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Introduction

One of the major hurdles in the registration and subsequent commercialization of
fungal biological control agents (BCAs) is risk assessment. This is a costly, controversial
and contentious area, which may have deterred many entrepreneurs from investing 
in the development of fungal BCAs. Risk assessment and related issues are dealt with
in more detail in Chapter 13. Of particular interest (and the focus of this chapter) are
the biological properties of toxic metabolites secreted by fungal BCAs. Plant patholo-
gists have generally defined toxins as low-molecular-weight products of microorgan-
isms active in low concentrations (Graniti, 1972). 

Fungi secrete a wide array of compounds with biological activity against other
organisms, mostly products of secondary metabolism (Table 12.1). Secondary metabo-
lites originate as derivatives from various intermediates in primary metabolism (Fig.
12.1). Most of these compounds arise from five main metabolic sources: (i) amino
acids; (ii) the shikimic acid pathway for the biosynthesis of aromatic amino acids; 
(iii) the polyketide biosynthetic pathway from acetyl coenzyme A (CoA); (iv) the 
mevalonic acid pathway from acetyl CoA; and (v) polysaccharides and peptido-
polysaccharides. Biosynthesis of fungal secondary metabolites is beyond the scope of
this book, but has been briefly reviewed by Griffin (1994).

Fungal metabolites serve different functions, depending on the ecological niche
of the fungus (Fig. 12.2). Some metabolites may be antibiotics to protect the BCA
against antagonistic microorganisms, or may prevent growth of saprophytic microbes
on the host after it is killed and thus improve the survival of the BCA. Mycoparasites,
in particular, may exploit this strategy to displace plant pathogens or postharvest dis-
eases. Some bioactive metabolites are also important pathogenicity determinants
(Strasser et al., 2000) and others have antifeedant/repellent properties that presumably
deter mycophagous organisms. This chapter reviews the production and biological
activity of selected metabolites of fungal BCAs. It is impossible to cover all metabolites,



since the discovery of new compounds is an ongoing process, with many remaining
to be discovered. A few selected examples will illustrate concepts or patterns that may
apply to other fungal BCAs. 

Toxins of Entomogenous Fungi

The most studied species of entomogenous fungi are Metarhizium anisopliae and
Beauveria bassiana. Less studied, but equally important species of commercial impor-
tance are Paecilomyces fumosoroseus, Tolypocladium spp., Verticillium lecanii and Hirsutella
spp. These fungi secrete an array of secondary metabolites, some of which are restricted
to specific genera, while others are more ubiquitous. Here, attention is focused on a
few representative examples from selected genera.

Destruxins

The first systematic study of toxin production by fungal entomopathogens in vitro was
conducted on M. anisopliae and led to the discovery of destruxins A and B (Kodaira,
1961). Since then, many other compounds have been isolated from M. anisopliae (Table
12.2). Suzuki et al. (1971) first demonstrated the production of destruxins in vivo.
Destruxins are quite disparate compounds, which may occur as isomers or congeners.
Their basic structural backbone consists of five amino acids and an α-hydroxy acid.
To date, 28 structurally different, related destruxins have been identified from three
different sources; most congeners are produced by M. anisopliae (Strasser et al., 2000).
Other natural analogues of destruxins have been described, including roseotoxin
(Engstrom et al., 1975) and bursephalocids A and B (Kawazu et al., 1993).

Recently, destruxins A4, A1 and A5 and homodestruxin B were isolated from the
entomopathogenic fungus Aschersonia sp. (Krasnoff and Gibson, 1996). Destruxin B,
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Table 12.1. Selected metabolites of some important fungal biological control agents (BCAs).

Fungal BCA Main target Metabolites produced in vitro and/or in vivo

Metarhizium anisopliae Insects Destruxins (> 27 types), swainsinone, cytochalasin C
Beauveria bassiana Insects Bassianin, beauvericin, bassianolide, beauverolides,

tenellin
Beauveria brongniartii Insects Oosporein
Paecilomyces fumosoroseus Insects Beauvericin, beauverolides, pyridine-2,6-dicarboxylic

acid
Verticillium lecanii Insects Dipcolonic acid, hydroxycarboxylic acid, cyclosporin
Tolypocladium spp. Insects Cyclosporin, efrapeptins (five types)
Hirsutella thompsonii Insects and Hirsutellin A, hirsutellin B, phomalactone

mites
Trichoderma spp. Fungi Harzianic acid, alamethicins, tricholin, peptaibols,

antibiotics, 6-pentyl-α-pyrone, massoilactone
Gliocladium spp. Fungi Viridin, gliovirin, glisoprenins, heptelidic acid
Fusarium spp. Fungi, insects, Trichothecenes, beauvericin, naphthazarins 

and weeds (e.g. fusarubin and anhydrofusarubin), fusaric acid, 
Colletotrichum Weeds Colletotrichin
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Fig. 12.1. Interrelationships of metabolic pathways in primary and secondary metabolism. The principal pathways of secondary metab-
olism are numbered as follows: (1) glucose-derived metabolites; (2) acetate–malonate pathway; (3) mevalonic acid pathway; (4)
shikimic acid pathway; and (5) amino acid-derived pathways. TCA, tricarboxylic acid. (Adapted from Griffin 1994.)
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homodestruxin B and desmethyl destruxin B were also isolated from the plant-patho-
genic fungi Alternaria brassicae, Trichothecium roseum and Ophiosphaerella herpotricha
(Ayer and Pena-Rodriguez, 1987; Bains and Tewari, 1987; Gupta et al., 1989; Buchwaldt
and Jensen, 1991). 

Insects vary in their susceptibility to destruxins, with some Lepidoptera being
highly susceptible (Roberts, 1981; Charnley, 1984; Fargues and Robert, 1986; Samuels
et al., 1988a; Brousseau et al., 1996; Thomsen et al., 1996; Kershaw et al., 1999). The
median lethal dose (LD50) of destruxin A and B injected into silkworm larvae was
0.015–0.030 mg g–1, 24 h post-injection (Kodaira, 1961; Suzuki et al., 1971; Tamura
and Takahashi, 1971), but these compounds were ten- to 30-fold less active in wax-
moth (Galleria) larvae (Roberts, 1966). 

The effects of destruxins also vary between the species and specific developmen-
tal stages of the test organism and of the producing organism. For example, insects
injected with low doses exhibit tetanus within 3 min and, at higher doses, tetanus
paralysis is brief or absent and a flaccid paralysis occurs (Roberts, 1981). Toxins also
affect insect growth. Larvae of the mustard beetle (Phaedon cochleariae) and potato
lady beetle (Epilachna sparsa) grow slowly when exposed to leaves treated with destrux-
ins compared with those fed on untreated leaves (Kodaira, 1961; Amiri et al., 1999).
The influence of destruxins on the larval growth, pupal weight and emergence rate of
females was also observed in the eastern spruce bud-worm, Choristoneura fumiferana
(Brousseau et al., 1996).

Relationships between the chemical structure of destruxins and their biological
activity have been investigated. Most workers note significant differences in the insec-
ticidal activity of the compounds of this family, while others report no difference.
Destruxins A and E appear to be the most toxic molecules and destruxin D the least
toxic toward Galleria larvae (Fargues et al., 1986; Vey and Quiot, 1989; Dumas et al.,
1994). Fargues and co-workers found that destruxins A and E were equally toxic, but
more toxic than destruxin B when injected into or ingested by Galleria larvae. Housefly
maggots appear to be more sensitive to destruxin E than to destruxin A or B (Robert
and Fargues, 1986). Destruxin E was more toxic for Galleria larvae than for Musca
domestica, which, in turn, was more susceptible to this toxin than the onion maggot
fly, Delia antiqua (Roberts, 1981; Proprawski et al., 1985; Fargues et al., 1986; Robert
and Fargues, 1986).

Some workers report that, depending on the type and host species involved,
destruxin has no contact toxicity when applied to the integument (Fargues et al., 1986),
while others report contact toxicity (Poprawski et al., 1994; Amiri et al., 1999). Exactly
how these compounds cross the insect cuticle remains unclear. 

There is some evidence that destruxin E is systemic in plants, because the cru-
cifer pest Brevicoryne brassicae (cabbage aphid) is repelled by cabbage leaves soaked in
an 8.8 p.p.m. solution of destruxin E. Myzus persicae is also susceptible to destruxin
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Table 12.2. Destruxin analogues isolated from Metarhizium anisopliae.

Analogue Reference

Desmethyl destruxins B, D and C Suzuki et al., 1970
Destruxins E, A1, A2, B1, B2, C2, D1, D2 and E1 Païs et al., 1981
Destruxin E2 and chlorhydrin Gupta et al., 1989, 1991
Destruxins A3 and F and desmethyl destruxins A and C Wahlman and Davidson, 1993



E (LD50 = 0.4 mg cm–2), but not to the same degree as B. brassicae. In contrast, the
cereal aphid Rhopalosiphum padi continued to feed on cereal leaves treated with
destruxin E, even at relatively high doses, e.g. 6.6 mg cm–2 (Robert and Riba, 1989). 

