 0.88

Addition of leaf tissue to soil resulted in significant inhibition in the germination of weed 
species. Other tissues (root, stem) have no effects on the two test species. This inhibition may be 
due to a greater release of phytotoxic substances by leaf tissue through interaction between tissue 
and microorganisms. However, this hypothesis must be studied, as several factors are involved in 
allelopathic activity (soil temperature, microorganisms, water content of soil, soil texture, etc).

Selectivity is essential if an allelopathic compound is to be used for effective weed control. 
In the present investigation, selectivity can be based by evaluating a crop and its associated weed. 
A lower RAI value (relative association index) suggests that the weed species is more susceptible 
to allelochemical compounds than the crop itself. Therefore, the allelochemical compounds of 
water hyacinth leaf appear to have a selective effect in their action on the two test species.

In conclusion, the results of the present investigation demonstrated the allelopathic potential 
of water hyacinth. Further, the results reveal that leaf tissues are considerably more inhibitory than 
those of stem or root, when bioassays based on aqueous extracts are used. The decomposing tissue 
bioassay demonstrated that leaf tissue allelochemicals have a selective effectin their action on the 
seed germination of T. Alexandrinum and C. endivia. In my study, the aqueous extract and tissue 
decomposition bioassays agreed reasonably well with each other reflecting the allelopathic activity 
of water hyacinth as a source of new chemistry for production of natural herbicide. Evaluation of 
such a recommendation must be take into consideration the effectiveness of water hyacinth 
allelochemicals on the growth and development of microflora and fauna. Also, enviromental 
influences on the production of such allelochemicals, as well as their behaviour in the soil, must 
be determined.
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A limitation of this study is that the effectiveness and concentration of allelochemicals is 
greater than would be found in nature. Furthermore, the duration of the substances contained in 
the residue, or released from their decomposition, may be shorter under field conditions. This is 
because when allelochemicals enter the soil, microbial transformations often occur. And their 
biological activity may be altered as they are adsorbed on soil particles before coming into contact 
with other higher plants. Many authors19 report that the inhibitory action of allelochemicals depend 
upon varied irrigation and agriculture practices, rate of input to the enviroment, leaching and 
microbial degradation.
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Botrytis cinerea is an important pre- and post-harvest pathogen on many crops including 
tobacco, tomato, strawberry, grape and various cut flowers. The pathogen has a number of unique 
features in its pathological behaviour compared to other pathogens, and it is non-specific, with a 
very broad host range.1

The fungus is primarily a saprophyte that is present on tissues of damaged plants. It is a 
parasite that initially establishes itself on weakened or dead parts of plants, and later extends its 
presence to the rest of the healthy tissue.2 Additionally, it is a secondary invader and attacks plants 
already infected by other pests.3 5

The penetration of the fungus into the host can be achieved either by conidial germ tubes, 
through natural openings, or by mycelium, which grows on dead or deteriorated parts of the plant.6

The entire infection process of B. cinerea was observed using Nuclear Magnetic Resonance 
Imaging by Goodman72 in 1992, and with Electron Microscopy by Doss.7b It was concluded, from 
these investigations, that the adhesion of the conidia occurs by hydration of the conidia itself, 
together with relatively weak adhesive forces and hydrophobic interactions between the fungal 
spores and the cuticle. After the conidia have incubated, the germ tubes attack the substrate by 
secreting a wrapping layer of unknown composition.

The most common symptoms of infection by B. cinerea are putrefaction and the development 
of necrotic lesions. In this context, there are two types of secreted substances that may play an 
important role during pathogenesis:

• Enzymatic degradation of cell-walls (polygalacturonases, pectin lyases, and cellulases, 
etc.)811 or membranes (phospholipases, lipases, etc);12

• potential toxins.1113

The susceptibility of a host plant organ towards plant pathogens is mediated by internal 
and external factors. Thus, a large number of articles have been published regarding the mechanical 
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resistance of cuticles, the role of enzymes in the infection mechanism, or the oxidative status of 
the host tissue. Some of these topics have been recently reviewed.14

The nature of the interaction between the host plant and the pathogen is still not clear. The 
killing of plant cells by necrotrophic fungi has been attributed to various compounds such as 
hormones,15 enzymes1216 and oxygen active species,17 as well as to changes in ionic permeability.18 
Published results reveal several stages in the enzymatic effects involved in the Botrytis infection. 16a-b c 
Weigend and Lyr19 showed that infection with B. cinerea leads to an oxidative stress taking place 
in the invaded tissue in the early stage of disease development. They concluded that Botrytis 
produces glucose-oxidase as the main toxic principle and it is responsible for the rapid cell death 
in the invaded tissue. However, germ tubes and invading hyphae of B. cinerea probably produce 
radicals and hydrogen peroxide if glucose is present in their surroundings.

