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The Southern corn leaf blight (SCLB) epidemic of 1970 dev-
astated fields of T-cytoplasm corn planted in monoculture
throughout the eastern United States. The epidemic was driven
by race T, a previously unseen race of Cochliobolus hetero-
strophus. A second fungus, Phyllosticta zeae-maydis, with the
same biological specificity, appeared coincidentally. Race T
produces T-toxin, while Phyllosticta zeae-maydis produces PM-
toxin, both host-selective polyketide toxins necessary for
supervirulence. The present abundance of genome sequences
offers an opportunity to tackle the evolutionary origins of
T- and PM- toxin biosynthetic genes, previously thought unique
to these species. Using the C. heterostrophus genes as probes, we
identified orthologs in six additional Dothideomycete and three
Eurotiomycete species. In stark contrast to the genetically
fragmented race T ToxI locus that encodes these genes, all
newly found Tox1-like genes in other species reside at a single
collinear locus. This compact arrangement, phylogenetic
analyses, comparisons of Tox1 protein tree topology to a species
tree, and Tox1 gene characteristics suggest that the locus is
ancient and that some species, including C. heterostrophus,
gained 7Tox1 by horizontal gene transfer. C. heterostrophus and
Phyllosticta zeae-maydis did not exchange Tox1 DNA at the time
of the SCLB epidemic, but how they acquired 7oxI remains
uncertain. The presence of additional genes in ToxI-like clus-
ters of other species, although not in C. heterostrophus and
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Phyllosticta zeae-maydis, suggests that the metabolites pro-
duced differ from T- and PM-toxin.

Cochliobolus heterostrophus (Bipolaris maydis), causal
agent of Southern corn leaf blight (SCLB), was first described
as a mild pathogen of maize in 1925 (Drechsler 1925). In 1970,
however, a new, highly virulent race (race T) appeared in
Florida and swept up the east coast of the United States in a
single growing season, destroying more than 15% of the maize
crop. The affected maize carried Texas male sterile cytoplasm
(T-cms), planted because the male sterility trait facilitated cross
pollination and concomitant hybrid vigor (Levings 1993).
Unfortunately, as later discovered, the maize mitochondri-
al protein (Urf13) conferring this beneficial breeding trait
co-confers (Dewey et al. 1988; Levings 1990) sensitivity to
T-toxin, a family of polyketide (C35-C45-linear poly-f-ketols)
host selective toxins (HST) produced by race T of the fungus
(Daly 1982). The origin of race T and its ability to produce
T-toxin, a metabolite not identified in any other fungus, includ-
ing earlier known C. heterostrophus race O, have remained
a mystery (Inderbitzin et al. 2010; Turgeon and Baker 2007;
Turgeon and Lu 2000; Yang et al. 1996).

Intriguingly, a second maize pathogen, Phyllosticta zeae-maydis
(Didymella zeae-maydis or Peyronellaea zeae-maydis [Amy and
Nelson 1971; Aveskamp et al. 2010], hereafter D. zeae-maydis),
appeared coincidentally with C. heterostrophus race T, leading to
speculation that it might be the source of genes for toxin pro-
duction, because it also produces a family of polyketide toxins
(PM-toxin, C33-C35-linear poly-B-ketols) with identical bi-
ological specificity (maize with Urf13) to T-toxin (Yoder and
Mukunya 1972). However, when a polyketide synthase (PKS)
gene required for PM-toxin production was identified (Yun
et al. 1998), it was only about 60% identical to one of the PKS's
required for T-toxin production. This divergence ruled out the
possibility that one of these fungi donated toxin-associated
DNA to the other at the time of the epidemic.

The better-studied C. heterostrophus ToxI locus is geneti-
cally and physically complex (Turgeon and Baker 2007). Al-
though segregation ratios in progeny of crosses between naturally
occurring race T and race O strains indicated early on that Tox!/
was a single genetic locus, this proved to be incorrect (Kodama
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et al. 1999). Molecular genetic analyses have revealed that T-toxin
biosynthesis requires at least nine genes (encoding two PKSs, a
decarboxylase, several types of reductase, and a protein of un-
known function) mapping to two loci (ToxIA, ToxIB) on two
different chromosomes that are reciprocally translocated in race
T with respect to their race O counterparts (Baker et al. 2006;
Inderbitzin et al. 2010; Rose et al. 2002; Yang et al. 1994, 1996).
None of the known ToxI genes is found in race O or any other
Cochliobolus species. The reciprocal translocation breakpoints
that segregate genetically with ToxIA and ToxIB are associated
with 1.2 Mb of highly A+T rich, repeated DNA (Tzeng et al.
1992), however only approximately 40 kb is connected by func-
tion to ToxI. Although nine ToxI genes were known prior to the
present study, whether or not this was the complete locus was un-
certain. Prior to the present study, only three genes, one encoding
a PKS and two encoding reductases had been associated with
D. zeae-maydis PM-toxin production (Yun 1998).

Rapid advancement of comparative genomic resources
combined with an increased understanding of evolution and
diversity of genes encoding PKS enzymes have brought us
closer to understanding race T evolution. It should be noted
however, that PKS-encoding genes are fast-evolving, discon-
tinuously distributed, and highly recombinogenic (Bushley and
Turgeon 2010; Bushley et al. 2008; Condon et al. 2013); tracing
their evolutionary origins and distinguishing between hori-
zontal gene transfer (HGT) and a history of discontinuous
evolution mediated by loss, gain, and recombination are diffi-
cult (Condon et al. 2013; Kroken et al. 2003).

Taking advantage of the bounty of sequenced genomes, we
conducted Blast and phylogenetic studies with the nine known
C. heterostrophus ToxI proteins as queries. Remarkably, we
found orthologs of most Tox! genes arranged, side by side, in
the genomes of three Eurotiomycete species, namely, Penicil-
lium raistrickii, a soil fungus, P. nalgiovense, first isolated from
cheese, and P. brevicompactum, a saprobe; three dicot Dothi-
deomycete pathogens, Leptosphaeria maculans, Ascochyta
rabiei, and Corynespora cassiicola; two aquatic Dothideomy-
cetes, Clohesyomyces aquaticus and Lindgomyces ingoldianus;
and the Dothideomycete mycoparasite Ampelomyces quisqua-
lis. We also sequenced one strain of D. zeae- maydis and found
all ToxI genes on four contigs. The tight gene clusters in fungi
not known to produce HSTs are a cipher for the structures of the
C. heterostrophus and D. zeae-maydis disjointed ToxI loci,
allowing a more informed evolutionary hypothesis about their
evolutionary origin.