Little is known about the functionally active groups in the different destruxin
molecules. It has been suggested that an epoxy group in destruxin E increases potency,
while a COOH group may decrease potency, such as in destruxin D (Dumas et al.,
1994). It appears that destruxins have a spectrum of other biological activities, such
as disruption of the calcium balance in cells (Dumas et al., 1996a) and inhibition of
vacuolar adenosine triphosphatases (ATPases) (Muroi et al., 1994; Bandani et al., 2001);
some of these activities are summarized in Table 12.3. 

There is some evidence that insects can remove injected destruxins from circula-
tion (Samuels et al., 1988b). Insects differ in their ability to detoxify destruxins (Fargues
et al., 1985). The fat body seems to possess a greater affinity for this cyclic peptide
than any other tissue or organ and is a more important detoxification system than the
pericardial tissue (Lange et al., 1991, 1992). When destruxin E is injected into Locusta
migratoria, it is converted by the fat body into destruxin E-diol (which is inactive when
injected in Galleria mellonella) and E-diol is secreted by the Malpighian tubules.
Likewise destruxin A is transformed into the corresponding linear peptide (Lange et
al., 1991, 1992; Loutelier et al., 1994, 1995). 

The induction of paralysis by injection of haemolymph from insects infected by
M. anisopliae suggested that destruxins are secreted during fungal infection (Kodaira,
1961; Roberts, 1966). The destruxin content amounted to 240 ng per silkworm larva
4 days after inoculation with spores. Sufficient amounts of destruxins are secreted into
the haemolymph to induce a cytotoxic effect on host tissues (Vey et al., 1986).

Al-Aïdroos and Roberts (1978) reported a link between the amount of destruxin
produced by mutants of M. anisopliae in vitro and virulence against mosquito larvae.
Recent studies by Amiri-Besheli et al. (2000) reveal inter- and intra-specific variation
in destruxin production by the genus Metarhizium, both in vivo and in vitro. Specialized
species, such as Metarhizium album, which is restricted to hemipteran insects, produce
very little destruxin, while generalist species, such as M. anisopliae var. anisopliae, pro-
duce destruxins A, B and E, often in significant quantities. These observations suggest
that destruxin may be significant in determining host specificity. The authors also
argued that destruxins were possibly important pathogenicity determinants for some
strains of Metarhizium.

Destruxins have antifeedant properties and are toxic to insects following absorp-
tion through the cuticle (Amiri et al., 1999). They are also toxic to small mammals.
The LD50 of destruxins A and B following intraperitoneal injection in mice was 1–1.35
mg kg–1 and 13.2–16.9 mg kg–1 within 1 h, respectively (Kodaira, 1961). In contrast,
destruxins are less toxic to fish and amphibians. No lethal or teratogenic effect or post-
ponement of emergence of the embryos was observed in the teleostean fish Brachydanio
rerio H.B. (Debeaupuis and Lafont, 1985). The acute toxicity of destruxins on the
amphibians Xenopus laevis Daudin and Rana temporaria L. is low, i.e. as a reference
point, chemical pesticides, such as the fungicide thiram, show a stronger (lethal) effect
(Fargues and Robert, 1986). 

Recently, a neutral lipophilic extract (methylene chloride, pH 7.2) derived from
M. anisopliae cultures was evaluated for toxicity and mutagenicity, using aquatic ani-
mal bioassays and the Ames test (Genthner et al., 1998). The average LC50 of the
extract obtained in static, acute 96 h tests conducted with 24-h-old Mysidopsis bahia
was 2.41 mg l–1. However, by partially purifying destruxins from the neutral extract,

316 Toxic Metabolites of Biocontrol Agents



it was shown that destruxins alone were not responsible for the observed toxicity in
mysids. After 3 months, no mortalities or adverse effects were observed in adult
Gambrusia affinis fed a diet partially composed of a freeze-dried M. anisopliae culture.
The same extract showed no mutagenicity in the Ames test using strains TA98 and
TA100, with and without metabolic activation by rat liver S9. However, the extract
was toxic to developing grass shrimp, Palaemonetes pugio, and frog, X. laevis, embryos;
the LC50 values were 52 and 32 mg l–1, respectively. The extract was toxic to juvenile
mosquito fish, G. affinis, at an LC50 value of 141 mg l–1. However, adult female 

A. Vey et al. 317

Table 12.3. Some activities of destruxins (Dtx).

Effect/property Reference

Dtx A, B and E cause Gromphadorhina laevigata (Dictyoptera) and Quiot et al., 1985
Bombyx mori cell lines (Lepidoptera) to contract, become granulated and 
stop dividing. The cell line of B. mori was more susceptible to these 
destruxins than cells of G. laevigata, even at relatively low doses, 
i.e. 0.05 p.p.m. versus 1 p.p.m.

Dtx E effects on invertebrate cells include: aggregation of chromatin, 
deformation of nuclei, degradation of mitochondria and rough 
endoplasmic reticulum and impaired functioning of the ribosomes

Interfere with haemocyte function and can prevent nodulation Vey et al., 1985; Huxham
et al., 1989

Trigger degranulation of isolated haemocytes of the crayfish Cerenius et al., 1990
(Pacifastacus leniusculus)

Inhibit phagocytosis in plasmatocytes in vitro and in infected larvae Vilcinskas et al., 1997

Inhibit synthesis of DNA, RNA and proteins even at low doses, Odier et al., 1992
e.g. nucleotide synthesis of mouse P388 leukaemic cell lines.

Dtx E acts on the midgut, Malpighian tubules and circulating haemocytes Vey and Quiot, 1989;
Dumas et al., 1996 b

Block H+-ATPase activity Muroi et al., 1994

Trigger phosphorylation of unidentified cellular proteins Dumas et al., 1996a

Alter enzyme activity, i.e. phenoloxidase, which is involved in Vey et al., 1985; Huxham 
melanin synthesis et al., 1989; Cerenius et

al., 1990

Antiviral effects Quiot et al., 1980, 1985;
Kopecky et al., 1992; Sun
et al., 1994; Yeh et al.,
1996; Chen et al., 1997

Cause rapid decrease in the transmembrane resting potential; directly Bradfisch and Harmer, 
or indirectly open endogenous Ca2+ channels within the muscle 1990
membrane of Manduca sexta

Prevent secretion of ecdysteroids by prothoracic glands of Manduca Sloman and Reynolds,
1993

Inhibit fluid secretion by Schistocerca gregaria Malpighian tubules James et al., 1993



G. affinis surviving a 24 h exposure to 200 µg ml–1 of the neutral extract produced
healthy broods. 

In the case of the plant pathogen A. brassicae, destruxins play an important role
in the infection of several Brassica species. These toxins induce chlorosis and have been
isolated from infected leaf tissue (Ayer and Pena-Rodriguez, 1987;  Bains and Tewari,
1987; Buchwaldt and Jensen, 1991; Buchwaldt and Green, 1992). Bains and Tewari
(1987) suggested that the level of sensitivity of Brassica species to destruxin B was
related to their degree of susceptibility to A. brassicae, with non-host plants being least
affected. Likewise, Venkatasubbaiah et al. (1994) reported that destruxin B from O.
herpotricha induced necrotic/chlorotic reactions in host but not in non-host plants.

Efrapeptins 

The linear peptidic efrapeptins (types C to G) have been isolated only from
Tolypocladium species (Weiser and Matha, 1988; Krasnoff and Gupta, 1991).
Efrapeptins are inhibitors of intracellular protein transport and mitochondrial ATPases
(Fricaud et al., 1992; Krasnoff et al., 1991). They arrest syncytium formation (SF) and
have cytopathic effects (CPE) in Newcastle disease virus (NDV)- and vesicular stom-
atitis virus (VSV)-infected BHK cells, respectively, without profoundly affecting gly-
coprotein synthesis (Muroi et al., 1996). Efrapeptins blocked cell-surface expression of
NDV-HN and VSV-G glycoproteins, but did not suppress intoxication by ricin or
diphtheria toxin even after prolonged pretreatment. Efrapeptins inhibit F-ATPase or
ATP synthase, but their inhibitory effect on SF and CPE was independent of the intra-
cellular ATP concentration (Muroi et al., 1996).

Efrapeptins show insecticidal and miticidal effects against arthropod species such
as spider mites, potato beetle, tobacco bud-worm and diamondback moth (Matha et
al., 1988; Krasnoff et al., 1991). Dose-related antifeedant and insect growth inhibitory
properties have also been reported by Bandani and Butt (1999). Furthermore,
efrapeptins have limited antifungal and antibacterial activity. There is no information
concerning the phytotoxicity and antiviral properties of the efrapeptins.

