PLOS

OPEN 8 ACCESS Freely available online

SnTox3 Acts in Effector Triggered Susceptibility to
Induce Disease on Wheat Carrying the Snn3 Gene

Zhaohui Liu', Justin D. Faris?, Richard P. Oliver?, Kar-Chun Tan?, Peter S. Solomon®*, Megan C.
McDonald>, Bruce A. McDonald®, Alberto Nunez®, Shunwen Lu? Jack B. Rasmussen’, Timothy L.
Friesen"%*

1 Department of Plant Pathology, North Dakota State University, Fargo, North Dakota, United States of America, 2 USDA-ARS, Cereal Crops Research Unit, Red River Valley
Agricultural Research Center, Fargo, North Dakota, United States of America, 3 Australian Centre for Necrotrophic Fungal Pathogens, Western Australian State Agricultural
Biotechnology Centre, Division of Health Science, Murdoch University, Perth, Western Australia, Australia, 4 Plant Cell Biology, School of Biology, The Australian National
University, Canberra Australian Capital Territory, Australia, 5 Plant Pathology Group, Institute of Integrative Biology, Swiss Federal Institute of Technology (ETH), Zurich,
Switzerland, 6 USDA-ARS, Eastern Regional Research Center, Wyndmoor, Pennsylvania, United States of America

Abstract

The necrotrophic fungus Stagonospora nodorum produces multiple proteinaceous host-selective toxins (HSTs) which act in
effector triggered susceptibility. Here, we report the molecular cloning and functional characterization of the SnTox3-
encoding gene, designated SnTox3, as well as the initial characterization of the SnTox3 protein. SnTox3 is a 693 bp intron-
free gene with little obvious homology to other known genes. The predicted immature SnTox3 protein is 25.8 kDa in size. A
20 amino acid signal sequence as well as a possible pro sequence are predicted. Six cysteine residues are predicted to form
disulfide bonds and are shown to be important for SnTox3 activity. Using heterologous expression in Pichia pastoris and
transformation into an avirulent S. nodorum isolate, we show that SnTox3 encodes the SnTox3 protein and that SnTox3
interacts with the wheat susceptibility gene Snn3. In addition, the avirulent S. nodorum isolate transformed with SnTox3 was
virulent on host lines expressing the Snn3 gene. SnTox3-disrupted mutants were deficient in the production of SnTox3 and
avirulent on the Snn3 differential wheat line BG220. An analysis of genetic diversity revealed that SnTox3 is present in 60.1%
of a worldwide collection of 923 isolates and occurs as eleven nucleotide haplotypes resulting in four amino acid
haplotypes. The cloning of SnTox3 provides a fundamental tool for the investigation of the S. nodorum-wheat interaction, as
well as vital information for the general characterization of necrotroph-plant interactions.
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Introduction

Diseases caused by necrotrophic pathogens are believed to be
distinctly different from those caused by biotrophs where the
pathogen requires a living host to grow and sporulate. The
interaction between biotrophic pathogens and their hosts is
controlled via the interaction of pathogen effector molecules
which, if recognized by the corresponding resistance gene product,
results in localized programmed cell death (PCD) and activation of
plant defense which leads to a resistant or incompatible
interaction. This interaction has been referred to as effector
triggered immunity (ETT) [1]. In contrast, necrotrophic pathogens
induce host cell death during infection. Host-selective toxins
(HSTs) are molecules produced by some necrotrophic fungi that
induce a necrotic reaction and promote a susceptible/compatible
interaction in the host [2]. Most HSTs are small secondary
metabolites and their production is under the control of complex
genetic and enzymatic pathways [3]. But several proteinaceous
HSTs have been identified more recently [4-8].

Stagonospora nodorum, the causal agent of Stagonospora nodorum
blotch (SNB), is a necrotrophic fungus that causes major yield
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losses worldwide by infecting the leaves and glumes of wheat [9—
11]. SNB resistance is quantitatively inherited with little obvious
evidence of an isolate-specific relationship between the pathogen
and the host [12]. Early research on SNB indicated that resistance
was mostly controlled by multiple genes located on chromosomes
throughout the genome, with each showing minor association with
disease [13,14].

