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Microbial toxins in weed biocontrol: 
a risk or an aid?

Maurizio Vurro1

Summary

Weed pathogens are able to produce a wide array of toxins, bioactive metabolites with different biolog-
ical activities, chemical structures, mechanisms of action, specificity with respect to plants, environ-
mental impact and stability. Usually bioactive compounds produced by plant pathogenic fungi,
including those attacking weeds, are considered to be a risk. They have been intensively studied,
mainly in relation to the risks posed to human and animal health when these toxins accumulate in agri-
cultural commodities and are absorbed through nourishment. Often very promising mycoherbicides
have been discarded during the final evaluation processes just because they produce powerful and
dangerous toxins in vitro. The evaluation of the “real” risk should be ascertained by considering the
global environmental impact, i.e. determining the exact production of those metabolites when fungi are
formulated, or when they are applied against, and grown on, target weeds; the toxicity to non-target
organisms; the stability of toxins in plants or the absorption by soil particles; and the risk of water drift.
On the other hand, toxins could be used to directly or indirectly enhance the efficacy of weed biocontrol
agents, depending on their biological and chemical characteristics, through: 1) the selection of organ-
isms overproducing toxins; 2) their synergistic use with biocontrol agents; 3) their use as biomarkers;
4) their use as sources of natural herbicides; and 5) their synthesis.

Keywords: efficacy enhancement, natural herbicides, risk assessment, toxigenic fungi, 
toxins. 

Introduction
Fungi represent an immense and still almost unex-
plored source of metabolites. Toxic metabolites
produced by fungal pathogens can: 1) have a wide array
of chemical structures including glycosides, peptides,
phenolics, terpenoids; 2) act in different ecological and
environmental roles, such as to be important factors for
pathogenicity or virulence; and 3) have different mech-
anisms of action. Fungal species belonging to the same
genus are able to produce a wide variety of metabolites.
Alternaria or Claviceps species, for instance, are
known to be producers of more than 100 toxic metabo-
lites, and Fusarium biosynthesizes more than 130
bioactive metabolites. A further source of variability is
that toxins belonging to the same structural group can
be produced by different microorganisms belonging to
many different genera. This is the case, for example, for

cytochalasins, produced by more than 30 different
fungal species (Vurro et al. 1997); trichothecenes, a
group including more than 50 different compounds,
produced by different genera, such as Fusarium (more
than 25 different trichothecenes), Myrothecium
(producing roridins and verrucarins), Stachybotrys
(satratoxins) and Trichoderma (trichodermins) (Lacey
1985); and destruxins, metabolites known for their
herbicidal properties, in addition to their insecticidal
activities, that are produced in at least 35 different
forms (Pedras et al. 2002). 

There are hundreds of species of fungi that have not
yet been evaluated for toxin production just within the
known toxigenic genera. There are also huge differ-
ences between strains within the same species. While
phytotoxins from fungal pathogens have received
considerable attention mainly in the understanding of
disease development and in setting up strategies for
disease control, much less attention has been given to
the secondary metabolites produced by weed patho-
gens. Usually bioactive compounds produced by plant
pathogenic fungi, including those attacking weeds, are
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considered to be a risk. They have been intensively
studied, mainly in relation to the risks posed to human
and animal health when these toxins accumulate in
agricultural commodities and are absorbed through
nourishment. In addition to quite a few families of
metabolites, such as aflatoxins, ochratoxins,
trichothecenes, fumonisins, zearalenols and alkaloids
of Claviceps, which was proved to be responsible for
severe human and animal poisonings, there are many
other metabolites that are not so dangerous and, even if
they were, could nevertheless represent interesting
tools for improving the efficacy of weed biological
control agents. Some of the possible risks and applica-
tions are discussed here.

Risk of toxin production

Often very promising mycoherbicides have been
discarded during final evaluation processes just
because they produce powerful and dangerous toxins in
vitro. The evaluation of the “real” risk should be ascer-
tained by considering the global environmental impact,
i.e. determining the production of those metabolites
when fungi are formulated, or when they are applied to,
and grown on, target weeds; the toxicity to non-target
organisms; the stability of toxins in planta or the
absorption by soil particles; and the risk of water drift.

With regard to the production of toxic metabolites
by mycoherbicides, one of the main problems is to
ascertain their biosynthesis and eventual release into
the environment. In fact, many fungi are able to
produce very high amounts of secondary metabolites
when grown for some weeks on solid media. In such
conditions, where the fungi have at their disposal large
amounts of nutrients, they produce conspicuous
amounts of biomass, as happens during storage of
kernels, and in food contamination. 