As with destruxin, there was inter- and intraspecific variation in efrapeptin pro-
duction. In Tolypocladium cylindrosporum, Tolypocladium niveum and Tolypocladium par-
asiticum, efrapeptin production reached 116 mg l–1, 80 mg l–1 and 2 mg l–1 in respective
culture filtrates after 14 days’ incubation. Tolypocladium species secreted low amounts
of efrapeptins in the insect haemocoel during the infection process. Few fungal hyphae
were detected in dead, infected G. mellonella and Calliophora sp., suggesting that death
was to due to toxicosis. The LD50 values of the purified efrapeptin mixture for final-
instar larvae of the Lepidoptera G. mellonella and Manduca sexta in injection assays
were, on average, 30 and 47 ng, respectively (Bandani et al., 2000). 

Oosporein 

The red-coloured dibenzoquinone oosporein is produced by a large number of soil
fungi and the entomogenous fungi belonging to the genus Beauveria (Eyal et al., 1994;
Strasser et al., 2000a, b). Oosporein is considered to react with proteins and amino
acids through redox reactions by altering SH groups, resulting in enzyme malfunction
(Wilson, 1971). Oosporein, like tenellin and bassianin, will inhibit erythrocyte mem-
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brane ATPase activity in a dose-dependent manner by as much as 50% at 200 µg ml–1.
These pigments inhibited Ca2+-ATPases to a greater extent than Na+/K+-ATPase activ-
ity. The ATPase-inhibitory activity of these pigments was not specific, but was prob-
ably a consequence of membrane disruption, since they all caused alterations in
erythrocyte morphology and promoted varying degrees of cell lysis (Jeffs and
Khachatourians, 1997). Oosporein is an antiviral compound, preferentially inhibiting
herpes simplex virus-I DNA-polymerase (Terry et al., 1992). The authors found that
oosporein was a competitive inhibitor of dGTP or dCTP incorporation into DNA.

Oosporein is an effective antibiotic against Gram-positive bacteria, but has little
effect on Gram-negative bacteria (Vining et al., 1962; Brewer et al., 1984; Taniguchi
et al., 1984; Wainwright et al., 1986). It has no obvious antifungal properties but there
are mixed reports on its phytotoxicity; some workers report plant growth-inhibiting
and phytotoxic effects, while others report the contrary (Cole et al., 1974; Brewer et
al., 1977; Strasser et al., 2000). However, oosporein has been reported to cause avian
gout in broiler chicks and turkeys (Cole et al., 1974; Pegram and Wyatt, 1981; Pegram
et al., 1982; Manning and Wyatt, 1984; Brown et al., 1987). Furthermore, oosporein
has been found to be toxic to 1-day-old male chickens (LD50 = 6 mg kg–1; Manning
and Wyatt, 1984)). Toxicity studies of oosporein in mice and hamsters indicated an
LD50 value of 0.5 mg kg–1 body weight, when injected intraperitoneally (Wainwright
et al., 1986). However, a daily oral administration of 7 mg kg–1 oosporein to mice over
47 days was non-lethal. Cytotoxicity tests on two different mammalian cell lines
revealed that oosporein, at 600 ng ml–1, had no adverse effect (Abendstein and Strasser,
2000). In addition, oosporein at 100 µg ml–1 had no effects on in vitro cell cultures
of hamster tumour cells and baby hamster kidney cells (Wainwright et al., 1986). Aleo
et al. (1991) studied the nephrotoxic potential of oosporein using rat renal proximal
tubules. The authors reported that tubule viability was altered, but there was no evi-
dence to support a direct inhibitory effect on mitochondrial respiration at a maximum
oosporein concentration of 306 µg ml–1.

Strasser et al. (2000) found that oosporein was the only major secondary metabo-
lite produced by three commercial strains of the entomopathogenic fungus Beauveria
brongniartii in submerged cultures and on sterilized barley kernels. None of the other
major toxins (bassianin, beauvericin and tenellin) normally produced by Beauveria
species were detected by sensitive high-performance liquid chromatography (HPLC)
and mass spectrometry (MS) techniques (Strasser et al., 2000b). Both in vitro and in
vivo studies on the distribution of oosporein revealed negligible amounts in the envi-
ronment, suggesting that these particular strains of B. brongniartii pose no risk to
humans and animals (Strasser et al., 2000a). Laboratory experiments have shown that
the maximum amount of oosporein produced in liquid batch reactors was 270 mg l–1,
after 4 days’ incubation, while that produced on sterilized barley kernels ranged between
2.0 and 3.2 mg kg–1, after 14 days’ incubation (production time). The maximum
amount of oosporein detected in cockchafer (Melolontha melolontha) larvae infected
with B. brongniartii was 0.23 mg larva–1. Melocont®-Pilzgerste, a commercial prod-
uct based on B. brongniartii, was not phytotoxic to garden cress (Lepidium sativum),
Hurd’s grass (Phleum pratense) and potatoes (Solanum tuberosum), nor were fungal
metabolites detected in these indicator plants and potato tubers (Strasser et al., 2000;
H. Strasser, unpublished data). No systemic effects (e.g. chlorosis, necrosis and stunting)
of oosporein were observed in pasture turf treated with oosporein-enriched B. brong-
niartii culture broth, even several months after treatment (Strasser et al., 2000).

Based on the results of laboratory and field experiments, a theoretical oosporein
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concentration of 4.8–6.4 mg m–2 can be expected to be detected in the soil. This cal-
culation is based on an average infestation density of 80 M. melolontha larvae m–2 and
an average infection rate of 30–40%.

Beauvericin, bassianolide and beauveriolide 

Beauvericin is a hexadepsipeptide, previously isolated from the entomopathogenic fungi
Beauveria spp. and Paecilomyces spp. and the plant-pathogenic fungi Fusarium spp. and
Polyporus fumosoroseus (Grove and Pople, 1980; Gupta et al., 1991; Plattner and Nelson,
1994; Logrieco et al., 1998; Munkvold et al., 1998), and two analogues, A and B,
were described by Gupta et al. (1995).

Beauvericin is structurally and functionally similar to the membrane-damaging
antibiotics enniatins A, B and C and differs from these compounds with respect to
the N-methylamino acids (Steinrauf, 1985). Beauvericin forms Na+ and K+ complexes,
leading to increased permeability of natural and artificial membranes (Ovchinnikov et
al., 1971). Beauvericin shows antibiotic activity against several bacteria, such as Bacillus
subtilis, Escherichia coli, Mycobacterium phlei, Sarcinea lutea, Staphylococcus aureus and
Streptococcus faecalis (Ovchinnikov et al., 1971). Furthermore, beauvericin has moder-
ate insecticidal properties (Suzuki et al., 1977; Kanaoka et al., 1978; Champlin and
Grula, 1979; Qadri et al., 1989; Zizka and Weiser, 1993; Gupta et al., 1995). However,
some workers report that it has no toxicity for certain insects (Champlin and Grula,
1979).

Beauvericin is a specific cholesterol acyltransferase inhibitor of certain cell lines,
induces programmed cell death similar to apoptosis and causes cytolysis, accompanied
by internucleosomal DNA fragmentation into multiples of 200 base pairs (Ojcious et
al., 1991). It is toxic to brine shrimp (Artemia salina L.) with an LD50 = 2.8 µg ml–1

water (Moretti et al., 1995), and to M. bahia, at an LD50 of 0.56 mg l–1. The toxic-
ity of beauvericin persists in sterile sea water for at least 3 but not 8 weeks (Genthner
et al., 1994). A non-polar extract of mycelia from B. bassiana containing beauvericin
was toxic at an LC50 of 84.2 mg l–1. Beauvericin toxicity was mostly investigated using
insects, but recent reports show high in vitro toxicity towards murine (Ojcious et al.,
1991) and human cell lines (Di Paola et al., 1994).

Another toxin secreted by B. bassiana is the cyclo-octadepsipeptide called bassiano-
lide (Suzuki et al., 1977). This chemical induces atonic symptoms in silkworm larvae
fed on an artificial diet containing small amounts of this compound, but was lethal at
higher doses (13 p.p.m.). Bassianolide, like beauvericin, is an ionophore antibiotic, but
differs in its reaction to different cations (Suzuki et al., 1977; Kanaoka et al., 1978).
Neither beauvericin nor bassianolide has been shown to exhibit mammalian or plant
toxicity, but there may possibly be a synergistic effect with the structurally related
mycotoxin moniliformin (Cole et al., 1973). Fusarium species under certain conditions
produce beauvericin, moniliformin, fumonisins (b1, b2) and fusaproliferin (Gupta et
al., 1991; Logrieco et al., 1998; Munkvold et al., 1998). Ingestion of Fusarium-con-
taminated grain by mammals and the subsequent uptake of these metabolites causes
cancer of the oesophagus and heart problems (Marasas et al., 1981). Whether beau-
vericin should be classified as a food toxin has not yet been determined.

