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The fungus Pyrenophora tritici-repentis causes tan spot, an
important foliar disease of wheat worldwide. The fungal patho-
gen produces three necrotrophic effectors, namely Ptr ToxA,
Ptr ToxB, and Ptr ToxC to induce necrosis or chlorosis in
wheat. Both Ptr ToxA and Ptr ToxB are proteins, and their
encoding genes have been cloned. Ptr ToxC was characterized
as a low–molecular weight molecule 20 years ago but the one or
more genes controlling its production in P. tritici-repentis are
unknown. Here, we report the genetic mapping, molecular clon-
ing, and functional analysis of a fungal gene that is required for
Ptr ToxC production. The genetic locus controlling the produc-
tion of Ptr ToxC, termed ToxC, was mapped to a subtelomeric
region using segregating biparental populations, genome
sequencing, and association analysis. Additional marker analysis
further delimited ToxC to a 173-kb region. The predicted genes
in the region were examined for presence/absence polymor-
phism in different races and isolates leading to the identification
of a single candidate gene. Functional validation showed that
this gene was required but not sufficient for Ptr ToxC produc-
tion, thus it is designated as ToxC1. ToxC1 encoded a conserved
hypothetical protein likely located on the vacuole membrane.
The gene was highly expressed during infection, and only one
haplotype was identified among 120 isolates sequenced. Our

work suggests that Ptr ToxC is not a protein and is likely pro-
duced through a cascade of biosynthetic pathway. The identifi-
cation of ToxC1 is a major step toward revealing the Ptr ToxC
biosynthetic pathway and studying its molecular interactions
with host factors.
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Pyrenophora tritici-repentis is a destructive necrotrophic fun-
gal pathogen that causes tan or yellow spot on wheat. The dis-
ease occurs in almost all wheat-growing regions of the world.
Generally, yield loss due to tan spot ranges from 2 to 15%,
while, under favorable conditions, tan spot can cause yield
losses up to 49% (Ciuffetti et al. 2014; Hosford 1982; Rees et al.
1982; Shabeer and Bockus 1988). Fungal infection induces
necrosis or chlorosis on the leaves of susceptible cultivars,
which can reduce leaf photosynthesis and, thus, grain yield.
Although tan spot can be partially managed by using cultural
practices and timely fungicide application, the use of resistant
wheat cultivars is the preferred method for disease control.
Understanding pathogen virulence and how virulence factors

interact with the host is important for breeding disease-resistant
wheat cultivars. P. tritici-repentis is known to produce multiple
host-selective toxins (HSTs), now called necrotrophic effectors
(NEs), as important virulence factors. Three NEs have been
identified and characterized, namely Ptr ToxA, Ptr ToxB, and
Ptr ToxC. These NEs specifically interact with their correspond-
ing host sensitivity genes, Tsn1 for Ptr ToxA, Tsc2 for Ptr
ToxB, and Tsc1, for Ptr ToxC to cause disease (Ciuffetti et al.
2010; Faris et al. 2013). The Ptr ToxA–Tsn1 interaction induces
necrosis, whereas the Ptr ToxB–Tsc2, and Ptr ToxC–Tsc1 inter-
actions induce chlorosis. Because the NE-sensitivity gene inter-
actions result in susceptibility, the wheat–P. tritici-repentis
pathosystem has been described as an inverse gene-for-gene
model (Ciuffetti et al. 2010; Wolpert et al. 2002). Based on the
production of the three NEs, P. tritici-repentis isolates have been
classified into eight races with races 2, 3, and 5 producing a
single NE, races 1, 6, and 7 producing two of the three NEs,
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race 8 producing all three, and race 4 producing none (Lamari
and Strelkov 2010). While the race structure can be complex in
some regions, race 1, which produces both Ptr ToxA and Ptr
ToxC, is predominant at the global level, particularly in North
America (Aboukhaddour et al. 2013; Ali and Francl 2003;
Kamel et al. 2019; Lamari et al. 2005).
Both Ptr ToxA and Ptr ToxB are small proteins, and they

have been purified and their encoding genes, mode of action, and
protein structure have been well-characterized (Ciuffetti et al.
2010). Ptr ToxA is encoded by a single-copy gene designated
ToxA (Ciuffetti et al. 1997). The ToxA gene has also been identi-
fied in other wheat fungal pathogens including Parastagonospora
nodorum (Friesen et al. 2006), Parastagonospora avenaria
f. tritici (McDonald et al. 2013), and Bipolaris sorokiniana
(Friesen et al. 2018; McDonald et al. 2018, 2019). Ptr ToxA
contains pre- and prodomains and the mature protein is 13.2 kDa
after cleavage. An RGD (Arg-Gly-Asp) motif located in the C
terminus has been shown to be important for Ptr ToxA biologi-
cal activity and internalization into plant cells (Manning and
Ciuffetti 2005; Manning et al. 2008; Meinhardt et al. 2002).
The crystal structure of the protein also suggests the RGD
motif may be involved in protein-protein interaction (Sarma
et al. 2005). Ptr ToxB is encoded by the ToxB gene, which is
present in multiple copies in Ptr ToxB-producing isolates, with
the extent of chlorosis-inducing activity correlated to ToxB
copy numbers (Aboukhaddour et al. 2012; Amaike et al. 2008;
Martinez et al. 2004). Figueroa et al. (2015) showed that Ptr
ToxB was an apoplastic effector without the need to enter the
plant cell, and the three-dimensional structure of Ptr ToxB and
its nonfunctional form, Ptr toxb, have been revealed by using
nuclear magnetic resonance (Nyarko et al. 2014).
Ptr ToxC is produced by isolates belonging to races 1, 3, 6,

and 8 as well as an undesignated-race isolate AR CrossB10 (Ali
et al. 2010; Kariyawasam et al. 2016; Strelkov and Lamari
2003). Effertz et al. (2002) partially purified Ptr ToxC, using gel
filtration, ion exchange, and reverse-phase chromatography, and
described Ptr ToxC as a polar, nonionic, low–molecular weight
molecule. However, the chemical nature and identity of Ptr
ToxC remains unknown. Ptr ToxC interacts with the wheat sen-
sitivity gene Tsc1 to induce extensive chlorosis on wheat leaves,
and many quantitative trait loci (QTL) mapping studies have
revealed that the Ptr ToxC-Tsc1 interaction, when present, is an
important component for the development of disease on both
bread and durum wheat (Effertz et al. 2001; Faris et al. 1997;
Kariyawasam et al. 2016; Liu et al. 2017; Sun et al. 2010).
Map-based cloning is a common method to identify virulence

