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REPORT SUMMARY

Thisreport is part of alarger proposed investigation to develop natural growth inhibitors useful
for utility rights-of-way vegetation management.

Background

Empire State Electric Energy Corporation (ESEERCO) and Consolidated Edison company of
New York, Inc., contracted with the Brooklyn Botanic Garden to undertake thiswork. It is part
of alarger potential project to develop natural growth inhibitors for overhead transmission
rights-of-way vegetation management in New Y ork state.

Objectives

To prepare annotated bibliographies of the published scientific literature concerning plant growth
inhibitors produced naturally by microorganisms, tree pathogens, and allelopathic plants; to
update a checklist of allelopathic plants; and, to develop vegetation biographies of six abandoned
fields at Mohonk Preserve, New Paltz, New Y ork, for subsequent research.

Approach

Four different teams of investigators prepared annotated bibliographies concerning the state-of-
scientific knowledge about phytotoxins produced by microorganisms and tree pathogens.
Individual principal investigators conducted literature searches in scientific literature databases
(for example, Agricola, Bio Abstracts, and Chem Abstracts). They identified pertinent articles
using their knowledge and expertise for subsequent screening and review. The teams also
researched field biographies of six abandoned fields on the Mohonk Preserve.

Results

This report contains a comprehensive literature search of the research that has been doneor isin
progress on tree growth inhibitors produced by microorganisms and on tree pathogens and
organisms that parasitize or inhabit tree tissue. Also included is an update of the previously
conducted literature search concerning plants allelopathic to trees and their potential for
controlling vegetation in rights-of-way. A history of six fields on the Mohonk Preserve that have
failed to become reforested since abandonment 10 to 25 years ago is presented.

Each report section hasits own set of conclusions and recommendations. Annotated
bibliographies include 155 articles and summaries by the investigators.

EPRI Perspective
The development of herbicides from microbially-produced phytotoxinsis highly promising. A
striking conclusion from the combined literature reviews is that little research is directed to



discovery and development of microbially-produced inhibitors to control trees and other woody
plants. Research into this topic is an overlooked opportunity and should be encouraged by
organizations and industries having the specialized need for these inhibitors.

Inhibition produced by allelopathic plants, with afew exceptions, effects a broad range of target
gpecies. Allelopathic inhibition is more difficult to identify and reproduce because the complex
interactions between plants, soils, and other organisms have not been defined completely. More
research needs to be conducted under natural and existing conditions where allelopathic
interactions are suspected. Such conditions are apparent and available for investigative research
within the Mohonk Preserve in New Paltz, New Y ork. Dueto utility interest, EPRI is making
this ESEERCO study available to Environmental ROW Target members, offering immediate
value to funders of this new Target.

000000000001000268
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ABSTRACT

The objectives of this project were: to prepare annotated bibliographies of the published
scientific literature concerning plant growth inhibitors produced naturally by microorganisms,
tree pathogens, and allelopathic plants; update a checklist of allelopathic plants; and develop
vegetation biographies of six abandoned fields at Mohonk Preserve, New Paltz, New York.
Literature searches were conducted by the individual principal investigators of scientific
literature databases (Agricola, Bio Abstracts, Chem Abstracts, etc.). Pertinent articles were
identified using the knowledge and expertise of each investigator and obtained for subsequent
screening and review. Annotated bibliographies of articles considered relevant by the
investigators were included in this report. Each investigator summarized their annotated
bibliography and developed conclusions and recommendations.

It was concluded that the development of herbicides from microbially-produced phytotoxins is
highly promising. Microbially-produced herbicides may be generally safe, breakdown naturally,
potent, and may exhibit greater selectivity than synthetic herbicides. They are also synthesized
from renewable resources rather than non-renewable, petroleum-based raw materials. Reports of
compounds isolated from pathogens of trees that are not host-selective could not be found.
Consequently, most, if not all, inhibitors derived from tree pathogens should selectively control
the growth of target tree species.

Inhibition produced by allelopathic plants, with a few exceptions, effects a broad range of target
species. Allelopathic inhibition is more difficult to identify and reproduce because the complex
interactions between plants, soils, and other organisms have not been defined completely. More
research needs to be conducted under natural and existing conditions where allelopathic
interactions are suspected. Such conditions are apparent and available for investigative research
within the Mohonk Preserve in New Paltz, New York. Six areas at Mohonk represent a range of
old field succession exhibiting total forest regeneration to no forest regeneration. Allelopathic
factors may be responsible for the failure of forest regeneration in these areas.

A striking conclusion from the combined literature reviews is that little research is directed to
discovery and development of microbially-produced inhibitors to control trees and other woody
plants. Research into discovery of microbially-produced herbicides for trees and woody
vegetation is an overlooked opportunity, and should be encouraged by organizations and
industries having the specialized need for these inhibitors.
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EXECUTIVE SUMMARY

Section | - Introduction

Empire State Electric Energy Corporation (ESEERCO) and Consolidated Edison Company of
New York, Inc., contracted with the Brooklyn Botanic Garden to undertake this project as part

of a larger potential investigation to develop natural growth inhibitors useful for utility
rights-of-way vegetation management. The first phase of the investigation prepared an annotated
bibliography concerning the state-of-science and knowledge about phytotoxins produced by
microorganisms and tree pathogens. A previously prepared literature search of allelopathy
articles was updated, including a checklist of vegetation allelopathic to trees. Also, field
biographies of six abandoned fields on the Mohonk Preserve were researched and documented.

The objective of the study is to produce an information base concerning: growth inhibition
caused by microorganisms, plant pathogens, and plants; and collect historical data of sites at
Mohonk Preserve for subsequent reforestation failure research.

Section Il - Plant Growth Inhibitors Produced by Microorganisms

An annotated bibliography was compiled consisting of 114 literature citations encompassing:
1. relationships of microbial phytotoxins to pathogenicity of producing organisms

2. isolation of phytotoxins produced by microorganisms

determination of plant response to microbial phytotoxins

microbial phytotoxin modes of action

chemical identification of microbial phytotoxins

o o &> W

potential of microbial phytotoxins for development as herbicides for use in agriculture,
forestry, and other types of vegetation management

The annotated bibliography reports approximately 200 phytotoxins from over 100 microbial
species. The vast majority of these phytotoxins are produced by fungi, especially
phytopathogenic species. These toxins can be broadly classified into two major categories:
1. host specific toxins, and

2. non-host specific toxins



Examples of host specific toxins include bipolaroxin, curvulin, ACTG toxins A to F, and
phomozin. Well known examples of non-host specific phytotoxins include anisomycin, produced
by Streptomyces spp.; bialaphos, produced bw8&roscopicugnd_Syviridochromogeneshe
herbicidins, produced by S. saganonertbis herbimycins, produced by 18/groscopicusand
tentoxin, produced by Alternaria alternata

Two general approaches for phytotoxin discovery dominated the literature. One was to develop
screening programs directed towards testing a large number of microbial strains for the
production of phytotoxic compounds. Such programs typically led to discovery of non-host
specific toxins. The other approach was to culture and investigate selected pathogenic
microorganisms and to determine the involvement of phytotoxins in causing or enhancing their
pathogenicity. This latter approach frequently leads to discovery of host specific toxins.

Studies of phytotoxins active against herbaceous plants were far more common than studies with
woody plants. The chemical structures of many of the phytotoxins in these studies have been
determined. They are unique and diverse, relative to synthetic pesticides.

A few of the phytotoxins described in the literature have already been developed as commercial
herbicides. Bialaphos and phosphinothricin are two examples. Bialaphos is effective against both
monocot and dicot perennial weeds. Its toxicity depends on its catabolism within the target plant
to phosphinothricin, the phytotoxic molecule. Phosphinothricin is the active ingredient in the
commercial herbicide Basta produced by Hoechst AG. The commercial herbicide Glufosinate is
a synthetic version of phosphinothricin and is also produced by Hoechst AG.

The development of herbicides from microbially produced phytotoxins is a highly promising
area for future discovery. Microbially produced herbicides may have a number of advantages
over many synthetic ones. Particularly, they may be safer, both from human health and
environmental perspectives. The literature reviewed here clearly indicates that microorganisms
have the ability to produce a remarkable arsenal of phytotoxic metabolites.