Beauveria species also produce beauveriolides and beauverolides, which are pep-
tides structurally related to beauvericin and bassianolide (Namatame et al., 1999). Their
toxicity to animals, plants and insects remains generally unknown. Where tested, they
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give negative results, with the exception of beauveriolide I (Mochizuki et al., 1993). 
Bassianin and tenellin (two non-peptide toxins) have also been isolated from

Beauveria species. These yellow-coloured secondary metabolites inhibit the erythrocyte
membrane ATPases (Jeffs and Khachatourians, 1997). There is very little information
on the effect of these toxins on target pests.

Hirsutellin

The hyphomycete Hirsutella thompsonii produces an extracellular insecticidal protein,
hirsutellin A, which has been purified from culture filtrates during liquid fermenta-
tion (Mazet, 1992; Vey et al., 1993). Liu et al. (1995) monitored the production of
hirsutellin A by H. thompsonii during submerged fermentation. The peak level of exo-
cellular production of hirsutellin A (13–14 µg ml–1) occurred at the late exponential
growth phase (39–45 h), as determined by densitometric analysis of the 16.3 kDa
bands on SDS-PAGE gels and enzyme-linked immunosorbent assay (ELISA).
Hirsutellin A production was directly correlated with mycelial growth. Twenty-one-
hour culture filtrates were highly toxic to larvae of the greater wax-moth. Pure hir-
sutellin A at a concentration of 40 pmol was highly toxic to G. mellonella larvae.

The amino acid composition and the N-terminal sequence of hirsutellin A have
been determined by Mazet and Vey (1995). The toxin appears to be distinct from
other known proteins. It is not glycosylated and does not show proteolytic activity.
The toxin is also antigenic, thermostable and not inactivated by treatments with pro-
teolytic enzymes. 

The hirsutellin A gene codes for a precursor of 164 amino acids, which includes
a 34-amino-acid leader sequence, which, like those found in ribosomal-inhibiting
proteins (RIPs), contains a signal and a pro sequence. The mature 130-amino-acid
hirsutellin A, with a calculated Mr= 14,159 and pI = 9.21, is considered to be a stable
hydrophilic protein. The sequence of hirsutellin A is unique and does not produce the
secondary or tertiary structures characteristic of other fungal RIPs (Boucias et al., 1998).

Hirsutellin A was tested using contact/residual leaf bioassay methodologies at con-
centrations of 0, 10, 32, 56 and 100 µg ml–1 against adult citrus rust mite, Phyllocoptruta
oleivora, the natural host of the parasitic fungus, H. thompsonii. Mite mortality increased
with an increase in hirsutellin A concentration, reaching virtually 100% at 100 µg
ml–1, using both leaf assay methods. The number of eggs found on leaf discs within
a 3-day period decreased significantly with increasing concentrations of the toxin, sug-
gesting that fecundity was affected prior to host death (Omoto and McCoy, 1998).
Toxicity bioassays showed that wax-moth larvae injected with hirsutellin A at 1 mg
toxin g–1 body weight caused a high mortality rate. Hirsutellin A was also toxic per os
to neonatal mosquito (Aedes aegypti) larvae (Mazet and Vey, 1995). It is also capable
of inhibiting protein translation, and possesses biological features similar to the well-
characterized RIPs sarcin, mitogellin and restrictocin. Liu et al. (1996) reported that
at 0.5 and 5.0 µM concentrations, hirsutellin A caused detectable cytopathic effects
on Spodoptera frugiperda (Sf-9) cells within 2–4 h and completely inhibited Sf-9 cell
growth 4 days after treatment. Electron-microscopic data showed that hirsutellin A-
treated Sf-9 cells became hypotrophied, with disrupted internal organelles and cell
membranes. At the same concentration, it effectively inhibited Brome mosaic virus
protein synthesis of both rabbit reticulocyte and wheat germ in in vitro translation sys-
tems. The ribosomal RNA extracted from hirsutellin A-treated Sf-9 cells produced a
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smaller RNA (about 528 bases) in addition to larger bands present in control and
treated ribosomal preparations (Liu et al., 1996).

Organic acids

Among organic acids, oxalic, kojic, cyclopyazonic, fusaric and 4′-hydroxymethyla-
zoxybenzene-4-carboxylic acids have been isolated from fungi pathogenic to inverte-
brates, and are considered toxic to lepidopterans or dipterans (Roberts, 1981; Bidochka
and Khachatourians, 1991; Khachatourians, 1996). Oxalic acid is an important
pathogenicity determinant of some plant pathogens (Godoy et al., 1990). It is also
produced by B. bassiana (Kodaira, 1961) and is considered to be an important path-
ogenicity determinant because it can solubilize specific cuticular proteins. Bidochka
and Khachatourians (1991) described this metabolite as a synergistic factor that
enhances the hydrolytic activity of proteases and chitinase. The zygomycete
Entomophthora virulenta produces azoxybenzene-4,4′-dicarboxylic acid and 4′-hydroxy-
methylazoxybenzene-4-carboxylic acid. The hydroxyacid is toxic for Calliphora erythro-
cephala when applied by injection, and is responsible for the insecticidal activity in
culture filtrates (Claydon, 1978). This compound has structural similarities to the
dichlorodiphenyltrichloroethane (DDT) group of insecticides (Roberts, 1981).

Toxins of Mycoparasites

Two of the most important commercial mycoparasites belong to the related genera
Trichoderma and Gliocladium (Tomlin, 1997). These fungi produce a large variety of
metabolites with diverse functions. However, the success of these BCAs as disease con-
trol agents can be partly attributed to the production of antifungal metabolites, aggres-
sive growth habits and high competition for nutrients. This is also one of the reasons
for the success of the naturally occurring mutant strain Fo47 of Fusarium oxysporum.
This isolate protects plants from pathogenic strains of F. oxysporum and Fusarium monil-
iforme due to its rhizosphere competency (i.e. ability to colonize roots quickly) and
competition for nutrients. It may displace plant-pathogenic strains through competi-
tive exclusion, using antibiotics without harming the host plant. 

Gliocladium virens strain GL-21 has been developed by Grace Biopesticides in col-
laboration with the US Department of Agriculture Agricultural Research Service
(USDA-ARS) Biocontrol of Plant Diseases Laboratory in Beltsville, Maryland. The
commercial product, SoilGardTM, is an entirely biorational product, consisting of spores
of this fungus, and is registered with the US Environmental Protection Agency (EPA)
for control of damping-off and root-rot pathogens of ornamental and food-crop plants
in greenhouses, nurseries and interior gardens. G. virens can parasitize some soil
pathogens, such as Rhizoctonia solani. The Gliocladium will actually wrap itself around
the pathogen and release enzymes that destroy the pathogen’s wall, leaving the pathogen
susceptible to attack. It also produces a broad-spectrum antibiotic, called gliotoxin,
which kills many soil pathogens (see Chapter 2). Gliotoxin is sensitive to oxidation
and probably poses no health risk because of rapid degradation. This is supported by
the demonstrated lack of toxicity in oral and pulmonary studies conducted on rats
(Anon, 1990).

Gliotoxin is not found in the SoilGardTM formulations, but, when the spores of
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strain GL-21 begin to grow in the soil, they produce the antibiotic. SoilGardTM has a
‘Caution’ label, which is given to products which are least harmful and which may
cause only slight irritation after normal exposures. It is exempt from tolerance for use
on all food crops. SoilGardTM has the minimum re-entry interval allowed by the EPA,
and has a ‘zero day’ preharvest interval. 

Trichoderma harzianum is produced by several companies for the control of a wide
range of plant-pathogenic fungi including Botrytis cinerea (Chapters 1 and 2). Several
formulations based on selected strains of this fungus have been registered with the
EPA. Toxicity testing on vertebrate species indicated no pathogenic or toxic effects,
and the EPA has granted an exemption from tolerance for selected commercial strains. 

In this review we focus on two important, controversial metabolites, peptaibols
and gliotoxin. Other metabolites produced by these fungi will also be briefly reviewed,
since they usually work in concert with peptaibols and gliotoxin.

Peptaibols 

These are a family of short-chain polypeptides consisting of 15–20 residues or fewer.
A high proportion of the amino acid residues are atypical, such as isovaline, hydroxy-
proline, ethylnorvaline and aminoisobutyric acid. There is a particularly high propor-
tion of aminoisobutyric acid, which has a high tendency to form helices. This is borne
out by the helical structures of the peptaibols. The chain has an alkyl N-terminus (usu-
ally acetyl) and a hydroxy-amino acid at the C-terminus. 