RESULTS

C. heterostrophus Tox1 orthologs are found in other fungi.
Blast searches with the C. heterostrophus Pksl protein
identified the previously known D. zeae-maydis Pks1 ortholo-
gous protein (Inderbitzin et al. 2010) plus newly detected ortho-
logs in Leptosphaeria maculans, Corynespora cassiicola,
Ascochyta rabiei, Lindgomyces ingoldianus, Ampelomyces quis-
qualis, Clohesyomyces aquaticus, P. raistrickii, P. nalgiovense,
and P. brevicompactum as top hits (Supplementary Table S1).
Blast searches with the C. heterostrophus Pks2 protein identified,
for the first time, Pks2 orthologs in D. zeae-maydis and in all other
species named above. Queries with the remaining known
C. heterostrophus Tox1 proteins, revealed the entire suite in all,
with the following exceptions: RED, encoding one of three re-
ductases at C. heterostrophus ToxI is missing from all species
except D. zeae-maydis, the only other species known to produce an
HST. The gene complement in both P. brevicompactum isolates is
incomplete with only ToxIA-like orthologs present (Fig. 1).
Similarly, Clohesyomyces aquaticus lacks RED1, DECI, and ei-
ther RED2 or RED3 (discussed below). D. zeae-maydis has two

OXI (oxidoreductase) genes (OXI1, OXI2) whereas all other taxa
have a single gene.

The Tox1-like genes in additional species
are in a single cluster.

Notably, candidate ToxI-like genes in the additional species
are in clusters ranging in size from 30 to 40 kb, which is
comparable to the sum of all known C. heterostrophus ToxI genes
(Fig. 1). This linear arrangement is markedly different from the
race T ToxI structure. As mentioned, C. heterostrophus Tox1
is two loci, ToxIA and ToxIB, on different chromosomes; five
known genes, cosegregating genetically with Tox/A, are physi-
cally located on three scaffolds (Joint Genome Institute [JGI]
scaffolds S74, S83, S102), while four genes, cosegregating with
ToxIB, are on one scaffold (JGI scaffold S82) (Baker et al. 2006;
Inderbitzin et al. 2010, Rose et al. 2002, Yang et al. 1994, 1996).

Relative gene position is largely but imperfectly conserved in
most clusters (Fig. 1). Particularly, the positions of TOX10 (not
identified previously at C. heterostrophus Toxl, as described
below) and DECI are reversed in Leptosphaeria maculans
relative to Ampelomyces quisqualis, Ascochyta rabiei, the three
strains of Corynespora cassiicola, and Lindgomyces ingoldia-
nus. In Ampelomyces quisqualis, PKSI orientation is reversed
relative to TOX10 in the other species mentioned above but
matches that of C. heterostrophus. In Penicillium species and
D. zeae-maydis, TOX10 is adjacent to LAM rather than PKS].
In P. brevicompactum, an esterase is between TOX9 and PKS].
ToxI-like genes in Clohesyomyces aquaticus are on two dif-
ferent scaffolds, PKS1 is truncated at the 5’ end, and only one
RED?2/3 gene (described below) is on these scaffolds. Genome
database searches failed to identify the missing genes. Gene
order is as in Lindgomyces ingoldianus, however, whether this
is a single cluster cannot be determined at this time.

New Tox1 genes?

As noted, genes not known previously to be part of
C. heterostrophus Tox1 were identified in most clusters. These
genes fell into two categories. In the first category is a gene at
C. heterostrophus Tox1. In the second, are genes in other ToxI-
like clusters but not in C. heterostrophus. The gene in the first
category, exemplified by Leptosphaeria maculans JGI protein
ID 11519, encodes a protein without any similarity to curren-
tly predicted functional domains. An ortholog is found in
C. heterostrophus adjacent to PKS1 (Fig. 1), and, like all known
ToxI genes, is unique to race T (not found in race O) (Inder-
bitzin et al. 2010). Deletion yielded a strain that was unable
to make T-toxin (Fig. 2A, left) and was reduced in virulence to
T-cms corn (Fig. 2B, left), thus, it is clearly a member of the
ToxI complement (and because its function is unknown, was
named 70X10, for the tenth ToxI gene discovered).

In the second category are two genes, an ABC gene, encoding
a predicted transporter and a NAD oxidoreductase-encoding
gene (OXR) are in most clusters but not those of C. heterostrophus
or D. zeae-maydis (Fig. 1). Phylogenetic analyses further support
the observation that the ABC (Supplementary Fig. S1) and OXR
(Supplementary Fig. S2) genes are not in these genomes and, thus,
are not required for toxin biosynthesis, yet they sit in the middle of
most ToxI-like clusters. These findings lead us to speculate that
the nontoxin-producing species synthesize a T-toxin-like second-
ary metabolite and that the ABC and OXR proteins play a role in
structural and functional differences between that molecule and
T- or PM-toxin.

Finally, we examined the boundaries of the ToxI-like clusters
in all genomes to determine whether flanking genes should be
considered part of Tox! or offered clues to C. heterostrophus
race T ToxI evolution, or both. Where it could be examined
(i.e., where Tox1 was not flanked by repeats or at scaffold ends),
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Fig. 1. Comparison of Tox! loci in Cochliobolus heterostrophus race T and other fungi. C. heterostrophus Tox1-associated genes are found on four scaffolds at
two unlinked loci (ToxIA, ToxIB). In other fungi, Tox!I-like genes are clustered collinearly. Arrows indicate direction of transcription. Gene nomenclature
follows that of C. heterostrophus race T (Inderbitzin et al. 2010). Gene synteny is largely, although not perfectly, conserved. Penicillium brevicompactum lacks
ToxIB. Genes encoded: PKSI, PKS2 (polyketide synthases), LAM1 (3-hydroxyacyl-CoA dehydrogenase), OXII (NADP binding short chain dehydrogen-
ase/reductase with broad range of substrate specificities), TOX9, TOX10 (predicted but unknown proteins), DECI (acetoacetate decarboxylase), REDI (NAD
dependent oxidoreductase), RED2, RED3 (predicted secreted NADP binding short chain dehydrogenase/reductases. Most clusters, except Tox! in C. heter-
ostrophus and Didymella zeae-maydis, include an ABC gene encoding a predicted Abc transporter and an OXR gene encoding a predicted NADP-binding, zinc-
binding oxidoreductase. Genes flanking the clusters are shown as white arrows. Vertical thick lines indicate scaffold ends or end of available sequence. Thick
arrows at the end of clusters indicate the scaffold continues. HP = hypothetical protein, Tn = transposon.