genes in fungal pathogens, such as Magnaporthe grisea (Talbot
et al. 1993), Cochliobolus sativus (B. sorokiniana) (Zhong et al.
2002), and Zymoseptoria tritici (Zhong et al. 2017). The avail-
ability of the high-quality reference genome sequences, and
gene annotation and effector gene prediction programs have
greatly facilitated map-based cloning in identifying virulence
factors and genes of plant-pathogenic fungi (Manning et al.
2013; Moolhuijzen et al. 2018; Sperschneider et al. 2018;
Yoshida et al. 2009; Zhong et al. 2017). P. tritici-repentis is a
homothallic fungus that carries both MAT1-1-1 and MAT1-2-1
mating-type genes in tandem over 4.5 kb, making it self-fertile
(Lepoint et al. 2010) and therefore difficult to generate biparen-
tal populations using natural fungal isolates. We recently showed
that heterothallic strains of P. tritici-repentis can be created by
deleting one of the mating-type genes, and genetic crosses can
be made between such heterothallic strains to develop segre-
gating biparental populations (Ameen et al. 2017). Various
genome sequences are available for P. tritici-repentis, including
reference-quality assemblies for three race 1 isolates (Manning
et al. 2013; Moolhuijzen et al. 2018, 2019), a race 5 isolate
(Moolhuijzen et al. 2020a), a new race isolate (Kariyawasam

et al. 2021), and draft sequences for several isolates of various
races (Manning et al. 2013; Moolhuijzen et al. 2018).
To investigate the genetic control system for Ptr ToxC pro-

duction, we developed two segregating fungal populations by
crossing the Ptr ToxC-producing isolate AR CrossB10 to the
two Ptr ToxC-nonproducing isolates 86-124 (race 2) and
DW5 (race 5), which were designated as AR86 and ARDW,
respectively. The AR86 population was used to construct the
first genome-wide genetic linkage map in P. tritici-repentis,
facilitating the anchoring of genome sequence assembles
(Kariyawasam et al. 2021). In this study, we used both popu-
lations to map the one or more genes conditioning Ptr ToxC
production, followed by the molecular cloning and functional
analysis of a fungal gene that is required but not sufficient for
Ptr ToxC production.

RESULTS

Initial genetic mapping of the locus controlling
Ptr ToxC production.
A total of 112 progeny isolates from the AR86 P. tritici-

repentis population were phenotyped onto the Ptr ToxC differ-
ential wheat line 6B365 and two Ptr ToxC–sensitive wheat
lines, Prosper and Harry. Like the parental isolates, the progeny
isolates produced either chlorosis or no chlorosis on these lines
(Fig. 1). Among the progeny, 49 produced chlorosis whereas
63 did not. The segregation of chlorosis induction in this popu-
lation fit a 1:1 ratio (P = 0.19) indicating a single locus control-
ling Ptr ToxC production. The locus was named ToxC.
We performed whole-genome sequencing of 10 chlorosis-

producing isolates and 10 isolates that did not produce chloro-
sis from the AR86 population as well as the two parental
isolates (AR Cross B10DMAT1-2-1 and 86-124DMAT1-1-1).
The sequence data obtained for each isolate ranged from 1.32
to 2.06 Gb, which translates to about 33 to 54× coverage of
the P. tritici-repentis genome. Sequence alignments against the
Pt-1c-BFP reference genome revealed a total of 5,095 single
nucleotide polymorphisms (SNPs) between these two parental
isolates across the genome. Among them, 26 SNPs were identi-
fied to be completely or largely associated with the chlorosis
phenotype, suggesting their linkage to ToxC. Of these SNPs,
18 were distributed on supercontig (SC)1.16, four on SC1.38,
and two each on SC1.24 and SC1.31 (Table 1). Based on the
Pt-1c-BFP optical map, SC1.16 was part of chromosome 2
and SC1.24 was part of chromosome 8, while the other two
(SC1.38 and SC1.31) were not connected to any chromosome
(Manning et al. 2013).
Semithermal asymmetric reverse PCR (STARP) and cleaved

amplified polymorphic sequence (CAPS) primers were designed
from the above SNPs (Supplementary Table S1) and were used
to genotype the entire AR86 population. Genetic linkage map-
ping showed that SNP markers within the first 50 kb of SC1.16
as well as two markers on SC1.38 cosegregated or were tightly
linked to the ToxC locus (Fig. 2). The primers designed from
the SNPs on SC1.31 and SC1.24 were not polymorphic, sug-
gesting incorrect calling of those SNPs. A small inversion was
observed between the linkage map and the physical contig at the
32- to 46-kb region in the AR86 population (Fig. 2).

ToxC was further mapped to a 173 kb physical region.
A whole-genome sequence alignment between the P. tritici-

repentis reference genomes of two race 1 (producing Ptr ToxC)
isolates, M4 and Pt-1c-BFP, has been previously published
(Moolhuijzen et al. 2018). M4 contig 13 (C13) aligned well
with Pt-1c-BFP SC1.16 but in a reverse complementary manner,
and it had an extra 159 kb at the distal end and 66 kb at the
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proximal end (Fig. 3). We used the extra sequence at the distal
end to develop simple sequence repeat (SSR) markers (Supple-
mentary Table S1) and genotyped these markers in the AR86
population. Two SSR markers (M4.C13SSR6 and M4.C13SSR2)
at the proximal end of C13 also cosegregated with the ToxC phe-
notype (data not shown).
To reduce the size of the candidate region, we genotyped all

the above developed markers on the ARDW P. tritici-repentis
population. Genetic linkage mapping and phenotyping of two
critical recombinants (Supplementary Fig. S1) indicated that
ToxC cosegregated with the two SSR markers but was 1.8 cM
from Sc1.16.17k (Fig. 3). This delimited the candidate region
for ToxC from the 742 kb position to the end (915 kb) of contig
M4C13, which is about 173 kb in size (Fig. 3).

Comparative genomics and allelic analysis
of the candidate gene region.
Two reference-quality genome sequences were recently made

available, namely V1 (race 1 from Australia, producing Ptr
ToxC) and DW5 (from the United States, producing no Ptr
ToxC) (Moolhuijzen et al. 2019, 2020a). We aligned the ToxC
candidate region of M4C13 (from 700 to 915 kb) to the corre-
sponding regions in these two sequenced isolates. The M4C13
ToxC region aligned well with the first 253 kb of V1 chromo-
some 2 (SAXQ0100002.1) but in a reverse complementary man-
ner. The alignment to DW5 showed good homology for only
50 kb (700 to 750 kb on M4 C13 aligned to the 220 to 170 kb
on DW5 Chr.2 Muxc02000002.1), however, no homology was
observed for the rest of the sequence. Therefore, sequence align-
ments did not help to narrow down the candidate region.
A total of 43 genes, designated PtrM4_13120 to PtrM4_13162,

were annotated within the 173-kb candidate region of M4C13
(Moolhuijzen et al. 2018). Using a BLASTn search, we found
that four genes, PtrM4_13120, PtrM4_13121, PtrM4_13145,
and PtrM4_13157, were each present as single copies in the
M4 genome, whereas the other genes had at least two hits with
an E value greater than 1.0e-100 (Supplementary Table S2).
Primers were designed for all 43 genes (Supplementary Table
S1) and were tested on a set of Ptr ToxC-producing and Ptr
ToxC-nonproducing isolates for presence/absence polymor-
phisms (Supplementary Table S3). Only PtrM4_13157 was

found to be present in all Ptr ToxC-producing isolates and
absent in all Ptr ToxC-nonproducing isolates (Fig. 4; Supple-
mentary Table S3). Another gene, PtrM4_13145, which had
46% homology to PtrM4_13157 at the amino acid level, was
absent in all Ptr ToxC–nonproducing isolates except Biotrigo9-1.