The production of toxic compounds by Botrytis species, as well as their significance in 
pathogenesis, is still a controversial area and little work has been performed in this field compared 
with other aspects of host-pathogen interactions.

Initially, fungal enzymes macerate the host tissue, allowing establishment and invasion by 
the fungus. This hypothesis is supported by the general observation that the natural wounding or 
maceration of tissue produced by insect bites, in rain or hail, dramatically increases the extent of 
invasion by Botrytis. The second step involves the production of low Mr metabolites that are 
responsible for the visible symptoms of the disease.

In addition to enzymes, polysaccharides and toxins secreted by the fungus during the process 
of infection are also important. Indeed, the presence of polysaccharides produced by Botrytis 
cinerea in infected grapes has been proven.1113 Two separate fractions of polysaccharides have 
been distinguished: one of high molecular weight, composed only of glucose, and another of low 
molecular weight, composed principally of manose (65%), galactose (15%), glucose and ramnose.11

Reference should also be made to the role of the organic acids produced by B. cinerea13 in 
the infection process. The purpose of such acids could be to lower the pH in the infected tissues, 
thus improving the conditions for the enzymes to carry out the degradation.

Certain other compounds have been shown to be actively involved in developing the necrotic 
lesions produced in the infected plants. Among these, botrydial (1) and dihydrobotrydial (2) have 
been shown,20 in bioassays on leaves of tobacco and grape, plants to produce visible phytotoxic 
effects. Such effects illustrate the importance of these compounds in the pathogenicity.

Our research group has undertaken a research program directed at understanding the role 
of these compounds in the expression of the phytotoxicity of B. cinerea and its subsequent 
development.

With this in mind, an experiment involving the study of Botrytis fermentation for several 
days and its effect in terms of phytotoxicity using bioassays was carried out. Phytotoxicity was 
detected by incubating aliquots of fungus-free culture filtrate on tobacco leaf discs of 1 cm diameter.

Phytotoxicity was detected in fermentations grown for 2 days, for 10-15 days and for 22 
days (final assay). The filtrates from days 2 to 10 had no effect. The leaf circles were examined 
each day and the phytotoxic effect reached a maximum on the seventh day and remained constant 
thereafter.

The phytotoxic effect caused by the fungus-free filtrate was the same as that produced on 
the leaves by the spores and the mycelium. The phytotoxic metabolites were, therefore, extracellular.

The filtrates from days 2,12,13,15 and 22 were boiled for 20 minutes and then a bioassay 
was performed on each sample. The results were the same as those obtained from the crude extracts, 
indicating that the phytotoxic effect was caused by low Mr metabolites. According to our data, the 
phytotoxicity is produced in vitro in the absence of enzymes. However, in vivo the presence of at 
least some enzymes may be necessary for fungal invasion.
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Further work was carried out to isolate the phytotoxic metabolites and to quantify their 
effect. Extracts from 14-, 15- and 22-day-old fermentations, which all showed high activity, were 
chromatographed and the metabolites isolated.20 When purified metabolites were assayed, it was 
found that botrydial (1) and dihydrobotrydial (2) produced identical effects as the fungus-free 
filtrate.

12 3

AcO AcO

6: a-Me
7: P-Me

8: R=CHO
9: R=CH2OH 
10: R=COOH

11 12

,OH OH ,OH OH

YiX HO"'

13 14

Figure 1. Isolated secondary metabolites from B. cinerea

The kinetics of the production of the metabolites by B. cinerea were studied.21 There was 
a correlation between the occurrence of grey mould symptoms and production of botrydial (1) and 
dihydrobotrydial (2). The phytotoxic activity of compounds 1 and 2 appeared at concentrations of 
1 and 6 pg mL_1, respectively. The activity then increased in step with the concentration of these 
metabolites and reached a maximum on day 22, when the concentration of dihydrobotrydial (2) 
had tripled and that of botrydial (1) had doubled.
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We also found that these metabolites were present when the fungus reached the stationary 
phase, reinforcing the theory of two phases in the production of grey rot symptoms (i.e. a first 
enzymatic phase of invasion and establishment, and a second phase involving plant tissue 
degradation). Botrydial (1) was found to be active at a concentration of only 1 ppm and 
dihydrobotrydial (2) at 500 ppm. However, higher concentrations of purified metabolites, as 
compared to those calculated from in vivo production, were necessary in order to reproduce the 
same level of symptoms, suggesting that they, or hitherto undetected metabolites, may have a 
synergistic effect.