1156 / Molecular Plant-Microbe Interactions



flanking genes varied by species, thus, we have no evidence for
including additional genes as part of ToxI (Fig. 1). A central
dilemma in understanding Tox! has been the confounding 1.2
Mb of DNA not found in race O that resides at the breakpoints
of the reciprocal translocation associated with race T ToxI
chromosomes (Tzeng 1990) and the small fraction of this DNA
associated with Tox!. The single collinear and compact loci in
additional species suggest that all genes required for T-toxin
production may be in hand. We consider it likely that additional
coding sequences are infrequent in the 1.2 Mb of DNA mapping
to the breakpoints. In support of this, earlier restriction frag-
ment length polymorphism mapping indicated that 50% of all
probes mapping within 4 cM of Tox! are repetitive, in contrast
to only 4% repetitive probes mapping elsewhere (Chang and
Bronson 1996; Tzeng 1990). This is consistent with our in-
ability to connect the four race T Tox!/ scaffolds, as all ends
contain highly repeated sequences (Inderbitzin et al. 2010).

The inventory of known 7Tox! genes was found on four sep-
arate D. zeae-maydis scaffolds (Fig. 1). Three genes on Scaffold
1066 (PKSI, REDa, and OXI2) were identified previously
(named PKSI, REDI, RED?2, respectively) (Yun 1998). Dis-
ruption resulted in strains that were unable to make PM-toxin
and reduced in virulence, i.e., pks/ mutants (Yun et al.
1998) and reda and oxi2 mutants (Fig. 2A and B). As with
C. heterostrophus, highly repetitive A+T rich sequences sur-
rounding the genes make it difficult to connect scaffolds; at this
point, we do not know if PM-toxin 7ox! is a single locus or
multiple loci as in race T.

To date, nine species carrying ToxI-like orthologs in com-
pact clusters have been identified. The shattered locus in

Ch tox10

) L

Ch WT Ch tox10

C. heterostrophus was likely produced by one or more sub-
sequent recombination events. The less parsimonious expla-
nation would be that the two C. heterostrophus loci (ToxIA and
Tox1B) were rearranged, independently at various evolutionary
times, to form single linear arrays in the additional species. We
therefore infer that the single locus is the ancestral one. We
consider it likely that a modification to the ancestral linear
organization also occurred in D. zeae-maydis, given that most
ToxI genes are surrounded by repeats or transposable elements
(Yun 1998).

Phylogenetic analysis of Tox1 genes.

To trace evolutionary history of ToxI, we queried genome
databases with C. heterostrophus Tox1 proteins and constructed
trees with approximately 100 top blast hits (Supplementary
Figs. S3, S4, S5, S6, S7, S8, S9, and S10). C. heterostrophus
Pksl and Pks2 and all corresponding orthologs formed in-
dependent, highly-supported clades (Fig. 3). Delitschia winteri
and Talaromyces stipitatus Pks1 proteins grouped sister to these
proteins with robust support, as reported earlier (Condon 2013;
Inderbitzin et al. 2010; Kroken et al. 2003). No additional Tox/-
like orthologs can be found in Talaromyces stipitatus. The
Delitschia winteri genome sequence is not available, thus
the question of whether or not additional Tox/-like genes are
present cannot be addressed by genome query. Similarly,
Botryosphaeria dothidea protein 293115 grouped with high
support sister to the Pks2 clade, however, there is no compelling
evidence for additional ToxI-like orthologs. Most strikingly,
P. raistrickii, P. nalgiovense, and P. brevicompactum orthologs
were nested within the Dothideomycete-rich clades. This

Dzm dxiZ

L &

Dzm WT Dzm pks1

Fig. 2. Assay of mutants for toxin activity. Plates were spread with T-toxin— and PM-toxin—sensitive Escherichia coli cells and mycelial plugs to be tested were
placed mycelium side down on the lawn of E. coli cells. A, From left: wild type (WT) Tox" Cochliobolus heterostrophus race T (halos), race O (no halo)
controls, and tox/0 mutants (no halos); Didymella zeae-maydis WT Tox* (top of plates, halo), pksl, reda, and oxi2 mutants. Of the latter, those with halos
represent ectopic integrations, those lacking halos sustained disruptions of the PKSI KS domain (second from left), REDa (second from right), or OXI2 (right).
B, WT and mutants inoculated on Texas male sterile cytoplasm maize T. Left, C. heterostrophus WT and tox10. Right, D. zeae-maydis WT and pksI mutant.
Toxin symptoms = gray spreading lesions and leaf wilting. Note reduction in symptoms with mutants.
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suggests that they or a common ancestor may have acquired the
genes from a Dothideomycete.

Similarly, ToxIA proteins Tox10, Lam1, Oxil, and Tox9
grouped in well-supported clades. A protein from the Dothi-
deomycete Periconia macrospinosa (ID 721783) was nested
within the Lam1 group; however, no additional Tox1 proteins
were found in the genome. Of the Tox/B proteins, all Decl
proteins clustered with 0.88 support. However, this clade bi-
furcates into two groups; C. heterostrophus and D. zeae-maydis
are in one group and the rest in a separate group, likely reflecting
differences in Decl function in building the known HSTs
and one or more unknown products of the compact clusters.

C. heterostrophus and D. zeae-maydis are the only species in
the cohort that include Red1. These proteins grouped together
in a well-supported clade with a Red1-like protein (ID 174379)
of the Dothideomycete Phyllosticta citriasiana, for which there
is no compelling evidence for additional Tox1 orthologs.
C. heterostrophus Red2 and Red3 orthologs cluster together
with high support, as previously noted (Inderbitzin et al. 2010),
making it difficult to determine whether reductases in other
species correspond to RED2 or RED3. D. zeae-maydis Red3
clusters with C. heterostrophus Red3. For simplicity, we have

— ). Zzeae—-maydis Pks2 15808 —

termed orthologs in other species as Reda (if they cluster with
C. heterostrophus Red2 and Red3) and as Redb (if sister to
C. heterostrophus Red2 and Red3) in these trees. Note that, as
with the Pksl and Pks2 phylogenies, all Penicillium species
Tox1 orthologs are nested within Dothideomycete clusters.

Evaluation of phylogenetic congruence
between species and Tox1 protein trees.