Little effort is currently being directed to discovery and development of microbially produced
herbicides to control trees and other woody plants. The discovery of microbially produced
herbicides for trees and woody vegetation is an overlooked opportunity. Industries and
organizations that require them should support research to study and develop them.

Section Il - Phytotoxins Isolated from Pathogens of Trees

There are few research reports on phytotoxic substances isolated from pathogens of woody
plants, specifically trees or shrubs. Those phytotoxins reported appear to be toxic only to the host
plant infected by the toxin-producing pathogen, and are therefore considered “host-selective”.
Phytotoxins to trees have been isolated from:

1. Several isolates of the fungus which causes silverleaf disease of cherry.

2. Seiridium_cupressivhich causes a canker disease of cypress (Cupressuervirens

3. Pseudomonas syringaeebacterium which causes citrus blight.
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Alternaria_alternatavhich causes black spot disease in Japanese pear.

Phomopsis sp., several of which are implicated in a wilt disease of Japanese red pine.

o o &

Pestalotia longisetdne causal organism of tea gray blight.

7. Fusarium solania fungus commonly associated with citrus roots in Florida.

8. Guignardia laricingthe causal fungus of shoot blight in larch.

9. Two different fungal pathogens of apple.

Several researchers were contacted to substantiate their findings. Most of those contacted have
been researching the use of naturally derived toxins against herbaceous weeds (Dr. J. Hull,
Michigan State University; Dr. G. Strobel, Montana State University; Dr. G. Templeton,

University of Arkansas; Dr. H.G. Cutler, ARS, USDA, Athens, GA; Dr. A.R. Lax, ARS, USDA,
New Orleans, LA). These researchers indicated that from their knowledge and experience, toxins
isolated from tree pathogens would be host-specific and generally slow acting. No one knew of
any research on this specific topic in progress.

No reports of compounds isolated from pathogens of trees that are not host-selective which could
act as herbicides/growth regulators for a broad range of trees and shrubs were found. From the
literature gathered and personal communication with researchers, it could be concluded that this
avenue of research may be non-productive. Phytotoxins isolated from non-pathogenic soil
microorganisms are usually more non-selective than those isolated from plant pathogens.
Perhaps further research emphasis should be on soil microorganisms as potential producers of
non-host-selective toxins which may be effective against woody plants.

Section IV - Allelopathy Update

Since production of the previous (1986) literature review of allelopathy (Appendix A),

there have been approximately 300 articles written that include a reference to allelopathy.
Thirty articles concerned the allelopathic effects of trees on herbaceous species or other trees
(5 articles). Only 22 of the articles reviewed concerned the allelopathic effects of herbaceous
plants on trees.

Four of the 22 articles directly link allelopathy and mycorrhizal fungi. Mycorrhizae are often
overlooked in allelopathy research. Their involvement needs to be investigated further.

The articles mentioned are indicative of the nature and state-of-science of allelopathy research.
Most of the investigations demonstrate the complexity of factors involved that determine the
effect of other organisms on tree growth, like mycorrhizae and moose browsing. This complexity
indicates that a more uniform means of evaluating allelopathic interactions is needed.

To “prove” a plant has an allelopathic effect on another, the following conditions should be met:

1. An identified substance must be shown to be released or exuded from a plant under “normal”
growth conditions.
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2. The suspect chemical must be shown to be translocated to the target plant by natural means
through a natural substrate.

3. The suspect must have an observable direct effect on the target plant. Shoot growth is not a
direct effect.

Very few of the investigations of allelopathic interactions reported in the scientific literature
stand up to this scrutiny of proof. Consequently, care must be taken in accepting many
conclusions derived from previous investigations.

There is substantial evidence to indicate that, tree invasion of a right-of-way can be prevented by
herbaceous plants. However, the accumulated scientific knowledge about allelopathy is
insufficient to predict what set of conditions will produce the desired results in New York.

Further research should be pursued with the specific goal of generating the knowledge necessary
to effectively use low growing allelopathic shrubs and herbaceous plants to control tree invasion
in rights-of-way.

It is apparent from the lack of published research directed at factors inhibiting tree growth,
development of regulation protocols based on allelopathic interactions needs the support of the
utility industry. More allelopathy research is conducted on herbaceous plants than woody plants
because of the ease with which experiments are conducted on herbs and sponsorship by the
agricultural community. Without alternate sponsorship, the focus of allelopathy research will
skew toward agricultural purposes.

Further research should be pursued with the specific goal of generating the knowledge necessary
to effectively use low growing allelopathic shrubs and herbaceous plants to control tree invasion
in rights-of-way.

Section V - Mohonk Preserve Field Biographies

Field biographies were prepared for Mohonk Preserve Buff Farm #1, Buff Farm #2,

Home Farm #1, Home Farm #3, Spring Farm #4, and Spring Farm #11. The location, history,
maintenance, present condition, dominant species, soils, and a list of plants present for each
field is included in the biographies.

The Buff Farm fields are good representatives of abandoned fields in which tree invasion has
occurred. The dominant herbaceous vegetation consists of a mix of goldenrods, northern
dewberry, purple loosestrife, beardstongue, grasses, mountain mint, and milkweed.

The Home Farm fields are good representatives of abandoned fields that have received
maintenance via mowing on a sporadic basis. Tree invasion in these fields is less than in the Buff
Farm fields. The dominant herbaceous vegetation includes grasses, goldenrods, asters, northern
dewberry, blackberry, yellow mustard, mints, beardstongue, mullein, and rose.

Spring Farm #4 is dominated by grasses and has been invaded less by trees than the Buff or
Home Farm fields. Spring Farm #11 is unique because the dominant vegetation is bedstraw.
Bedstraw grows aggressively and is considered a weed. Its dense growth and possibly
allelopathic factors account for the lack of tree invasion in this abandoned field. The directors of
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Mohonk preserve have considered using bedstraw as an alternative to mowing to maintain
abandoned fields.

These fields and others at Mohonk preserve would be ideal sites to investigate allelopathic
interactions between herbaceous plants and trees. Development of natural methods of controlling
the growth of trees would serve both the needs of the utility industry and sites like Mohonk that
have been charged with the task of maintaining aesthetic “vistas”.
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1

INTRODUCTION

1.1 An Overview of the Document

This report was prepared as part of a larger proposed investigation to develop natural growth
inhibitors useful for utility rights-of-way vegetation management. The first activity of the

proposed investigation recommended the generation of annotated bibliographies concerning the
state-of-science of knowledge about phytotoxins produced by microorganisms, and tree
pathogens. A previously prepared literature search of allelopathy articles was also to be updated,
including a checklist of vegetation allelopathic to trees. And, field biographies of six abandoned
fields on the Mohonk Preserve were to be researched. Four different groups of investigators
compiled the various sections, consequently differences in style will be apparent. Each section
has its own set of conclusions and recommendations. The annotated bibliographies include

155 articles and summaries by the investigators.

1.2 Statement of Purpose

To produce an information base concerning: growth inhibition caused by microorganisms, plant
pathogens, and plants; and collect historical data of potential sites for field investigation at
Mohonk Preserve for subsequent research.

1. Microorganisms - A comprehensive literature search of the research that has been done or is
in progress on tree growth inhibitors produced by microorganisms will be conducted.

2. Tree Pathogens - A comprehensive literature search of the research that has been done or is
in progress on tree pathogens and organisms that parasitize or inhabit tissue of trees will be
conducted.

3. Allelopathic plants - An update of the previously conducted literature search concerning
plants allelopathic to trees and their potential for controlling vegetation in rights-of-way.
A check list of allelopathic plants including herbs, shrubs, and small trees will be updated.

4. Mohonk Preserve - There are 50 fields on the Mohonk Preserve in varying states of
reforestation. It has been noted that certain fields have failed to become reforested since
abandonment 10 to 25 years ago. The history of six of these fields will be examined.
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2

PLANT GROWTH INHIBITORS PRODUCED BY
MICROORGANISMS

2.1 Description of Research

This report summarizes a literature review of compounds produced by microorganisms that
exhibit herbicidal or phytotoxic activity. Special emphasis was placed on obtaining information
about compounds having effects on trees and other woody species. An annotated bibliography
was compiled consisting of 114 literature citations encompassing:

1. relationship of microbial phytotoxins to pathogenicity of producing organisms,
2. isolation of phytotoxins produced by microorganisms,

. determination of plant response to microbial phytotoxins,

3

4. microbial phytotoxin modes of action,

5. chemical identification of microbial phytotoxins,
6

. potential of microbial phytotoxins for development as herbicides for use in agriculture,
forestry, and other types of vegetation management.

