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Secondary metabolite toxins and nutrition of plant pathogenic

fungi
Barbara J Howlett

Fungal pathogens derive nutrition from the plants they invade.
Some fungi can subvert plant defence responses such as
programmed cell death to provide nutrition for their growth and
colonisation. Secondary metabolite toxins produced by

fungi often play arole in triggering these responses. Knowledge
of the biosynthesis of these toxins, and the availability of
fungal genome sequences and gene disruption techniques,
allows the development of tools for experiments aimed at
discovering the role of such toxins in triggering plant

cell death and plant disease.
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Introduction

Fungi use three main nutritional strategies (biotrophy,
necrotrophy and hemi-biotrophy) during the infection of
plants. Although such classifications are useful, they are
simplistic and arbitrary. Indeed some fungi are classified
(by different researchers) as belonging to all of these three
categories [1°]. Broadly accepted definitions are as fol-
lows: biotrophs rely on living plant tissue, whereas necro-
trophs kill plant cells to derive nutrition. Hemi-biotrophs
usually have an initial biotrophic phase, then become
necrotrophic. Fungi such as Leprosphaeria maculans, the
blackleg pathogen of canola, have alternating periods of
biotrophy and necrotrophy [2]. For most fungi, the bio-
trophic lifestyle is associated with the development of
complex feeding structures, such as haustoria and primary
and secondary hyphae. In general, necrotrophs have
broader host ranges than biotrophs and often enlist
cell-wall-degrading enzymes and toxins, which can be
small peptides or secondary metabolites. This review
highlights recent findings on the interplay between fungi
and their hosts, focussing on the role of secondary metab-
olite toxins in fungal nutrition and virulence.

Fungi can exploit the oxidative burst and
programmed cell death for nutrition

In many plant—pathogen interactions, defence responses
include the hypersensitive response (HR), whereby an
oxidative burst by the plant generates reactive oxygen
species that are associated with the programmed cell
death (PCD) of host cells. These responses arrest patho-
gen growth, particularly of that of biotrophs. It is becom-
ing apparent that necrotrophic fungi can subvert this plant
defence process to derive nutrition from the dead host
tissue. Botrytis cinerea and Sclerotinia sclerotiorum have
broad host ranges that include Arabidopsis thaliana. Sev-
eral lines of evidence suggest that these fungi require
PCD for successful invasion of their hosts. The degree of
their infection is directly related to the amount of super-
oxide or hydrogen peroxide generated during the HR [3].
Furthermore an A. #haliana mutant (dnd1) that is defective
in hypersensitive cell death is resistant to both fungi [4].
Govrin ez al. [5°°] have also shown that a small molecular
weight elicitor that is derived from the apoplastic fluid of
Borrytis-infected A. thaliana induces a HR on A. thaliana
and other plants. This molecule promotes disease, but
necrosis is suppressed in the A. #haliana dndl mutant. The
nature and origin (fungus or plant) of this elicitor is
unknown, but it appears to be a pathogenicity factor that
acts by eliciting a HR in the host.

Fungi that are not necrotrophic can exploit the oxidative
burst for nutrition. Cladosporium fuloum is a hemi-
biotroph that colonises the apoplastic space of tomato
without eliciting a HR. During colonization, the fungus
induces formation of y-aminobutyric acid (GABA) whose
role is to protect the plant from oxidative stress [6]. In
return, the fungus appears to gain a nitrogen source, as
suggested by the finding that fungal GABA aminotrans-
ferase is induced 7z vitro in response to the addition of
GABA. Higher levels of this enzyme occur in compatible
(susceptible host) compared to incompatible (resistant
host) interactions. Utilisation of GABA by the fungus has
not been investigated, but the fungus appears to be
manipulating the stress responses of the host [7]. Whether
this happens in other fungal-plant interactions is
unknown.

Fungal toxins can induce PCD

In many fungal diseases, toxins are important virulence
factors [8]. In contrast to necrotrophs, biotrophs are not
reported to produce toxins, which is unsurprising given
the need for such fungi to keep their host alive. Toxins
can be host-specific or non-host specific. Some are
small peptides but many are secondary metabolites,
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Structures of secondary metabolite toxins from plant pathogenic fungi. (@) Fumonisin B1 from Fusarium species. (b) Sirodesmin PL from
Leptosphaeria maculans. (c) Botrydial from Botrytis cinerea. (d) AF toxin | and Il from Alternaria alternata. (e) T-toxin C 39 from

Cochliobolus heterostrophus.

low-molecular-weight molecules with a diverse range of
structures (Figure 1). These secondary metabolites are
dispensable for the fungus but presumably confer some
selective advantage. Many toxins elicit PCD: the
sphingoid-derived molecule fumonison B; (Figure 1la)
mediates this effect by depletion of extracellular ATP,
which alters the abundance of particular intracellular
proteins in the plant [9°°]. This toxin is produced by
Fusarium species that are pathogens of maize but does not
appear to be a primary virulence factor. It is interesting
that light is a requirement for this toxin to exert its effect
and also for the induction of PCD during Bo#rytis infec-
tions [4]. This might reflect the plant’s need for light to
produce reactive oxygen during the oxidative burst.