In an additional approach to evaluate evolutionary history,
we built individual Tox1 protein trees as well as a tree of
species-specific concatenated Tox1 proteins (Tox1 tree) and
evaluated congruence between these trees and a tree con-
structed using conserved protein sequences (as a proxy for the
whole genome) in species harboring Tox1 (species tree) (Fig.
4). Red2/3 (Reda/b) proteins were analyzed together and a
Red1 tree was not constructed. As in the large trees, Penicillium
species nested within Dothideomycetes. This suggests in-
dependent HGT into these species or into an Eurotiomycete
ancestor before speciation. We favor the first of these, since
regions flanking ToxI differ in the three species (Fig. 1). How
P. brevicompactum lost ToxIB and acquired an intervening
esterase is unresolved. The species tree, by comparison, showed
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C. heterostrophus Pks2 45941

0.99

C. cassiicola Pks2 224535
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Fig. 3. Candidate Tox1 Pks1 and Pks2 orthologs group, with strong support, with Cochliobolus heterostrophus and Didymella zeae-maydis Pks1 and Pks2. A
Pks1 and Pks2 comprehensive phylogenetic tree includes 323 nonredundant top blast hits using C. heterostrophus Pks1 and Pks2 KS domains against both
Mycocosm and National Center for Biotechnology Information databases. C. heterostrophus Pks1 and Pks2 are in robust independent clades (each with
Bayesian support of 1) that contain all putative Tox1 Pksl and Psk2 orthologs. Note that Dothideomycetes dominate each of these clades and that the

Eurotiomycete species are nested within.
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Fig. 4. Topology of Tox1 protein trees compared with topology of species tree. Top row left, Species tree of 19 conserved protein sequences (Grandaubert et al.
2014). Numbers refer to estimates of evolutionary distance, in millions of years between taxa (Cochliobolus heterostrophus or Didymella zeae-maydis) or
groups (Dothideomycetes or Eurotiomycetes). Top row right, Tree of concatenated Tox 1-associated protein sequences in each species. Environmental lifestyle
is shown. Note the topology of the Tox1 tree is discordant with that of the species tree. Bottom rows, Individual Tox1 protein trees. In most cases the individual
trees have the same topology as the concatenated Tox]1 tree. In all cases, the three Eurotiomycetes are nested within Dothideomycetes. Tree is mid-point rooted
with Bayesian posterior probabilities at nodes. Scale bars represent number of substitutions per site (Pks1 and Pks2 = 0.025, all other trees = 0.1). Note that the
topology of the small Red2/Red3 tree differs from that of the large tree and that positions of the Reda and Redb groups are flipped, likely due to the influence of
outgroups in the larger trees. Aq = Ampelomyces quisqualis, Ar = Ascochyta rabiei, Ca = Clohesyomyces aquaticus, Cc = Corynespora cassiicola, Ch =
C. heterostrophus, Dz = D. zeae-maydis, Li = Lindgomyces ingoldianus, Lm = Leptosphaeria maculans, Pb = Penicillium brevicompactum, Pn = P. nalgiovense,
Pr = P. raistrickii.
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clearly separated Dothideomycete and Eurotiomycete clades
(Fig. 4, top left).

Do Tox1 proteins of the Dothideomycete species group as
expected given the species tree? For most species with Tox/ or
Tox1-like clusters, they do not. One exception is the two aquatic
species Lindgomyces ingoldianus and Clohesyomyces aqua-
ticus, which grouped together in Tox1 protein and species trees.
Notably, these are also the most ancient Dothideomycetes
carrying ToxI-like genes that we have identified (Grandaubert
et al. 2014). In contrast, Ascochyta rabiei and Ampelomyces
quisqualis grouped together in Tox1 trees, although the spe-
cies tree shows that the former is most closely related to
D. zeae-maydis and the latter to Leptosphaeria maculans and
C. heterostrophus. This and relatively high amino acid identity
between their Tox1 proteins (Table 1) suggest relatively recent
transfer of the cluster between the two. Unexpectedly, Lep-
tosphaeria maculans proteins often grouped with Lindgomyces
ingoldianus and Clohesyomyces aquaticus in a cluster that in-
cluded the Penicillium species, although the species tree and
other work (Grandaubert et al. 2014) indicate C. heterostrophus
is the closest taxonomic match. Corynespora cassiicola Tox1
proteins grouped most frequently with Ascochyta rabiei and
Ampelomyces quisqualis, unlike placement in the species tree.

Do Tox1 proteins in T- and PM-toxin—producing fungi group
as expected given the species tree? As in the concatenated Tox1
protein tree, six of nine C. heterostrophus proteins (Pks1, Pks2,
Laml, Tox10, Decl, and Red3) grouped with taxonomi-
cally distinct D. zeae-maydis instead of closely related Lep-
tosphaeria maculans (Grandaubert et al. 2014) (Fig. 4). In two
cases (Oxil, Red2) the C. heterostrophus protein was sister to
the rest of the group. Of the two D. zeae-maydis Oxi proteins,
Oxil grouped with Leptosphaeria maculans, while Oxi2,
grouped with Lindgomyces ingoldianus and Clohesyomyces
aquaticus. C. heterostrophus Tox9 grouped with Lindgomyces
ingoldianus and Clohesyomyces aquaticus; however, D. zeae-
maydis Tox9 did not. We propose that the close association of
C. heterostrophus and D. zeae-maydis in the Tox1 protein trees
reflects similar biological activity as toxins targeting T-cms, but
we are unable, at this point, to identify the key residues or
signatures in the proteins that account for this. Based on
phylogenetics, the evolutionary path of C. heterostrophus and
D. zeae-maydis Tox1 remains unresolved.

Do Tox1 gene and protein features reveal
evolutionary history?

Patterns of amino acid identity, G+C content, and codon
specification bias of Tox/ constituents were compared with

those of species tree conserved reference genes. We predicted
that 1) if ToxI were inherited vertically, Tox! patterns should
largely mirror those of its own species reference set, ii) if Tox/
were foreign to its own species, one or more parameters would
differ significantly between Tox/ and reference genes in that
species; and iii) if Tox! were foreign to its own species, Tox]
parameters would be more similar to reference gene parameters
of the donor.

Pairwise comparisons of all Tox1 proteins in all species
revealed that percent amino acid identity is generally low
(Table 1; Supplementary Fig. S11), thus, we can rule out an
HGT event at the time of the 1970 epidemic from any of our
subject taxa into C. heterostrophus or D. zeae-maydis. If this
had been the case, we would expect identity between donor and
recipient to be very high.

Among species carrying ToxI or ToxI-like genes, there is
evidence for both horizontal and vertical transmission of Tox/
(supported by statistical analyses). First, Tox1 identities be-
tween the Eurotiomycetes and the Dothideomycetes species
were not significantly different, in contrast to reference protein
identities, which reflect taxonomic divergence. This corrobo-
rates phylogenetic analyses that suggest the Eurotiomycetes
species received the cluster from a member or members of
the Dothideomycete lineage. Second, Ampelomyces quisqualis
and Ascochyta rabiei had significantly higher percent identity
(90.90%) than expected, given reference gene identity, sug-
gesting HGT between these lineages and corroborating phylo-
genetic analyses. Third, in contrast, high identity (84.37%) of
Tox1 cohorts of closely related Lindgomyces ingoldianus and
Clohesyomyces aquaticus, mirrors that of their reference pro-
teins (92.61%), in keeping with a pattern of vertical trans-
fer from a common ancestor, as suggested by phylogenetic
evidence.