The annotated bibliography reports approximately 200 phytotoxins from over 100 microbial
species have been isolated (Tables 2-1 and 2-2). The vast majority of these phytotoxins are
produced by fungi, especially phytopathogenic species. The genera Alternaria, Fusarium
Drechslera, Penicilliusrand_Aspergilluswhich are important plant pathogens or decomposers of
plant products, were the most prolific phytotoxin producers. Among bacteria, the most frequently
reported producers of phytotoxins were Pseudomonas species and the actinomycetes, especially
Streptomyces species. Approximately one quarter of the phytotoxins included in the bibliography
are produced by two or more different species of microorganisms.

2.2 Relationship of Microbial Phytotoxins to Pathogenicity of Producing
Organisms

The toxins reported in this summary can be broadly classified into two major categories: (1) host
specific toxins, and (2) non-host specific toxins. Host specific toxins are those produced by
certain plant pathogenic microorganisms. They typically have a narrow spectrum of activity and
usually are most toxic to the host plant and closely related species. In some instances, only
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Plant Growth Inhibitors Produced by Microorganisms

particular strains of a specific microbial species produced such phytotoxins. Host specific toxins
produced by plant pathogenic microorganisms commonly are most selective when applied at low
concentrations, but exhibit a wider spectrum of activity when higher concentrations are applied.
The role of these compounds for the producer organism is suspected to be an enhancement of
pathogenic ability.

Non-host specific toxins, according to Duke (21), are compounds “that are toxic to plant species
that the producing microorganism does not infect in nature.” Usually such toxins have a much
broader spectrum of phytotoxic activity than host specific toxins. Most non-host specific toxins
are produced by non-pathogenic microorganisms, many of which are decomposers of dead
organic matter in the soil. The roles of non-host specific toxins for the producer organism, and
their ecological effects, are presently uncertain.

Examples of host specific toxins include bipolaroxin, curvulin, ACTG toxins A to F, and
phomozin. Bipolaroxin is produced by Bipolaris cynodontis, a fungal pathogen of bermudagrass
(43). Bipolaroxin selectively causes lesions on bermudagrass at low concentrations, but at high
concentrations, it also affects corn, wild oats, and sugarcane. Curvulin is produced by Drechslera
indica, a pathogen of common purslane and spiny amaranth (43). At low concentrations curvulin
is selective toward these hosts, but at higher concentrations it is more broadly toxic. The ACTG
toxins A to F are host specific toxins produced by Alternaria citri, the causal agent of brown spot
disease of mandarins (52). Phomozin is produced by Phomopsis helianthi, a fungal pathogen of
sunflower (60). In bioassays, phomozin induced lesions on sunflower leaves but not on leaves of
melon, soybean, corn, pea, or tobacco.

Well known examples of non-host specific phytotoxins include anisomycin, produced by
Streptomyces spp.; bialaphos, produced by S. hygroscacuS. viridochromogengthe

herbicidins, produced by S. saganonensis; the herbimycins, produced by S. hygrasangicus
tentoxin, produced by Alternaria alternata. Anisomycin is toxic to several grassy weed species,
but not torice and several other crops (21, 96). Bialaphos is relatively non-selective and is active
against both monocot and dicot plants, including perennials (21H8@)icidins A and B are

toxic to several grassy weed species, but not to rice (13, 21). The herbimycins are effective
against both monocot and dicot weeds, and are also non-toxic to rice (21, 96). Tentoxin causes
chlorosis in a broad range of plants. (21, 23).

2.3 Isolation of Phytotoxins Produced by Microorganisms

Two general approaches for phytotoxin discovery dominated the literature. One was to develop
screening programs directed towards testing a large number of microbial strains for the
production of phytotoxic compounds. Such programs typically lead to discovery of non-host
specific toxins. The other approach was to culture and investigate selected pathogenic
microorganisms and wetermine the involvement of phytotoxins in causing or enhancing their
pathogenicity. This latter approach frequently lead to discovery of host specific toxins. Half or
more of all the phytotoxin producing organisms in this literature review are plant pathogens.

Studies of phytotoxins active against herbaceous plants were far more common than studies with

woody plants. In addition, herbaceous plants rather than woody species were much more
commonly used in bioassays for determination of phytotoxicity. Reasons for this include the
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Plant Growth Inhibitors Produced by Microorganisms

greater importance of herbaceous species in agriculture and the greater ease and speed of
growing herbaceous species under experimental conditions. Among the plants most frequently
used in bioassays were agronomic species such as corn, wheat, beans, and rice, and economically
important weeds such as johnsongrass, barnyardgrass, and Canada thistle.

2.4 Determination of Plant Response to Microbial Phytotoxins

Various types of bioassays were employed to test for phytotoxicity of isolated compounds. The
most common included: (1) germination and growth bioassays where seeds of rapidly
germinating species such as garden cress or lettuce were treated in petri dishes with the test
solutions, and (2) leaf prick bioassays where test solutions were applied to pinhole wounds on
excised or attached leaves. Other bioassays included spraying test solutions onto whole plants,
application of test solutions to soil in field plots, or very specialized bioassays involving
application of test compounds to small quantities of specific plant tissue or callus.

A myriad of symptoms was observed in bioassays with the different phytotoxins, including:
necrotic leaf margins, necrotic lesions, general chlorosis, veinal chlorosis, chlorotic halos,
“green islands”, stunting, malformations, stem cankers, wilt, leaf roll, shoot curling, vascular
browning or plugging, root die back, stomatal closure, inhibition of seedling root or shoot
elongation, and inhibition of seed germination. The type of plant damage observed was, of
course, related to the type of bioassay chosen, the indicator species used, and the compounds
involved.

2.5 Microbial Phytotoxin Modes of Action

Most authors did not discuss phytotoxin modes of action, probably because they were not
known. Specific modes of action were suggested in some cases, based on various indirect
observations. For a few compounds, modes of action are well understood. Among the modes of
action discussed were: inhibition of photosynthesis, {&@tion, or photosynthetic electron

transport; modification of membranes; decreased chlorophyll stability and synthesis; inhibition

of protein synthesis; cell wall degradation; and inhibition of enzymes such as glutamine
synthetase, peptidyl transferase, and esterase. Bialaphos, for instance, is a tripeptide produced by
Streptomyces hygroscopicus and S. viridochromogenidhibits glutamine synthetase resulting

in toxic accumulation of ammonia and inhibition of nitrogen assimilation (21, 95, 96). Tentoxin,
produced by the fungus Alternaria alternata, is a non-host specific cyclic tetrapeptide that causes
chlorosis by inhibiting chlorophyll production (56, 110). The macrocyclic trichothecenes

(roridin A, isororidin E, baccharinol B4, verrucarins A and J, and trichoverrin B), produced by
certain soil fungi, are believed to inhibit protein synthesis. They are known to bind to the

60s ribosomal subunit and inhibit peptidyl transferase activity.

2.6 Chemical Identification of Microbial Phytotoxins
The chemical structures of many of the phytotoxins in these studies have been determined. They

are unigue and diverse, relative to synthetic pesticides (21). In some cases where a compound
evinces promising herbicidal activity but is not amenable to large scale microbial production, it
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may be possible to artificially synthesize it or related chemical structures. Microbial phytotoxin
structures may also be synthetically modified to optimize their activity and usefulness (21, 61).

A few of the phytotoxins described in the literature have already been developed as commercial
herbicides. Bialaphos and phosphinothricin are two examples. Bialaphos is effective against both
monocot and dicot perennial weeds (21, 96, 97, 98, 111). Its toxicity depends on its catabolism
within the target plant to phosphinothricin, the phytotoxic molecule (21). Phosphinothricin is the
active ingredient in the commercial herbicide Basta produced by Hoechst AG (25, 95). The
commercial herbicide Glufosinate is a synthetic version of phosphinothricin and is also produced
by Hoechst AG (21, 25, 111). Phosphinothricin inhibits glutamine synthetase, resulting in toxic
accumulation of ammonia and impaired protein synthesis (21, 95, 96, 111).