Validation of PtrM4_13157 for Ptr ToxC production
using gene knock-out and complementation analyses.
PtrM4_13157 appeared to be the best candidate gene for

ToxC. Therefore, deletion mutants were generated using the
split-marker system (Leng and Zhong 2012). A total of 18 trans-
formants were obtained in Pti2 (a race 1 isolate producing Ptr
ToxC) and two of them, Pti2D13157-1 and Pti2D13157-2, were
confirmed by PCR to have the PtrM4_13157 gene successfully
deleted (Supplementary Fig. S2). The two knockout mutants had
no visible defect in mycelial growth, conidial production, mor-
phology, or germination (data not shown). Following inoculation
on the Ptr ToxC–sensitive lines 6B365, Harry, and Prosper, the
wild-type Pti2 isolate resulted in extensive chlorosis, whereas
the two knockout isolates did not (Fig. 5). However, the two
knockout isolates caused a similar amount of disease as Pti2 on
Glenlea (the Ptr ToxA differential line), suggesting no change
for the production of Ptr ToxA or other factors necessary for vir-
ulence (Fig. 5). Furthermore, a bioassay of liquid culture filtrates
on Glenlea showed that the disruption of PtrM4_13157 did not
affect Ptr ToxA production (Supplementary Fig. S3).
We also performed gene complementation by transforming a

3.67-kb genomic region of PtrM4_13157 to one of the knockout
isolates (Pti2D13157-2). The two complementation isolates, des-
ignated as Pti2D13157+13157-1 and Pti2D13157+13157-2,
restored the ability to cause chlorosis on the Ptr ToxC sensitive
lines (Fig. 5). The result indicated that PtrM4_13157 is required
for Ptr ToxC production.

Transformation of PtrM4_13157
into Ptr ToxC-nonproducing isolates.
PtrM4_13157 was also transformed into Biotrigo9-1, a race 2

isolate that produces Ptr ToxA but not Ptr ToxC. Following
inoculation onto the Ptr ToxC differential line 6B365, the wild-
type Biotrigo9-1 isolate produced small necrotic lesions, while no
chlorosis was observed. However, the two isolates of Biotrigo9-1

Fig. 1. Reactions of tan spot differentials and other Ptr ToxC–sensitive wheat lines to the two heterothallic Pyrenophora tritici-repentis parent strains
used for crossing. Each of the two strains, 86-124DMAT1-1-1 and AR CrossB10DMAT1-2-1, had one mating-type gene deleted. The wheat lines
included Salamouni (universal resistant), Glenlea (Ptr ToxA differential), 6B365 (Ptr ToxC differential), Prosper (Ptr ToxC sensitive), and Harry (Ptr
ToxC sensitive). AR CrossB10DMAT1-2-1 but not 86-124DMAT1-1-1 caused extensive chlorosis on Ptr ToxC–sensitive lines.
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transformed with PtrM4_13157 (Biotrigo9-1+13157-1 and Bio-
trigo9-1+13157-2) induced extensive chlorosis (Fig. 6A).
The gene was also transformed into DW5, a race 5 isolate

that produces Ptr ToxB but not Ptr ToxC. Like the wild-type
DW5, the transformant (DW5+13157-1-1) did not induce chlo-
rosis on 6B365 but still caused chlorotic lesions on the Ptr
ToxB differential line 6B662 (Fig. 6B), indicating that another
factor necessary for Ptr ToxC production was lacking in DW5.
LS13-192 is a race 4 isolate that produces no known NEs and
is avirulent on all tan spot differential lines, but it can cause

disease on some tetraploid wheat lines (Guo et al. 2020). The
two transformants of this isolate with PtrM4_13157 (LS13-
192 + 13157-1 and LS13-192+ 13157-2) were still avirulent on
6B365 without the development of any chlorosis symptoms
(Fig. 6C).

PtrM4_13157 controls Ptr ToxC production indicated
by QTL mapping in the host.
Ptr ToxC interacts with the host gene Tsc1 on the distal end

of the wheat chromosome arm 1AS to induce chlorosis and

Table 1. Single nucleotide polymorphisms (SNPs) associated with the chlorosis-inducing phenotype among the parental lines and 20 progeny isolates

Supercontiga
Physical
position

Isolates produced chlorosisb

ARCrossB10 AR86.9 AR86.10 AR86.26 AR86.30 AR86.44 AR86.68 AR86.87 AR86.106 AR86.128 AR86.136

SC1.16 9945 C C C C C C C C C C C
15685 G G G G G G G G G G G
17644 A A A A A A A A A A A
18006 C C C C C C C C C C C
23270 A A A A A A A A A A A
33253 G G G G G G G G G G G
36697 T T T T T T T T T T T
37040 C C C C C C C C C C C
40905 A A A A A A A A A A A
43815 G G G G G G G G G G G
44937 A A A A A A A A A A A
46099 A A A A A A A A A A A
51285 G G G G G G G G G A G
69802 A A A A A A A A A G A
74136 G G G G G G G G G A G
78406 C C C C C C C C C A C
78429 C C C C C C C C C G C
116643 C C C C C C C C C A C

SC1.24 158988 A A A A A A A A A A A
159042 T T T T T T T T T T T

SC1.31 43707 T T T T T T T T T T T
43747 A A A A A A A A C A A

SC1.38 17670 T T T T T T C T T T T
18503 C C C C C C C C C C C
18523 C C C C C C C C C C C
20648 A A A A A A A A A A A

Isolates produced no chlorosisb

86-124 AR86.12 AR86.29 AR86.35 AR86.48 AR86.63 AR86.82 AR86.91 AR86.101 AR86.109 AR86.121

SC1.16 9945 G … G … … G … … G … G
15685 T T T T T T T T T T T
17644 C C C C C C C C C C C
18006 T T T T T T T T T T T
23270 T T T T T T T T T T T
33253 A A A A A G A A A A A
36697 C C C C C T C C C C C
37040 T T T T T C T T T T T
40905 G G G G G G G G G G G
43815 A A A A A A A A A A A
44937 G G G G G G G G G G G
46099 G G G G G G G G G G G
51285 A A A A G A A G A A A
69802 G G G G A G G G G G G
74136 A A A A G A A A A A A
78406 A A A A C A A A A A A
78429 G G G G C G G G G G G
116643 A A A A C A A A A A A

