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Abstract: The genus Pyrenophora includes two important cereal crop foliar pathogens and a large
number of less well-known species, many of which are also grass pathogens. Only a few of these
have been examined in terms of secondary metabolite production, yet even these few species have
yielded a remarkable array of bioactive metabolites that include compounds produced through each
of the major biosynthetic pathways. There is little overlap among species in the compounds identified.
Pyrenophora tritici-repentis produces protein toxin effectors that mediate host-specific responses as
well as spirocyclic lactams and at least one anthraquinone. Pyrenophora teres produces marasmine
amino acid and isoquinoline derivatives involved in pathogenesis on barley as well as nonenolides
with antifungal activity, while P. semeniperda produces cytochalasans and sesquiterpenoids implicated
in pathogenesis on seeds as well as spirocyclic lactams with phytotoxic and antibacterial activity. Less
well-known species have produced some unusual macrocyclic compounds in addition to a diverse
array of anthraquinones. For the three best-studied species, in silico genome mining has predicted the
existence of biosynthetic pathways for a much larger array of potentially toxic secondary metabolites
than has yet been produced in culture. Most compounds identified to date have potentially useful
biological activity.

Keywords: Pyrenophora; toxins; biological activity; phytotoxicity; pathogenicity; biomolecules

Key Contribution: (1) Review of the biology, pathogenicity, and toxic metabolites produced by the
most relevant Pyrenophora species; (2) classification of the toxic metabolites in a table according to
their structures, with descriptions of the main agronomic and pharmacological activities reported
for them.

1. Introduction

Species of the fungal ascomycete genus Pyrenophora are known to produce a spectac-
ular array of secondary metabolites, but, to date, there has been no published effort to
integrate the large volume of information available on this topic. In this review of bioactive
metabolites produced by members of the genus, the goal is to present this information
in a format that will be useful for agronomists studying plant disease and researchers in
chemical ecology, as well as natural products chemists and applied scientists seeking novel
compounds for diverse uses.

Pyrenophora is a genus of approximately 190 currently recognized species in the
Dothidiomycete family Pleosporaceae [1]. Both the family Pleosporaceae and the genus
Pyrenophora are well supported as monophyletic groups based on molecular phylogenetic
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analysis, and the Drechslera anamorphs traditionally associated with Pyrenophora species are
also supported as genetically similar to their teleomorphs and conspecific with them [2-4].
Most Pyrenophora species are foliar pathogens of grasses, but some are also known as
endophytes, as foliar pathogens of dicots, and in at least one case, as a seed pathogen.

For many species, little information beyond a species description is available, but
two economically important cereal crop foliar pathogens, P. tritici-repentis and P. teres, have
been well-studied [5-7]. A third well-studied species is P. semeniperda, a seed pathogen
under consideration as a possible biocontrol for weedy annual bromes [8,9]. This review
covers the literature from 1934 through 2022. The toxic metabolites discovered in each
of the three well-studied species are presented, along with a few reports from additional
species, and their isolation, structure determination, and biological activities are discussed.

2. Biology, Pathogenicity, and Toxin Production of Pyrenophora spp.
2.1. Pyrenophora teres
2.1.1. Biology and Pathogenicity of Pyrenophora teres

Pyrenophora teres is the causal agent of net blotch on barley, which is an economically
important foliar disease that can cause up to 40% yield reduction and also lowers grain
quality [7]. It reproduces sexually on standing barley at the end of the growing season
and overwinters on crop residues. There are multiple cycles of asexual reproduction via
conidia during the growing season. This pathogen can also infect developing seeds and
be moved as seed-borne inoculum. It has long been known that there are two forms that
are morphologically identical but that cause quite different disease symptoms on barley
leaves. The net form P. teres f. teres (Ptt) causes longitudinal dark brown necrotic lesions
that can later become chlorotic, while the spot form P. feres . maculata (Ptm) causes circular
or elliptical spots that are dark brown and are associated with chlorosis on the surrounding
leaf tissues. The two forms are genetically distinct and may represent different species [10].
They can be induced to hybridize under laboratory conditions, but hybrids under natural
conditions are extremely rare. The two forms also differ in the growth rate, symptom
development, and toxin production in culture.

P. teres can infect a wide range of cereal and native grass hosts, but rarely, if ever,
causes significant disease on these hosts [11]. This makes wild grass species an unlikely
source of inoculum. Disease levels on different barley cultivars appear to be mediated by
gene-for-gene interactions, but toxins specifically produced by these virulence genes have
not yet been identified [6,12]. Many of the toxins produced by this fungus in culture can
induce some level of disease symptoms on barley leaves, but these effects are not strain- or
host genotype-specific.

Genome mining has identified a large number of predicted biosynthetic gene clusters
that could mediate the production of novel toxins in P. teres [13]. The total number is greater
for Ptt (36 to 82 depending on strain) than for Ptm (45-47, two strains). The majority of
these (15-53) are NRPS (non-ribosomal peptide synthase) loci, with 12-15 PKS (polyketide
synthase) loci, 2-9 PKS-NRPS hybrid loci, and 4-6 terpene biosynthase loci. There is
a high probability that further research can unravel the identity of toxic effectors and
their specificity in the gene-for-gene interactions that have been documented genetically
and phenotypically in this pathosystem, whether the effectors are secondary metabolites
or proteins [6].

2.1.2. Phytotoxins Produced by Pyrenophora teres

Chemically diverse toxins have been isolated from cultures of P. teres. These com-
pounds belong to different classes according to their structures, including amino acid
derivatives of the marismine class, nonenolides, spirocyclic lactones, isoquinolines, and
an anthraquinone (Figure 1). As reviewed in this section, many of them are phytotoxic,
whereas other types of biological activities of agronomic or pharmacological interest have
been described for some of them.
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Figure 1. Structures of the toxins produced by P. teres.