In addition, a study of the metabolites present in shake and static cultures was carried out 
and the isolated metabolites were assayed. Twelve new metabolites were isolated (3-14).22'24 The 
isolation of tricyclic alcohol 3 has shed further light on the final steps of the biosynthesis of 
botrydial and related compounds.22 The study of the shake culture revealed a higher oxidation 
level in the metabolites isolated. Bioassay-directed extraction and fractionation was carried out. 
Solutions of the metabolites were prepared by dissolving the material in acetone and adding water, 
containing 0.1% Tween 80, to yield 1000, 500 and 250 ppm solutions.

The results showed that compounds 3 and 9-11 were inactive, while 1, 2 and 4 showed 
phytotoxicity on grape and tobacco leaves. In addition, dialdehyde 8 reproduced the symptoms of 
the plant disease only after 24 h when it was tested at a concentration of 250 ppm.23 The aromatic 
compounds 13 and 14 showed minimum activity on tobacco leaves at concentrations of 500 and 
250 ppm, respectively. In spite of the minor activity shown by compound 13 in relation to its 
derivative 14, we observed that this product was capable of producing a phytotoxic effect only 
after 48 h incubation at a concentration of 1000 ppm. This effect was not observed for compound 
14.21

In conclusion, it can be seen from these data that visible phytotoxic effects of B. cinerea 
can be reproduced in vitro by these metabolites. Without excluding other factors, this provides 
circumstantial evidence for a putative role for these compounds in the pathogenicity of the organism 
in vivo. Qualitatively, we have observed that other strains, which produce less botrydial (1) and 
dihydrobotrydial (2), are also less bioactive.

In addition, these results potentially provide information that could be applied to the 
formulation of disease control measures based on inhibition of the biosynthesis of metabolites 
responsible for phytotoxicity by analogues of some intermediates of the biosynthetic pathway.
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ABSTRACT

This analytical review is devoted to the establishment, development and modem status of 
allelopathy — the science which was founded by Prof. Andrey M. Grodzinsky. It represents major 
achievements in fundamental research which was carried out by him and his coworkers. The 
major is on the primacy of the Ukrainian school in the investigations of ecological mechanisms 
and the introduction of novel methods of isolation and identification of biologically active 
compounds. The role of phenolic compounds and saponins in higher plant interaction is described 
for the first time. Biological methods of weed control in agrophytocenosis (1) are also presented.

In the field of biological sciences every scientific trend comes through one, or several, 
historical levels marked by increased research activities. This process goes through several stages: 
from simple observation, with careful descriptions and classification of results, to a more complete 
understanding of the matter. The scientific methods of Prof. Andrey M.Grodzinsky, as one of the 
founders of allelopathy, is such an example.

In the Ukraine, he is well known as the founder of a fundamental trend in plant physiology 
— chemical plant interactions.13 He worked in classical botany, plant physiology, allelopathy of 
soil diseases, horticulture, agrophytocenology (3), introduction and acclimatization of plants and 
the development of botanical gardens.10,“•14,15 Andrey M.Grodzinsky covered much ground from 
being a postgraduate student in the Institute of Plant Phisiology to the Director of the Ukrainian 
Central Botanical Garden and the Chairman of Biological Department of the Ukrainian Academy 
of Sciences. His career started in qualitative education obtained in the Agronomy Faculty of Belaya

(1) Agrophvtocenosis or in wide sense agrocenoses — respectively agricultural manipulated plant communities and 
ecosystems (here and below the footnotes explain conventional terms in Russian language scientific literature which 
could be uncorrectly translated into English).
(2) Phytoncides — bioactive volatile substances which are secreted by higher plants and effect on microorganisms 
(suggested by Prof. B. Tokin, see below).
(3) Agrophytocenology — a field of botany and its part - phytocenology (geobotany), which deals with agricultural plant 
communities and plant associations.
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Tserkov State Agricultural University, where he graduated in 1954. He grew up in a family of 
scientists who paid great attention in introducing him to a basic knowledge of classical botany, 
plant physiology and, particularly, methods of field work in plant classification (including weeds). 
A knowledge of Latin names of higher plants was very helpful in his further work in the Institute 
of Botany and the Central Botanical Garden.29