The accumulation of metabolites can be different
when a fungus is formulated as dried spores or chlamy-
dospores, as mycoherbicides usually are. When distrib-
uted in the field, the biocontrol agent is usually applied
to young plants or seedlings. The available nutrients are
not so plentiful, and usually the fungus is able to cause
a high level of disease within a few days, and then
disappear together with the diseased plants. So, the
potential to produce and accumulate high amounts of
toxins appears very limited. This is also confirmed by
the scarcity of information about the detection of phyto-
toxins in plants. For example, Myrothecium verrucaria,
proposed as an agent for the control of Pueraria
montana var. lobata (Kudzu), produced a wide range of
macrocyclic trichothecenes, such as epiroridin E, verru-
carin A and J, and others, when grown in vitro in both
liquid and solid culture (Abbas et al. 2001). Concentra-
tions of these trichothecenes ranged from more than a
hundred to fractions of milligrams per gram of culture.
On the other hand, none of those metabolites were
detected by high-performance liquid chromatography

(HPLC) analysis in diseased tissues of kudzu treated
with a spore suspension of the fungus. 

Another aspect that should be considered is the
transformation of fungal metabolites by microbial or
plant metabolism, their immobilization by soil particles
and the physical and chemical changes that can occur,
leading to the possible inactivation of the compounds. 

Enhancement of virulence through 
toxin overexpression

Toxins can be either pathogenic factors responsible for
the ability of the pathogen to cause disease, and/or viru-
lence factors, involved in the severity of expression.
The development of pathogens with enhanced biocon-
trol activity by selection or by the introduction of genes
responsible for toxin biosynthesis seems a reasonable
possibility. In fact, several genes in the biosynthetic
pathways of fungal toxins have already been identified
and cloned, such as many of those encoding the biosyn-
thetic pathway of trichothecenes, toxins produced by
several species of different fungal genera such as
Fusarium and Trichoderma. Among those genes, Tox5,
a trichodiene synthase gene responsible for cyclization
of a trichothecene precursor, was first isolated from
Fusarium sporotrichioides and subsequently cloned
into Escherichia coli. The E. coli transformant overex-
presses soluble trichodiene synthase (Cane et al. 1993).

The protein NEP1 is a potent phytotoxin isolated for
the first time from culture filtrates of a strain of
Fusarium oxysporum pathogenic on Erythroxylum
coca, and later found as a product of many other strains
of the same species (Bailey et al. 1997). The toxin
induces necrosis in leaves and is largely responsible for
the natural virulence of the species producing it, and the
gene, nep1, encoding that proteinaceous toxin, has been
identified. Recently, Amsellem et al. (2002) have trans-
ferred the nep1 gene to a weak pathogenic strain of
Colletotrichum coccodes, a potential mycoherbicide for
the biological control of Abutilon theophrasti. The
resulting transgenic strain proved quickly able to kill
abutilon plants at the three-true-leaf stage, whereas the
wild type was only sporadically able to kill those plants,
and only if applied to the young seedlings. Further-
more, the virulence of the pathogen was strongly
increased. The transgenic strain applied at a concentra-
tion nine-fold lower than that used for the wild type,
was able to cause the same level of disease. In addition,
a shorter dew period was required by the transgenic
strain to infect plants (usually one of the limiting factors
of mycoherbicide application) and symptoms appeared
much faster than for the wild strain.

Synergistic use with agents
The development of a plant disease is the result of
several biochemical and physical interactions between
the plant and the potential pathogen. Induced accumu-
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lation of antimicrobial phytoalexins, synthesis of
ethylene, deposition of lignin and other wall-bound
phenolic compounds, and synthesis of proteins such as
chitinases, wall-associated hydroxyproline-rich glyco-
proteins and pathogenesis-related proteins are among
the responses observed in plants attacked by pathogens.
The use of compounds that could weaken the physical
and/or biochemical defences of the target plant, or
increase the aggressiveness of the pathogen, as tactics
to increase pathogen efficacy in weed control have been
widely considered (Hoagland 1996). Toxins could be
used to indirectly enhance the efficacy of the pathogen,
applied together with it, if they proved able to weaken
the reaction of plants. For example, this was observed
in Helminthosporium oryzae, the causal agent of rice
brown spot pathogen, whose infection and consequent
symptom appearance were delayed if phenol metabo-
lism was stimulated in rice plants. When its fungal
toxin was applied to chemically treated and stimulated
leaves, their phenolic content decreased rapidly,
providing good evidence of the toxin’s role in the
suppression of rice plant defence mechanisms (Vidh-
yasekaran et al. 1992).