Peptaibols generally exhibit antimicrobial activity and are referred to as antibiotic
peptides. The main sources of the peptaibols known to date are fungi of the genera
Trichoderma and Emericellopsis. The antimicrobial activity is thought to arise from their
membrane activity and their ability to form pores in lipid membranes. The pores so
formed cause leakage of ionic species across membranes, leading to loss of osmotic bal-
ance and cell death.

Peptaibols are usually secreted as microheterogeneous mixtures of peptides. Those
secreted by T. harzianum include trichorzianins (El Hajji et al., 1987; Rebuffat et al.,
1989), trichokindins (Iida et al., 1994), trichorzins and harzianins (Rebuffat et al.,
1992; Goulard et al., 1995; Duval et al., 1998; Leclerc et al., 1998). The trichokindins,
which are 18-residue peptides containing one to three isovaline residues, induced Ca2+-
dependent catecholamine secretion from bovine adrenal medullary chromaffin cells
(Iida et al., 1994). Trichoderma viridae produces alamethicins (Kleinkauf and
Rindfleisch, 1975; Brewer et al., 1987) and trichotoxin (Irmscher et al., 1978).
Paracelsin, originally described as a metabolite of Trichoderma resei, is, in fact, pro-
duced by many Trichoderma species (Bruckner and Graf, 1983; Solfrizzo et al., 1994).
Paracelsin is highly toxic to A. salina larvae (calculated LD50 = 2.2 µM) (Solfrizzo et
al., 1994).

Lorito et al. (1996) reported synergism between peptaibols and cell-wall hydrolytic
enzymes in the antagonism of phytopathogenic fungi by T. harzianum. β-Glucan syn-
thase activity on isolated plasma membranes of B. cinerea was inhibited in vitro by the
peptaibols trichorzianin TA and TB, but inhibition was reversed by the addition of
phosphatidylcholine. β-Glucan synthesis in vivo (assayed by incorporation of 
[2-(3)H]glucose into cell-wall material) was inhibited by peptaibols, and this inhibi-
tion was synergized by exogenous T. harzianum β-1,3–glucanase. This synergism is,
therefore, explained by an inhibition of the membrane-bound β-1,3-glucan synthase
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of the host by the peptaibols, which inhibit the resynthesis of cell-wall β-glucans, sus-
tain the disruptive action of β-glucanases and altogether enhance the fungicidal activ-
ity. Therefore cell-wall turnover is a major target of mycoparasitic antagonism.

Gliotoxin

The epidithiodiketopiperazine antibiotic gliotoxin was discovered in 1934 as an anti-
fungal agent (Weindling, 1934) and then various biological activities were reported. It
has subsequently been shown to have antimicrobial, antiviral and immunomodulating
activities (Taylor, 1986). Furthermore, it is known to be an inhibitor of the platelet
activating factor (PAF), which induces platelet aggregation (Okamoto et al., 1986a, b;
Yoshida et al., 1988). The antifungal properties of gliotoxin are synergistically enhanced
by the cell wall-degrading enzymes of T. harzianum and G. virens (Lorito et al., 1994). 

Gliotoxin is a toxic product of several moulds that cause a serious respiratory dis-
ease of poultry and humans. This toxin affects the immune system and inhibits many
functional aspects of this system, and renders the host prone to disease-causing agents. 

The relatively short period of bioactivity limits the use of this agent in certain
applications. Wilhite and Straney (1966) examined the apparent transient accumula-
tion of gliotoxin, a potential limitation in biocontrol activity. 35S-pulse labelling of
gliotoxin indicated that G. virens strain G20-4VIB synthesizes this compound only
within a short 16 h period, during replicative growth. An apparent lack of gliotoxin
production in later growth phases was due to the cessation of synthesis, rather than
to increased gliotoxin catabolism. Media-transfer experiments indicated that cessation
of gliotoxin synthesis could not be explained by gliotoxin feedback inhibition, a dif-
fusible inhibitor or a change in the nutritional status of the medium over a 2 h period.
These results demonstrate that the regulation of gliotoxin biosynthesis is a major deter-
minant in the kinetics of gliotoxin appearance and points out the need for further
study on the regulation of gene expression (Wilhite and Straney, 1966).

Other important metabolites of Trichoderma and 
Gliocladium species

Trichoderma and Gliocladium secrete diverse secondary metabolites with antibiotic
properties, including polyketides, terpenoids, polypeptides and metabolites derived
from α-amino acids (Taylor, 1986). Thus T. harzianum produces harzianic acid (Sawa
et al., 1994), the terpenoid cyclonerodiol and the corresponding octaketide keto-diol
(Ghisalberti and Rowland, 1993), 6-pentyl-α-pyrone antibiotics (Graeme-Cook and
Faull, 1991), and a new sesquiterpene antibiotic, heptelidic acid, also produced by G.
virens (Itoh et al., 1980). Heptelidic acid has antibiotic activity against Gram-positive
and Gram-negative bacteria and inhibits the growth of some anaerobic bacteria (Itoh
et al., 1980). 

T. harzianum produces unidentified volatile metabolites with fungistatic effects on
Agaricus bisporus (Mumpuni et al., 1998). T-2 toxin and related trichothecenes are secreted
by Trichoderma species (Ueno, 1984). The production by T. harzianum of a novel tri-
chothecene, harzianum A, which exhibits modest antifungal activity, has been reported
(Corley et al., 1994). Furthermore, a novel antifungal protein from T. viride, tricholin,
has been described (Lin et al., 1994). This ribosome-inactivating protein causes cessa-
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tion of growth and uptake of amino acids, and is active against R. solani. Cyclonerodiol
and koninginins have been purified and characterized from strains of Trichoderma koningii
(e.g. Ghisalberti and Rowland, 1993). Some of these compounds have been purified
from culture filtrates of a T. harzianum strain isolated from wheat roots and were active
against the take-all fungus, Gaeumannomyces graminis var. tritici.

Antifungal antibiotics produced by T. harzianum are not sufficient to explain its
mycoparasitic activity. Ultraviolet light-induced mutants with altered antibiotic pro-
duction revealed that those strains with elevated antibiotic production did increase
inhibition of hyphal growth of phytopathogenic fungi, but there was no correlation
between this factor and colonization ability (Graeme-Cook and Faull, 1991).

In addition to secondary metabolites, Trichoderma and Gliocladium spp. also 
produce different classes of fungal cell-wall-hydrolytic enzymes such as chitinases, 
β1,3-glucanases and proteases, which play an important role in mycoparasitism
(Schirmbock et al., 1994). Cell-wall-degrading enzymes produced by T. harzianum and
G. virens inhibit spore germination of B. cinerea in vitro (Lorito et al., 1994). The role
of T. harzianum endochitinase has been studied, using constructed strains carrying
multiple copies of the gene encoding for this enzyme and by using gene disrupters.
The level of chitinase activity increased strongly in multi-copy strains, while gene dis-
rupters had practically no activity. However, comparative observations regarding the
efficacy of the strains generated as BCAs revealed no major differences (Carsolio et al.,
1999).

Hydrolytic enzymes and peptaibol antibiotics are produced in parallel by 
T. harzianum in the same cultural conditions when cell walls of B. cinerea are intro-
duced in fresh medium. When enzymes and peptaibols were tested together, an anti-
fungal synergistic action on spore germination and hyphal elongation, measured by
the reduction of 50% of the effective dose value, was noted. These data revealed that
parallel formation and synergism of hydrolytic enzymes and antibiotics may have an
important role in the antagonistic action of T. harzianum (Schirmbock et al., 1994).
Investigations on the molecular bases for this synergism showed that it is peptaibol
inhibition of the membrane-bound β-1,3-glucan synthase of B. cinerea that strength-
ens the disruptive activity of β-glucanases (Lorito et al., 1996). 

In conclusion, the biocontrol efficacy of Trichoderma spp. seems to be a combi-
nation of antibiosis, lysis, competition, mycoparasitism and promotion of plant growth
(Ghisalberti and Sivasithamparam, 1991).