We recently identified four proteinaceous HST's from S. nodorum
and showed they play an important role in disease development by
interacting with corresponding host sensitivity/susceptibility gene
products [14]. One of these HST's, ToxA, is a small proteinaceous
HST produced by approximately 40% of S. nodorum isolates
worldwide and is present in multiple forms in S. nodorum [15].
ToxA interacts with the product of the wheat gene Tsn/ [16] and
fungal strains carrying 7ZoxA are significantly more virulent on
wheat lines carrying 7snl. ToxA is also expressed by the tan spot
pathogen Pyrenophora tritici-repentis [4] and induces necrosis in a
process which involves uptake into the host cytoplasm, transloca-
tion to the chloroplast and disruption of photosynthesis [17].

SnTox] and SnTox2 also appear to be small proteins, though
their encoding genes have not yet been cloned [18,19]. Preparations
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Author Summary

The necrotrophic fungus Stagonospora nodorum produces
multiple toxins that are effective in causing disease on
wheat. Here, we report the characterization of the SnTox3-
producing gene, designated SnTox3, as well as the initial
characterization of the SnTox3 protein. In order to verify
the action of this toxin, we expressed SnTox3 in yeast to
show that SnTox3 encodes the SnTox3 protein which
interacts directly or indirectly with the product of the
corresponding wheat susceptibility gene Snn3. Transfor-
mation of a non pathogenic S. nodorum isolate with
SnTox3 indicated that expression of the SnTox3 gene is
sufficient to render an avirulent isolate virulent in the
presence of Snn3. SnTox3 disruption mutants are deficient
in the production of SnTox3 and consequently are
avirulent on the Snn3 differential wheat line BG220. SnTox3
is present in approximately 60% of a worldwide collection
of 923 isolates. The cloning of SnTox3 provides a critical
tool for the investigation of the S. nodorum-wheat
interaction, but also significantly adds to a necrotrophic
effector system that is an exciting contrast to the
biotrophic effector models that have been intensively
studied.

of SnTox1 and SnTox2 induce necrosis on wheat lines carrying the
toxin sensitivity genes Snnl and Snn2, and fungal isolates producing
these toxins are more virulent on wheat lines carrying Snn/ and
Snn2, respectively. The presence of these toxins also varies between
isolates and the strain Sn79-1087 appears to produce no toxins at all
and is avirulent on all tested wheat lines [15].

We previously characterized the reaction of a necrosis-inducing
activity that defines a fourth host locus called Snn3. Culture filtrate
fractions of S. nodorum strain Sn1501 were used to define a QTL on
chromosome 5BS in a cross between wheat lines BR34 and
Grandin. SnTox3 is proteinaceous and was reported to be 10—
30 kDa in size [20]. QTL analysis showed that the Sn'T'ox3-Sun3
interaction contributed significantly to disease development [20].

Here we report the molecular cloning of the SnTox3-encoding
gene SnTox3, and show that SnTox3 plays an important role in
disease by interacting directly or indirectly with the product of the
wheat sensitivity gene Snn3. The cloning of Sn7ox3 provides a
critical tool for the molecular and biochemical characterization of
the host-pathogen interaction in the S. nodorum-wheat pathosystem.

Results

Identification of the SnTox3-encoding gene

Progeny line BG220 from the BR34 x Grandin recombinant
inbred population was previously identified as a SnTox3
differential line [20] and was used in identifying and characterizing
this toxin. Jon exchange and size exclusion chromatography was
used for the initial purification of BG220-reactive material as
previously described [20]. A large peak and three smaller peaks
were observed in size exclusion chromatography (Figure S1); the
large peak was associated with SnT'ox3 activity and was analyzed
by SDS-PAGE (Figure 1). The protein gel was visualized as
containing a light band and a dark band within the size range of
6.5 to 32.0 kDa. The light band was estimated at 18.0 kDa and
the darker band was estimated at 13.0 kDa. Mass spectra obtained
from the two bands was used to search the S. nodorum protein
database [11] leading to the identification of two predicted
proteins, SNOG_08981 and SNOG_16063, corresponding to the
light and dark protein bands in the gel, respectively.
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Figure 1. SDS-PAGE image of a size exclusion chromatography
fraction containing SnTox3 activity. Lane 1. Genescript Smart His-
tagged protein standard; Lane 2 and 3, duplicate protein samples of the
size exclusion chromatography fraction 17-12 (Figure S1B); Lane 4. Bio-
Rad pre-stained protein standard. The molecular weight (kDa) of each
protein is labeled and the arrows indicate the two protein bands that
were excised from the gel. The larger band is estimated at 18 kDa and
contains SnTox3.