Amino acid derivatives (1-4, Figure 1) in a family that belongs to the marasmine
class are among the phytotoxins produced by P. teres. All of these were obtained from
cultures grown in Fries’ liquid medium. Toxins A and B (1 and 2), isolated for the first
time from culture filtrates of P. teres collected from barley leaves, were the first to be
discovered from this family [14]. Their structures were described in a later study, with toxin
A (1) being characterized as N-(2-amino-2-carboxyethyl)aspartic acid, and toxin B (2) as
1-(2-amino-2-carboxyethyl)-6-carboxy-3-carboxymethyl-2-piperazinone [15]. Toxin B (2) is
also known as anhydroaspergillomarasmine A [16]. Compounds 1 and 2 showed phytotoxic
effects on barley, provoking chlorosis and collapse of tissues [14]. It was suggested that
toxins A and B (1 and 2) play a key role in the disease syndrome of net-spot blotch of
barley, also contributing to the virulence of individual isolates of P. teres [14]. The same
study that provided the characterization of compounds 1 and 2 [15] also reported the
first isolation of toxin C (3) from P. teres. The structure of this compound, also known as
aspergillomarasmine A, corresponded with that of N-[2-(2-amino-2-carboxyethylamino)-2-
carboxyethyl]aspartic acid, an already-known fungal compound previously described from
Fusarium oxysporum, Colletotrichum gloeosporioides, Aspergillus flavus-oryzae, and Paecilomyces
species [16-18]. Toxin A (1) was suggested as a precursor of toxin C (3) in cultures of
P. teres, whereas toxin C (3) generates toxin B (2) by a non-enzymatic mechanism [16].
Different strategies for the synthesis of compound 3 are available in the literature [19-23].
As for toxins A and B (1 and 2), toxin C (3) has phytotoxic activity on barley, and it has
been suggested that compound 3 plays a major role in the pathological changes associated
with the barley net-spot blotch disease [16]. Compound 3 also possesses pharmacological
interest due to its activity against some factors that generate resistance in Gram-negative
pathogens. In fact, it is a potent inactivator of metallo-3-lactamases and has proven to
reverse carbapenem resistance in vivo [24]. The inhibition of metallo-f-lactamases by
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compound 3 would occur via the selective sequestering of Zn%* [25]. Of interest for the
development of drugs, it could be worth highlighting that the structure of compound 3
proved to be tolerant of changes in the stereochemistry at positions 3, 6, and 9 regarding
the activity against the metallo-3-lactamase NDM-1 [20].

It is interesting to note the study by Weiergang et al. (2002) [26] on the phytotoxicity
of toxins A-C (1-3) on barley leaves, which showed the different activity profiles of these
compounds. It was found that toxin A (1) generates chlorotic symptoms and little necrosis,
whereas toxin C (3) provokes distinct necrotic symptoms and chlorosis, and toxin B (2)
is weakly toxic. It was concluded that the interaction of barley with toxins A and C
(1 and 3) is correlated with that observed with P. teres (both f. teres and f. maculata). This
suggested that these toxins may be used to select resistant barley lines in the early stages of
breeding programs [26].

Aspergillomarasmine B (4), also known as lycomarasmic acid, is a toxin identified as a
product of P. teres in 2008 [27]. This compound, similar to the closely related compound 3,
had been previously found in the fungal species A. flavus-oryzae, C. gloeosporioides, and
Paecilomyces [17,18,28]. Its isolation from C. gloeosporioides, the pathogen of olive crops
(Olea europaea L.), represented its first report as a toxin produced by a plant pathogen [28].
Compound 4 showed remarkable phytotoxic activity, whose mechanism may be based on
a chelation process that forms toxic iron chelates [27].

The family of pyrenolides (5-8, Figure 1) constitutes a group of bioactive toxins also
produced by P. teres that are compounds with antifungal activity [29] isolated from cultures
grown in malt-dextrose medium. Structurally, pyrenolides 5-7 are nonenolides formed by
a 10-membered lactone ring with different substituents. Pyrenolide A (5) was first isolated
from P. teres [30]. It was later found in Ascochyta hyalospora [31], and some hydroxylated
derivatives were isolated from a marine-derived Curvularia species [32]. Pyrenolides B and
C (6 and 7) were isolated in a later study [29]. The synthesis of pyrenolide B (6) was reported
in different studies [33-35], though not as an enantiomerically pure product. It is worth
highlighting that Suzuki et al. (1987) [34] proved that synthetic ()-pyrenolide B shows
significant antimicrobial activity (against Aspergillus niger and Cochliobolus miyabeanus) and
phytotoxicity. The synthesis of (£)-pyrenolide C by Wasserman and Prowse (1992) [36] was
the first reported for this compound, also allowing the establishment of its stereochemistry.

The structure of pyrenolide D (8) differs from those of the previously described
pyrenolides A-C (5-7), showing a tricyclic spiro-y-lactone scaffold of five-membered rings
instead of the nonenolide scaffold. Pyrenolide D (8) was isolated for the first time from
P. teres [37]. The same study reported that this compound possesses cytotoxic activity
(against HL-60 cells), whereas antifungal activity was not found, unlike pyrenolides A-C.
The synthesis of pyrenolide D (8) was the focus of later studies, as a result of which this
toxin was obtained as an enantiomerically pure product [38—42].

Two isoquinolines, named pyrenolines A and B (9 and 10, Figure 1), were also reported
as phytotoxins isolated from P. feres [43]. Both compounds showed phytotoxic activity on
different plant species, including barley. Pyrenoline A (9) required lower concentrations to
generate the phytotoxic effects evaluated. Pyrenoline A (9) did not show host specificity
regarding monocot and dicot species. The kinetics of production of pyrenolines A and B
(9 and 10) by P. teres were studied in later research. It was found that their concentration in
the culture medium varies in time following a repetitive cycle of production and degrada-
tion, with pyrenoline B always being produced in higher quantities than pyrenoline A [44].