Information about the phytotoxins included in the annotated bibliography is summarized in

Tables 2-1 and 2-2. Table 2-1 lists phytotoxins that: (1) were tested on woody plant species in
bioassays, and/or (2) were produced by woody plant pathogens and suspected of contributing to
disease symptoms. Table 2-2 lists phytotoxins produced by microorganisms other than pathogens
of woody plants, or compounds not tested on woody plant species. In both tables, phytotoxins
produced by fungi are listed first, followed by phytotoxins produced by bacteria.

2.7 Potential of Microbial Phytotoxins

The annotated bibliography includes several review articles by researchers in the field of natural
products chemistry. The consensus of these authors is that further research into the development
of herbicides from microbially produced phytotoxins is a highly promising area for future
discovery. In the past, Japan has had much greater interest in commercial exploitation of
microbial toxins as pesticides than the United States (62). The reviewers are optimistic, however,
about the eventual widespread commercialization of microbial herbicides.

Microbially produced herbicides may have a number of advantages over many synthetic ones.
They may be generally safer, both from human health and environmental perspectives. Since
they are produced by living organisms, they are also rapidly degraded by microorganisms; hence
persistence and accumulation of synthetic chemical structures in the environment is avoided.
Microbially produced herbicides usually require relatively low concentrations for effective weed
control and often exhibit considerable selectivity (21, 61, 62, 96). They are also synthesized from
renewable resources rather than non-renewable, petroleum based raw materials. The researchers
agree that with continued efforts, highly efficacious commercial herbicides can be developed

from microbially produced phytotoxins.

The literature reviewed here clearly indicates that microorganisms have the ability to produce a
remarkable arsenal of phytotoxic metabolites. Some are selectively toxic; others would be useful
where a non-selective, broad spectrum herbicide is required (61, 111). A number of the
phytotoxins are active against woody species as well as herbaceous ones. Rapid and sensitive
screening methods for identification of microbial strains producing such phytotoxins have been
developed. Well established methods for chemical identification of phytotoxins also presently
exist.
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2.8 Conclusions

A striking conclusion made apparent by this literature review is that little effort currently is being
directed to discovery and development of microbially produced herbicides to contrairtdees

other woody plants. Present research is almost entirely directed toward discovery of compounds
for use on herbaceous plants. The major reason is that the needs for, and applications of,
herbicides for controlling woody species are highly specialized and represent a much smaller
market than that for herbaceous weeds in agricultural crops. Hence, fewer dollars are being
allocated to such research. The numerous advantages of microbially produced herbicides for
controlling woody plants would be similar to those for herbaceous species.

2.9 Recommendations

Research into discovery of microbially produced herbicides for trees and woody vegetation is an
overlooked opportunity. If microbially produced herbicides for woody species are to be
developed, however, funding for such research will have to come from the organizations having
the specialized needs for them.

Table 2-1
Phytotoxins Affecting Woody Plant Species

Toxin Producing Organism Plant Injury Caused Reference
fusarubin Fusarium solani inhibition of 7,108
seedling root
growth
anhydrofusarubin Fusarium solani inhibition of 108
seedling root
growth
dihydrofusarubin Fusarium solani vessel plugging, 70
leaf roll, wilt,
veinal chlorosis
marticin Fusarium solani (not mentioned) 108
isomarticin Fusarium solani vessel plugging, 70
leaf roll, wilt,
veinal chlorosis
javinicin Fusarium solani inhibition of seedling 7,108
root growth
oxysporone Fusarium oxysporone concentric leaf 68
Pestalotia longiseta lesions
tentoxin Alternaria alternata chlorosis 21, 22,
Alternaria citri 23,52,
56, 57,
110
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Table 2-1

Phytotoxins Affecting Woody Plant Species (Continued)

Toxin Producing Organism Plant Injury Caused Reference
dihydrotentoxin Alternaria citri chlorosis 52
tenuazonic acid Alternaria alternata necrotic lesions 52, 88,
103
ACTG toxins Ato F Alternaria citri chlorosis 52
isocoumarins Valsa ceratosperma browning of cambium 74
and phloem
60,73, 9a-trinydroxy-8 (14), Phomopsis spp. browning and 67
15- isopimaradiene-20, degeneration of pine
6- y-lactone callus
seiridin Seiridium cupressi (not mentioned) 8
iso-seiridin Seiridium cardinale
seiricyprolide Seiridium cupressi chlorosis and 8
necrosis
isoevernin aldehyde Guignardia laricina inhibition of 80
ergosterol peroxide seedling growth
9,11-dihydroergosterol
peroxide
4 juglone derivatives Guignardia laricina inhibition of 79
germination and
seedling growth,
leaf browning
monilidiol Monilina fructicola necrosis and inhibition 93, 105
dechloromonilidiol of seedling growth
cerato-ulmin Ceratosystis ulmi wilt 91
syringotoxin Pseudomonas syringae (not mentioned) 42
syringostatins
syringomycin Pseudomonas syringae (not mentioned) 10, 42
unnamed toxin strains of fluorescent inhibition or stimulation 58
Pseudomonas of growth
unnamed toxin rickettsialike scalding and leaf 58

bacterium

margin necrosis
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Phytotoxins Affecting Herbaceous Plant Species

Toxin Producing Organism Reference
maculosins Alternaria alternata 49, 103
alterosins | and Il
altertoxin Il (=stemphyltoxin I1) Alternaria alternata 37,59
A. cassiae
Stemphylium botryosum
radicinin Alternaria chrysanthemi 86, 87,
A. radicina 107
A. helianthi
Cochliobolus lunatus
radicinol Alternaria chrysanthemi 86
Cochliobolus lunatus
4-deoxyradicinin Alternaria helianthi 87, 107
3-epideoxyradicinol
deoxyradicinol
radianthin
curvularin Alternaria macrospora 90
a, B-dehydrocurvularin Alternaria macrospora 15, 90
A. cucumerina
Curvularia sp.
alteichin (=alterperylenol) Alternaria cassiae 13, 37,
altertoxin Il (=dihydroalterperylenol) Alternaria spp. 89
cyclodepsipeptide destruxin B Alternaria brassicae 6
demethyldestruxin Metarrhizium anisopliae
homodestruxin B Alternaria brassicae 6
stemphyperylenol Alternaria cassiae 37,92
Stemphylium botryosum
bostrycin Nigrospora oryzae 12
Anthrinium phaeospermum
Bostryconema alpestre
4-deoxybostrycin Alternaria cichhorniae 12
Nigrospora oryzae
Anthrinium phaeospermum
Bostryconema alpestre
dactylariol seytalone Stemphylium botryosum 92
stemphylin (=altersolanol A) Stemphylium botryosum 4

Alternaria solani
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Table 2-2
Phytotoxins Affecting Herbaceous Plant Species (Continued)
Toxin Producing Organism Reference
solanapyrones A, B, and C Alternaria solani 2,41
Ascochyta rabiei
zinnolide Alternaria solani 41
pergillin Aspergillus ustus 17
dihydropergillin
nigerazine A and B Asperqillus niger 13,43
hexylitaconic acid
acetylaranotin terrein Asperqillus terreus a7
bisdethiodi (methylthio) acetylaranotin
secalonic acid (=ergochrome AA) Aspergillus ochraceus 102
Pyrenochaeta terrestris
Parmelia sp.
pyrenocines A and B Pyrenochaeta terrestris 94
pyrenochaetic acids A, B, and C
recifeiolides Cephalosporium recifei 13
cladospolide A and B Cladosporium cladosporioides 13, 34,
35
spiciferone A Cochliobolus spicifer 69
unnamed phytotoxin Diaporthe phaseolorum 54
chaetoglobosin K Diplodia macrospora 16
drechslerol-B Drechslera maydis 99
tryptophol Drechslera nodulosum 49, 104
resorcylides Drechslera phlei 49
Penicillium sp.
triticones A and B Drechslera tritici-repentis 49
Curvularia clavata
ophiobolin A Drechslera maydis 49, 82
6-epi-ophiobolin A D. oryzae
D. sorghicola
(=Bipolaris sorghicola)
D. heveae
3-anhydroophiobolin A Helminthosporium spp. 49
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Table 2-2
Phytotoxins Affecting Herbaceous Plant Species (Continued)