SC1.24 158988 G G G G G G G G G G G
159042 C C C C C C C C C C C

SC1.31 43707 C C C C C C C C C C …

43747 C C C C C C C C C C C
SC1.38 17670 C C C C C C C C C C C

18503 A A A A A A A A A A A
18523 T T T T T T T T T T T
20648 G G G G G … G G G G G

a The reference genome of Pt-1c-BFP (Manning et al. 2013) was used in SNP identifications.
b SNPs that have recombinants between phenotype and genotype were highlighted in bold font and dots represent missing data.
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promote disease. This is why a major QTL associated with dis-
ease can be detected at the distal end of 1AS (the Tsc1 locus)
when a Ptr ToxC–producing isolate is used to evaluate a wheat
population segregating for Tsc1 (Faris et al. 1997; Kariyawasam
et al. 2016, 2018; Liu et al. 2017). Thus, we evaluated the
PtrM4_13157 knockout (Pti2D13157-2) and a gain-of-function
transformant (Biotrigo9-1+13157-1) along with their wild-type
isolates (Pti2 and Biotrigo9-1) in the PenLou wheat population,
which segregates for Tsc1 (Kariyawasam et al. 2016). A signifi-
cant QTL with a logarithm of the odds (LOD) score of 5.21 and a
R2 value of 0.07 was detected on 1AS at the Tsc1 locus for the
wild-type Pti2 but not for Pti2D13157-2 (Fig. 7A). This demon-
strated that the knockout of PtrM4_13157 did not produce Ptr
ToxC, thus eliminating its disease interaction with Tsc1 in this
population. For the PtrM4_13157 gene transformant, a signifi-
cant QTL was identified at the same position for the Biotrigo9-
1+13157-1 isolate but not for wild-type Biotrigo9-1 (Fig. 7B).
The QTL had a slightly higher LOD value of 9.3, indicating that
transformation of PtrM4_13157 into Biotrigo9-1 allowed the
strain to produce Ptr ToxC, which interacts with Tsc1 to cause
disease. A major QTL on 3BL was detected for all four isolates
(Supplementary Fig. S4), suggesting the disruption or introduction
of PtrM4_13157 caused no change for the production of the viru-
lence factor, which interacts with this 3BL host gene to cause
disease.

PtrM4_13157 full-length complementary DNA (cDNA),
expression profile, and protein characterization.
To characterize the full-length cDNA of PtrM4_13157, 59

and 39 rapid amplification of cDNA ends (RACE) was con-
ducted. The results showed that transcription of this gene starts
325 bp upstream of the start codon and stops at 119 bp down-
stream of the stop codon, with two introns located within the 59
untranslated region (UTR) (Supplementary Fig. S5). The coding
region was 675 bp long without introns. The result matched the
annotation of this gene in the reference genome Pt-1c-BFP, des-
ignated as PTRT_12046 (accession number XM_001942394.1).
Quantitative PCR revealed that the expression of PtrM4_13157
was the highest at 72 h after inoculation (hai), approximately
9.36 times higher than that at 3 hai (Supplementary Fig. S6).
The expression of PtrM4_13157 was also detected in mycelium
and was up-regulated more than 30-fold at 72 hai (Supplemen-
tary Fig. S6).
PtrM4_13157 encoded a 224-aa protein with no signal pep-

tide or known motifs. BLASTp searches of the National Center
of Biotechnology Information (NCBI) database detected no con-
served domains but resulted in a total of 97 hits with percent iden-
tity ranging from 36.17 to 53.67% (Supplementary Fig. S7). Most
of the hits were annotated as conserved hypothetical proteins and
the top two were COCVIDRAFT_20059 (XP_014551713.1) from
Bipolaris victoriae FI3 (score = 201 bits, identity = 57%) and

Fig. 2. Genetic linkage map of the Pyrenophora tritici-repentis genomic region conditioning Ptr ToxC production (chlorosis development in sensitive
wheat lines) in the AR86 population. A linkage map in centimorgans is on the left, its corresponding physical map regions in base pairs of Pt-1C-BFP is
in the middle, and chromosome 2 with the supercontigs is on the right. The markers on the linkage map were designed based on their physical positions
on corresponding supercontigs. The chlorosis (chlorosis development in sensitive lines) locus is indicated in blue as the ToxC locus. The total length of
each supercontig on chromosome 2 is shown within brackets.
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COCCADRAFT_112548 (Xp_007718585.1) from Bipolaris
zeicola 26-R-13 (score = 197, identity = 53%). Interestingly,
one of these hits was annotated as premRNA-splicing factor
slu7 (RFU73058.1) of Trichoderma arundinaceum (score =
163, identity = 46%). Surprisingly, there was no hit from the
related wheat and barley fungal pathogens Parastagonospora
nodorum, P. teres and B. sorokiniana. Cellular location pre-
diction using DeepLoc-1.0 suggested that it is a membrane
protein, likely on the lysosome or vacuole (Supplementary
Fig. S8).

PtrM4_13157 diversity analysis.
BLASTn searches showed that PtrM4_13157 was present as

a single-copy gene with an identical sequence in all the
sequenced genomes of Ptr ToxC–producing isolates, namely Pt-
1C-BFP, M4, AR CrossB10, V1, Ptr239, Ptr134, Ptr1137, and
Ptr1453, but was completely absent in all the sequenced
genomes of the Ptr ToxC–nonproducing isolates, DW5, 86-124,
and SD24. We further investigated the presence and diversity of
PtrM4_13157 in a more diverse fungal collection that consisted
of 594 P. tritici-repentis isolates (Supplementary Table S4).
Most of the isolates were collected from the United States (409)
and Brazil (144), with the remaining from Australia, Canada,
Czech Republic, Pakistan, Uruguay, and Poland. These isolates
were collected from 1973 to 2020. PCR results showed that
PtrM4_13157 was present in 453 (76%) of these isolates. Using
the Ptr ToxC differential line 6B365, we phenotyped 123 iso-
lates that carried PtrM4_13157 and all produced chlorosis, while
25 isolates that do not carry this gene did not produce chlorosis
(Supplementary Table S4). We sequenced the PtrM4_13157
coding region from a total of 120 isolates of different geographic
origins and collection years, and the results showed only one
haplotype without any sequence polymorphism (Supplementary
Table S4). All the sequences have been submitted to the NCBI
GenBank database with accession numbers from OL800416 to
OL800536.