Catenarin (11) is a red anthraquinone pigment isolated from Drechslera teres [45] and
other fungal species including Helminthosporium gramineum, Pyrenophora tritici-repentis, and
Conoideocrella krungchingensis [46—48]. The culture medium employed for its isolation from
P. teres is potato dextrose agar (PDA), unlike compounds 1-10, for which a liquid medium
(Fries, Malt-Dextrose or M1D) was used. Its synthesis was reported in the middle of the
last century [48,49]. With regard to its biological activities, catenarin (11) induces necrosis
on wheat in a non-specific manner [50] and inhibits, to some extent, the growth of the
mycelium of D. feres, but not the germination of conidia [45]. Compound 11 also possesses
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a remarkable antibacterial profile. It significantly inhibits B. subtilis (at low concentrations
of <0.1 uM) [45], as well as other Gram-positive bacteria and fungal species [46,50]. It is
also cytotoxic against NCI-H187 cancer cells (ICsg = 8.21 ug/mL), and inactive against
the non-cancerous line tested in the same assay [47]. Moreover, antidiabetic activity was
described for catenarin (11), though few studies have been performed in this regard [51].

2.2. Pyrenophora tritici-repentis
2.2.1. Biology and Pathogenicity of P. tritici-repentis

Pyrenophora tritici-repentis is the causal agent of the foliar disease tan spot of wheat [5].
It also occurs on related cereal crops and some native grasses but is not known to cause
serious disease on these hosts. It is a necrotrophic pathogen that can survive saprophytically
and increase its inoculum through sexual reproduction on crop residues over winter.
Recent research on this disease has focused on the role of host-specific toxins (HSTs) in
the pathogenesis of different cultivars of wheat. HST genes interact with host sensitivity
genes in a manner that is essentially the inverse of the interaction of avirulence genes
in biotrophic fungi with host resistance genes. In biotrophs, the host resistance gene
product can recognize the pathogen avirulence gene product and initiate defense measures,
including programmed cell death, that prevent further tissue colonization by the pathogen.
However, for necrotrophic pathogens, programmed cell death is the opening that enables
successful infection; thus, recognition by the host actually increases pathogen virulence.
There are currently three HSTs known to be produced by this pathogen on wheat, and the
combination of these in any pathogen strain and their complementary sensitivity genes in
the host determines which wheat cultivars are susceptible to a given strain.

Tan spot disease has long been endemic in wheat but was considered a minor pathogen
until quite recently. It has emerged as an economically important disease of wheat world-
wide only in the last 60-80 years [52]. The advent of no-till agriculture is one probable
contributor to its recent ascendance as a major disease of wheat. However, the major factor,
as discussed below, that has increased its virulence on wheat involved a recent horizontal
gene transfer from a related wheat pathogen, Stagonospora nodorum [53]. Both organisms
produce PtrToxA, a host-specific toxin (HST) that causes severe disease in wheat cultivars
that possess the corresponding sensitivity gene Tsnl. PtrToxA-producing strains have
now become the prevalent strains in wheat-producing regions across most of the world
(e.g., [54]). Even more recently, there appears to have been a second horizontal gene transfer
of the PtrToxA gene from P. tritici-repentis to P. teres, which has enabled this barley pathogen
to effectively expand its host range to include wheat [55]. Horizontal gene transfer is
difficult to demonstrate conclusively, but the evidence for PtrToxA horizontal gene transfer
into P. tritici-repentis is quite strong.

P. tritici-repentis also produce toxins that are not host-specific, but there has been little
research on the role of these toxins in disease development in wheat. A genome-mining
exercise for this pathogen revealed the presence of >30 putative genes or gene clusters that
are likely responsible for the biosynthesis of some of these other toxins [5]. These included
both NRPS (non-ribosomal peptide synthase) and PKS (polyketide synthase) loci as well as
two NRPS-PKS hybrid loci. More recently, a more comprehensive genome mining exercise
identified a similar number of these biosynthesis gene clusters in P. tritici-repentis, as well as a
number of terpene synthesis clusters [13]. The NRPS-PKS biosynthesis gene cluster responsible
for triticone (spirostaphylotrichin) biosynthesis has been specifically identified [56].

2.2.2. Phytotoxins Produced by Pyrenophora tritici-repentis

For the species P. tritici-repentis, a collection of toxins, mostly with protein- and spiro-
cyclic lactam-like structures (Figure 2), has been isolated and studied.
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Triticone A, also spirostaphylotrichin C (12): R; = OH, R, =H  Triticone C, also spirostaphylotrichin A (14): Ry = OH, R, = H
Triticone B, also spirostaphylotrichin D (13): Ry =H, R, =OH  Triticone D (15): Ry = H, R, = OH
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Figure 2. Structures of triticones A-F, toxins produced by P. tritici-repentis.

The most studied toxins produced by P. tritici-repentis are the proteins known as Ptr
ToxA and Ptr ToxB, obtained from cultures grown in Fries’ medium. They are host-selective
toxins reported as necrosis-inducing in the case of Ptr ToxA [57], and chlorosis-inducing
in the case of Ptr ToxB [58]. Ptr ToxA causes quicker symptoms than Ptr ToxB, though the
defense responses observed have multiple similarities [59]. It was also found that Ptr ToxB
has a greater distribution than the common host-selective toxins [60]. Pandelova et al. [59]
provided an excellent overview of the biochemical mechanisms and effects of both toxins.

Ptr ToxC was also reported as a chlorosis-inducing and low-molecular-weight com-
pound, grown in a PDA medium [61,62]. This compound has a difficult isolation process
and is not stable; its genetics are still under study. It has recently been suggested that it is
not a protein [63].