Besides the metabolites already mentioned, Gliocladium spp. are able to produce
other antibiotics such as the fungistatic compound viridin (Jones and Hancock, 1987)
and gliovirin (Stipanovic and Howell, 1982). Gliocladium species also produce a chiti-
nase inhibitor in liquid culture called argifin. The IC50 value of argifin against Lucilia
cuprina chitinase was 3.7 µM. It arrested the moult of cockroach larvae upon injec-
tion into the ventral abdominal part (Omura et al., 2000). Various other metabolites
have also been discovered in culture broths, including verticillin, glisoprenin (Joshi et
al., 1999) and polyketide antibiotics (Kohno et al., 1999). Glisoprenins inhibit the
formation of appressoria by the phytopathogenic fungus Magnaporthe grisea on induc-
tive surfaces (Thines et al., 1998). 
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Toxins of Mycoherbicides

Some microbes (phytopathogenic and non-phytopathogenic bacteria and fungi) and
secondary microbial products (phytotoxins) exhibit potential as biological weed con-
trol agents (see Chapter 6; Lax et al., 1988). Collectively these organisms and natural
products are called bioherbicides. Fungi with potential bioherbicidal activity are termed
mycoherbicides. These organisms are generally applied to weeds in a similar manner
to synthetic herbicides, i.e. spray applications to weed surfaces. This use of pathogens
for weed control differs from that of ‘classical biological control’, where organisms are
released and allowed to spread to host plants via natural dispersion in the environ-
ment. Mycoherbicidal organisms are usually applied directly to host weeds or narcotic
plants (Chapters 1 and 6) at relatively high fungal spore and/or propagule concentra-
tions. Since many of the fungi evaluated as mycoherbicides have little or no potential
to propagate to epidemic levels during the next season following the first application,
re-application of the same organism is required for each growing season. 

The initiative for using phytopathogens and phytotoxins and other microorgan-
isms as biological weed control agents (bioherbicides) began about three decades ago.
Since then, numerous fungi have been screened for phytotoxic potential and several
dozen fungi have been more closely examined as mycoherbicides. These concepts and
organisms and their phytotoxins have been reviewed in books (Hoagland, 1990;
TeBeest, 1991). It is apparent, from the vast amount of research currently being con-
ducted in this area, that many more fungal and bacterial weed pathogens and phyto-
toxins from pathogenic and non-pathogenic microorganisms will be discovered that
possess useful bioherbicidal activity. Although most bioherbicidal products have been
targeted at agronomic weeds, they may also be useful for weed control in non-agro-
nomic areas (recreational areas, forests, rights of way, lawns, gardens, etc.), where syn-
thetic herbicides are either not registered or their use is cost-prohibitive. 

Interest in these organisms (either directly or as sources of naturally occurring
phytotoxins) has also increased recently, due to the search for less persistent, more
selective and more environmentally benign herbicides. Pathogens also have potential
for use in integrated weed management programmes, if the organisms can tolerate var-
ious agricultural chemicals. Genetic engineering and microbial strain selection can be
used to increase pathogen virulence, alter host range and enhance interactions with
other chemical regulators or synergists. Although many fungi have been discovered
that have potential as mycoherbicides for the control of many weed species (see Table
12.4), there has been little research aimed at risk assessment of these microbes or their
chemical products with regard to living targets other than weeds and soil and water
quality. Futhermore, to date, only a very few organisms possessing mycoherbicidal
activity have been patented for use as weed control agents. Some plant pathogens that
have been or are being developed for commercial use include: Phytophthora palmivora
(DeVine) for the control of strangler vine in citrus groves, Colletotrichum gloeospori-
oides f. sp. aeschynomene (Collego) for the control of northern joint-vetch in rice and
soybean fields (Templeton and Heiny, 1989), C. gloeosporioides f. sp. malvae (BioMal),
a foliar pathogen for round-leaved mallow (Malva pusilla) control and Alternaria cas-
siae for control of sicklepod (Cassia obtusifolia) (Hoagland, 2000). 

Overall, a few major points are evident. Most of these organisms with mycoher-
bicidal potential have not been exhaustively examined for their phytotoxic mode of
action, i.e. digestive enzymes, identification of specific phytotoxins, elucidation of inter-
actions of multiple phytotoxins, etc. Furthermore, the toxicity of specific phytotoxins
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to non-target organisms has only rarely been investigated and most of these organisms
have not been examined for other potentially harmful effects or the production of
harmful non-phytotoxic chemicals. Mass production of mycoherbicides and their dis-
tribution and use on a wide agricultural scale could pose a significant exposure prob-
lem to humans, animals and the environment. Whether this also results in elevated
amounts of secondary metabolites has still to be determined. Risk assessment will
increase as more mycoherbicides are discovered, evaluated, patented for use and used
to control various weeds.
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Table 12.4. Selected examples of mycoherbicides for economically important terrestrial and aquatic
weeds. (Adapted from Charudattan, 1990.)

Weed Pathogen Reference

Velvetleaf (Abutilon theophrasti) Colletotrichum coccodes Hodgson et al., 1988
Fusarium lateritium Walker, 1981

Giant ragweed (Ambrosia trifida) F. lateritium Anon., 1989
Wild oat (Avena fatua) Septoria tritici Desm. f. sp. avenae Madariaga and Scharen, 1985
Common lambsquarters Ascochyta caulina Sacc. Scheepens and van Zon, 1982

(Chenopodium album) Cercospora chenopodii Fres. Scheepens and van Zon, 1982
Cercospora dubia (Riess) Wint. Scheepens and van Zon, 1982

Field bindweed Phomopsis convolvulus Anon., 1989,
(Convolvulus arvensis) Vogelgsang et al., 1998

Yellow nutsedge Cercospora caricis Oud. Anon., 1989
(Cyperus esculentus)

Purple nutsedge (C. rotundus) Phyllachora cyperi Rehm. Anon., 1989
Large crabgrass Pyricularia grisea (Cke.) Sacc. Anon., 1989

(Digitaria sanguinalis)
Barnyard-grass Cochliobolus lunatus Nelson & Scheepens, 1987

(Echinochloa crus-galli) Haasis
Water hyacinth Alternaria eichhorniae Nag Raj Shabana, 1987

(Eichhornia crassipes) & Ponnappa
Goosegrass (Eleusine indica) Bipolaris setariae (Saw.) Anon., 1989

Shoemaker
Common purslane Dichotomophthora indica Rao Baudoin, 1986

(Portulaca oleracea) Dichotomophthora portulacae Klisiewicz, 1985
Mehrlich & Fitzpatrick ex 
M.B. Ellis

Itchgrass (Rottboellia Curvularia sp. Evans and Ellison, 1988
cochinchinensis) Phaeoseptoria sp. Evans and Ellison, 1988

Johnsongrass Sphacelotheca holci Jack. Massion and Lindow, 1986
(Sorghum halepense) Bipolaris halepense Chiang, Chiang et al., 1989

Leonard & Van Dyke Winder and van Dyke, 1989
Bipolaris sorghicola (Lefebvre Anon., 1989
& Sherwin) Alcorn Anon., 1989
Colletotrichum graminicola 
(Ces.) G.W. Wils.
Gloeocercospora sorghi D. Hain 
& Edg.

Sicklepod (Cassia obtusifolia) Pseudocercospora nigricans Hofmeister and Charudattan,
1987



Phytopathogenic fungi

Plant-pathogenic fungi produce a range of phytotoxins that interfere with plant metab-
olism and produce results ranging from whole-plant death to subtle effects on gene
expression. Fungal phytotoxins must interact with a plant component (e.g. enzyme or
membrane receptor), but, if that component is missing or altered, the compound will
have no effect. Thus, fungal phytotoxins and/or their targets are important determi-
nants of pathogen host range. Indeed, some phytotoxins are non-specific while others
are host-specific. Non-specific phytotoxins produced by pathogenic fungi have not been
critically evaluated for possible roles in plant disease; however, several of the host-spe-
cific phytotoxins have undergone extensive analysis, such as the maculosins (Bobylev
et al., 1996; Table 12.5). Some of these compounds will be discussed below, but, iron-
ically, very little information is available on the production and properties of phyto-
toxins from commercialized mycoherbicides. 

Host-specific phytotoxins

Chemically, the host-specific toxins are a diverse group of low-molecular-weight sec-
ondary metabolites. For example, HC- and AM-toxins are cyclic tetrapeptides of 
Mr 436 and 445, respectively. HS-toxin is a sesquiterpene galactofuranoside (Mr 884),
T-toxin is a linear polyketol (Mr 768), AK-toxin is an ester of epoxy-decatrienoic acid
(Mr 413), and AAL-toxin is a dimethylheptadecapentol ester of propane tricarboxylic
acid (Mr 508). Several of these phytotoxins are found in culture filtrates as families of
isomers or congeners. 
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Table 12.5. Examples of host-specific toxins produced by phytopathogenic fungi. (Adapted from
Yoder and Turgeon, 1985; Hoagland, 1990.)

Fungusa Toxin Host and some properties of the toxin
bCochliobolus victoriae HV Specific for oats. Pathogenicity determinant.

Induces tissue leakage
Cochliobolus carbonum HC Specific for maize. Targets include plasma membrane
Cochliobolus nicotianae Colletotrichin Toxic to tobacco
Cochliobolus heterostrophus T Toxic to maize. Mitochondria of susceptible maize

cultivars become leaky
Alternaria alternata f. AAL Disrupts pyrimidine synthesis in tomato by 

sp. lycopersici inhibiting aspartate carbamoyl transferase.
Structural similarity to fumonisin B1 suggests possi-
ble inhibition of ceramide synthase

A. alternata f. sp. fragariae AF Toxic to strawberry
A. alternata f. sp. mali AM Induces necrotic spots on leaves and apple fruit
A. alternata f. AK Causes necrosis of Japanese pear

sp. kikuchiana
A. alternata f. sp. terreus Acetylaranotin Inhibits plant growth
A. alternata f. sp. citri ACTG Toxic to mandarine oranges
aEach phytotoxin affects only susceptible genotypes of the plant and is an important pathogenicity
determinant. 
bCochliobolus designates the teleomorph of Helminthosporium, Biolaris and Drechslera.