After four years of postgraduate study in the Institute of Plant Physiology, he successfully 
completed his Ph.D. thesis in 1958 and started working in the Department of Plant Physiology of 
the Institute of Botany carrying out investigations on chemical interactions between plants. At this 
time, he focused on allelopathy in natural plant communities. The major result of perennial and 
lab investigations — which were done in the Ukrainian Steppe Reservation (Chomutovsky steppe) 
— was the observation that most of the plants in natural communities secrete some physiologically 
active substances (so called pools of allelopathically active chemicals) with a wide spectrum of 
intensity and activity. Prof. Grodzinsky was the first to formulate the terms “allelopathic activity”, 
“allelopathic tolerance”, and “allelopathic intolerance”. He also suggested a novel and interesting 
scheme of allelopathy as the biogeocenotic (4) circle of physiologically active substances which 
play a role in regulating both internal and external interactions, and is the starting point for 
equilibrium, tolerance and changes in plant communities.5’6 The scheme presents the basic types 
of plant secretions, their mode of action, the role of heterotrophic organisms, and other external 
factors. There is also a scheme for donor-acceptor interactions between higher plants which was 
accepted by leading world allelopathic labs and may be found in Prof. R.Willis’ review32 as the 
“Grodzinsky scheme for allelopathic interaction”. In the scheme there are some basic types of 
allelopathic compounds: phytogenic compounds, phytoncides, bioactive root secretions, harvest 
and root residues. It has been shown that higher plants secrete multicomponent and individual 
physiologically active compounds. Harvest and root residues are also a source of physiologically 
active substances after being transformed by heterotrophic organisms.7 As a result, a specific 
biochemical environment is created around the plant (like a protection shield) which stimulates, 
or represses the development of other organisms.21 Andrey M. Grodzinsky had come to the simple, 
but fundamental conclusion that mobile organic matter of different forms and quantity is 
accumulated under many kinds of environmental conditions in the presence of active vegetation.6 
This organic matter is the mutual product of the metabolism of higher and simple autotrophic 
organisms, and includes different heterotrophic microorganisms. Unutilized pools of organic 
compounds are not stable: they may change to active compounds, chemically decompose to the 
simplest products, and may be constantly supplemented by root secretions from higher plants.

Andrey M. Grodzinsky was the first to introduce the term “donor-acceptor plant 
interaction”,8 pointing out the donor plant which secreted compounds from roots, and the acceptor 
plant, which is under the influence of these secretions. The major significance for allelopathy is in 
bicomponent types of compounds — water solubles and volatiles. Volatiles are those compounds 
which may exist in gaseous form at certain temperatures and pressures.9 It is important to mention 
Prof. M. Kholodnyi, who described the biological properties of phytogenic substances, named as 
“autovitamins”, emphasizing their relative oligodynamic factor on soil microorganisms.25 
Investigation of volatile compounds of higher plants, as a fundamental trend, was established by 
Prof. B. Tokin,24who suggested the term “phytoncides”. Volatile substances create a specific 
allelopathic surrounding. For example, one hectare of leafy forest secretes up to 2 kg, and a pine 
forest up to 5 kg of volatile compounds every 24 hours.19 Chemical composition of these volatiles 
has a great variety: alcohols, aldehydes, terpenoids, ethylene, benzyl compounds, carbonyl 
compounds in

(4) At the level of biogeocenosis (ecosystem in wide sense), the term suggested by Prof. V. Vernadsky. 
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the form of hydrosols; aliphatic hydrocarbons, essential oils.16 Aliphatic hydrocarbons are the 
most important components among the volatile compounds of higher plants. The mode of action 
of volatile secretions is rather simple from the viewpoint of Prof. A. Chasovennaya:26 air-delivered 
chemicals penetrate through leaf pores into intercellular space, where they are assimilated by 
cells. That is why physiological action of phytoncides occurs when plants are eliminated.

Investigations of phytoncidal properties of higher plants were considered by Prof. A. 
Grodzinsky. In 1977 the group of scientists from Kiev State University was invited to carry out the 
experiments on the possible application of essential oils from plants in medicine as disinfectants. 
Initially the scientists were grouped as a laboratory of phytotherapy which subsequently has grown 
to the department of medical botany. However, the most important was the publication of three 
books concerning medical plants.17,18,20

With phytoncide research, it is necessary to mention the meetings on phytoncides which 
were regularly carried out and resulted in the publication of proceedings. At the present time, 
investigations of phytoncides have been introduced as a graduate course presented in the Department 
of World Agrotechnology (National Agricultural University, Faculty of Plant Protection). 
Investigations in allelopathy (or chemical interaction between plants) have different histories in 
different countries. Allelopathy — a word finally coined by Prof. G. Molish31 — was developed 
by German scientists. Further, allelopathy has been significantly developed in the USA when it is 
a popular and financially supported field maintained in up to 100 universities and institutions.