As mentioned earlier, a family of spirocyclic lactams (12-17), named triticones or spirostaphy-
lotrichins (Figure 2), has been described as toxins produced by P. tritici-repentis [64]. All of these
were obtained from cultures grown in an M1D-modified liquid medium. Triticones A and B
(12 and 13, Figure 2), epimeric compounds at C-2, were the first to be reported, isolated in 1988
as new chemotypes for which no closely related molecules had been described [65]. This study
highlighted the instability of the active fractions to high temperatures and silica gel, making
possible the isolation of the compounds by crystallization after the slow evaporation of the
solvent. The ratio of production is approximately 1:1 [64]. Another relevant finding is that
triticone A (12) undergoes racemization to form triticone B (13), and vice versa, which means
that studies on the bioactivities of these compounds are commonly carried out on mixtures of
both compounds.

Triticones A and B (12 and 13) showed remarked phytotoxicity in leaf assays [64], and
also showed phytotoxic activity at 4.0 uM in a wheat protoplast assay [65]. The mixture
of triticones A and B induces chlorosis and necrosis on a wide range of monocot and
dicot plants [56,66] and also inhibits CO, fixation by 50% in wheat at 32 £ 13 uM [66].
Antibacterial activity against the Gram-positive species Bacillus subtilis and Rhodococcus
erythropolis was reported, whereas no activity was observed against different Gram-negative
bacteria or fungal species [56]. Triticone B (13) showed attributes of pharmacological
interest, as it enhances plasmin activity of bovine aortic endothelial cells, causing direct
and reversible inhibition of plasminogen activator inhibitor-1 [67].

As for triticones A and B (12 and 13), triticones C and D (14 and 15, Figure 2) were
also described as epimers at C-2, and this is also the case for triticones E and F (16 and 17,
Figure 2) [64,66]. Interestingly, triticones C and D (14 and 15) do not undergo the quick
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interconversion previously described for triticones A and B [64]. Unlike triticones A and B
(12 and 13), which possess a marked phytotoxicity, triticones C and D (14 and 15) are weakly
phytotoxic in leaf protoplast assays, whereas triticones E and F (16 and 17) are essentially
inactive [64]. On the other hand, it is worth highlighting that these two latter compounds,
in a mixture of 2:1, possess antibacterial activity against Escherichia coli (minimum inhibitory
concentration = 62.5 pg/mL) [68].

Catenarin (11, Figure 1), a toxin produced by P. teres with phytotoxic and diverse
pharmacological activities as previously described in Section 2.1.2, is also produced by
P. tritici-repentis [46]. A study on P. tritici-repentis reported that the highest catenarin
concentrations can be obtained in the Fries medium supplemented with starch. It was also
shown that in specific conditions of incubation, a rapid accumulation of catenarin can occur
during the first week, followed by a large decline after 14 days. This indicates that it may
be bio-transformed to other anthraquinones or incorporated into melanin [50,69].

2.3. Pyrenophora semeniperda
2.3.1. Biology and Pathogenicity of Pyrenophora semeniperda

P. semeniperda (alternate spelling P. seminiperda) is a generalist seed pathogen that
attacks seeds in field seed banks [70]. It is known almost entirely from its anamorph
Drechslera campanulata, as the sexual state is very rarely observed in nature and nearly
impossible to obtain in culture [71]. The fungus forms macroscopic fingerlike stromata
that protrude from killed seeds, earning it the moniker ‘black fingers of death’. Early
studies on this pathogen in Australia addressed its potential as a biocontrol for annual
grass weeds [72]. This has also been the motivating force behind extensive studies on
the biology of this species in semiarid North America [8,9]. The Australian studies were
initially based on the inoculation of non-dormant seeds, a treatment that resulted in very
low seed mortality. These workers surmised that floral infection during seed development
must account for the high natural mortality in soil seed banks of these weeds, and they
demonstrated experimentally that this was at least possible [73]. Working with the host
Bromus tectorum in the US, it was later discovered that the inoculation of mature seeds
could cause very high mortality if seeds were inoculated when dormant [74]. Non-dormant
seeds could escape mortality as in the Australian studies. Non-dormant B. tectorum seeds
could also be killed in field seed banks under conditions of water stress that retarded seed
germination but permitted pathogen activity [75].

In studies with multiple strains, it was discovered that slower-growing strains were better
able to kill non-dormant B. tectorum seeds than fast-growing strains [76]. This was interpreted
as a trade-off between the growth rate and production of cytochalasin B, a toxin produced in
abundance by this pathogen [77]. This hypothesis was later confirmed experimentally [78].

Molecular genetic studies showed that P. semeniperda exhibits high levels of genetic
diversity and regional genetic differentiation, even at the ITS locus, which is most often
monomorphic at the species level [79]. It was later demonstrated that strains with different
ITS haplotypes are strongly genetically differentiated and likely represent cryptic species [80].

Studies on the host range of this seed pathogen determined that it has a very wide host
range, but that some hosts were more susceptible than others [81]. Reciprocal inoculation
experiments with strains from different annual grass hosts demonstrated a complete lack
of host specialization [82]. Strains varied in virulence and host species varied in resistance,
but there was no pattern of increased virulence in the host of origin.

A provisional genome mining exercise (C. Coleman, Brigham Young University, un-
published data) using an annotated genome assembly [83] yielded 12 predicted PKS loci,
8 predicted NRPS loci, and 2 PKS-NRPS hybrid loci. The two hybrid loci were later deter-
mined to be responsible for the biosynthesis of cytochalasins and spirostaphylotrichins,
both of which are known to be produced by this fungus in culture.
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2.3.2. Phytotoxins Produced by Pyrenophora semeniperda