Ascochyta caulina, an interesting fungus proposed
for biological control of Chenopodium album, was able
to cause severe disease symptoms in young plants
within 7–10 days after the application of a spore
suspension. If the fungus was sprayed together with a
mixture of purified toxins, produced and purified from
the culture filtrate of the same pathogen, its efficacy
was strongly enhanced, both in terms of the speed of
disease appearance, with effects already appearing 2–3
days after treatment, as well as in the entity of symp-
toms (Vurro et al. 2001). 

Similarly, when Nep1 protein, produced by F.
oxysporum, was applied as a foliar spray with an appro-
priate wetting agent and together with Pleospora
papaveracea for biological control of Papaver somni-
ferum (opium poppy), the treatment caused higher
necrosis ratings than either component alone. In green-
house experiments, the necrosis ratings for plants
treated with the combination of Nep 1 protein and
spores ranged between 60 and 95%, against a rate
between 7 and 50% for the pathogen alone and almost
none for the protein alone. Similar results were also
obtained in field experiments (Bailey et al. 2000).

A restriction to the practical application of patho-
gens in biocontrol is the host range of the fungus. If a
broader host range could improve the use of the path-
ogen, allowing its application to a larger number of
weeds, it would pose a higher risk due to the uncontrol-
lability of the pathogen once it has been released in the
field. Since some pathogens are able to produce host-
specific toxins, having the same host range as the path-
ogen producing them, their use could increase the effi-
cacy of the pathogen only against the target weeds, or
change the spectrum of action of the pathogen. For
example, the spores of Helminthosporium victoriae, a

pathogen of oats, could not penetrate into maize tissues
unless applied with BZR-toxin, produced by Bipolaris
zeicola Shoemaker race 3, a pathogen of rice and maize
(Xiao et al. 1992). 

A further approach could be the use of non-specific
toxins with non-specific pathogens. This could trans-
form a weak pathogen into a good biocontrol agent.
This would also permit a single pathogen to be used
against a larger number of targets, without the risk of
uncontrolled diffusion in the environment. In this case,
disease could be obtained only where the pathogen was
introduced in presence of the toxins. In the absence of
the toxin, the pathogen would not be virulent. Alter-
naria toxins have shown these effects. Application of
AK-toxins, produced by a virulent strain of A. alternata
f. sp. kikuchiana caused treated plants to leak electro-
lytes and enabled a non-virulent strain to establish
infections at a level equal to that of toxin-producing
spores (Otani et al. 1985).

Use as biomarkers

If toxins produced by pathogens were used as biomar-
kers this could indirectly improve biocontrol agents. In
fact, one of the main difficulties in weed biological
control is the assessment of virulence and its compar-
ison among different fungal strains. If toxins proved to
be virulence factors, meaning that there was a positive
correlation between toxin production and aggressive-
ness of the candidate agent, analytical methods could be
developed (when the chemical structure of toxic metab-
olites was determined) to measure the absolute concen-
trations of the toxins in culture filtrates or partially
purified extracts. This would allow the selection of
more virulent strains of the pathogen simply by testing
the in vitro production of toxic metabolites and
choosing the highest toxin producers. For example, the
fungal metabolite botrydial was recently detected for
the first time in plants, in a wound inoculated with
conidial suspensions of Botrytis cinerea in ripe fruits of
Capsicum annuum (sweet pepper) (Deighton et al.
2001). In this system, the most aggressive isolate of B.
cinerea was also the highest producer of botrydial in the
soft rot regions of the infections on C. annuum. 

In the case of A. caulina, the biocontrol agent of C.
album, a method of high-performance anion exchange
chromatography and pulsed amperometric detection
was developed, allowing a quick and simple quantifica-
tion of the three main metabolites produced by the path-
ogen in liquid culture. Preliminary observations carried
out on some pathogenic strains seemed to support a
positive correlation between toxin production and viru-
lence of the strains, and thus the idea of using toxins as
biomarkers for biocontrol agent selection (Evidente et
al. 2001). In contrast, the same approach was not
successful in the selection of phytopathogenic strains of
F. oxysporum for biological control of parasitic weeds.
Fusaric acid, a well known toxin produced by Fusarium
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species, has also been considered a virulence factor
(Kern 1970). In a wide survey with the aim of finding
potential agents for biological control of Orobanche
ramosa, a parasitic weed infesting among others,
tomato, tobacco and cabbage, several phytopathogenic
F. oxysporum strains were isolated, and their virulence
and fusaric acid production were determined, but no
correlations were observed (Abouzeid et al. 2004). 