DISCUSSION

Ptr ToxC is produced by the majority of P. tritici-repentis iso-
lates worldwide and has been consistently shown to be impor-
tant for tan spot disease in both hexaploid and tetraploid wheat
(Faris et al. 2013; Liu et al. 2020). However, the first and only
study for Ptr ToxC identification and characterization was pub-
lished 20 years ago (Effertz et al. 2002). In that study, the diffi-
culty in Ptr ToxC purification and instability of the compound
was also noted. Until now, the chemical nature and how it is
produced by the fungus have remained unknown. In this work,
we identified a fungal gene (PtrM4_13157), using a genetic
approach along with genome sequencing, and demonstrated that
PtrM4_13157 is required for Ptr ToxC production, using gene
knockouts, gain-of-function transformation, and host QTL analy-
sis. This is a significant step toward revealing the chemical
nature of Ptr ToxC and understanding the molecular mechanism
of Ptr ToxC production in the pathogen as well as its interaction

Fig. 3. Genetic mapping of ToxC in the ARDW Pyrenophora tritici-
repentis population and identification of the candidate region. The link-
age map constructed with markers on supercontig 1.16 is on the left.
Two markers in red were developed by using the extra sequence from
M4 contig 13. The marker genetic distances are indicated to the left of
the linkage map. The entire supercontig1.16 (693 kb long) of Pt-1c-BFP
is in the middle and contig 13 of M4 is on the right. Dashed lines indi-
cate the physical positions of each marker in the two contigs from the
reference genomes Pt-1C-BFP and M4.

Fig. 4. PCR amplification of PtrM4_13157 in a set of Pyrenophora tritici-repentis isolates. The primer pair M4.13157F and M4.13157R (Supplementary
Table 1) was used to amplify the partial coding region of PtrM4_13157. All these isolates are known to cause chlorosis or not on Ptr ToxC–sensitive
lines by fungal inoculations (Supplementary Table 3). Isolates causing chlorosis are shown in orange.
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with the host that results in chlorosis, pathogen colonization,
and disease development.
The initial characterization by Effertz et al. (2002) suggested

that Ptr ToxC was a nonionic, polar, low–molecular weight mol-
ecule. We showed that transformation of PtrM4_13157 into two
Ptr ToxC–nonproduing isolates, DW5 and LS13-192, did not
result in Ptr ToxC production or the induction of extensive chlo-
rosis on the ToxC differential line 6B365. This suggested that
Ptr ToxC is not a protein directly encoded by PtrM4_13157 but,
rather, something else, likely a secondary metabolite produced
through a biosynthetic pathway involving PtrM4_13157. Many
fungal-produced NEs (HSTs) are secondary metabolites that
require nonribosomal peptide synthetase (NPS) or polyketide
synthase (PKS) or both for their production, e.g., T-toxin
(Inderbitzin et al. 2010) and HC-toxin (Wight et al. 2013).
Victorin, a pentapeptide molecule produced by B. victoriae was
previously thought to be synthesized through a NPS, but a recent
study revealed that it is a member of a ribosomally synthesized
and posttranslationally modified peptide (RiPP) (Kessler et al.
2020). We noticed that the ToxC candidate region has no NPS or
PKS genes predicted in the reference genomes of M4 and V1,
which both produce Ptr ToxC (Moolhuijzen et al. 2018, 2019,
2020b). It is also interesting to note that the most significant hit

of PtrM4_13157 in the NCBI protein database was COCVI-
DRAFT_20059 (XP_014551713.1) from the B. victoriae isolate
FI3. However, at this point, there is no direct evidence that Ptr
ToxC is a RiPP nor synthesized by a NPS or PKS. Much work
is needed to address this question.
Based on our results, PtrM4_13157 is required but not suffi-

cient to produce Ptr ToxC, suggesting the requirement of one
or more other genes. We designate PtrM4_13157 as ToxC1
because it is the first gene shown to be required for Ptr ToxC
production. The next logical question is, what other gene or
genes are required for Ptr ToxC production? Since the Ptr
ToxC chlorosis phenotype mapped to a single locus in both
fungal biparental populations, we believe that one or more addi-
tional genes involved in the Ptr ToxC pathway are likely also
present in this same 173-kb region (Table 1; Figs 2 and 3).
Three genes, PtrM4_13133, PtrM4_13134, PtrM4_13145, in
this region were present in Biotrigo9-1 but absent in all other
Ptr ToxC-nonproducing isolates (Supplementary Table S3).
Additionally, we showed that the transformation of Biotrigo9-1
with ToxC1 led to Ptr ToxC production, but the same did not
occur for isolates DW5 and LS13-192 (Fig. 6). Together, this
suggested that these three genes are strong candidates for addi-
tional ToxC genes involved in Ptr ToxC production. In

Fig. 5. Phenotyping of Pti2 wild type, PtrM4_13157 knockout, and complementation strains on tan spot different lines. 6B365 is the Ptr ToxC differen-
tial line. Harry and Prosper are Ptr ToxC–sensitive lines. Glenlea is a Ptr ToxA differential line. Two PtrM4_13157 knockout strains (Pti2D13157-1 and
Pti2D13157-2) and two complementation strains based on Pti2D13157-2 were included for validation.
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particular, PtrM4_13145, which is a homolog of PtrM4_13157,
serves as a top candidate. We are working to validate the func-
tion of these genes by knocking them out in Ptr ToxC-
producing isolates (e.g., Pti2, M4) and transforming them
together with ToxC1 into Ptr ToxC–nonproducing isolates (e.g.,
DW5, 86-124). A high-quality genome sequence assembly cov-
ering the ToxC region for Biotrigo9-1 and 86-124 would be
highly desirable for identifying the additional genes involved in
Ptr ToxC production. It was determined that the ToxC locus con-
trols Ptr ToxC production, but we cannot rule out the possibility
of other genomic loci that did not segregate in these two

populations being involved in the production of Ptr ToxC. The
ToxC1 knockout strains are powerful tools that can be used to
investigate and identify the possible downstream genes involved
in Ptr ToxC production through a genome-wide transcriptional
analysis.
The ToxC locus was mapped to the subtelomeric region of

chromosome 2 in P. tritici-repentis. Very recently, the ToxB
genes have also been located, by genome sequence analysis, to
the subtelomeric regions of two chromosomes (Moolhuijzen
et al. 2020a). In contrast, ToxA was located in the middle of
chromosome 6 (Kariyawasam et al. 2021; Manning et al. 2013;

Fig. 6. Phenotyping of PtrM4_13157 transformants in different Pyrenophora tritici-repentis isolates on differential wheat lines. A, Inoculations of Biotrigo9-1
(a race 2 isolate) wild type and its PtrM4_13157 transformant (+13157-1/-2) on the Ptr ToxC differential line 6B365. B, Inoculation of DW5 and its
PtrM4_13157 transformant (+13157-1-1) on the Ptr ToxC differential line 6B365 and Ptr ToxB differential line 6B662. C, Inoculation of LS13-192 and
its PtrM4_13157 transformant (+13157-1/-2) on the Ptr ToxC differential line 6B365.