Notably, Tox1 proteins of C. heterostrophus and D. zeae-
maydis are not more similar to each other (58.64%) than they
are to those of the remaining species (Table 1), with two ex-
ceptions. Amino acid identities of Decl (74.70%) and Red1
(70.94%), both at ToxIB, are much higher than all other com-
parisons. Previously, we speculated that Decl, a decarboxylase,
removes one carbon from the polyketide backbone, rendering
all T- and PM-toxin molecules odd-numbered carbon chains
(Rose et al. 2002). Red1, as noted above, is unique to these
two toxin-producing species. Generally low amino acid iden-
tity between C. heterostrophus and D. zeae-maydis Tox1 pro-
teins supports our speculation that their grouping together (Fig.
4) may be a reflection of key (unknown) residues that deter-
mine overlapping biological function as HSTs targeting T-cms

Table 1. Cochliobolus heterostrophus Tox1 protein amino acid identity between indicated species®

Gene® Ch Dz Aq Ar Ca Cc Li Lm Pb Pn Pr
All reference® - 89.41 91.09 89.23 85.75 87.33 85.94 91.86 73.30 73.20 73.43
All Tox19 - 58.64 53.61 54.04 53.19 54.19 52.00 52.50 55.62 53.47 53.61
PKS1 - 61.02 62.35 62.75 57.09 60.73 60.03 60.53 59.24 62.01 62.49
PKS2 - 64.80 66.16 65.37 60.11 74.92 60.79 61.12 61.38 63.61 61.93
DECI - 74.70 47.22 47.62 - 44.44 47.22 49.21 - 51.00 49.80
LAM1 - 65.78 65.24 65.07 58.81 60.33 60.79 61.64 60.73 62.98 62.01
OXI1 - 53.49 55.04 54.26 53.88 58.91 53.49 56.59 56.98 53.94 55.64
REDI - 70.94 - — - - — - — - -
RED2_155544 - 46.76 45.11 47.00 41.74 43.67 42.06 41.03 - 43.22 44.94
RED3_155403 - 51.57 46.13 45.82 - 44.58 45.25 44.68 - 46.04 45.99
TOX9 - 53.93 54.58 56.04 58.97 58.46 58.24 60.07 56.34 58.58 59.11
TOX10 - 43.40 40.69 42.40 41.70 41.63 40.17 37.66 39.07 39.83 40.55

& Aq =Ampelomyces quisqualis, Ar = Ascochyta rabiei, Ca = Clohesyomyces aquaticus, Cc = Corynespora cassiicola, Ch = Cochliobolus heterostrophus, Dz =
Didymella zeae-maydis, Li = Lindgomyces ingoldianus, Lm = Leptosphaeria maculans, Pb = Penicillium brevicompactum, Pn = P. nalgiovense, Pr =

P. raistrickii. A full dataset is found in Supplementary Table S2.

b Gene that was the source of protein being compared. Entire Pks proteins were used. Values in bold italics are notably different values.
¢ Average of all reference proteins. Clohesyomyces aquaticus lacks a genome hit for HSP60.

4 Average of all Tox1 proteins.
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protein Urfl3. However C. heterostrophus race T acquired
Tox1, the subsequent reciprocal translocation may have also
created novel biochemistry (we do not know if a similar genetic
event occurred in D. zeae-maydis).

G+C content of ToxI genes was significantly lower than that
of the reference genes in C. heterostrophus, D. zeae-maydis,
and the Eurotiomycetes species (Fig. 5; Supplementary Table
S3; Supplementary Fig. S12), suggestive of a foreign origin.
Several genes contributed to this (M; > 3.5), but there was no
clear pattern. Similarly, a few Tox! PKSs had significantly
higher G+C content than the average of all PKSs in their ge-
nomes, but there was no clear pattern. Clohesyomyces aqua-
ticus PKSI and Lindgomyces ingoldianus and Ampelomyces
quisqualis PKS1 and PKS?2 are significantly different from
other PKSs. We note again that the first two of these are the
oldest lineages that we have identified carrying ToxI-like
genes and that we have evidence for HGT into Ampelomyces
quisqualis. Finally, based on G+C content, C. heterostrophus
and D. zeae-maydis PKSI and PKS2 are not different from
other PKSs in their respective genomes.

The three-way interaction of gene type x host x CUT (codon
usage table) in the codon adaptation analysis (CAI) was not
significant (F1003102) = 0.4902, P = 1.000) (Supplementary
Table S4; Supplementary Fig. S13), indicating that Tox! pat-
terns do not differ significantly from conserved genes within
species, thus we cannot reject the null hypothesis that all Tox/
clusters have been inherited vertically, based on this analysis.
Significant two-way interactions, however, indicated that Tox!
codon specifications in C. heterostrophus, D. zeae-maydis, and
the Eurotiomycete species are more different from conserved
genes than in other species. First, ToxI genes scored 3.4% lower
in Eurotiomycete CUTs than in Dothideomycete CUTs, sug-
gesting that ToxI codon specification is less similar to Euro-
tiomycete than to Dothideomycete CUTs and supporting
the hypothesis of one or more HGT events from a Dothi-
deomycete to an Eurotiomycete lineage. Second, Tox/ from
C. heterostrophus, D. zeae-maydis, and the Eurotiomycete
species scored the lowest CAI values when calculated across all
CUTs, suggesting that Tox/ codon specification in these five
species is more different from CUTs evaluated in this study
than the remaining Tox! clusters and supporting the hypothesis
that Tox1 and ToxI-like clusters in these five species are foreign
in origin. These findings were also reflected in the relative
synonomous codon usage (RSCU) analysis, which showed that
ToxI in these species differed significantly from reference
datasets (Fig. 6), providing support again for a foreign origin of
ToxI in these species. RSCU analysis also suggests that ToxI-
like cluster in Leptosphaeria maculans differs significantly
from reference datasets (Fig. 6).