P. semeniperda is a species for which a higher diversity of compounds (Figure 3) has
been found, in comparison to P. teres and P. tritici-repentis. They include cytochalasan, spiro-
cyclic lactam, and sesquiterpenoid acid structures. Interestingly, some of the compounds
produced by P. semeniperda have been also discovered in P. tritici-repentis, i.e., triticones
A—C and E-F (12-14, 16 and 17, Figure 2), previously described in Section 2.2.2. These will
be referred as spirostaphylotrichins in this section when possible, as they were designated
as spirostaphylotrichins in subsequent publications on P. semeniperda. Cytochalasins B, F, T,
and deoxaphomin (18-21, Figure 3), as well as the previously undescribed cytochalasins
71,72, and Z3 (22-24, Figure 3), were isolated in 2002 by Evidente et al. as the first phy-
totoxins produced on solid wheat culture by an Australian strain of P. semeniperda [84].
They belong to the cytochalasan group of fungal polyketide-amino acid hybrid metabo-
lites with several biological activities [85,86]. Cytochalasins Z1, Z2, and Z3 (22-24) were
characterized as 24-oxa[14]cytochalasans by NMR and MS techniques. Compounds 18-24
were assayed on wheat and tomato seedlings, and the most active compounds proved to
be cytochalasin B (18), F (19), Z3 (24), and deoxaphomin (21). These showed a remarkable
ability to inhibit root elongation. In leaf-puncture assay, only deoxaphomin (21) showed the
ability to produce small necrotic lesions, whereas no effects were observed in the immersion
assay from any of the tested cytochalasins [84].

Preliminary in vitro experiments showed that the fungus was able to produce
other low-molecular-weight lipophilic phytotoxins in liquid culture, but they were
not characterized [84,87]. These metabolites were identified as spirocyclic y-lactams by
Masi et al. [88] working with the PDB liquid cultures of a P. semeniperda strain collected
in the USA. In particular, this strain produced the known spirostaphylotrichins A, C, D,
R (12-14 and 17, Figure 2) and V (25, Figure 3), as well as triticone E (16, Figure 2), and
a previously undescribed related compound, which was named spirostaphylotrichin W (26,
Figure 3). The structure of this latter compound, as well as its relative stereochemistry, was
characterized by spectroscopic and chemical methods. All the isolated compounds were
tested in a B. tectorum coleoptile bioassay at a concentration of 10~2 M. Spirostaphylotrichin
A (12) proved to be the most active compound, followed by spirostaphylotrichins C and
D (13 and 14). Furthermore, in a leaf puncture bioassay carried out on host and non-
host plants, only spirostaphylotrichins A, C, and D (12-14) exhibited phytotoxicity [88].
When the same strain was grown in solid culture on wheat culture, cytochalasin B (18)
was identified as the main metabolite. Its production by other strains was also evaluated
using a high-pressure liquid chromatography method (HPLC). This study revealed that the
production of cytochalasin B (18) is strongly dependent on cultural conditions and that it is
produced in large quantities in solid wheat seed culture (with production varying from 535
to 2256 mg kg~ !). Furthermore, in a B. tectorum coleoptile bioassay, solid culture extracts of
the strain studied showed higher toxicity than the cytochalasin B standard at the highest
concentration tested. This suggested the possible presence of other phytotoxic metabolites
in the organic extracts [77].

Thus, the organic extract of P. semeniperda strain WRR10-16, one of the most active
strains in the B. tectorum coleoptile bioassay [89], was purified using different steps of col-
umn chromatography, also yielding the other known cytochalasins F and Z3 (19 and 24) and
deoxaphomin (21), as well as a previously undescribed sesquiterpenoid penta-2,4-dienoic
acid that was named pyrenophoric acid (27, Figure 3) [89]. Its relative stereochemistry was
assigned by NMR studies while its absolute configuration was determined by applying
the advanced Mosher’s method [90]. Pyrenophoric acid (27) proved to be very phytotoxic
in a cheatgrass coleoptile elongation test at 10> M and its negative effect on coleoptile
elongation was additive with that of cytochalasin B when tested in a mixture at 10~ M.
This result demonstrated that the high toxicity shown by the organic extract was due to the
combined action of multiple phytotoxic compounds [89].
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Cytochalasin T (20): R4=R3=H, R,=OH
Cytochalasin Z; (22): R4=R,=H, R3=0OH
Cytochalasin Z, (23): R1=R,=0OH, R3=H

Cytochalasin B (18): R1=0OH, R,=H
Cytochalasin Z3 (24): R4=H, R,=OH

)

Abscisic acid (29)

\OH

“OH
Pyrenophoric acid B (30) Pyrenophoric acid C (31)
Figure 3. Structures of the toxins produced by Pyrenophora semeniperda.

When the same fungus was grown in cheatgrass seed culture, two other previously
undescribed compounds were isolated together with cytochalasins A, B, F, and Z3 (28,
18, 19 and 24, respectively, Figure 3), deoxaphomin, pyrenophoric acid, and abscisic acid
(21, 27 and 29, respectively, Figure 3). The two new compounds that were characterized
by spectroscopic methods and, as they were related to pyrenophoric acid, were named
pyrenophoric acids B and C (30 and 31, Figure 3). In a cheatgrass seedling bioassay at
10~3 M, pyrenophoric acid B (30) showed higher coleoptile toxicity than pyrenophoric acid,
while pyrenophoric acid C (31) showed lower phytotoxicity [91].