Fig. 7. Composite interval mapping of wheat chromosome 1A for quantitative trait loci (QTL) significantly associated with tan spot disease in the Pen-
Lou population. A, Pti2 wild type (blue) and Pti2D 13157-2 (orange); B, Bitrigo9-1 (orange) and Biotrigo9-1+ 13157-1 transformant (blue). The chromo-
some is drawn below the QTL line with marker loci shown beneath the linkage groups and the positions of marker loci on the scale of centimorgans
shown on the top of the linkage groups. The y axis indicates the logarithm of the odds (LOD) scale. A dashed line represents the LOD of the signifi-
cance threshold of 4.0 for QTL detection.

8



Moolhuijzen et al. 2018). This suggests that these P. tritici-
repentis effector genes likely have undergone different evolu-
tionary histories. P. tritici-repentis was previously considered a
weak pathogen, but sometime prior to the 1940s, it became a
highly virulent wheat pathogen, likely by acquiring ToxA from
Parastagonospora nodorum (Friesen et al. 2006). ToxA has also
been found in B. sorokiana, and genome sequence comparison
among Parastagonospora nodorum, P. tritici-repentis, and B.
sorokinana isolates suggested horizontal gene transfer of ToxA
together with the surrounding region, likely spanning 140 to 250
kb, which contains transposons (McDonald et al. 2018, 2019).
Subtelomeric regions are composed of large amounts of repeti-
tive DNA and have a high level of plasticity in the fungal
genomes (Croll et al. 2013). Many fungal effector genes have
been reported to reside in these dynamic regions (Chuma et al.
2011; Wyatt et al. 2020). It is not surprising that ToxB and
ToxC1 are found in the subtelomeric regions. ToxB has ten cop-
ies, with nine being clustered on chromosome 11 and one on
chromosome 5 (Moolhuijzen et al. 2020a). ToxB may have
evolved from multiple breakage and fusion events between telo-
meric regions that led to the formation of multiple copies and
two loci in race 5 or deletion in races 1 and 2 (Moolhuijzen et al.
2020a). As for ToxC, genome alignment indicated that the whole
ToxC region (170 kb) was absent in DW5. It seems that isolate
86-124 does not carry the ToxC region as the genetic linkage
mapping showed no recombination within the region in the
AR86 population (Fig. 2). The absence of the ToxC region in
DW5 and 86-124 may also result from a breakage and fusion
event, eliminating the region in Ptr ToxC–nonproducing isolates.
We sequenced the ToxC1 coding region from a set of 120

geographically diverse P. tritici-repentis isolates and detected no
sequence diversity. This is similar to the findings for both ToxA
and ToxB in P. tritici-repentis. From a collection of global
P. tritici-repentis isolates, there was only one haplotype identi-
fied for ToxA, which contrasted with the 11 haplotypes identified
from a global collection of Parastagonospora nodorum isolates
(Friesen et al. 2006). Although ToxB also has a nonfunctional
form (toxb) in P. tritici-repentis races as well as homologs in
Pyrenophora bromi and other fungal pathogens, the sequence
for the functional ToxB from all copies and isolates is identical
(Martinez et al. 2001, 2004; Moolhuijzen et al. 2020a; Strelkov
et al. 2006). Besides the NE genes, genome sequencing of dif-
ferent P. tritici-repentis isolates revealed a very low number of
SNPs across the whole genome (approximately one SNP every
5 kb) (Kariyawasam et al. 2021; Manning et al. 2013; this
study) suggesting a relatively short evolutionary history of
P. tritici-repentis as a pathogen. The fungus was not considered
a major pathogen until the late 1970s, when reduced tillage prac-
tices were widely adopted worldwide (Faris et al. 2013). How-
ever, some studies did reveal a high level of genetic diversity in
various P. tritici-repentis populations using molecular markers
or mating-type genes (Aboukhaddour et al. 2009, 2011; Friesen
et al. 2005; Leisova et al. 2008; Lepoint et al. 2010; Moreno
et al. 2008). More studies are needed to examine population
diversity in P. tritici-repentis and to understand the evolution of
its virulence factors.
The expression of ToxC1 was found to be highest at 3 days

postinoculation (dpi), which is correlated to the time of chloro-
sis symptom development. Under greenhouse conditions, we
usually observed chlorosis symptoms at 4 dpi and progressing
to a full extent at 7 dpi (data not shown). This is slightly later
than ToxA and ToxB, which showed peak expression between
24 and 48 hai (Amaike et al. 2008; Hernandez et al. 2014;
Mironenko et al. 2020). ToxA expression was shown to be reg-
ulated by PtrPf2, a GAL-4-like putative zinc finger transcrip-
tion factor; however, it was not clear if Ptr ToxC production
was or was not regulated by PtrPf2 (Rybak et al. 2017). Like

ToxA and ToxB, the expression of ToxC1 was highly detectable
in mycelial tissue (Supplementary Fig. S6). Unlike Ptr ToxA
and Ptr ToxB, Ptr ToxC production in Pti2 liquid culture was
not easily detectable using a plant bioassay on the differential
line 6B365 (data not shown), possibly due to insufficient quan-
tity of Ptr ToxC produced in culture to cause chlorosis (Effertz
et al. 2002).
In conclusion, we identified the first gene in P. tritici-repentis,

ToxC1 (PtrM4_13157), that is required for the production of Ptr
ToxC, an important NE in the wheat tan spot disease system.
We further demonstrated that ToxC1 alone is not sufficient to
produce Ptr ToxC, suggesting the requirement of one or more
additional genes in the biosynthesis of Ptr ToxC. The ToxC1
gene structure, expression, and diversity were also characterized.
This work marks significant progress in revealing the molecular
basis of Ptr ToxC production and its role in causing disease.
Better understanding of Ptr ToxC production will help develop
tools for breeding wheat cultivars specifically against Ptr
ToxC–producing isolates of P. tritici-repentis.

MATERIALS AND METHODS

Fungal isolates, populations, and collections.
Two biparental fungal populations, designated AR86 and