Host-specific phytotoxins cause the visible and physiological changes that are char-
acterisitic of infected plants. Gross physiological effects include changes in respiration,
cell permeability, protein synthesis and CO2 fixation. Most of the changes appear to
be secondary, relative to the primary or initial biochemical lesions, as indicated by the
single-gene control of sensitivity and by experiments with isolated organelles (Scheffer
and Livingston, 1984). Host-specific phytotoxins are, for the most part, those that sig-
nificantly affect only one plant species, the species to which the producing microor-
ganism is a pathogen. Some host-specific phytotoxins are only toxic to certain cultivars
of the host-plant species. For example, tomato plants homozygous for the Asc locus
are resistant (Asc11/Asc11 and Asc12/Asc12) or sensitive (asc/asc) to the fungal pathogen
Alternaria alternata f. sp. lycopersici and its host-specific AAL-toxins (Abbas et al.,
1995b). Heterozygous plants are resistant to the fungus, but resistant (Asc12/asc) or
sensitive (Asc11/asc) to high toxin concentrations. In susceptible plant tissues, AAL tox-
ins and the structurally related fumonisins of F. moniliforme lead to the accumulation
of free sphingoid bases by inhibition of ceramide synthase, a key enzyme in de novo
sphingolipid biosynthesis, and cause apoptosis-like symptoms. Recently, free sphingoid
bases and their metabolites have been shown to function as second messengers that
regulate cell death (Merrill et al., 1997).

All known host-specific phytotoxins are derived from fungal pathogens. Fewer
than 20 host-specific phytotoxins that affect crops have been reported (Scheffer and
Livingston, 1984). These phytotoxins have been reported to possess the same host
range as the pathogens producing them. Only one of the host-specific phytotoxins
affecting crops that has been tested on weed species is AAL-toxin. Other studies have
demonstrated that it is not a host-specific phytotoxin and that it is highly phytotoxic
to a wide range of weed species (Abbas et al., 1992b, 1993b; Tanaka et al., 1993).
Destruxin B (discussed above) was reported to be host-specific (Bains and Tewari,
1987); however, it was later demonstrated to be non-host-specific (Buchwalt and Green,
1992). Colletotrichin, a product of several Colletotrichum species, is toxic to cucum-
ber, tobacco and solanaceous weed species, including nightshades and horsenettle
(Solanum spp.) (Gobhara et al., 1978; Duke et al., 1992). The first ultrastructural
symptom of phytotoxicity is the loss of structural integrity of the plasma membrane.
Lipid peroxidation is associated with the membrane damage; however, radical-
quenching agents do not protect the plant cells from the toxin. Colletotrichin reduces
or prevents the phytotoxicity of the synthetic herbicide acifluorfen (Gobhara et al.,
1978). Acifluorfen requires the activity of a plasma membrane-associated redox enzyme
for its activity (Jacobs et al., 1991). Thus, colletotrichin may interfere with the func-
tion of this plasma membrane and other membranes.

Non-specific phytotoxins

These compounds are produced by both specialist and generalist plant pathogens. For
example, A. alternata f. sp citri, causal agent of brown spot disease of tangerines and
mandarins, simultaneously produces host-specific toxins and non-specific phytotoxins
(e.g. tentoxin and tenuazonic acid) in culture broth (Kono et al., 1986). In this section
most attention will focus on toxins of Fusarium because of the different niches this
fungus occupies, principally as a saprophyte, plant pathogen, insect pathogen and fun-
gal BCA (Teetor-Barsch and Roberts, 1983; Desjardins, 1992). There has been inter-
est in exploiting different Fusarium species for use as mycoparasites, mycoinsecticides
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and mycoherbicides. One benign BCA strain, Fusaclean™, has been commercialized
by NPP (France) to promote plant growth by displacing plant-pathogenic strains of
Fusarium (see Chapter 1). Other strains are being developed for the control of gorse
(Morin et al., 2000) and narcotics (see http://mycoherbicide.net). 

The phytopathogenic species of Fusarium produce a wide variety of chemical con-
taminants of plant tissues including trichothecenes (T2-toxin and others), fumonisins,
naphthazarins, fusaric acid and related pyridine derivatives (Desjardins, 1992). The
phytotoxicity of Fusarium spp. and some of their natural products has been reviewed
(Hoagland and Abbas, 1995). The exact role of some of these compounds remains
unclear, but some are insecticidal (Grove and Pople, 1980), suggesting that they may
offer some protection to the plants against phytophagous insects (Miller et al., 1985;
Strongman et al., 1988).

Trichothecenes

These are produced by several common moulds, including species in the genera
Acremonium (Cephalosporium), Cylindrocarpon, Dendrodochium, Myrothecium,
Trichoderma, Trichothecium and, most numerously, Fusarium. Trichothecenes are com-
posed of a tetracyclic sesquiterpene skeleton containing a six-membered oxane ring, a
stable 12–13-epoxide group and a 9,10-olefinic bond. They have been classified into
four groups. Fusarium spp. contain several well-known trichothecenes, including two
members of group A with high mammalian toxicity, diacetoxyscirpenol (DAS) and T2-
toxin, and toxins in group B, including deoxynivalenol (DON) and nivalenol. DON
is the most common and possibly least toxic of these. Trichothecenes cause diarrhoea,
severe haemorhages and immunotoxic effects and are also strong inhibitors of protein
synthesis in mammalian cells. However, DON received its common name, vomitoxin,
from the vomiting that generally accompanies trichothecene poisoning (D’Mello,
1997). DON is not mutagenic, but has clastogenic neurotoxic and immunotoxic effects
(van Egmond and Speijers, 1990; Eriksen and Alexander, 1998). One typical feature
of the toxicity of T2 is that it causes adverse cardiovascular effects in some experi-
mental animal species, including pigs and monkeys. However, insufficient data exist
on whether it is a carcinogen. Immunotoxic effects have also been reported in humans
(Eriksen and Alexander, 1998). 

Lambs will consume a wheat diet containing DON at 15.6 mg kg–1 of body weight
for 28 days. DON does not appear to alter their feed consumption, weight gain or
feed efficiency. Oral administration of DON showed that it was rapidly and primarily
excreted in urine, essentially unchanged (95%). Incubation of DON with ruminal
microorganisms in vitro for 48 h resulted in partial conversion to de-epoxy DON.
These results indicate that the impact of DON on ruminants is lower than initially
suspected. DON caused no organ damage to animals. Extremely low amounts of DON
(< 4 ng ml–1) were transmitted to milk after a single oral dose of 920 mg to a dairy
cow (Diekman and Green, 1992). For the USA, the Food and Drug Admininstration
(FDA) have suggested guidelines as to tolerable levels of DON in wheat for milling
and human/animal consumption (Wood, 1992). 

Macrocyclic trichothecenes also possess a wide range of phytotoxic specificity.
Verrucarin A and J and trichoverrin B show phytotoxicity in wheat coleoptile bioas-
says at concentrations of 10–7 M (Cutler and Jarvis, 1985). Roridin A exhibited phy-
totoxicity on tobacco, maize and bean seedlings (Cutler and Jarvis, 1985). Simple
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trichothecenes, such as neosoliniol monoacetate produced by Fusarium tricinctum
showed phytotoxicity at 10–6 M, and diacetoxy-scripenol severely injured pea seedlings
at 2.7 × 10–5 M, but was not toxic to wheat (Brain et al., 1961).

Zearalenone (ZEN)

Zearalenone and zearalenol are both oestrogenic resorcylic acid lactones produced by
Fusarium spp. (Diekman and Green, 1992). Despite their structural dissimilarity to
the steroidal oestrogens, ZEN and several of its derivatives possess oestrogenic activ-
ity. ZEN undergoes a folding such that hydroxyl or potential hydroxyl groups become
appropriately orientated to facilitate binding to tissue receptors that normally bind
oestrogens. Similar binding affinities for ZEN have been determined for the oestro-
gen receptor in uteruses of sheep and calves (Diekman and Green, 1992).