Allelopathy gained a great deal of popularity in India, China, Korea, Austria, Spain, France 
and Poland in 1990-1995; this fact became clear after the International Symposium “Allelopathy 
in sustainable agriculture, forestry and environment” (New Delhi, India, September 3-9, 1994). 
Scientists from 19 countries, including Ukraine joined in this event.27 The most significant 
achievement of this Symposium was the foundation of International Allelopathy Society (IAS). 
Prof. George Waller (USA) was the first elected president of IAS; Prof. Francisco Macias (Spain) 
was elected as the Vice-President of IAS. IAS has instituted three awards named after the scientists 
who made the most outstanding contribution to allelopathy — G. Molish, A. Grodzinsky and E. 
Rice. The full title for Grodzinsky’s award: For the best single publication or the book relating to 
allelopathy to be awarded on a biannual basis.

The International Allelopathic Society published its official manifest in 1995 stating its 
structure, financial support, functions of the President, Vice-President and Secretary, and presenting 
the list of countries-founders. The official residence of the IAS European Branch was chosen as 
the Department of Organic Chemistry, University of Cadiz (Spain). The International Journal of 
Allelopathy will be published as the official magazine of IAS.4 It is difficult to evaluate the 
international significance of allelopathy as a science. However, it is necessary to mention the great 
influence of Grodzinsky’s school on the world development of science. The great achievement of 
the IAS was in the decision to organize the First World Congress on Allelopathy in Cadiz (Spain, 
1996). The main slogan of the Congress was chosen as “Allelopathy — the science for the future”. 
The results of long-term work on plant chemical interactions performed in different schools in 
Italy, Spain, France, India, USA, Japan, Russia, Ukraine were presented there. The main topics of 
the Congress were: “Allelopathy in the environment”, “Methodology of investigations” and 
“Applied allelopathy”.

An analytical review of modem approaches in weed control shows that there are intensive 
scientific activities in screening and practical application of allelopathically active species; screening 
of compounds with herbicide-like mode of action; isolation of microorganisms synthesizing 
physiologically active compounds with herbicidal properties; generation of environment stress
resistant plants through genetic engineering performed in the labs of Europe, USA, India and 
Ukraine.1 The main thrust of the investigations will be structural modifications and the composition 
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of natural compounds which are a source of potential herbicides. Concerning the herbicidal action 
of the compounds produced by plants there are several significant groups of chemicals:23 
1) alkaloids: scopolamine, giosciamine, caffeine, theophiline, theobromine, paraxantine, 
colchicine etc.; 2) phenolic acids: ferulic, p-coumaric, chlorogenic, caffeic, vanillic, syringic, 
p-hydroxybenzoicacids; 3) coumarins: esculin, esculetin, psoralen, scopoletin; 4) benzophenones, 
terpenoids, quinones, flavonoids: phloretin, quercetin, tricin, kaempferol, vitexine, isovitexine. 
They are weed-target allelopathically active compounds.

The major groups of microbial metabolites with herbicidal activity are carbamides, 
nigerasides, macrolides, macrocyclic lactones, cladopyrines, purine analogs, and others. Also, 
there is significant interest in the isolation and identification of phytotoxins which are produced 
by plant pathogenic and non-pathogenic organisms.2 The ones with the strongest biological activity 
are cyclic, especially tetracyclic, dipeptides, resorcilides and isocoumarins. These compounds 
serve as the molecular background for herbicide technologies.

Screening for natural herbicides is one of the most reasonable biological approaches to 
weed control; however, it requires modem lab equipment and significant financing. The planning 
of land use based on the allelopathic properties of crops is a more effective tool: collective planting, 
application of dense population of sanitary plants, coverage by and interval sowing of 
allelopathically active plants.12’13

There are effective agrotechnical methods developed for weed control:12 crop rotations, 
including allelopathically active species like clover and ryegrass. It has also been shown that high 
density sowings of winter wheat, rye and buckwheat accompanied by minimal soil tillage and 
introduction of allelopathically active plant residues may reduce the population of 
monocotyledonous weeds in agrocenoses by 54-74%, and increase productivity by 80-87%.