Toxin Producing Organism Reference

3-anhydro-6-epi-ophiobolin A Drechslera sorghicola 49
(=Bipolaris sorghicola)
D. maydis

D. oryzae
Helminthosporium spp.

prehelminthosporol Helminthosporium sativum 81
Bipolaris sp.

dihydroprehelminthosporol Helminthosporium victoriae 81
Bipolaris sp.

victotoxin Helminthosporium sativum 83
H. victoriae

Bipolaris sp.

prehelminthosporolactone Bipolaris sp. 83

HC toxins I, II, Ill, and IV Helminthosporium carbonum 84

gigantenone petasol Drechslera gigantea 49

curvulin Drechslera indica 49
O-methylcurvulinic acid

de-O-methyldiaporthin Drechslera siccans 49

bipolaroxin Bipolaris cynodontis 49

enniatins Fusarium tricinctum 11
F. oxysporum

F. acuminatum
F. sambucinum
F. avenaceum
F. lateritium

moniliformin Fusarium moniliforme 25
F. fusariodes

NMA unidentified Fusarium sp. 55
unnamed organic acid Fusarium culmorum 48
monocerin Exserohilum turcicum 88

E. monoceras
Fusarium larvarum
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Table 2-2

Phytotoxins Affecting Herbaceous Plant Species (Continued)

Toxin Producing Organism Reference

viridiol Gliocladium virens 36, 46

viridin

gliotoxin

irpexil Irpex pachyodon 25

phosalacine Kitasatosporia 75,77
phosalacinea

phaseolinone Macrophomina phaseolina 49

trichodermadienediol A and B Myrothecium roridum 9, 18, 45

roridin L-2

roridin A

6-hydroxyroridin L-2

isororidin E soil fungi 18

baccharinol B4

trichoverrin B

trichodermin not mentioned 18

diacetoxyscirpenol

seirpentriol

trichothecin

T-2 toxin 18

verrucarins A and J saprophytic soil fungi 18, 45

baccharinoids

cyclopenin Penicillium corylophilum 14

3, 7-dimethyl-8-hydroxy-6-methoxyisochroman

citreoviridin Penicillium charlesii 13

3-hydroxybenzyl alcohol Penicillium urticae 31, 38

2-methylhydroquinone Nectrina erubescens 31, 38
Penicillium urticae
Phoma spp.

terrestric acid Penicillium terrestre 73
Pyricularia oryzae

pyrichalasin H Pyricularia grisea 72

pyriculol Pyricularia oryzae 93, 106

pyriculariol

cavoxin Phoma batae 24

cavoxone Phoma cava
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Phytotoxins Affecting Herbaceous Plant Species (Continued)

Toxin Producing Organism Reference
phonemone Phoma exigua 49
sirodesmin PL Phoma lingam 101
sirodesmin H
sirodesmin J
sirodesmin K
phomalirazine
bataenones Phoma batae 92
aphidocolin Phoma batae 40, 92
Aphalospolium aphidicola
Nigrospora sphaerica
Harziella entomophilla
phomozin Phomopsis helianthi 60
(3R-5Z) — (-) -3-hydroxy-5-dodecanoic acid Pythium ultimum 39
Serratia marcescens
p-hydroxybenzoic acid Rhizoctonia oryzae 1
epiepoformin Scopulariopsis brumptii 31, 38
1(H)-pyrrol-3-yl alanine fungi 5
(E)-5-hydroxy-3-methoxy-2-pentenoic acid
cycloheximide actinomycetes 30, 31,
63, 96
coaristermycin actinomycetes 5
5-deoxyguanosine
balifomycin C, and C,
hygromycin A
coformycin
arbinoside A
2, 5-dihydrophenylalanine
indoleisopropionic acid Actinoplanes sp. 5
coronatine Pseudomonas syringae 66
N-coronafacoylvaline
d-amino-levulate Pseudomonas riboflavina 85
unnamed phytotoxin Pseudomonas phaseolicola 100
herbicidins A, B, C, E, F, and G Streptomyces saganonensis 3, 13,
21, 29,
63, 96,
109, 114
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Table 2-2

Phytotoxins Affecting Herbaceous Plant Species (Continued)

Toxin Producing Organism Reference
herbimycin A and B Streptomyces hygroscopicus 21, 26,
44, 63,
76, 96
bialaphos Streptomyces hygroscopicus 21, 62,
S. viridochromogenes 63, 96,
97, 98
phosphinothricin Streptomyces 25, 95,
viridochromogenes 111
anisomycin toyocamycin Streptomyces toyocaensis 21, 63,
96, 112
harman Streptomyces spp. 113
norharman Nocardia sp.
homoalanosine Streptomyces hygroscopicus 21, 26,
44,76,
96
geldanamycin Streptomyces hygroscopicus 31, 32,
nigericin 33
phenylacetic acid Streptomyces sp. 521
tabtoxin-&-lactam
algacidins A and B Streptomyces spp. 51
oxetin Streptomyces spp. 21,78
cyclocarbamide A and B Streptoverticillium sp. 13

2.10 Annotated Bibliography

1. Adachi, T. and Inagaki, K. 1988. Phytotoxin produced by Rhizoctonia oryzae Ryker
et Gooch. Agricultural and Biological Chemistry 52: 2625.

Rhizoctonia oryzae Ryker et Gooch is the fungus causing sheath spot of rice. The authors
isolated a phytotoxin from this organism and identified it as p-hydroxybenzoic acid,
previously isolated from other microorganisms and higher plants. In bioassays, root growth
of lettuce and Chinese cabbage seedlings was inhibited 50% and 40%, respectively, by
p-hydroxybenzoic acid at a concentration of 300 ppm.

2. Alam, S.S., Bilton, J.N., Slawin, A.M.Z., Williams, D.J., Sheppard, R.N., and
Strange, R. N. 1989. Chickpea blight: production of the phytotoxins solanapyrones A and C
by Ascochyta rabiei. Phytochemistry 28: 2627-2630.

Ascochyta rabiei is the fungus causing blight of chickpea. When cultures of A. welbeei
grown in a liquid medium supplemented with an extract of the host, two phytotoxins were
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produced. Identification of these revealed that #meythe known phytotoxins

solanapyrones A and C. These had been isolated in a similar manner from culture filtrates
of Alternaria solani (causal agent of early blight of potato) supplemented with host extract.
The authors suggest that thest extract contains a toxin inducing substance. In bioassays
with cell suspensions of chickpea leaflets, solanapyrone A was about four times as active as
solanapyrone C.

Arai, M., Haneishi, T., Kitahara, N., Enokita, R., Kawakubo, K. and Kondo, Y. 1976.
Herbicidins A and B, two new antibiotics with herbicidal activity. I. Producing organism
and biological activities. Journal of Antibiotics 29: 863-869.

Two antibiotics, herbicidins A and B, were produced by Streptomyces saganonensis.
Various types of biological activities are reported. Among the fungi tested, herbicidins A
and B inhibited Trichophyton interdigitale and Pellicularia filament®sa herbicidins

were tested for inhibition of a bacterial pathogen of rice. Both compounds protected rice
seedlings from bacterial leaf blight caused by Xanthomonas oryzae. No diseased leaves
were observed when these seedlings were sprayed with 100 and 30 ppm of herbicidin A
and B, respectively. When sprayed on the stems and leaves of various plants, the
herbicidins exhibited selective herbicidal activity, especially against dicots. Rice was
especially resistant to herbicidin A. Mice tolerated an intravenous dose of 800 mg/kg of
herbicidin A, 200 mg/kg of herbicidin B, and an intraperitoneal dose of 100 mg/kg of
herbicidin A or B. Killifishes were incubated in solutions of 100 ppm of each of the
herbicidins, and no harmful effect was observed.

Assante, B. and Nasini, G. 1987. Identity of the phytotoxin stemphylin from Stemphylium
botryosum with altersolanol A. Phytochemistry 26: 703-705.

The authors report a revision in the structure of the phytotoxin stemphylin, previously
isolated by other researchers from the fungus Stemphylium botryosum Wallr. v. lactucum
Based on this more recent structural determination, it was found that stemphylin is identical
to the well-known altersolanol A, first isolated from Alternaria solani. In a leaf puncture

test for phytotoxicity to lettuce, altersolanol A produced necrotic brown lesions within

16 hours.