ARDW, were used in this study for the genetic linkage mapping
of ToxC. The development of the AR86 population was described
by Kariyawasam et al. (2021). Briefly, the Ptr ToxC–producing
isolate AR CrossB10 and the Ptr ToxC-nonproducing isolates
86-124 and DW5 first underwent deletion of one of their mating-
type genes so as to convert them into heterothallic strains. This
was followed by crossing the two strains on dried corn leaf frag-
ments and picking up segregating ascospores produced (Friesen
et al. 2003). The same procedure was used to develop the
ARDW population, which was derived from the cross between
mating-type gene modified strains AR Cross B10DMAT1-1-1
and DW5DMAT1-2-1 (race 5, ToxC-nonproducing isolate).
All the progeny isolates from the AR86 population were phe-

notyped on the Ptr ToxC differential wheat line 6B365 to moni-
tor chlorosis development as the indicator for the production of
Ptr ToxC. After phenotyping, 10 Ptr ToxC–producing and 10
Ptr ToxC–nonproducing progeny isolates were selected for
whole-genome sequencing and association mapping of the ToxC
gene (Table 1). All the progeny isolates of the ARDW popula-
tion were genotyped with markers in the ToxC region to refine
the candidate region leading to the identification of two critical
recombinants, ARDW.15 and ARDW.143. A set of 25 isolates
including eight ToxC-producing and 17 nonproducing isolates
including ARDW.15 and ARDW.143 were used in allelic analy-
sis for the candidate genes within the ToxC region (Supplemen-
tary Table S3). Pti2 (race 1 producing Ptr ToxC [Liu et al.
2015]), Biotrigo 9-1 (race 2 producing no Ptr ToxC, collected
from Brazil, this study), DW5 (race 5 producing no Ptr ToxC
[Liu et al. 2015]) and LS13-192 (race 4 producing no known
NEs [Guo et al. 2020]) were used for PtrM4_13157 gene knock-
out or complementary and transformation experiments. A total
of 594 isolates from different geographical regions, including
North America (412 isolates), South America (150 isolates),
Europe (nine isolates), Asia (one isolate), and Australia (22 iso-
lates), were used in investigating the prevalence of the ToxC1
gene, and a subset of these isolates containing ToxC1 were used
for its sequence diversity analysis (Supplementary Table S4).

Fungal culturing and genomic DNA extraction.
All fungal isolates were stored as dried plugs in a −80�C

freezer. To activate the fungus, the plugs were cultured on
V8-potato dextrose agar plates in darkness at room temperature
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for 5 days. Mycelium tissue was collected for each isolate by
gently scratching the surface of the culture and, then, grinding
the tissue for genomic DNA extraction, following the procedure
described by Shjerve et al. (2014).
The culturing method to induce conidia production was the

same as previously described (Lamari and Bernier 1989). When
the culture was ready, conidia were collected with a sterilized
inoculation loop after adding about 30 ml of sterilized distilled
water and were then inoculated into 500-ml flasks containing
60 ml of Fries’ medium (Liu et al. 2004). Young mycelium pro-
duced in the liquid culture was collected for fungal protoplasting
and transformation (Ameen et al. 2017). The liquid culture was
also used for the production of NEs as described by Friesen and
Faris (2012).

Disease phenotyping.
Fungal progenies were phenotyped by inoculating onto Ptr

ToxC–sensitive wheat lines including 6B365 (Ptr ToxC differen-
tial line), Prosper (NDSU spring wheat cultivar [Mergoum et al.
2013]), Harry (a Nebraskan winter wheat line [Kariyawasam
et al. 2018]), and Jerry (hard red winter wheat cultivar [Liu et al.
2015]). In addition, the differential wheat lines Glenlea (Ptr
ToxA differential line), Salamouni (universal resistant line), and
6B662 (Ptr ToxB differential line) were also included for each
inoculation. The wheat lines were arranged in half of an RL98
rack with the outside border planted with Jerry.
The fungal inoculations were performed when the plants

reached the two- to three-leaf stage. Fungal cultures and inocula-
tion preparation were performed according to the standard pro-
cedure described by Lamari and Bernier (1989). Fungal spores
(conidia) were harvested from the plates and were adjusted to
approximately 2,000 spores per milliliter for inoculation. Disease
reactions were scored at 7 dpi, based on the presence or absence
of chlorosis. The production of chlorosis on the sensitive wheat
lines was considered to denote the isolate as possessing the gene
conditioning Ptr ToxC production. The experiment was repeated
at least three times to obtain consistent data for each progeny.

Genome sequencing and associated SNP identification.
The genome sequencing of parental lines and 20 progeny iso-

lates from the AR86 population was contracted to Novogene
Corporation, where the DNA extraction, library preparation and
genome sequencing were completed. The sequencing was per-
formed on the Illumina Hi-Seq 2500 platform with a target of
obtaining at least 1 Gbp sequence for each isolate (approxi-
mately 25× coverage). Raw sequences for each isolate were
cleaned using Trimmomatic v.0.36 (Bolger et al.2014). Cleaned
sequenced reads were aligned to the reference sequence Pt-1c-
BFP (Manning et al. 2013), using the Burrows-Wheeler Aligner
with the ‘bwa mem’ function (Li and Durbin 2010), and a SAM
file was developed for each isolate. Each SAM file was con-
verted to a BAM file using SAMtools with the ‘view’ command
(Li et al. 2009). The resulting BAM files were converted to
sorted BAM files with the ‘sort’ command, and those sorted
BAM files were indexed using the ‘index’ command in SAMtools.
Reference sequence was indexed using the ‘faidx’ command of
SAMtools. These sorted indexed BAM files and indexed reference
sequence was used for downstream SNP calling.
SNP calling was performed with the use of the Unified Geno-

type program in the Genome Analysis Tool Kit (GATK)
(McKenna et al. 2010). SNPs with a minimum confidence of
30.0 were called using the ‘-glm’ function and output ‘.vcf’ file
was used to select a subset of polymorphic variants using the
GATK SelectVariants program (S. Liu et al. 2012). Associated
SNPs are those for which all ToxC-producing isolates consis-
tently had one genotype and all ToxC-nonproducing isolates
consistently had the other genotype.

Marker development and linkage mapping.
These associated SNPs were used to develop CAPS markers

(Konieczny and Ausubel 1993) or STARP markers (Long et al.
2017) and were then genotyped in the entire population. To
develop CAPS markers, sequences spanning 150 bp upstream
and downstream from SNPs were extracted and forward and
reverse primers were designed using Primer3 v. 0.4.0 (Unter-
gasser et al. 2012). Sequences that spanned the SNP were
screened for restriction sites using NEBcutter v.2.0. When
CAPS markers were impossible to develop, STARP strategy
was then used to develop markers for the rest of the SNPs as
explained by Long et al. (2017).
The genetic linkage mapping was performed with all the

marker data using Mapdisto (Lorieux 2012). Linkage groups
were formed using the ‘find group’ function with a LOD value
of 5.0 and r max value of 0.35. The correct order of the markers
was obtained using the ‘order sequence’, ‘check inversions’,
‘ripple order’, and ‘drop locus’ functions. The obtained SNP
markers were aligned to the reference Pt-1c-BFP genome to iden-
tify the candidate region responsible for Ptr ToxC production.