ToxI gene dN/dS (nonsynonymous to synonymous nucleo-
tide substitutions) rates were unremarkable, except that com-
parison of Tox/ to global gene rates showed that, while PKS/
and PKS2 typically had a dN/dS close to the global mean (-1 <
Z, 1), rates for other ToxI genes were generally higher, par-
ticularly for TOX10 (Supplementary Table S5; Supplementary
Fig. S14). This was driven by the high relative dN/dS (Z >2,
98th percentile of dN/dS) between C. heterostrophus TOXI10
and TOX]I0 in five other species. This suggests mild positive
selective pressure on TOX10 in C. heterostrophus.

Does Corynespora cassiicola or Leptosphaeria maculans
produce a metabolite with T-toxin-like activity?

All genes in ToxI-like clusters of Leptosphaeria maculans
and Corynespora cassiicola were demonstrated to be expressed
under the vegetative growth conditions described below (data
not shown). In the microbial assay, C. heterostrophus race T and
D. zeae-maydis positive control plugs caused large halos

associated with killing of E. coli carrying the T-Urfl3 protein,
while the race O negative-control plugs did not (Fig. 7, left). In no
case did plugs from any other isolate produce clear halos. In some
cases, a diffuse halo appeared around a plug, but this proved to
be nonspecific when the same strain was assayed on E. coli cells
without the T-Urf13 protein (Fig. 7, middle). The same results
were obtained when culture filtrates were assayed (not shown).

In the virulence assay, lesions were caused by C. heterostrophus
races T and O and by D. zeae-maydis on both T and N cytoplasm
maize, as expected (Inderbitzin et al. 2010). Chlorotic streaking
indicative of T-toxin and PM-toxin produced by C. heterostrophus
race T and D. zeae-maydis, respectively, were apparent on
T-cytoplasm maize. No symptoms of any kind developed upon
inoculation with Corynespora cassiicola, Leptosphaeria mac-
ulans, or Leptosphaeria biglobosa (data not shown).

A mutant of Corynespora cassiicola lacking PKS10, the
ortholog of C. heterostrophus PKS1, showed reduced virulence
on host tomato leaves, compared with the wild-type (WT)
progenitor (Fig. 7, right). This combined with the microbial
assay, indicates that the product of PKSI0 has a role in viru-
lence but is not the functional equivalent of T-toxin.

DISCUSSION

While the genetic source of C. heterostrophus Toxl, re-
sponsible for biosynthesis of T-toxin and the subsequent SCLB
epidemic, remains unclear, we have advanced understanding of
ToxI evolutionary history and demystified the path by which a
previously unknown, unique, secondary metabolite came to
have ravaging agricultural consequences. We note that, in all
cases where they are found, most Tox/ or ToxI-like genes have
introns and, thus, are likely of eukaryotic origin.

We have demonstrated here that i) Tox/ orthologs are found
in taxa other than C. heterostrophus race T, ii) ToxI orthologs
group together phylogenetically, which suggests a common
evolutionary origin, iii) Tox! clusters in non-HST producers are
in compact linear array, which is likely the ancestral arrange-
ment, iv) percent amino acid identity between Tox1 proteins
across species is low, indicating that no extant species under study
was a ToxI donor, v) Eurotiomycete orthologs group phyloge-
netically with Dothideomycete orthologs, suggesting the former
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Fig. 5. Analysis of G+C content of all species and gene types (Tox/ and
reference). Percent G+C content box plots. Shaded boxes and asterisks
indicate significant differences between conserved and Tox! gene data.
Horizontal lines within the boxes represents the median value, whiskers are
drawn to the furthest point within 1.5x interquartile range. Aq = Ampelo-
myces quisqualis, Ar = Ascochyta rabiei, Ca = Clohesyomyces aquaticus,
Cc = Corynespora cassiicola, Ch = Cochliobolus heterostrophus, Dz =
Didymella zeae-maydis, Li = Lindgomyces ingoldianus, Lm = Leptosphaeria
maculans, Pb = Penicillium brevicompactum, Pn = P. nalgiovense, Pr =
P. raistrickii.
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Fig. 6. Nonmetric multidimensional scaling of relative synonymous codon usage values for all species (Aq = Ampelomyces quisqualis, Ar = Ascochyta rabiei,
Ca = Clohesyomyces aquaticus, Cc = Corynespora cassiicola, Ch = Cochliobolus heterostrophus, Dz = Didymella zeae-maydis, Li = Lindgomyces ingoldianus,
Lm = Leptosphaeria maculans, Pb = Penicillium brevicompactum, Pn = P. nalgiovense, Pr = P. raistrickii) and gene types (Tox! and conserved). Ovals represent
confidence intervals (90%) for each gene type, with the dotted line drawn using a normal distribution and the solid line using a #-distribution. Clear separation
of the gene types along the primary (x) axis indicates that codon usage of ToxI genes was more similar to other ToxI gene datasets than to the reference genes.
However, only ToxI genes of Cochliobolus heterostrophus, D. zeae-maydis, Leptosphaeria maculans, and the Eurotiomycetes were outside of the overlapping
confidence intervals (significantly different from reference genes).
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Fig. 7. Assay of strains for toxin activity and for alteration in virulence. Plates were spread with T-toxin— and PM-toxin—sensitive Escherichia coli cells and
mycelial plugs to be tested were placed mycelium side down on the lawn of E. coli cells. Left and middle, respectively, E. coli carrying the T-toxin target protein
URF13 and E. coli carrying a vector lacking URF13. Large halos are seen with the two, positive toxin-producing control strains Cochliobolus heterostrophus
race T and Didymella zeae-maydis in the left but not the middle panel. In no case did plugs from three isolates of Corynespora cassiicola, two isolates of
Leptosphaeria maculans, or the single isolate of Leptosphaeria biglobosa, a member of the Leptosphaeria complex that does not harbor PKSI and PKS2
homologs (Grandaubert et al. 2014), produce clear halos. In some cases (e.g., Corynespora cassiicola), a diffuse halo appeared, but this proved to be
nonspecific when the same strain was assayed on E. coli cells without the T-Urf13 protein. Right, tomato leaves inoculated with wild-type Corynespora
cassiicola TTRCI1-1 (leaf on the left) and the same strain lacking the ortholog (PKS10) of C. heterostrophus PKS1 (leaf on the right). Symptoms are reduced in
the latter case.
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may have acquired 7ox/ from a Dothideomycete ancestor, vi)
RSCU, G+C content, and CAI analyses indicate that ToxI char-
acteristics of C. heterostrophus, D. zeae-maydis, and the Euro-
tiomycetes are significantly different from reference genes in their
own genomes, which suggests a foreign origin, and vii) two genes
(ABC, OXR) are found only in 7ox!-like clusters other than those
of C. heterostrophus and D. zeae-maydis, possibly accounting for
the lack of T-toxin-like activity and suggesting that the biological
function of T-toxin and PM-toxin as HSTs is not the function of
the metabolite produced by the ancestral cluster.