Mutational strategies can determine the role
of secondary metabolites in virulence
Knowledge of pathways for the biosynthesis of secondary
metabolite toxins can lead to the development of tools to
investigate the role of toxins in disease. Biosynthetic
genes for secondary metabolites are usually clustered
in the fungal genome. Toxin biosynthetic genes can
often be deduced thanks to the recent availability of
increasing amounts of sequence data, including complete
genome sequences [10]. Diagnostic enzymes for second-
ary metabolite production include non-ribosomal
peptide synthases or polyketide synthases, as well as
those responsible for modifications of the core moiety
(a peptide or polyketide). Such enzymes include methyl
transferases, acetyl transferases, prenyl transferases,
oxido-reductases and cytochrome P450 mono-oxygenases.

The biosynthetic genes that encode these proteins are
usually co-regulated, often by a transcriptional regulator
in the cluster itself. Those genes flanking the cluster have
different patterns of transcriptional regulation. If a gene
in the predicted cluster is mutated and the resultant
mutants are unable to produce the toxin, this will unequi-
vocally prove that the cluster encodes the biosynthetic
enzymes.

Such an approach has been used to identify the biosyn-
thetic pathway for the epipolythiodioxopiperazine toxin
sirodesmin PL (Figure 1b) in L. maculans. Sequencing
of a cosmid clone of L. maculans that contained a non-
ribosomal peptide synthase revealed the presence of
linked genes with best matches to genes that are pre-
dicted to be involved in sirodesmin biosynthesis [11]. A
sirodesmin-deficient mutant (which has a deletion in the
peptide synthetase) makes lesions on cotyledons of
canola that are of similar size to those made by the
wildtype isolate. However, this mutant colonises stem
tissue less effectively than the wildtype (C Elliott, D
Gardiner, B Howlett, unpublished). These findings
implicate sirodesmin as a virulence determinant in the
late stages of canola infection, during necrosis of the stem,
but not in the early stages when necrotic cotyledonary
lesions form. Fungi need to be able to protect themselves
from the toxins they produce. The ABC transporter SirA,
a member of a multigene family responsible for efflux of
small molecules, is present in the sirodesmin gene cluster.
Disruption of this gene does not affect sirodesmin pro-
duction, but it increases the sensitivity of L. maculans to
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sirodesmin [12]. This indicates a difference between the
mechanisms of primary toxin export and self-protection in
this fungus.

The sesquiterpene-derived toxin botrydial (Figure 1c)
from B. cinerea has been implicated in virulence, as it can
be detected iz planta and because addition of it facilitates
fungal penetration and colonisation of plants [13]. Dele-
tion of a gene in the biosynthetic pathway for botrydial in
four different strains of B. cinerea led to botrydial-deficient
mutants [14°°]. Three of the four strains have similar
virulence to that of wildtype isolates and are still able to
infect beans and detached leaves and fruits of tomato, but
the fourth mutant strain has reduced virulence on these
hosts. Thus, botrydial appears to be a virulence factor
only for some strains of B. cinerea. 'This fungus makes a
range of toxins, and some of these might be involved in
the virulence of other B. cinerea strains.

Mutations in biosynthetic pathways for secondary metab-
olites can also lead to altered products and consequent
changes in the host range of a fungal pathogen. Alternaria
alternata has seven variants (pathotypes) that produce
different host-specific toxins and cause disease on differ-
ent hosts. Three of these classes of toxin (ACT, AF and
AK) are derived from a common structural moiety and are
produced by a core set of three biosynthetic genes, which
are located in multiple copies on a conditionally dispen-
sable chromosome. Isolates that lack this dispensable
chromosome are non-pathogenic on all hosts [15]. AF
toxins [ and II (Figure 1d) are produced by the strawberry
pathotype; AF toxin I is toxic to strawberry and pear,
whereas AF toxin II is toxic only to pear. In this straw-
berry pathotype, a gene with best match to an aldo-
ketoreductase is located between two of the core biosyn-
thetic genes. When this gene is disrupted, the resultant
mutant produces only AF toxin I and can infect pear, but
not strawberry. This phenotype is similar to that of
isolates of the pear pathotype, which lacks the aldo-
ketoreductase gene [16°°]. Thus, mutation in a toxin
biosynthetic gene limits the host range of a pathotype
of this fungus.

In the examples discussed above, biosynthetic genes for
secondary metabolites are at a single locus or are closely
linked, which makes the identification of these genes
relatively straightforward. However, for Codhliobolus
heterostrophus, biosynthesis of the polyketide T toxin
(Figure le) by some strains of race T involves genes at
two loci on different chromosomes. One locus encodes
two polyketide synthases, one of which is located in a
repeat-rich region [17]. Mutation of these genes, as well
as a decarboxylase gene at the other locus, leads to loss
of toxin production and reduced virulence on maize
[17,18]. The necessity for two polyketide synthases for
biosynthesis of a single linear polyketide is intriguing,
and suggests that two polyketides are produced, with one

acting as starter for the mature toxin [17]. By contrast,
polyketides in most other filamentous fungi are synthe-
sised iteratively, whereby one unit is added at a time by a
single polyketide synthase gene.