Use as sources of natural herbicides

New bioactive metabolites have often been obtained by
screening extracts from different microbes. This
approach can be useful if applied to a general, and not
a focused, screening for novel bioactive metabolites.
This technique has a low percentage of success due to
the different biological activities such compounds can
possess and the constraints to evaluate them. It can also
be an inefficient screening process because of the
almost infinite number of organic compounds with low
molecular weights that can be produced and the diffi-
culties in explaining why a microorganism should
produce secondary metabolites having biological prop-
erties far from the ecological needs of the microor-
ganism that produced them. In the case of
bioherbicides, a simpler approach would be to limit the
study to phytopathogenic microbes that have demon-
strated potential as weed biocontrol agents and could
provide a rich source of metabolites active against
weeds. Many toxins produced by fungal and bacterial
weed pathogens have been already isolated, purified,
chemically and biologically characterized, and
proposed as potential herbicides (Table 1). 

Modification of metabolic pathways

Fungal extracts can be obtained by fermentation on a
sufficient scale to allow follow-up testing and to
provide material for studies of structure–activity rela-
tionships. In certain cases, the activity of a produced
metabolite and its potency in the field could make
commercial production by fermentation a realistic
possibility. Production of metabolites can be further
manipulated by the use of specific growth media to
modify the biosynthetic pathways for the production of
the compounds. This offers the possibility of obtaining
“non-natural” natural products, and this could be
accomplished by simply adding chemical analogues of
key biosynthetic intermediates to the growth medium.
These chemicals are recognized by biosynthetic
enzymes and enter into the pathway. The end products
are analogues of the normal product or intermediates
that are not substrates for subsequent transformations. 

A further approach could be the use of strains having
altered biosynthetic abilities. For example, mutant
strains of Fusarium graminearum obtained by disrup-
tion of Tri8, a gene probably encoding an esterase, were
able to accumulate 3-acetyl T-2 toxin, 3-acetyl neosola-
niol and 3,4,15-triacetoxyscirpenol, rather than T-2
toxin (McCormick & Alexander 2002). This approach
would allow, as final products, metabolites that are only
intermediates in the “natural” biosynthetic pathways,
and that could have different biological properties with
respect to the end products. This was also observed in
the case of Fusarium sporotrichioides where, by
disruption of Tri11, a gene encoding a cytochrome P-
450 monooxygenase, was able to produce four

Table 1. Examples of phytotoxins produced by fungal pathogens of weeds.

Toxin Producer Host weed

Alteichin Alternaria eichhorniae Eichornia crassipes

Ascaulitoxin Ascochyta caulina Chenopodium album

Ascochytine Ascochyta hyalospora C. album

Bipolaroxin Bipolaris cynodontis Cynodon dactilon

Bostricin Alternaria eichhorniae E. crassipes 

Brefeldin A Alternaria zinniae Xanthium occidentale

Cytochalasins Pyrenophora semeniperda Bromus spp.

De-O-methyldiaporthin Drechslera siccans Lolium spp.

Dihydropirenophorin Pyrenophora avenae Sorghum halepense

Epoxidon Phoma sorghina Phytolacca americana

Exserohilone Exserohilum holmii Dactyloctenium aegyptium

Maculosin Alternaria alternata Centaurea maculosa

Monocerin Exserohilum turcicum S. halepense

ß-nitropropionic acid Septoria cirsii Cirsium arvense

Ophiobolins Drechslera sorghicola S. halepense

Putaminoxin Phoma putaminum Erigeron annuus

Tentoxin Alternaria tenuis S. halepense

Tryptophol Drechslera nodulosum Eleusine indica
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trichothecenes not observed in the culture of the parent
strain (McCormick & Hohn 1997).