Poultry show little reaction to ZEN ingestion. However, pigs are strongly affected,
with symptoms in prepubertal gilts including enlarged mammae, swelling of the uterus
and vulva and atrophy of the ovaries. In severe cases, prolapse of the vulva and rec-
tum may occur. Boars exhibit enlarged mammae and atrophied testes (Flannigan,
1991). In vivo studies have revealed that ZEN was rapidly metabolized in animals and
humans and eliminated mainly as water-soluble glucuronides. Free and conjugated
forms of ZEN have been found in the milk of lactating cows under experimental con-
ditions. That high oral doses of the toxin are required to elicit such a response indi-
cates that consumption of contaminated feed by dairy cows would not result in a
health hazard to humans (Wood, 1992).

Zearalenone has been shown to be genotoxic and carcinogenic in mice but not
rats, affects reproduction in low doses and produces hormonal effects in mice and rats.
Hormonal effects were produced in monkeys by α-zearalanol a compound closely
related to α-zearalenol, which is a major metabolite of zearalenone (van Egmond and
Speijers, 1990; Eriksen and Alexander, 1998).

Enniatins

Enniatins are cyclohexadepsipeptides produced by various strains of Fusarium. They
consist of three residues of D-2–hydroxy-isovaleric acid (D-HIV) and an N-methyl-L-
branched-chain amino acid, which are arranged in an alternated fashion. They are syn-
thesized by enniatin synthetase, a 350 kDa multifunctional enzyme. Enniatins exhibit
antibiotic properties towards a number of bacteria and fungi due to their ionophoretic
properties. Furthermore, they are reported to act as inhibitors of cholesterol acyl trans-
ferase in mammalians and act as phytotoxins during infection of plants by Fusaria.
Enniatins A/A1 extracted from Fusarium avenaceum also appear to have insecticidal
properties (Strongman et al., 1988).

Fumonisins

Fumonisin B1 is both a toxin and a phytotoxin produced by both saprophytic Fusarium
species (Abbas et al., 1991, 1992b) and an A. alternata strain known to cause stem canker
on certain tomato varieties (Chen et al., 1992). Fumonisin B1 (FB1), first isolated from
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F. moniliforme MRC 826 (Bezuidenhout et al., 1988), is a hydroxylated, long-chain alky-
lamine with two tricarboxylic acid moieties attached. It is highly phytotoxic to most weed
and crop species tested (Abbas et al., 1992a, b; van Asch et al., 1992; Tanaka et al.,
1993). Ultrastructural and physiological studies of jimson-weed leaves with FB1 revealed
that it caused light-dependent plasma membrane and tonoplast disruption through an
unknown mechanism (Abbas et al., 1992a; Tanaka et al., 1993). Although the fumon-
isins and AAL-toxin have similar activity, AAL-toxin is generally more potent than FB1

(Tanaka et al., 1993). Aminoalcohols, hydrolysis products of the fumonisins, have very
low phytotoxicity. FB1 is also a potent mammalian toxin (Shier et al., 1991; Abbas et
al., 1993a), and in animal systems the mechanism of action is apparently altered sphin-
golipid synthesis (Wang et al., 1991). The mode of action of FB1 in plants and mam-
mals is inhibition of ceramide synthase (Hoagland and Abbas, 1995). Sphingolipids
themselves, at relatively high concentrations, can cause phytotoxicity symptoms similar
to those of fumonisins and AAL-toxin (Vesonder et al., 1992a, b; Tanaka et al., 1993).
For example, sphingosine and phytosphingosine required micromolar concentrations to
cause effects similar to those of nanomolar levels of FB1 and AAL-toxin.

Other phytotoxins from Fusarium spp.

Fusaric acid is produced by both the virulent plant pathogen F. oxysporum, the cause
of wilt in several species, and by non-pathogenic Fusarium species that grow sapro-
phytically on maize kernels (Abbas et al., 1989). Recently, fusaric acid has been demon-
strated to be herbicidal against several weed species, including jimson-weed (Abbas et
al., 1991, 1995a) and duckweed (Vesonder et al., 1992a).

Moniliformin can be obtained from isolates of saprophytic Fusarium species, as
well as pathogenic isolates of F. oxysporum (Abbas et al., 1989). Moniliformin causes
growth inhibition, necrosis and chlorosis in many weed species. (Cole et al., 1974;
Abbas et al., 1991, 1995a; Vesonder et al., 1992a). However, it lacks selectivity and is
highly toxic to mammals. This compound was used as a chemical structure template
in the design and synthesis of many compounds for herbicide discovery (Fischer and
Bellus, 1983). 

Other fungal phytotoxins

AAL-toxin is a hydroxylated long-chain alkylamine containing one tricarboxylic acid
moiety. It is a close analogue of the fumonisins and is produced by A. alternata f. sp.
lycopersici. In susceptible varieties of tomatoes, it causes rapid wilting and necrosis
(Abbas et al., 1995b). Its physiological effects appear to be identical to those of the
fumonisins, and it is thus suspect for mammalian toxicity.

Cercosporin is a red compound produced by several species of Cercospora (Nasini
et al., 1977). Isocercosporin, a closely related compound, is produced by Scolecotrichum
graminis, the agent of leaf streak in orchardgrass (Dactylis glomerata L.) (Tabuchi et 
al., 1991). These are photoactivated, active-oxygen-producing toxins (Hartman 
et al., 1988). Similar compounds, such as hypericin (a plant product) (Knox and
Dodge, 1985), have been suggested as herbicides; however, such compounds may have
high risk factors since they are toxic to all life forms that exist in sunlight and an
oxygen atmosphere.
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As mentioned earlier, destruxins are produced by A. brassicae and a few other plant
pathogens (Buchwaldt and Jenson, 1991; Buchwaldt and Green, 1992). These com-
pounds cause necrotic and chlorotic symptoms in susceptible species (Buchwaldt and
Green, 1992).

Aflatoxin

A last example of a natural product with multiple biological activities (phytotoxic and
carcinogenic) to be presented is aflatoxin. Aflatoxins are a group of mycotoxins pro-
duced by certain strains of Aspergillus flavus, Aspergillus parasiticus and Aspergillus
nominius. Although these fungi are ubiquitous, not all strains produce aflatoxin. Toxin
titre is also dependent on environmental conditions related to fungal growth, such as
moisture, temperature and nutrient availability. These mycotoxins occur naturally on
commodities, including groundnuts and groundnut meal, cotton-seed meal, maize,
dried chilli peppers, etc. There are numerous members of this mycotoxin group, with
B1 being one of the most potent mutagens and carcinogens yet discovered. Other ana-
logues or derivatives are less toxic (Merck Index, 1996). Aflatoxin is currently recog-
nized as an extremely toxic contaminant in various food and feed products and as a
risk factor for liver cancer in humans (Wogan, 1992).

Biological testing of aflatoxins on plants has shown that these compounds also
possess phytotoxic activity. In 1965, AB1 was shown to have phytotoxic effects on plant
tissues (Lilley, 1965; Schoental and White, 1965). Since then, many other reports have
demonstrated the phytotoxicity of these compounds in a variety of plant and plant-
tissue bioassays (McLean, 1994). These compounds are absorbed by plants, translo-
cated to various plant parts and distributed within specific cellular compartments
(McLean, 1993; McLean et al., 1994). Studies on the metabolism of these compounds
in plants has been controversial, i.e. some researchers report a lack of metabolism by
plants (Mertz et al., 1980; Reiss, 1984), while others have detected metabolic prod-
ucts in aflatoxin-treated plants (Howes et al., 1991; McLean, 1993). As is the case with
many other chemicals, it is highly probable that the uptake, translocation and metab-
olism of aflatoxins are dependent upon the test-plant species.

Toxins and Risk Assessment – Conclusions

Most fungal BCAs are widespread soil inhabitants. We believe that epizootics/epidemics
induced naturally or artificially through inundative introductions of BCAs do not pose
a risk to human or animal health. This is partly because the BCAs are subject to a
wide range of regulatory (climatic and biotic) controls, so inoculum levels generally
subside over time (see Chapters 3 and 4). As far as we are aware, there are no docu-
mented accounts of toxin levels rising as a result of artificially induced or natural epi-
zootics/epidemics, nor are there any reports of BCA metabolites entering the
food-chain. These observations should not lead to complacency, but to rationalization
of risk assessment (see Chapters 13 and 14). For example, it should not be assumed
that all strains produce similar metabolites, because recent studies clearly show inter-
and intraspecific variation in quantity and types of toxin produced (Amiri-Besheli et
al., 2000; Bandani et al., 2000). Furthermore, what is detected in liquid culture may
have no link to what is produced in the target host or released into the environment.
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In our opinion, both the efficacy of the fungal BCA and data on the fate of both
inoculum and any major metabolites secreted are essential. The fact that some strains
produce few, if any, metabolites may encourage some companies to select these organ-
isms, except when these compounds play an important role in pathogenesis/antago-
nism. More information also needs to be generated on the fate of bioactive metabolites
in the environment. We know that gliotoxins are inactivated by oxidation, but is this
true for other metabolites? 
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