Another study demonstrated that the production of cytochalasin B (18) could also
be induced in liquid media only if they contained host seed constituents. This strongly
suggests that the production of cytochalasin B is directly implicated in the pathogenesis
of seeds [78]. Research on the mode of action of pyrenophoric acid B (30) using mutant
lines of Arabidopsis thaliana demonstrated that this compound activates the abscisic acid
(ABA) signaling pathway in order to inhibit seed germination. It was demonstrated that
it uses the ABA biosynthesis pathway at the level of alcohol dehydrogenase ABA2 to
achieve this inhibition. This result suggested that P. semeniperda may manipulate plant ABA
biosynthesis in the seed as a strategy to reduce germination, increasing its ability to cause
seed mortality and thereby increase its fitness through higher reproductive success [92].
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2.4. Other Pyrenophora spp.
2.4.1. Biology and Pathogenicity of other Pyrenophora Species

Many other Pyrenophora species are foliar grass pathogens with life histories similar to
P. teres and P. tritici-repentis, and this is especially true of those that have been studied in
terms of secondary product chemistry. As these pathogens are less economically important,
their biology and pathogenicity have received much less attention. Four species have
been investigated to varying degrees for toxin production: P. avenae (syn. P. chaetomioides,
anamorph D. avenae), P. lolii (anamorph D. siccans), P. catenaria (anamorph D. catenaria), and
P. biseptata (anamorph D. biseptata). Pyrenophora avenae is primarily a disease of cultivated
oats [93,94] while P. lolii infects cultivated and wild species of Lolium (ryegrass; [95,96]).
Little information is available on the biology of the other two species. There is a report
on secondary product chemistry for D. dematioidea as an endophyte in a species of marine
algae [97], but as this identification was based only on morphology in a group where even
the generic boundaries are not clear [98,99], we have chosen not to include this paper in
our survey of toxin production in Pyrenophora.

2.4.2. Phytotoxins Produced by other Pyrenophora spp.

As reviewed in Sections 2.1-2.3, diverse families of toxins with different structures
have been isolated from P. teres, P. tritici-repentis, and P. semeniperda. Nevertheless, markedly
different toxins have been isolated from other Pyrenophora species (Figure 4). These toxins
are reviewed in this section.

Pyrenophora avenae, a pathogen of oats, produces toxins with macrocyclic and an-
thraquinone structures. The toxins with a macrocyclic structure produced are pyrenophorin
(32, Figure 4) [100] and the structurally related compounds dihydropyrenophorin and
pyrenophorol (33 and 34, Figure 4) [101]. Pyrenophorin (32) inhibited radicle growth in
oat and non-host plants [102]. This toxin has antifungal properties, as it is significantly
active against the biotrophic pathogen Microbotryum violaceum and the yeast Saccharomyces
cerevisiae at 5 pM [103]. Moreover, pyrenophorin (32) showed strong cytotoxicity against
several cancer cell lines (ICsq values ranging from 0.07 to 7.8 uM) [104]. The stereoselec-
tive total synthesis of pyrenophorin has been published [105]. Dihydropyrenophorin (33)
showed phytotoxic activity [101], as well as antibacterial, antifungal, and antialgal activi-
ties [106]. These last antimicrobial activities were also found for pyrenophorol (34) [101,106].
Compound 34 showed phytotoxicity (leaf necrosis) on Avena sterilis and, at a lower level, on
Avena fatua L. On the other hand, the seed germination and seedling growth of A. sterilis were
not affected [107]. The stereoselective total synthesis of pyrenophorol has been published [108].

In regard to the toxins with an anthraquinones structure produced by P. avenae, these
compounds are helminthosporin and cynodontin (35 and 36, Figure 4), two metabolites
produced by diverse fungal species. As for the previously described anthraquinone cate-
narin (11), the growth medium was PDA [45], while Czapek-Dox was also employed as a
medium for obtaining compound 35 [109]. Helminthosporin (35) is a toxin that showed
herbicidal activity against different weed and crop plants, though species such as soybean,
tomato, or cotton were resistant when tested at 500 pug/mL [110]. Compound 35 also
showed positive results in pharmacological assays. It inhibited the growth of hepatic bile
duct (TFK-1) and liver (HuH?) cancer cell lines [111] and also showed significant inhibition
of electric eel acetylcholinesterase (ICs59 = 2.53 uM) and brain permeable properties [112].
In the case of cynodontin (36), relevant antifungal activity was found against Sclerotinia
minor, Sclerotinia sclerotiorum, and Botrytis cinerea [113]. It is worth highlighting the study by
Dorovi¢ et al. [114], which examined the antioxidative mechanisms of action of cynodontin.
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Figure 4. Structures of toxins produced by other Pyrenophora species.

Three relevant anthraquinones were also isolated from the species Drechslera catenaria
(grown in Czapek-Dox medium), named chrysophanol and emodin (37 and 38, Figure 4), as
well as the already-described catenarin (11, Figure 1, Section 2.1.2) [115]. Chrysophanol (37)
possessed poor phytotoxic activity, as tested on Arabidopsis thaliana [116], although it
showed antifungal properties, including against plant pathogenic fungi [117]. Indeed,
curative and protective activity against barley powdery mildew was demonstrated [118].
On the other hand, chrysophanol (37) has remarkable pharmacological potential, as recently
reviewed by Yusuf et al. (2019) [118] and Su et al. (2020) [119]. Particularly, this compound
showed anti-inflammatory, antiviral, anti-cancer, neuroprotective, anti-cardiovascular dis-
ease, and anti-ulcer activities. Research on the pharmacological bioactivities of chryso-
phanol (37) continues to be a topical issue. As examples of recent discoveries, the findings
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on its role in protecting against acute kidney injury [120], autologous blood-induced
intracerebral hemorrhage [121], and in vivo hippocampal damage and mitochondrial au-
tophagy [122] could be highlighted. Regarding emodin (38), it has been traditionally used
in Chinese medicine, with a wide spectrum of later-proven pharmacological activities,
but also adverse effects when used long-term at high doses [123]. This compound is the
direct precursor of catenarin (11, Figure 1) [124] and is also a phytotoxin. It was found to
have inhibitory activity on sunflowers (Helianthus annuus) [125] and the weeds Amaranthus
hypochondriacus and Echinochloa crus-galli [126].