Ayer, S.W., Isaac, B.G., Krupa, D.M., Crosby, K.E., Letendre, L.J., and Stonard, R.J. 1989.
Herbicidal compounds from micro-organisms. Pesticide Science 27: 221-223.

The authors summarize results from their screening program to identify microorganisms
which produce phytotoxic substances with potential for use in the herbicide industry.
Known antibiotics not previously reported to be herbicidal are bafilomycan@ C,

hygromycin A, coformycin, arabinoside A, and 2, 5-dihydrophenyl alanine, all produced by
actinomycetes. Newly isolated herbicidal compounds include phenylacetic acid from a
Streptomyces sp., an indoleisopropionic acid from Actinoplapeand tabtoxininé-

lactam from a Streptomyces sp. Coaristermycin and 5’-deoxyguanosine are new herbicidal
compounds produced by actinomycetes. Fungi have produced the phytotoxins
(1H)-pyrrol-3-yl-alanine and (E)-5-hydroxy-3-methoxy-2-pentenoic acid.
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6.

*7.

*8.

*9.

2-14

Ayer, W.A. and Pena-Rodriguez, L.M. 1987. Metabolites produced by Alternaria brassicae,
the blackspot pathogen of canola. Part 1, the phytotoxic components. Journal of Natural
Products 50: 400-407.

Three compounds produced by the fungus Alternaria brassicae, the causal organism of
black spot disease of canola were identified. Symptoms of the disease on canola include
necrotic black spots surrounded by a chlorotic zone on leaves. The phytotoxic compound
responsible for symptom expression was identified as the cyclodepsipeptide destruxin B,
previously isolated from Metarrhizium anisopliae. Biological activity of this compound

was tested on canola leaves using a modified leaf spot bioassay, and its phytotoxic effects
were confirmed. The two other compounds isolated and identified from A. brassicae were
demethyldestruxin, also previously isolated from M. anisopliae, and homodestruxin B.
These were not testédr biological activity due to limited quantities.

Baker, R.A., Tatum, J.H., and Nemec, S. 1981. Toxin production by Fusarium solani from
fibrous roots of blight-diseased citrus. Phytopathology 71: 951-954.

Isolates of Fusarium solani, the fungus believed to be responsible for citrus blight, were
evaluated for production of phytotoxins. Culture extracts from several isolates obtained
from blight-diseased citrus trees inhibited root growth of radish and rough lemon seedlings.
Two naphthazarin toxins were isolated and identified as javinicin and fusarubin. Both are
known phytotoxins previously isolated from F. solani. They inhibit anaerobic and oxidative
decarboxylation reactions, disrupting normal plant metabolism.

Ballio, A., Evidente, A. Graniti, A., Randazzo, G., and Sparapano, L. B#88cuprolide,
a new phytotoxic macrolide from a strain_of Seiridium cupressi infecting cypress.
Phytochemistry 27: 3117-3121.

The fungus Seiridium cupressi causes a canker disease of cypress (Cupressus
sempervirens). Three phytotoxins were isolated and identified from a culture of this fungus.
Two of these phytotoxins, the butenolides seiridin and iso-seiridin had previously been
isolated from S. cardinale, another pathogen of cypress. The third phytotoxin from

S. cupressi, not produced by S. cardivedes identified as a new macrolide and called
seiricyprolide. Toxicity was tested on twigs of cypress (C. sempervirens C. arizamica

C. macrocarpa) and cuttings of tomato and mung bean. Seiricuprolide produced diffuse
yellowing followed by browning on the cypress within ten days and chlorosis and necrosis
on the treated tomato and mung bean cuttings in only four days. The authors suggest
seiricuprolide may be a minor toxin product of S. cupressi since it is produced in small
guantities and has lower toxicity to plants. It may, however, contribute to the toxic activity
of the pathogen producing it.

Bean, G.A., Fernando, T., Jarvis, B.B., and Bruton, B. 1984. The isolation and
identification of trichothecene metabolites from a plant pathogenic strain of Myrothecium
roridum. Journal of Natural Products 47: 727-729.

The fungal genus Myrothecium produces trichothecene metabolites that cause phytotoxic,
cytotoxic, and cytostatic effects on number of different organisms. M. roridum is
pathogenic to various plant species including red clover, alfalfa, tobacco, cotton, coffee,
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and muskmelon. In this study, the authors isolated various trichothecenes from a
pathogenic strain of M. roridum affecting muskmelon. This strain of M. roridum

produced primarily the trichoverroids: trichodermadienediols A and B, roridin L-2, and
16-hydroxyroridin L-2, rather than the macrocyclic trichothecenes. No trichothecenes were
detected in muskmelon plants naturally infected with M. roridum. It was inconclusive
whether trichothecenes produced by M. roridum are involved in pathogenicity.

Bidwai, A.P., Zhang, L., Bachmann, R.C., and Takemoto, J.Y. 1987. Mechanism of action
of Pseudomonas syringae phytotoxin, syringomycin. Plant Physiology 83: 39-43.

Pseudomonas syringae pv. syringaeduces a peptide phytotoxin called syringomycin. In
previous studies of corn shoots by other researchers, it was suggested that syringomycin
acted as an uncoupler and thus stimulated mitochondrial ATPase activity. The authors of
this report found that in red beet storage tissue, syringomycin stimulates the activity of
vanadate-sensitive ATPase, the enzyme believed to use ATP to pump protons across the
plasma membrane. Syringomycin increased activity of tonoplast ATRasslightly.

There was no apparent stimulation of the mitochondrial ATPase. The authors suggest
further investigation based on these discrepancies.

Burmeister, H.R. and Plattner, R.A. 1987. Enniatin production by Fusarium tricinctum and
its effect of germinating wheat seeds. Phytopathology 77: 1483-1487.

The authors report tHest isolation of the known phytotoxin senniatins, from Fusarium
tricinctum. These compounds, hexadepsipeptides with alternating resfdues
2-hydroxy-isovaleric acid and branched N-methyl amino acids have previously been
isolated from F. orthoceras_(=F. oxyspojufm acuminatumF. sambucinum

F. avenaceum, and F. lateritiuBnniatins are not only phytotoxic, but also have antibiotic
and insecticidal activity, and are known to modify membranes. Of the 13 isolates of

E. tricinctum analyzed in this study, 10 of them produced enniatins. In bioassays with
developing wheat seeds, enniatins inhibited root elongation, and to a lesser extent, leaf
development.

Charudattan, R. and Rao, K.V. 1982. Bostrycin and 4-deoxybostrycin: two nonspecific
phytotoxins produced by Alternaria eichhorniae. Applied and Environmental Microbiology
43: 846-849.

Two phytotoxins were isolated from Alternaria eichhorniae, causal agent of a leaf blight
disease in water hyacinth. The toxins were identified as bostrycin, previously isolated from
the fungi_Nigrospora oryzae, Arthrinium phaeospermanu_Bostryconema alpestend
4-deoxybostrycin, previously described as a derivative of bostrycin but not isolated from a
natural source. Phytotoxicity of bostrycin and 4-deoxybostrycin at concentrations of
1-1000 ug/ml was tested in leaf bioassays using pepper, papaya, water hyacinth, hydrilla,
tomato, milkweed vine, tobacco, bush bean, pickerelweed, wheat, and corn. The toxins
were nonspecifically toxic to test plant leaves at higher concentrations, although the leaves
were differentially sensitive to the toxins. Both compounds also showed antibacterial
activity against Bacillus subtilis.
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13.

14.

15.
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Cutler, H.G. 1988. Perspectives on discovery of microbial phytotoxins with herbicidal
activity. Weed Technology 2: 525-532.

This review lists several classes of microbially-produced phytotoxins. Cyclocarbamide

A and B, from_Streptoverticillium spp. show pre-emergence herbicidal activity. Nigerazine
A and B, produced by Aspergillus niger inhibit root growth. Citreoviridin, a metabolite of
Penicillium charlesii, and a synthetic derivative of cladosporin, which is produced by
Asperqillus repens, A. flavuand Cladosporium cladosporioidegibit growth of

monocots. Macrocyclic lactones such as recifeiolide, produced by Cephalosporium recifei,
and cladospolide A and B, produced_by Cladosporium cladosporioides, inhibit seed
germination and root growth, respectively. Herbicidins A and B, produced by Streptomyces
saganonensis, controlled thmowth of several monocot and dicot weeds. Alteichin, a
perylenequinone produced by Alternaria eichhorniae, induces necrotic lesions in water
hyacinth, thereby reducing photosynthetic efficiency.