Secondary metabolite gene clusters and genes such as
those encoding non-ribosomal peptide synthases or poly-
ketide synthases seem to be present in greater numbers in
pathogens compared to saprophytes such as Neurospora
crassa [19]. Obligate biotrophic fungi for which expressed
sequence tag (EST) and genome data are available (the
powdery mildew fungus, Blumeria graminis [20,21] and
the bean rust fungus Uromyces fabae [22]) do not appear to
have such genes, nor are these fungi predicted to make
secondary metabolites. However, the sequence data for
such fungi are limited. The genome of the wheat stem
rust fungus, Puccinia graminis, will be sequenced shortly,
so a complete set of genes for a biotroph will be available.
It will be interesting to see if secondary metabolite gene
clusters are present in this genome.

Secondary metabolites and their biosynthetic
genes can be identified by the use of mutants
in a global transcriptional regulator

A novel way of detecting fungal secondary metabolites
takes advantage of the global regulation of secondary
metabolite production by the LaeA gene, which has been
characterised in Aspergillus species [23]. Bok et al. [24°°]
examined microarrays of Aspergillus nidulans that were
hybridised to RNA prepared from strains that overex-
pressed or underexpressed LaeA. A range of secondary
metabolite gene clusters that are regulated by LacA were
identified. Deletion of a gene in one of these clusters
resulted in a mutant that was unable to make the anti-
tumour compound terrequinone, which had not pre-
viously been described in A. #nidulans. Thus, a new
biosynthetic pathway and resultant molecule was discov-
ered. This approach has great potential for finding bio-
synthetic genes for toxins (and the toxins themselves) in
fungi in which the La#eA homologue can be identified.
Identification of such homologues is challenging as L.aecA
lacks conserved motifs other than an S-adenosyl methio-
nine domain that is found in some methyl transferases.
Nonetheless, strong matches have been found in
the saprophyte Neurospora crassa, the human pathogen
Coccidioides immitis, and two plant pathogens, Magnaporthe
grisea and Fusarium sporotrichioides [23]. As yet there are
no reports of the deletions or overexpression of this gene
in these fungi.

Toxin production can be regulated by plant
molecules

Toxin production can be regulated by signals or even
substrates from the plant. For instance, Aspergillus species
such as A. flavus, A. parasiticus and A. nidulans are pro-
posed to derive acetyl CoA for the biosynthesis of toxins
(i.e. sterigmatocystin and aflatoxin) from fatty acids in the
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maize kernels that they colonised [25]. This role of seed
fatty acids is suggested by several pieces of evidence.
Added oleic acid induces the biogenesis of fungal peroxi-
somes, as well as catalase activity and beta oxidation. This
correlates with the increased expression of biosynthetic
genes for sterigmatocystin and aflatoxin in hyphae colo-
nising the embryo and aleurone layer, where most seed
lipids are stored. A recent example of a signal from a plant
that regulates toxin production is the plant polysaccharide
amylopectin, which induces fumonison B; production by
Fusarium verticillioides during the colonisation of maize
kernels [26]. The mechanism for this induction is
unknown. There is a complex ‘back and forth’ interplay
between plant and fungus in which the fungus metabo-
lises a plant polysaccharide to produce molecules that
trigger fumonison B; production. This leads to plant cell
death, presumably by depletion of extracellular ATP as
described above. Another example of a plant saccharide
signal that influences toxin production is the discovery
that AB toxin production by germinating spores of A/fer-
naria brassicicola is induced by a 1.3 kDa oligosaccharide
that is released by the leaves of Brassica plants [27]. Of
course, there are many examples of plants that can
inactivate fungal toxins; a recently discovered example
are wheat varieties that can detoxify the mycotoxin
deoxynivenol, an ability that co-localises with a quanti-
tative trait locus (QTL) that confers resistance to the head
scab fungus, Fusarium graminaerum [28].

Conclusions

Necrotrophic fungi do not just kill plant cells then live
saprophytically; instead, they appear to be able to subvert
host defences such as the HR to colonise the plant. Often,
this effect is triggered by toxins. The availability of
complete fungal genome sequences has allowed the
biosynthetic pathways for secondary metabolite toxins
to be identified, and the increasing amenability of fungi to
gene disruption techniques allows toxin-deficient
mutants to be produced. Thus, the role of such toxins
in plant disease can be determined. For those toxins that
are not primary virulence factors, it would be interesting
to know the roles they play and the advantages (if any)
that they confer on the fungus that produces them.
Toxins have not been described from all necrotrophic
fungi. Often purified toxins show toxic effects iz vitro but
cannot be detected iz planta, so their role in disease is
unknown. However, such molecules might be produced
in small amounts and fungi might use toxins that are as yet
undescribed. Recently developed analytical equipment,
such as liquid chromatography/mass spectrometry/mass
spectrometry (LG/MS/MS), that achieves sensitive levels
of detection provides opportunities to identify many more
of these metabolites both iz vitro and in planta.
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