doi:10.1371/journal.ppat.1000581.g001

PCR amplification revealed that SNOG_16063 was present in all
strains tested whereas SNOG_08981 was absent in the avirulent
isolate Sn79-1087 (Figure S2). Since Sn79-1087 did not produce
BG220-reactive material, this indicated that SNOG_08981 could
correspond to the SnTox3 encoding gene. Further analysis of the
MALDI-TOF/TOF MS and MS/MS spectra of the trypsinized
peptides identified a total of 44% of the predicted immature
SNOG_08981 protein sequence (see Figure S3 for mascot search
results of SNOG_08981). This included the majority of the C-
terminal region but did not include the first 20 amino acids
predicted to be the signal sequence nor did it account for amino
acids 21-72 of the N-terminus (Figure 2).

Genomic context of SNOG_08981

The predicted SNOG_08981 gene was located on the end of
supercontigl4 [11] which is ~1.2 Mb in length and is currently
estimated to harbor 455 genes (Figure 2A, [11], Hane and Oliver,
unpublished). Between SNOG_08981 and the end of the contig is a
~10 kb region of AT-rich sequence. No additional genes are
predicted in this AT-rich region except a polyprotein and a
putative transposase (Figure 2A). Some of the AT-rich sequence is
annotated as part of the Elsa family of degraded retrotransposons
[11]. Of the four genes upstream of SNOG_08981, two of them are
functionally conserved, and the other two are hypothetical genes
based on the genome sequence annotation [11].

SNOG_08981 contains no introns and has no identified
homologs in other fungi

The full-length ¢cDNA of the SNOG_08981 gene was identified
by reverse-transcription and rapid amplification of ¢cDNA ends
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aaagcagtataacgtaagctataagcaaaatgcctatataagtaaaatgcttactctactaactce
tttaagtttctatatatcagattaaataggtttacgagatagaatctaaataatatataataact
taatgca

Figure 2. Genomic location, gene structure and nucleotide and amino acid sequence of SNOG_08981. A. The genomic location and
gene structure of SNOG_08981. Top: Supercontig14 was schematically drawn to show one end containing SNOG_08981 (Gene 1 - light blue-color
filled arrow) as well as the four other SNOG genes (2, 3, 4 and 5, black color filled arrows) present in the flanking region. A large amount of AT rich
sequence closely flanking SNOG_08981 was labeled that contains a polyprotein gene and a putative transposase gene. Below: A close up of a 1.6 kb
genomic region (dash boxed) indicates a single exon, the 5’- and 3'- UTR, and the putative promoter region. B. Nucleotide sequence of a 1.6 kb
genomic region of SNOG_ 089871 (SnTox3) and the deduced amino acid sequence of the SNOG_08981 protein (SnTox3). The underlined
peptide sequence was detected in mass spectrometry. The amino acids highlighted in blue indicate the predicted signal peptide. The six cysteine
residues highlighted in green are predicted to form 3 disulfide bonds. The bold DNA sequence indicates the start codon (ATG), stop codon (TAG) and
the Sall restriction site. DNA sequence highlighted in yellow is UTR and the red highlighted region is a putative TATA box. Bold italicized sequence
indicates the primer sites used to amplify the genomic region for transformation.

doi:10.1371/journal.ppat.1000581.g002
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Figure 3. Southern analysis of SNOG 08981 in S. nodorum and
related fungi. Southern hybridization was performed using a probe
from the full length SNOG_08981 ORF as well as ADNA. Size ladders
include Hyperladder | and ADNA Hindlll fragments. The isolate
designations starting with Sn or SN are S. nodorum isolates, and
Ptr86-124, St975, and Pt-15A, are isolates of Pyrenophora tritici-repentis,
Mycosphaerella graminicola and P. teres, respectively.
doi:10.1371/journal.ppat.1000581.g003

(RACE). The gene comprises an 80 bp 5’ UTR, a 146 bp 3’ UTR
and a single exon of 693-nucleotides encoding a protein with 230
amino acids (Figure 2A and B). A putative TATA box was located
95 bp upstream of the start codon whereas no obvious CAAT box
was identified (Figure 2B).