PtrM4_13157 gene knockout and transformation.
The split-marker system was used to delete the candidate

gene PtrM4_13157 (renamed as PtrM4_073760 in the new ver-
sion of M4 genome sequence NQIK00000000.2, Supplementary
Table S3). Briefly, two pairs of specific primers were designed
based on the 59 and 39 flanking sequence of the target PtrM4_
13157 gene and were used for amplification of 59 and 39
gene-specific fragments for overlapping PCR (Supplementary
Table S1). The overlapping fragments of the hygromycin-
resistance gene cassette were amplified from pDAN (Z. Liu
et al. 2012) using the M13F/HY2 and M13R/YG primers,
respectively. To generate the 59 construct, PCR products ampli-
fied by M4.13157KOF1/F2 and M13F/HY2 were used as tem-
plates and primers M4.13157KOF1 and HY2 were used in
the fusion PCR. To generate the 39 construct, PCR products
amplified by M4.13157KOF3/F4 and M13R/YG were used as
templates and primers M4.13157KOF4 and YG were used in
the fusion PCR. Then, the 59 and 39 constructs were mixed,
were purified by ethanol precipitation, and were used for
transformation.
To generate the complementary strains, a 3.67-kb sequence of

the PtrM4_13157 genomic region, including the coding region
as well as the upstream promoter, were amplified from isolate
Pti2, using primer pair Apa_TCF1 and SmaI_TCR1 containing
the indicated restriction site. The PCR product was cloned into
vector pBG418 (Leng and Zhong 2012) after double digestion
with ApaI and SmaI. The resulting plasmid, designated
pBG418-PtrM4_13157, containing the PtrM4_13157 gene and a
geneticin-resistance gene, was linearized with NotI and was used
to transform Ptr ToxC–nonproducing isolates Biotrigo9-1, DW5,
LS13-192, and Pti2D13157-2 mutant.
The fungal protoplasting and polyethylene glycol–mediated

transformation followed the procedure described by Ameen et al.
(2017). The regenerated clones were screened with PCR primers
M4.13157KOF and M4.13157KOR (Supplementary Table S1),
which amplify the partial coding region of PtrM4_13157 that
was replaced by the hygromycin-resistance gene cassette.

QTL mapping in the wheat population.
The PenLou wheat mapping population consisted of 188

recombinant inbred lines (RILs) derived from a cross between
soft spring wheat cultivar Louise and cultivar Penawawa. The
population segregates for the Tsc1 gene, which confers a major
QTL for disease following inoculation with Ptr ToxC–producing
isolates (Kariyawasam et al. 2016). Two parental lines and all
RILs were planted along with tan spot differential lines in RL98
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racks for disease evaluation, as described by Kariyawasam et al.
(2016). When the plants reached the three-leaf stage, approxi-
mately 14 days after planting, the population was evaluated indi-
vidually for reaction to Pti2 and Pti2D13157-2, Biotrigo9-1, and
Biotrigo9-1+13157-1, as described above. At least three biolog-
ical replications were carried out for disease evaluation, follow-
ing a randomized complete block design. Disease means from
three replications were used in QTL analysis.
The genetic linkage map of PenLou population reported by

Kariyawasam et al. (2016) was used for QTL analysis, which
contained 596 markers covering all 21 wheat chromosomes.
QTL analysis was performed using QGene 4.0 (Joehanes and
Nelson 2008). Composite interval mapping was performed, as
described by Faris et al. (2014), to identify genomic regions sig-
nificantly associated with tan spot disease. A permutation test
consisting of 1,000 permutations yielded a LOD threshold of 4.0
at an experiment-wise significance level of 0.05.

Bioinformatic tools and analyses.
All the available P. tritici-repentis genome sequences in

NCBI GenBank were downloaded and stored in a local drive,
including the following isolates (with NCBI accession numbers):
86-124 (NRDI01000000), AR CrossB10 (JADZLV010000000),
DW5 (MUXC02000000), M4 (NQIK01000000), Pt-1C-BFP
(AAXI01000000), and V1 (SAXQ01000000). BioEdit (Hall
1999) was used for local blast search and sequence extraction
manipulations. The NCBI online BLASTn tool was used for
two or more large sequence alignments. Signal peptide identifi-
cation was performed using web-based SignalP 5.0 (Almagro
Armenteros et al. 2019). The proteins were analyzed for the
presence of known motifs on the Prosite website. The predica-
tion of protein cellular location was done using web-based soft-
ware DeepLoc-1.0 (Almagro Armenteros et al. 2017).

PtrM4_13157 59 and 39 race, sequencing, and alignments.
Total RNA was isolated from leaf tissue of the ToxC differen-

tial line 6B365 after inoculation with Pti2 and was used for
cDNA synthesis, as previously described (Z. Liu et al. 2012).
The 59 and 39 RACE was performed, using the SMART RACE
cDNA amplification kit (Clontech), to determine the 59and 39
UTRs and introns with gene-specific primers (Supplementary
Table S1). PCR products of RACE reactions were purified and
were sequenced at the Eurofin genomic facility. The sequences
from 59 and 39 RACE fragments were used to manually assem-
ble the full-length cDNA.
The presence and absence of ToxC1 was screened through

PCR with primer pair M4.13157F and M4.13157R in a total of
594 P. tritici-repentis isolates that originated from five geo-
graphical regions: Australia (22 isolates), Europe (nine isolates),
Asia (one isolate), North America (412 isolates), and South
America (150 isolates) (Supplementary Table S4). PCR reac-
tions were performed using the primer pair M4.13157fullF and
M4.13157fullR for further diversity analysis (Supplementary
Table S1). The PCR product was purified using PCR Cleanup
kit ExoSAP-IT (Applied Biosystems) and were sent directly to
the Eurofin genomic facility for sequencing. Sequences were
aligned with PtrM4_13157 reference sequence using web-based
software Multalin.

Quantitative PCR (qPCR) analysis of ToxC1 transcription
during infection.
The Ptr ToxC differential line 6B365 was used for the ToxC1

in-planta transcription study. Plants at the two-week stage were
inoculated with isolate Pti2. The secondary leaf tissue was col-
lected from the inoculated leaves at 1, 3, 6, 12, and 24 h and 2,
3, 4, and 5 dpi. RNA was extracted from leaf samples using the
RNeasy plant mini kit (Qiagen) and was treated with RNase-

free DNase I (Qiagen). RNA quantification, cDNA synthesis,
and gene transcription analysis were conducted as described
(Faris et al. 2010). Gene-specific primers M4.13157F and
M4.13157R (Supplementary Table S1) were used for ToxC1
qPCR analysis and P. tritici-repentis Act1 was used as an inter-
nal control. qPCR was performed on a CFX Opus 96 real-time
PCR system (Bio-Rad). Each experiment was conducted with
three biological and technical replicates. The 20-ll PCRs con-
tained 1× SYBR PCR MasterMix (Applied Biosystems), 0.25
lM of each primer, and 5 ll of 10-fold diluted cDNA. The ther-
mocycler procedure was as follows: 10 min of preincubation at
95�C, followed by 40 cycles for 15 s at 95�C and for 1 min at
60�C. Transcript levels were expressed as the ratio between the
initial numbers of molecules in the target and the internal control
using the 2−DDCT method.

AUTHOR-RECOMMENDED INTERNET RESOURCES

Multalin website: http://multalin.toulouse.inra.fr/multalin
Prosite website: https://prosite.expasy.org
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