MATERIALS AND METHODS

Genome sequences and Tox1 proteins.

Genome sequences and protein catalogs of most strains in-
cluding C. heterostrophus strains C4 (race T) were acquired
from JGI Mycocosm (Grigoriev et al. 2014). Ascochyta rabiei
ArDII, ITCC number 4638, was acquired from GenBank
(JYNV00000000.1). Two additional strains of Corynespora cas-
siicola (MAFF242452 [TTRCI-1, tomato] and MAFF306176
[cucumber]) were sequenced by HiSeq2000 and were assembled de
novo using Velvet v1.2.08, resulting in 6,653 and 2,996 contigs in
MAFF242452 (45,156,701 bp) and MAFF306176 (41,517,144 bp).
D. zeae-maydis PM3018 (3018) was sequenced at the National
Instrumentation Center for Environmental Management at Seoul
National University, using an Illumina HiSeq 2000-based whole-
genome shotgun strategy, and was de novo assembled, using the
CLC Genomics Workbench ver. 5.5. Annotation was de novo, using
Augustus (Stanke et al. 2006). Genome data were transferred to the
Mycocosm website. C. heterostrophus Tox1 proteins were retrieved
from GenBank.

Phylogenetics of Tox1 proteins.

Dataset assembly. To evaluate evolutionary histories of in-
dividual ToxI genes, C. heterostrophus Tox1 proteins were used
to query Mycocosm and National Center for Biotechnology
Information nonredundant protein databases and the top 100
blastp hits for each were retrieved. Redundant hits were re-
moved. The ketosynthase (KS) domains were used for PKS
proteins. All KS hits were trimmed to the N terminal 750 amino
acids, were aligned with KS models (Bushley and Turgeon 2010;
Condon 2013) using MAFFT version7 (Katoh and Standley
2013), and were further trimmed to signature motifs (5': P-I/L-
A-V/I-V/I-G; 3’ (PKS1): H-A-I-L/I-E-S/N, 3’ (PKS2): H-A/C-I-
X-X-X-A/P) using Mesquite (available online). Pksl of Clohe-
syomyces aquaticus (ID 277208) is truncated at the 5’ end, thus,
the KS domain is missing. For the unhosted Corynespora cas-
siicola strains MAFF242452 and MAFF306176, Tox1 proteins
were used to query assembled nucleotide sequence using blastx.
Corynespora cassiicola Reda in CCP versionl.0 (ID 628820)
was truncated relative to other Reda genes; the ortholog in
Corynespora cassiicola (MAFF306176, cucumber) was substituted.
The genome of P. nalgiovense was not available when the large tree
analyses were done.

To evaluate phylogenetic congruence, a species tree dataset was
assembled composed of 19 conserved protein sequences (a proxy
for the whole genome [Grandaubert et al. 2014]) from genomes of
Tox] harboring species using Saccharomyces cerevisiae protein
sequences (Saccharomyces Genome Database) as queries. HSP60
was not identified in Clohesyomyces aquaticus and was considered
‘missing’. For comparison, a Tox1 tree dataset of concatenated Tox1
proteins and individual Tox1 proteins datasets were assembled.

Data preparation and phylogenetic analysis. Datasets were
individually aligned using MAFFT (Katoh and Standley 2013),
except that genes for all phylogenetic congruence analyses were
individually aligned using MUSCLE (Edgar 2004). Alignments
were trimmed with GBlocks version 0.91b (Castresana 2000),

specifying the less stringent criteria. The species tree and Tox1
tree datasets were concatenated using SequenceMatrix ver-
sion 1.8 (Vaidya et al. 2011) (13,548, and 3,607 characters,
respectively). Models of molecular evolution were evaluated by
Bayesian information criterion, using ProtTest 3.2 (Darriba
et al. 2011) for individual gene trees and PartitionFinderProtein
version 1.1.1 (Lanfear et al. 2012) for the concatenated Tox1
tree. The best fit model for all evolutionary history gene data-
sets was LG+I+G, with the exception of Tox10 (JTT+G). For
the phylogenetic congruence datasets, the best fit models for
individual Tox1 datasets were as follows: Pksl, Oxil, Tox9,
JTT+G; Laml, Tox10, JTT+I+G; Pks2, Decl, LG+G; Red2/3,
LG+I+G. The concatenated Tox1 dataset was partitioned as
follows: subset 1: Decl and Reda, LG+G; subset 2: Pksl and
Pks2, LG+I+G; subset 3: Laml, Oxil, Redl, Redb, Tox9 and
Tox10, JTT+I+G. Trees were constructed by Bayesian inference,
using MrBayes version 3.2.6 (Ronquist et al. 2012). The species
tree was constructed by the Bayesian model-averaging ap-
proach of fMCMC (Huelsenbeck et al. 2004), with each con-
served protein specified as an individual subset, allowing for
independent estimation of model and rate multipliers for each
subset. For the Tox1 tree, the portions of invariable sites and
shapes of the gamma distributions were unlinked, allowing
independent estimation among subsets. Posterior probabilities
were inferred using two runs of 1,000,000 generations, with
25% burn-in. Trees were visualized in R, using the Ape package
(Paradis et al. 2004).

Calculation of amino acid identity, G+C content, codon
adaptation index, nonmetric multidimensional scaling
(NMDS) of RSCU, and selection of Tox1-associated genes.

For C. heterostrophus, ToxI gene intron positions were con-
firmed by polymerase chain reaction (PCR), using DNA/RNA
as templates and PCR primers flanking candidate introns (not
shown). These, with introns and stop codons removed, were used
as a reference for other taxa. Percent identity matrices for amino
acid alignments for Toxl and the 19 reference proteins
(Grandaubert et al. 2014) were generated using Clustal 2.1 (Li
et al. 2015). All PKSs in each genome with ToxI or ToxI-like
clusters were collected from Mycocosm (SM clusters). G+C
content was calculated using a custom Python script (available
on request).

Amino acid identities were analyzed by two-way analyses of
variance (ANOVA) conducted within each species dataset, to
evaluate the interaction between gene type (conserved vs. Tox/)
and species comparison (test species). Differences in means were
evaluated by Tukey’s honestly significant difference (HSD) in the
two-way ANOVA framework in JMPPro 11.2.0.