Almost all of the well-known ecological mechanisms of interaction between plants and 
microorganisms lead to the conclusion that there is an accumulation of allelopathically active 
compounds in the rhizosphere where they exist as secondary metabolites of relatively low molecular 
weight. Most of those identified are phenolic compounds.22 The major source of phenolics are 
root exudates from plants and products of the decomposition of harvest residues. The intermediate 
products of humus formation (guaiacol, guaiacol-oxyphenol and others) could also be the source 
of phenolic acids. Along with oxidation, these products undergo significant alterations in their 
structure: the degradation of side chains, oxidation to quinones and polymerization.30 Phenolic 
acids are intimately involved in evolution and succession of steppe plants in biogeocenoses and 
agrocenoses (5). Along with this, chlorogenic, isochlorogenic, gallic, tannic and coumaric acids 
induce repression of nitrogen assimilation by symbiotic and independent nitrogen-fixing 
microorganisms.23 The allelopathic action of phenolic compounds depends on the chemical structure 
and the composition of secretions from higher plants and microorganisms. We have previously 
shown that the phytotoxicity of microorganisms can be correlated to the quantity of phenolic 
compounds secreted and absorbed by the soil.4

In conclusion, in examining allelopathically active compounds it is necessary to highlight 
such groups of compounds as the saponins. They attract the attention of scientists from many 
countries, especially from the USA and Japan. The significance of these compounds may be seen 
from such event as the Symposium in Chicago (1995), which was carried out as the part of the 
210th National Congress of the American Chemical Society and devoted to the chemical structure 
and biological activity of saponins. This Symposium was organized by Prof. G.Waller (USA) and 
Prof. K. Yamasaki (Japan). More than 80 scientists from 18 countries around the world (including

(5) see footnotes 4 and 1 respectively.
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Ukraine) took part in this event. Presentations made at this Symposium have shown wide biological 
diversity in higher plants that accumulate saponins — from ginger to chestnut.28 While pointing 
out the importance of the pharmacological properties of saponins it is also important to note their 
allelopathic activity. The last point is very important for the Ukrainian Central Botanical Garden 
because saponins are metabolites that are widely secreted by species from the Garden’s collection 
of acclimatized Allium.

It is necessary to highlight three outstanding event which determined the establishment, 
development and success of allelopathy both currently and for the future: 1) the observations and 
talent of the allelopathy founder — Prof. A.Grodzinsky; 2) formation of the International 
Allelopathy Society followed by the international journal and 3) the First World Congress on 
Allelopathy (Spain, 1996).
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Se terminó de componer este libro, en los 
talleres del Servicio de Autoedición e 

Impresión de la Universidad de Cádiz el 
día 29 de julio, festividad de santa Marta, 

la cual con ocasión de recibir a unos 
invitados en su casa de Betania, manifestó 
su preferencia por la actividad y la praxis, 
en contraste con su hermana María más 

dada a la vida teorética.
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Edited by
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J. M. G. Molinillo and H. G. Cutler

The discovery of new allelochemicals from plants and 
microbes has attracted our attention in the last 20 years due to 
their ecological implications as biocommunicators in nature and 
to their potential use as a source of new structural types of 
agrochemicals. Recent Advances in Aiieiopathyis a new triennial 
scientific series which has been born with the aim of collecting 
whatever can be considered relevant in the field of Allelopathy 
research within a period of three years, considering every aspect 
of this multidisciplinary science.

This first volume A Science for the Future presents a 
selected number of chapters in which internationally renowned 
experts discuss how a better understanding of allelochemical 
phenomena can lead to natural applications. If we know the way 
that plants made possible their inter- and intraspecific relationship 
within a specific ecosystem, we can mimic certain processes and 
think in applications as natural herbicides, antibiotics, fungicides, 
natural insecticides, etc.

This book is divided into four sections: I) Methodology and 
Techniques in Allelopathic Studies. II) Chemistry, Physiology and 
Mechanismof Allelopathic Processes. Ill) Allelopathic Interactions 
in Nature. IV) Allelopathy in Weed and Plant Disease Control. It 
presents an overview of the different fields involved in Allelopathy 
in an integrated way.

We hope that this book will help, both those people that 
read for the first time about Allelopathy and those that have been 
working for a hard long time in the research and development of 
Allelopathy, get enthusiastic about Allelopathy.
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