Toxins with diverse types of structures have been found for the pathogen Drechslera
siccans (3942, Figure 4) through the use of the liquid growth medium M1D modified,
or glucose-potato broth-agar in the case of compound 42. De-O-methyldiaporthin (39) is
phytotoxic to barnyard grass, corn, and soybean, though poor or null activity was found
for host plants of D. siccans [127]. Drazepinone (40) was isolated as a new phytotoxic
trisubstituted naphthofuroazepinone, though its structure was recently revised (see 40,
Figure 4) [128,129]. This compound causes necrosis in a wide range of plant species, with
Urtica dioica L. being the most affected tested species [128]. It also showed protein tyrosine
phosphatase inhibitory activity [129] but low zootoxicity [128]. Siccanol (41), a bicyclic
sesquiterpene that showed phytotoxicity on the root growth of Italian ryegrass (Lolium
multiflorum, a D. siccans host plant), was also isolated from D. siccans [130]. Its structure
was revised and assigned as (-)-terpestacin based on the total synthesis of this compound,
which was isolated from other fungal species [131,132]. Siccanin (42), another toxin isolated
from D. siccans, was active against Trichophyton [133]. Inhibitory activity to succinate
dehydrogenase was also found (ICsp = 0.9 uM) [134]. Its total synthesis was reported [135].

Finally, it is worth highlighting zaragozic acid A (43), also known as squalestatin 51, a
toxin produced by Drechslera biseptata. Although few references have been published on its
activity, squalene synthase inhibitor activity was described [136,137]. The synthesis of this
compound was also accomplished [138].

3. Classification of the Toxins Produced by Pyrenophora spp. according to
Their Structures

In order to provide a clear overview in relation to the structures, origin, and biolog-
ical activities described for the compounds under review (1-43), Table 1 compiles this
information through a classification of the compounds according to their chemical classes.

This classification highlights how phytotoxic activity, whether detected for host plants
or other species, has been shown by the vast majority of classes of compounds produced.
This result, obtained after numerous studies carried out over decades, emphasizes the
interest that exists in continuing with the study of the genomic aspects and modes of
action involved in the phytopathogenic Pyrenophora species. Likewise, finding phytotoxic
compounds could provide new herbicides based on natural products. A priori, they could
present the advantages of reducing environmental impact, requiring lower doses of the
active compound, or applying alternative modes of action to conventional herbicides, thus
avoiding resistance problems. However, a significant difficulty is that the isolation of the
toxins from natural sources often has excessively low yields. For this reason, throughout
this review, the most outstanding publications on the synthesis of some of these toxins
have been highlighted.

This discussion can be extrapolated to the pharmacological field, given the activity
shown by some of the toxins in tests for antimicrobial or cytotoxic effects. In this regard,
available references on pharmacological activities are provided for anthraquinones, cytocha-
lasans, and macrocyclic or spirocyclic compounds. The anthraquinone chrysophanol (37)
represents one of the most studied. It was noted in a recent review that relevant aspects of
its mechanism of action and pharmacokinetics are still unknown [118].
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Table 1. Classification of the toxins (1-43) according to their chemical classes.

Class Compound Pyrenophora species Activity References
Toxin A [N-(2-amino-2-carboxyethyl) . )
aspartic acid] (1, Figure 1) P. teres Phytotoxic to barley [14-16,26,27,139]
Toxin B [1-(2-amino-2-carboxyethyl)-6-
carboxy-3-carboxymethyl-2-piperazinone; P. teres Phytotoxic to barley [14-16,26,27,139]
anhydroaspergillomarasmine A
Amino acid (2, Figure 1)
derivatives i _[2-(2-amino-2-
T I 2 G amine Tty Pyt o by
Yy yethy P. teres reverse of resistance to [15,16,24,26,27,139]

aspartic acid]; aspergillomarasmine A

(3, Figure 1) Gram-negative pathogens

Aspergillomarasmine B; lycomarasmic

acid (4, Figure 1) P. teres Phytotoxic to barley [27]

P. catenaria Phytotoxic to wheat;
Catenarin (11, Figure 1) P. teres antibacterial; antifungal; [45-47,50,51,109,115]
P. tritici-repentis cytotoxic; antidiabetic

Antifungal;
anti-inflammatory;
antiviral; anti-cancer;
neuroprotective;
anti-cardiovascular
disease; antiulcer

Chrysophanol (37, Figure 4) P. catenaria [115,117-122]

Antifungal;

antioxidant [45,109,113,114]

Anthraquinones Cynodontin (36, Figure 4) P. avenae

Phytotoxic to
sunflower, Amaranthus
hypochondriacus and
Echinochloa crus-galli;
antibacterial; anticancer;
hepatoprotective;
anti-inflammatory;
antioxidant; antimicrobial

Emodin (38, Figure 4) P. catenaria [115,123-126]

P. avenae Herbicidal; cytotoxic;

P. catenaria inhibition of cholinesterase [45,109-112]

Helminthosporin (35, Figure 4)

Bicyclic

: Phytotoxic to [130]
sesquiterpene

Siccanol; (-)-terpestacin (41, Figure 4) D. siccans Lolium multiflorum

Phytotoxic to Bromus
tectorum, Cirsium
arvense and Sonchus
arvensis; anticancer;
antibacterial;
antifungal; antiviral

Cytochalasin A (28, Figure 3) P. semeniperda [85,86,91,140,141]

Phytotoxic to wheat,
tomato, B. tectorum,
Lilium longiflorum,
C. arvense and S.
arvensis; algicidal;
anticancer; cytotoxic;
antiparasital;
enzyme inhibition

Cytochalasin B (18, Figure 3) P. semeniperda [77,78,84-86,89,91,140-142]

Phytotoxic to wheat,
tomato, B. tectorum, C.
Cytochalasin F (19, Figure 3) P. semeniperda arvense and S. [84-86,89,91,140-142]
arvensis;
algicidal; anticancer

Cytochalasans

Phytotoxic to C.

arvense and S. arvensis [84,141]

Cytochalasin T (20, Figure 3) P. semeniperda

Cytochalasin Z1 (22, Figure 3) P. semeniperda - [84]

Phytotoxic to C.
Cytochalasin Z2 (23, Figure 3) P. semeniperda arvense and S. [84,141,142]
arvensis

Phytotoxic to wheat,
tomato, C. arvense
and S.
arvensis; anticancer

Cytochalasin Z3 (24, Figure 3) P. semeniperda [84,89,91,140-142]

Phytotoxic to B.
tectorum, s C. arvense
and S.
arvensis; anticancer

Deoxaphomin (21, Figure 3) P. semeniperda [84,89,91,140-142]




Toxins 2022, 14, 588

14 of 20

Table 1. Cont.