The SNOG_8981 cDNA sequence identified was different from
that found in the genome database (http://www.broad.mit.edu/
annotation/genome/stagonospora_nodorum). The genome se-
quence archives at this region were retrieved to perform re-
assembly and the difference was shown to be due to an error in the
sequence assembly. The reassembled sequence fully matched our

Cloning SnTox3 in S. nodorum

cDNA sequence. The corrected SNOG_08981 sequence was
submitted to NCBI as Genbank accession number FJ823644.
Using the SNOG_08981 ORF sequence in BLASTN or BLASTX
searches of the NCBI nr database, no significant similarity to
sequences from other organisms was detected. The S. nodorum
hypothetical protein, SNOG_10812, was the only hitin a BLASTX
search with a score at 67.0 bits and an E-value at 1e-09. Other hits
were obtained but were identified at E-values greater than 0.1.

Southern analysis of SNOG_08981 in S. nodorum strains

Using the full-length gene as a probe, Southern analysis of
genomic DNA from a small sub-set of S. nodorum isolates indicated
that the SNOG_08981 gene was present as a single copy gene in six
of the eight S. nodorum virulent isolates, but absent in the other two
virulent isolates, as well as the avirulent isolate (Figure 3). All
SNOG_08981-containing isolates showed the same size hybridizing
band as SN15 except for the Danish isolate SnCP2052 where a
larger band, suggests there is sequence variation flanking
SNOG_08981 in this isolate (Figure 3).

The detectable toxin activity from different S. nodorum isolates
was summarized in Table 1. The six S. nodorum isolates found
containing SNOG_08981 were also known to produce Sn'Tox3 in
culture (Table 1). The SNOG_08981 probe did not hybridize to the
virulent isolates Sn2000 [18,21], or Sn50; accordingly, culture
filtrates from these strains were also unable to induce necrosis on
BG220 indicating Sn2000 and Sn50 do not produce SnTox3
(Table 1). Sn2000 has been used in QTL analysis in the BG
population and no QTL associated with disease susceptibility was
identified at the Snn3 locus [21,22]. However, these two isolates
produce SnToxA, SnTox1 and/or other toxins, which make them
virulent on wheat lines carrying either 7sn/ or Sunl or both
[15,18,21] (unpublished data).

@ PLoS Pathogens | www.plospathogens.org

Table 1. Fungal isolates or strains used in the yeast expression, SnTox3 transformation, SnTox3 disruption, protein haplotypes
analysis, and Southern hybridization.
Isolate or strain' Origin/Resource Toxin detectable in the culture’ SnTox3* References
SnToxA SnTox1 SnTox2 SnTox3

Sn4 ND, USA + + + + Friesen, et al. unpublished
Sn15 Australia + ? + + + [15]
Sn1501 OH, USA - ? + + [20]
Sn50 ND, USA + ? + = = Friesen, et al. unpublished
Sn2000 ND, USA + + - - - [18,21]
SnCP2052 Denmark + ? + + + Friesen, et al. unpublished
Sné ND, USA + ? + + + [19]
SnOH69-1 OH, USA = ? + + + Friesen, et al. unpublished
ARKW40 AKUSA ? ? ? ? + [39]
KZ3.4.10 Kazakhstan ? ? ? ? + [39]
Sn79-1087 ND,USA - - - - - [15]
Sn79+SnTox3A This study = = = + + This study
Sn79+SnTox3B This study - - - + This study
Sn1501ASnTox3A This study - ? - - This study
Sn1501ASnTox3B This study - ? — - This study
Sn1501Ect This study = ? + + This study
Sn1501 and SNOH69-1 were provided by Dr. Pat Lipps, Ohio State University; the avirulent isolate Sn79-1087 was provided by Dr. Joseph Krupinsky, retired, Northern

Great Plains Research Laboratory USDA-ARS, Mandan, ND, USA.
:'Toxin activity is detectable (+), not detectable (—) or not tested (?).
*Identifies the presence (+) or absence (—) of the SnTox3 (SNOG_089871) gene in isolates or strains.
doi:10.1371/journal.ppat.1000581.t001
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Gene expression of SNOG_08981 is maximized at the

early stages of infection

SNOG_08981 expression was examined at three, five, seven, and
ten days post-infection on the Sn'T'ox3 sensitive wheat c.v. ‘Amery’
using quantitative real time RT-PCR. The transcription levels of
SNOG_08981 were maximal at three days post infection coinciding
with the hyphal proliferation and the onset of lesion development
on the leaf (Figure 4). Transcription levels were significantly
reduced from five days post-infection which coincided with a
transition from hyphal proliferation to asexual sporulation. This
observation was essentially confirmed with microarray analysis of
the S. nodorum transcriptome at the same post-infection time points
(data not shown).