G+C content of Tox! suites were compared with reference
genes in each species (Tox! versus reference) by least squared
(LS) means contrasts (11 contrasts) conducted within a two-
way ANOVA framework in JMP. To determine whether G+C
content of ToxI PKSs differed from non-Tox/—-associated PKSs,
modified z scores (Iglewicz and Hoaglin 1993) were calculated;
those with M; =3.5 were considered outliers. Statistical tests to
compare G+C content of individual 7ox! to reference genes and
to Tox1 clusters were conducted, using the modified z score test
for outlier detection, as described for PKSs.

To evaluate CAI, CUTs for each species carrying ToxI or
Tox1-like clusters were generated from the 19 reference
genes/proteins (Grandaubert et al. 2014), using the Countcodon
program (Nakamura et al. 2000). CAI values for Tox/ and
reference genes were then calculated against all CUTs in a
pairwise manner, using the local version of the CAlcal Server
(Puigbo et al. 2008). Lineage-specific patterns were evaluated
by calculating Tox! CAI averages for all species in all pairwise
comparisons and comparing these to reference gene values,
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using a three-way ANOVA designed to test the three-way in-
teraction of gene type (reference versus Tox1), species of origin
(host), and test CUT (gene type x host x CUT). To investigate
the significant gene type x test CUT interaction, we calculated
the average difference between conserved and Tox/ gene CAls
within Dothideomycete and Eurotiomycete CUTs and com-
pared these means by LS means contrast with a one-way ANOVA
framework. To investigate the significant gene type x host
interaction, we conducted a post hoc Tukey’s HSD. Third, we
evaluated relative synonymous codon usage (RSCU) values
for each species by gene type combination, using NMDS.
RSCU values for reference and Tox/ sets for each species were
generated from CUT tables, using a custom Python script (avail-
able upon request), and were used to calculate a pairwise dis-
tance matrix in R, using the dist function (Euclidian method)
followed by MDS (metaMDS method) with default parameters,
using the Vegan package (Oksanen et al. 2015). Goodness of
fit was tested using Vegan’s stressplot and goodness methods.
MDS plots were generated with the ggplot2 package, with
90% confidence intervals drawn with the ‘t’ and ‘norm’ pa-
rameters (Wickham 2009). Assumptions (normality of dis-
tribution and homogeneity of variance) were verified in JMP
prior to analysis.

To evaluate selection, OrthoMCL (Li et al. 2003) was used to
find groups of putative orthologs among all taxa carrying Tox/
genes, using a 50% identity cutoff. Only groups with repre-
sentatives from at least two species and with only one member
from each species were kept. MAFFT (Katoh and Standley
2013) was used with each group of putative orthologs to gen-
erate multiple sequence alignments from all protein sequences
in the group. These were converted into multiple codon align-
ments using PAL2NAL (Suyama et al. 2006). Rates of dN, dS,
and dN/dS between each pair of genes in the network were
estimated using the method of Yang and Nielsen (2000), using
PAML. To better compare the dN/dS rates of genes in the Tox!
cluster with those of background orthologs, Z scores were
calculated. Log-transformed dN/dS rates were used to calculate
Z scores, as these were approximately normally distributed
between all pairs of species.

T-toxin activity assessment.

Previously, we reported that all C. heterostrophus ToxI genes
are highly expressed in RNA from mycelia grown on Fries
medium (Pringle and Braun 1957) in the dark (Wu et al. 2012). In
separate work, quantitative PCR was used to test for expression of
all genes in the ToxI-like cluster in Leptosphaeria maculans
IBCN18, using RNA extracted (Wu et al. 2012) from cultures
grown for 7 days on 10% V8. Transcript levels were normalized to
that of actin, as described previously (Gardiner et al. 2004). Ex-
pression of all C. cassicola ToxI-like genes, including PKS10
(C. heterostrophus PKSI), was evaluated using RNA extracted
from cultures grown for 5 days on Fries medium, as above.

T-toxin activity was assayed using E. coli carrying the maize
URF13 gene on plasmid pATH13-T (Ciuffetti et al. 1992). An
E. coli strain carrying pIGPAPA (Horwitz et al. 1999) lacking
T-URF13 was used as a negative control. C. heterostrophus
strains C4 (race T) and C5 (race O), D. zeae-maydis 3018,
Leptosphaeria maculans strains IBCN18 and JN3 (carry-
ing PKS13 [ortholog of C. heterostrophus PKSI] and PKS14
[PKS2] [Elliott et al. 2013]), L. biglobosa 06J154 (Lep-
tosphaeria species complex control strain, not carrying a
ToxI-like cluster), and two tomato strains of Corynespora cas-
siicola (MAFF242452 [TTRC-1] and KTO) plus one cucum-
ber Corynespora cassiicola strain (MAFF306176) (Shimomoto
et al. 2011) were recovered from —80 glycerol stocks. A pks10-
deletion mutant of Corynespora cassiicola TTRCI1-1 (described
below) was also assayed. Each was plated on complete medium

1164 / Molecular Plant-Microbe Interactions

with xylose (Leach et al. 1982) or 10% V8 medium (Lep-
tosphaeria sp.) and grown under 12-h light and 12-h dark con-
ditions and, also, inoculated into 100 ml of Fries medium
(Pringle and Braun 1957) and grown in still culture in the dark.
Plugs, taken from 7- to 10-day-old cultures were assayed on
plates spread with pATH13-T or pIGPAPA. Culture filtrates were
harvested after 10 to 14 days and were used directly or after
being concentrated 10 times (Condon 2013). T-cytoplasm maize
cultivar W64A-T and N-cytoplasm maize cultivar W64A-N were
inoculated with each strain described above as described by
Inderbitzin et al. (2010).

Deletion of Corynespora cassiicola PKS10
and assays for virulence and T-toxin-like activity.

PCR products for deletion of the Corynespora cassiicola
TTRCI1-1 PKSI0 (C. heterostrophus PKSI) were constructed
using the fusion PCR method (Kuwayama et al. 2002). The 5’
and 3’ flanking regions of the PKSI0 were amplified with the
primer pairs CcPKS10AF/AR (atgtacacgccatcctggaga/atcaggtcg
atgctagcatcagaccccaacaaatcgaccag) and CcPKS10BF/BR (atgcga
gtgctaccagatgtggegtagacaacacgtcacaa/gecaatcagacctcgacaatgc),
respectively. PCR fragments were fused to neomycin phos-
photransferase II gene (npfIl) from plasmid pII99 (Oide et al.
2006) by fusion PCR, using KOD FX Neo polymerase (Toyobo,
Osaka, Japan). Fungal transformation was performed as de-
scribed previously (Takao et al. 2016). Virulence of the WT and
mutant strains was assessed by inoculation of a spore suspen-
sion (10* spores per milliliter) on the host tomato plant (cv.
Momotaro) as described previously (Takao et al. 2016).
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