Cutler, H.G., Ammermann, E., and Springer, J.P.S. 1988. Diverse but specific biological
activities of four natural products from three fungi. In H. G. Cutler (ed.), Biologically
Active Natural Products: Potential Use in Agriculture, pp. 79-90. ACS Symposium Series
380. Amer. Chem. Soc., Washington, D.C.

An aberrant strain of Penicillium cyclopium produced cyclopenin, which inhibited growth
of wheat coleoptiles, produced malformations of bean leaves, and caused necrosis and
stem collapse in corn plants. P. corylophilum produced 3, 7-dimethyl- 8-hydroxy-
6-methoxyisochroman. This compound exhibited selective herbicidal activity on corn and
wheat (monocots), but not on beans and tobacco (dicots) in greenhouse trials.

Cutler, H.G., Arrendale, R.FEole, P.D. Roberts, R.G., and Springer, J.P. 1987. Synthetic
derivatives of the fungal metabolite dehydrocurvularin: biological activity.
Proc. 14th Annual Meeting, Plant Growth Regulator Society of America, p. 236-247.

a, B-dehydrocurvularin had previously been isolated by other researchers from a species of
the fungus Curvularia; from Alternaria alternadgpathogen of cucurbits; and from

A. macrospora, a pathogen of cotton. In this study, the authors isolated dehydrocurvularin
from A. macrospora and synthesized derivatives to compare their relative biological
activities. Dehydrocurvularin itself and diacetyldehydrocurvularin were the most active
compounds, inhibiting the growth of etiolated wheat coleoptiles and various Gram positive
bacteria. Gram negative bacteria were not affected. Di (chloroacetyl) dehydrocurvularin
was less toxic to wheat coleoptiles and gram positive bacteria than the parent material, but
was active against the Gram negative bacteria Escherichia coli. Dibutanoyl
dehydrocurvularin and dihexanoyldehydrocurvularin were also less toxic to wheat
coleoptiles than the parent material, and were inactive against all bacteria tested.

Di (3, 5-dinitrobenzoyl) dehydrocurvularin and dehydrocurvularinhydroxylimine were
biologically inactive. The authors suggest that the more hydrophilic compounds are more
biologically active. They speculate that the inactivity of the hydrophilic
dehydrocurvularinhydroxylimine (an exception to this generalization) was possibly a result
of its high reactivity in biological systems, which in turn causes it to be metabolized before
it reaches its active site.
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Cutler, H.G., Crumley, F.G., CoR.H., Cole, R.J., Dorner, J.W., Springer, J.P., Latterell,
F.M., Thean, J.E and Rossi, A.E. 1980. Chaetoglobosin K: a new plant growth inhibitor
and toxin from Diplodia macrospora. Journal of Agricultural and Food Chemistry

28: 139-142.

A metabolite of the fungus Diplodia macrospora, the causal organism of ear and stalk rot of
corn was isolated and identified as chaetoglobosin K. Its structure is described as a
cytochalasin possessing an attached indol-3-yl group. The authors discuss the phytotoxicity
of various other cytochalasins and compare their activity with chaetoglobosin K in wheat
coleoptile bioassays. Significant inhibition of coleoptiles is reported with 10, 10, 10, 10,

and 10 M solutions of chaetoglobosin K. Based on the comparisons with other
cytochalasins, chaetoglobosin K seems to be the most active inhibitor of coleoptile growth.
The LD,, of Chaetoglobosin K today-old chicks was 25 - 62.5 mg/kg.

Cutler, H.G., Crumley, F.G., Springer, J.P., and Cox, R.H. 1981. Dihydropergillin: a fungal
metabolite with moderate plant growth inhibiting properties from Aspergillus ustus. Journal
of Agricultural and Food Chemistry 29: 981-983.

A metabolite of the fungus Aspergillus ustus was isolated and identified as

dihydropergillin. In previous work, the researchers isolated the metabolite “pergillin” from
this organism. Both compounds exhibited moderate plant growth inhibiting properties in
wheat coleoptile bioassays, however, dihydropergillin was somewhat more active.
Structurally, dihydropergillin is the equivalent of pergillin with the addition of two

hydrogen atoms to the C-12 — C-13 double bond. The authors conclude that this structural
difference accounts for the greater activity of dihydropergillin, and they speculate that other
modifications of the molecule might yield compounds useful in agriculture or medicine.

Cutler, H.G. and Jarvis, B.B. 1985. Preliminary observations on the effects of macrocyclic
trichothecenes on plant growth. Environmental and Experimental Botany 25: 115-128.

The simple trichothecenes are fungal metabolites shown to be phytotoxins. The authors
summarize these phytotoxic effects. Trichodermin was phytotoxic to tobacco, bean, and
corn plants; diacetoxyscirpenol inhibited pea, lettuce, and winter tare growth; and
seirpentriol, trichothecin, and T-2 toxin were toxic to cress, bean, and pea, respectively. In
this study, the authors examined the effect of the macrocyclic trichothecenes: roridin A,
isororidin E, baccharinol B4, verrucarin A, verrucarin J, and trichoverrin B in bioassays
with etiolated wheat coleoptiles and with intact bean, corn, and tobacco plants. All of these
macrocyclic trichothecenes were inhibitory to wheat coleoptile growth, verrucarins A and J
and trichoverrin B being the most potent. Based on this bioassay, verrucarin A is one
hundred times more inhibitory than abscisic acid. The various effects observed on intact
plants treated with these phytotoxins included chlorosis, necrosis, malformation, and
stunting. Roridin A showed the greatest toxicity to intact plants. The authors suggest that
the phytotoxicity observed in these experiments is a result of protein synthesis inhibition by
the trichothecenes. These compounds have previously been shown to bind to the 60s
ribosomal subunit and inhibit peptidyltransferase activity.
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DeFrank, J. and Putnam, A.R. 1985. Screening procedures to identify soil-borne
actinomycetes that can produce herbicidal compounds. Weed Science 33: 271-274.

In this investigation, isolates of soil actinomycetes were tested for herbicidal activity using
a new screening procedure. In this procedure, the test organism was streaked in a band on
one side of a petri dish containing a nutrient agar. Following incubation, surface sterilized
seeds of barnyardgrass and cucumber were partially inserted into the agar in rows and
incubated. Plant growth inhibition was assessed visually. Germination and growth was
reduced at least 60% by 8 of the 120 isolates screened. These 8 isolates were retested in
replicated experiments. The authors conclude that initial screening for herbicidal
compounds produced by actinomycetes should be conducted using an agar screening
technique.

Demain, A.L. 1983. New applications of microbial products. Science 219: 709-714.

This review explores future prospects for uses of microbial secondary metabolites.
Microorganisms have clearly demonstrated their ability to produce chemicals with
herbicidal and plant-growth regulating activities. The author suggests that if economic
problems regarding production of herbicidal compounds by microorganisms can be solved,
this will be a promising option in the future.

Duke, S.O. and Lydon, J. 1987. Herbicides from natural compounds.
Weed Technology 1: 122-128.