Class Compound Pyrenophora species Activity References
Phytotoxic to corn,
soybean, Amaranthus
Isocoumarin De-O-methyldiaporthin (39, Figure 4) D. siccans spinosus, Digitaria [127]
ischaemum and
E. crus-galli
Phytotoxic to barley,
Pyrenoline A (9, Figure 1) P. teres Festuca spp., Agropyron [43]
L inoline repens and
soquino Cynodon dactylon
derivatives
Phytotoxic to barley,
Pyrenoline B (10, Figure 1) P. teres oat, Hibiscus sabdariffa [43]
and Euphorbia heterophylla
Inhibition of radical
. . ) growth in oat and Ty
Pyrenophorin (32, Figure 4) P. avenae non-host plants; [100,102-104]
antifungal; cytotoxic
Phytotoxic to barley,
Macrocyclic soybean, wheat, maize,
compounds . . : , oat, Sorghum halepense
Dihydropyrenophorin (33, Figure 4) P. avenae and different weeds; [101,106]
antibacterial;
antifungal; antialgal
Phytotoxic to oat and
Pyrenophorol (34, Figure 4) P. avenae tomato; antibacterial; [106,107,143]
antifungal; antialgal
Phytotoxic to durum
wheat and diverse
Naphthofuroazepinone Drazepinone (40, Figure 4) D. siccans weed species; [128,129]
protein tyrosine
phosphatase inhibitor
Pyrenolide A (5, Figure 1) P. teres Antifungal [30]
Nonenolides Pyrenolide B (6, Figure 1) P. teres Antifungal [29]
Pyrenolide C (7, Figure 1) P. teres Antifungal [29]
Phenolic . . . ) . Antifungal; succinate )
compound Siccanin (42, Figure 4) D. siccans dehydrogenase inhibition [133,134]
Ptr ToxA P. tritici-repentis Phytotoxic to wheat [57]
Proteins L .
Ptr ToxB P. tritici-repentis Phytotoxic to wheat [58]
e . . Phytotoxic to
Abscisic acid (29, Figure 3) P. semeniperda B! tectorum [91,92]
- - . Phytotoxic to 0 01
Pyrenophoric acid (27, Figure 3) P. semeniperda B, tectorum [89,91,92]
Sesquiterpenoids Phytotoxic to
Pyrenophoric acid B (30, Figure 3) P. semeniperda Arabidopsis thaliana [91,92]
and B. tectorum
L - . Phytotoxic to
Pyrenophoric acid C (31, Figure 3) P. semeniperda B! tectorum [91,92]
- s o . Phytotoxic to wheat,
Triticone A; sp1rgstaphylot'r1chm C P. s?mgnzperdq tomato, oat, and [64-66,88]
(12, Figure 2) P. tritici-repentis . .
different weed species
- Lo o . Phytotoxic to wheat,
Triticone B; splr(?staphylotrlchln D P. s'emel‘nlperdu' tomato and different [64,65,38]
(13, Figure 2) P. tritici-repentis .
weed species
Phytotoxic to B.
. o o . tectorum coleoptiles,
Triticone Célsim;(i)sfi};hz))llotrmhln A PP;gzzfﬁz;egr:ZS weakly to wheat, [64,66,38]
/18 ’ tomato and different
weed species
Splnrct)cychc Weakly phytotoxic to
actams Triticone D (15, Figure 2) P. tritici-repentis wheat and different [64,66]
weed species
Triticone E (16, Figure 2) PP' sementp erﬂl@ Antibacterial [64,68,88]
. tritici-repentis
Triticone F; spirostaphylotrichin R P. semeniperda . . )
(17, Figure 2) P. tritici-repentis Antibacterial [64,68,88]
. o . . Weakly phytotoxic to
Spirostaphylotrichin V (25, Figure 3) P. semeniperda B. tectorum coleoptiles [88]
Weakly phytotoxic to
Spirostaphylotrichin W (26, Figure 3) P. semeniperda tomato and [88]

B. tectorum coleoptiles
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Table 1. Cont.

Class Compound Pyrenophora species Activity References

Spirocyclic

lactone Pyrenolide D (8, Figure 1) P. teres Cytotoxic [37]

Zaragozic acid A; squalestatin S1

Squalestatin (43, Figure 4)

D. biseptata Squalene synthase inhibition [136,137]

Unknown Ptr ToxC P. tritici-repentis Phytotoxic to wheat [61]

4. Conclusions

The research to date on toxin production in the genus Pyrenophora described here
has likely only scratched the surface in terms of the potential of members of this genus
to produce novel and interesting toxic compounds. First, very few species have been
investigated, and there is remarkably little overlap among study species in the compounds
produced. Of the several classes of compounds detected, only the spirocyclic lactams
were common to both P. tritici-repentis and P. semeniperda, and the only other compound
common to multiple species was the anthraquinone catenarin. The unusual compounds
produced by economically unimportant Pyrenophora species were especially noteworthy:.
Another indication that many potential compounds have gone undetected is the large
number of predicted biosynthesis genes from in silico analyses of the three well-studied
species that have no known corresponding gene products. New molecular tools may make
it possible to induce the production of some of these secondary metabolites in vitro so that
they can be characterized and understood [144]. In the meantime, traditional approaches
to the discovery of new secondary metabolites, in Pyrenophora and perhaps in general, are
more likely to be successful if they are focused on understudied fungal pathogens from
non-agronomic systems.
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