New derivatives

Knowledge of toxin structure can allow the preparation
of appropriate derivatives and/or analogues that are
essential to study structure–activity relationships, to
understand their mechanisms of action and to deter-
mine the active sites of the toxins that could be used as
the backbone of new compounds. Many studies have
shown that changes in the active sites of microbial
metabolites cause modification of their biological
activities. Putaminoxin and pinolidoxin, two structur-
ally related nonenolides, isolated respectively from the
organic extracts of Phoma putaminum and Ascochyta
pinodes cultures, together with some of their natural
analogues and synthetic derivatives, were used in struc-
ture–activity relationship studies using phytotoxic,
antifungal and zootoxic assays (Evidente et al. 1998).
The strongest phytotoxic compounds proved to be
putaminoxin and pinolidoxin, and their toxic activity
seemed related to the integrity and presence of both
hydroxyl groups and an unmodified propyl side chain. 

The biological activity of cytochalasins, produced by
many fungal species, such as Phoma exigua var. hetero-
morpha, and that of several derivatives, proved to be
related mainly to the size of the macrocyclic ring, and to
its conformational freedom. Furthermore, modifications
of the hydroxy group on C-7 were shown to affect the
toxic properties of the toxins (Bottalico et al. 1990). 

Abbas et al. (1995), in a search for analogues of
fumonisin B and AAL-toxin retaining high phytotox-
icity but with lower mammalian toxicity, tested many
analogues for toxicity to duckweed, tomato, black
nightshade and mammalian cell lines, and found only
one compound having all those properties, thus indi-
cating some potential for the development of safe and
effective natural herbicides.

Possible syntheses 

The inability of microorganisms to produce large
amounts of a toxin or the high costs of purification
represent potential constraints to their practical use as
natural herbicides. However, these could be overcome
by the chemical syntheses of the fungal metabolites.
Several fungal pathogens, especially belonging to the
genera Alternaria and Cochliobolus, produce host-
selective toxins that are virulence and/or pathogenicity
factors. These compounds are active against the same
plant species as the fungal pathogens and low (physio-
logical) concentrations of the toxin are able to repro-
duce symptoms of the natural infections. These plant-
specific metabolites have received attention as models
for new herbicides. For example, the synthesis of host-
specific toxins has been extensively investigated by
Crombie et al. (1999), particularly AK-toxin I and AK-

toxin II produced by A. alternata (Japanese pear patho-
type), which causes disease in pears. These toxins,
affecting the Nijisseiki varieties of pear, but not other
cultivars, are active at a concentration of 5 × 10–9 M.
AF-toxins A. alternata (strawberry pathotype) have
also been considered for synthesis. Recently, another
host-specific toxin, the cyclic dehydrodepsipeptide
AM-toxin II, produced by A. alternata, the fungal agent
of apple tree leaf spot disease, was efficiently synthe-
sized using a solid-phase method (Horikawa et al.
2001). The synthesis included C-terminal peptide elon-
gation and cyclization followed by oxidative cleavage
and formation of the double bond. It has also been
shown that this methodology could be very useful in
synthesising unsaturated compounds using solid-phase
chemistry.

Seiridin and its structural isomer isoseiridin are two
phytotoxic butenolides produced by three species of
Seiridium, fungi associated with the canker of
Cupressus sempervirens (cypress trees) in the Mediter-
ranean area. Since those compounds are available only
at very low levels, and after a long process of purifica-
tion of the fungal culture filtrates, the synthesis of these
toxins was considered. This has led to the first enanti-
oselective synthesis of seiridin, which provided large
quantities of the toxin, a possible tool for genetic selec-
tion of resistant cypress plants (Bonini et al. 1995).

Dehydrocurvularins are produced by a number of
phytopathogenic fungal species, such as Curvularia,
Penicillium, Cochliobolus and Alternaria. These
metabolites possess interesting biological properties,
and are related to octaketide and nonaketide analogues
such as lasiodiplodins, resorcyclide, zearalenones and
monocillin. The interest in investigating the mechanism
of action and production in larger quantities has led to
the study of biosynthetic incorporation of precursors
into dehydrocurvularin, allowing an understanding of
the fundamental steps of its biosynthesis (Liu et al.
1998).

Conclusions

Toxins represent important tools for improving,
directly or indirectly, the efficacy of weed biocontrol
agents. First of all, toxicity against non-target organ-
isms should be evaluated, as well as the toxicological
risk due to the introduction of pathogens, potential
producers of toxic metabolites. The evaluation should
also be carefully carried out at the field level, to avoid
discarding potential and promising mycoherbicides
only because they produce toxic metabolites in vitro.
The availability of new methods of toxin purification,
structure elucidation, fermentation processing,
synthetic production, formulation, knowledge of
biosynthetic pathways and molecular tools for their
transformation may provide further incentives to inves-
tigate the use of natural metabolites in weed control
strategies.
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