This article summarizes the usefulness and advantages of natural products from both plants
and microbes as herbicides. It also outlines the various developmental strategies involved
in producing commercial herbicides from crude natural products. Plants, fungi, and bacteria
produce phytotoxic compounds with varied and complex chemistries. Most of these are
safe both from human health and environmental perspectives. Many of these exhibit a high
degree of target selectivity. Little effort has been made to develop herbicides from
host-specific toxins, primarily because most known host specific toxins affect crop species
rather than weeds. Several new herbicides have been developed from nonhost-specific
toxins. Anisomycin, a product of Streptomyces phytotoxic to barnyardgrass (Echinochloa
crus-galli) and crabgrass Digitas@p.) provided the chemical basis for the synthetic
herbicide NK-049, which disrupts chlorophyll synthesis. Bialophos, produced by
Streptomyces viridochromogenes, is effective against perennial weeds, both monocot and
dicot. In order to be toxic, it must be metabolized in the target plant to phosphinothricin,
the phytotoxic part of the molecule. Synthetic phosphinothricin has been developed as the
herbicide Glufosinate by Hoeschst AG. Glufosinate acts by inhibiting glutamine
synthetase, resulting in toxic buildup of ammonia and impaired protein synthesis in plants.
Other glutamine synthetase inhibitors produced by microorganisms include
tabtoxininep-lactam, L-(N-phosphono) methionine-S-sulfoximinyl -L-alanyl-L-alanine,

and oxetin. The herbicidins produced_by Streptomyces saganonensis are toxic to some
grassy weeds but not tiwe. Herbimycins, also good rice herbicides, are toxic to some
monocot and dicot weeds. Tentoxin, produced by Alternaria alternata, controls
Johnsongrass (Sorghum halepense) in corn and many weeds in soybeans.
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Development of commercial herbicides from natural products involves discovering the
toxin, identifying it, determining its selectivity and biochemical site of action, possible
modification of the molecule to improve its usefulness, and determining the most practical
and economical method pfoduction. The authors suggest that the advantages of using
natural products as herbicides outweigh the possible disadvantages.

Edwards, J.V., Dailey, O.D., Bland, J.M., and Cutler, H.G. 1988. Approaches to
structure-function relationships for naturally occurring cyclic peptides. In H.G. Cutler (ed),
Biologically Active Natural Products. ACS Symposium Series 380. Amer. Chem. Soc.,
Washington, D.C., pp. 35-56.

This paper describes studies involving molecular structural modifications and their effects
on herbicidal activity of tentoxin and other microbially produced peptides. The purpose of

such work is to enhance the biological activity of naturally-occurring pesticidal molecules,

or to use theseaturally-occurring molecules as leads for the development of new synthetic
herbicides.

Edwards, J.V., Lax, A.R., Lillehoj, E.B., and Boudreaux, G.J 1987. Structure-activity
relationships of cyclic and acyclic analogues of the phytotoxic peptide tentoxin. Journal of
Agricultural and Food Chemistry 35: 451-456.

The non-host specific cyclic tetrapeptide tentoxin, a metabolite from the fungus Alternaria
alternata, induces chlorosis in a broad range of plants. In this study, it was determined that
the cyclic nature of tentoxin is a requirement for full biological activity. Acyclic analogues
with the dehydrophenylalanine residue N-methylated exhibited low but significant

chlorosis activity. To produce maximum loss of chlorophyll in lettuce seedlings, tentoxin
must be in a cis-trans-cis-trans conformation.

Evidente, A., Randazzo, G., lacobellis, N.S., and Bottalico, A. 1985. Structure of cavoxin,
a new phytotoxin from Phoma cava and cavoxone, its related chroman-4-one. Journal of
Natural Products 48: 916-923.

The authors isolated and identified two compounds, the tetrasubstituted benzoic acid
derivative cavoxin and the structurally related cavoxone, produced by the fungus Phoma
cava. In a standard bioassay using toncattings, cavoxone showed no biological activity,
but cavoxin caused vascular browning and rapid wilting on leaves.

Fischer, H.P. and Bellus, D. 1983. Phytotoxicants from microorganisms and related
compounds. Pesticide Science 14: 334-346.

This review discusses phytotoxins produced by microorganisms and their potential for
use as new herbicides. Up to the date of this paper, approximately 160 such compounds
had been identified. One of the most promising herbicidal prospects was
DL-homoalanin-4-yl (methyl) phosphinic acid (= glufosinate). This is a hydrolysis product
of N-{4-[hydroxy(methyl) - phosphinoyl] homoalanyl} alanylalanine produced by the
bacterium Streptomyces viridochromogenes. This compound is now the active ingredient
of a broad-spectrum herbicide developed and sold by Hoechst AG. Many other herbicidal
metabolites from microorganisms are also discussed: anisomycin and toyocamycin
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produced by Streptomyces toyocaensis, which cause inhibition of grasses and certain other
plants; moniliformin produced by the fungi Fusarium moniliforme and F. fusariadhésh

inhibit or damage tomato, tobacco, soybeans, corn, wheat, and barley; irpexil produced by
the fungus Irpex pachyodon, which causes phytotoxicity symptoms similar to the widely
used herbicide glyphosate (= Round-up).

Furusaki, A., Matsumoto, T., Nakagawa, A., and Omura, S. 1980. Herbimycin A: an
ansamycin antibiotic; x-ray crystal structure. Journal of Antibiotics 33: 781-782.

The herbimycins are herbicidal antibiotics produced by Streptomyces hygroscopicus. Its
molecular formula is GH,, N, O,. This paper describes the determination of its molecular
structure, and illustrates the structural formula.

Fushimi, S., Nishikawa, S., Mito, N., Ikemoto, M., Sasaki, M., and Seto, H. 1989. Studies
on a new herbicidal antibiotic, homoalanosine. Journal of Antibiotics 42: 1370-1378.

Homoalanosine, a compound isolated from Streptomyces galilaeus was shown to exhibit
both herbicidal and antimicrobial activity. The chemical of homoalanosine was determined
to be L-2-amino-4-nitrosohydroxyaminobutyric acid. Antimicrobial activity was exhibited
against some gram-positive bacteria on synthetic media. Herbicidal activity was shown in
field experiments against various common weeds, including black nightshade

(Solanum nigrum), barnyardgrass (Echinochloa crus}geliid oats (Avena fatyaand

especially against common cocklebur (Xanthium strumarium), velvetleaf (Abutilon
theophrasti), and ladysthumb (Polygonum persitafamoalanosine, however, was also
somewhat toxic to corn. In a rice paddy field experiment, homoalanosine exhibited
herbicidal activity against various weeds including barnyardgrass (Echinochloa oryzicola),
needle spikerush (Eleocharis acicularis), and arrow head (Sagittaria pydmeeat to

rice. Appearance of herbicidal activity was very slow (13-18 days after treatment). Since
homoalanosine damaged buds and roots rather that treated leaves, it was considered to be
translocated in the plant symplastically. Since such movement is necessary for herbicides to
control perennial weeddgvelopment of a commercial herbicide from homoalanosine

seems promising.

Gardner, J.M., Chandler, J.L., and Feldman, A.W. 1984. Growth promotion and inhibition
by antibiotic-producing fluorescent Pseudomonads on citrus roots. Plant and Soil
77:103-113.

In this investigation, the authors studied the growth effects of root colonizing fluorescent
Pseudomonads on rough lemon and sweet orange seedlings. Broth cultures of 43 strains of
fluorescent Pseudomonads were applied to the growth medium of the citrus seedlings.
After ten months, both inhibition and stimulation of growth were observed, as measured by
seedling weight. Approximately half of the bacterial strains were inhibitory and half were
stimulatory. In another test, 251 randomly selected strains were evaluated in an in vitro test
for antibiotic production. Ninety-four percent hadtifungal activity against Geotrichum
candidum and 81% had antibacterial activity against Erwinia stewartii
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Haneishi, T., Terahara, A., Kayamori, H., Yabe, J., and Arai, M. 1976. Herbicidins A
and B, two new antibiotics with herbicidal activity. Il. Fermentation, isolation and
physico-chemical characterization. Journal of Antibiotics 29: 870-875.

Streptomyces saganonensis produces two compounds, herbicidins A and B, with

antimicrobial and herbicidal activity. Herbicidin A is a white powder soluble in water,
methanol, ethanol, acetone, and ethyl acetate, but insoluble in chloroform and benzene. Its
molecular formula was calculated to bg ig,, O,, N.-1/2 HO. Herbicidin B is a white

crystal soluble in water, methanol, ethanol, and acetone, but insoluble in ethyl acetate,
benzene, and chloroform. Its molecular formula was calculated tg, b, O, N.-1/2 HO.

Both compounds behaved as basic substances.

Heisey, R.M., DeFrank, J., and Putnam, A.R. 1985. A survey of soil microorganisms for
herbicidal activity. In A. C. Thompson (ed.), The Chemistry of Allelopathy, Biochemical
Interactions Among Plants. ACS Symposium Series 268. Amer. Chem. Soc., Washington,
D. C., pp. 337-349.

In this investigation, 347 isolates of soil microorganisms, particularly actinomycetes, were
screened for production of herbicidal compounds. Ten to twelve percent of these isolates
severely inhibited growth of indicator seedlings (cucumbe