Heterologous expression of SNOG_08981 in Pichia
pastoris

A yeast expression construct containing the full-length cDNA of
SNOG_08981 was transformed into P. pastoris. The culture filtrate
from positive yeast clones were harvested and used to infiltrate the
toxin differential lines BG261 (SnToxA-sensitive; Tsn/), BG223
(Sn'Tox2-sensitive; Snn2), and BG220 (SnTox3-sensitive; Snn3) as
well as parental lines BR34 and Grandin [15,19,20]. The culture
filtrates produced a necrotic reaction on Grandin (Snn3) and
BG220 (Snn3), but not on BR34 (snn3), BG261 (snn3) and BG223
(snn3) (Figure 5). The culture filtrate from the yeast transformed
with an empty vector (negative control) did not induce necrosis on
any of the differential lines (Figure S4). All BG lines sensitive to
partially purified Sn'T'ox3 [20] were also sensitive to SNOG_08981
transformed yeast culture filtrates, and thereby the sensitivity was
mapped to the Sun3 locus on wheat chromosome arm 5BS in the
BG population as previously described [20]. This strongly
indicates that SNOG_08981 is the SnTox3-encoding gene and
therefore we designated it as Sn7Tox3.

SnTox3 renders an avirulent S. nodorum strain virulent in
host lines containing Snn3

Culture filtrate of S. nodorum isolate Sn79-1087, which was
isolated from a wild grass, produces no necrosis on any wheat line
we have studied. Furthermore it is completely avirulent to all
wheat lines that have been tested. Expression of 7ox4 in Sn79-
1087 rendered it pathogenic on BG261 and made it capable

25

Tox3/Act1
2 & S

L4, ]
A

o

3 5 7 10
Days post infection

Figure 4. Expression pattern of SnTox3 in planta. The expression
level of SnTox3 was examined and compared to that of the ActT gene at
3, 5,7 and 10 days after inoculation. The x axis shows the number of
days post-infection. The y axis represents relative gene expression levels
normalized to Actl. Standard error bars are shown.
doi:10.1371/journal.ppat.1000581.g004
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Figure 5. Toxin bioassay of the Pichia pastoris X33 strain
transformed with SNOG_08981. Leaves of toxin differential and
parental lines, including BR34, Grandin, BG261, BG220 and BG223 were
infiltrated with culture filtrate from P. pastoris X33 transformed with
SNOG_08981. Wheat lines containing Snn3 (Grandin and BG220) were
sensitive whereas lines not containing Snn3 (e.g. containing snn3)
(BR34, BG261, and BG223) were insensitive.
doi:10.1371/journal.ppat.1000581.g005

of producing active ToxA [15]. A fungal transformation
construct containing the genomic region of the Sn7ox3 gene
and the hygromycin B resistance gene was transformed into
Sn79-1087. Two putative transformants, Sn79+SnTox3A and
Sn79+SnTox3B were selected and analyzed for Sn7ox3 gene
integration, toxin production, and virulence change compared to
the wild type. Southern analysis using the Sn7ox3 full-length
cDNA as a probe showed that the Sn79+SnTox3A and
Sn79+SnTox3B transformants harbored at least two and one
copies of SnTox3, respectively. Both transformants contained the
same size restriction fragment (~7.0 kb) suggesting that one of
the Sn7ox3 integrations was present in the same place in the
Sn79-1087 genome (Figure 6A). RT-PCR also confirmed the
transcription activity of Sn7ox3 in the two transformants
(Figure 6D).

Culture filtrates of Sn79-1087, Sn79+SnTox3A and
Sn79+SnTox3B were infiltrated into BG220. Necrosis was not
induced using the wild type Sn79-1087 strain, whereas the two
transformants caused a strong necrotic reaction (Figure 7A).
Culture filtrates from the two transformants were also infiltrated
into all 118 RI lines in the BG mapping population to verify that
sensitivity mapped to the Snn3 locus. As expected, sensitivity to
culture filtrates of both transformants in the BG population was
conferred by a single gene and mapped to chromosome arm 5BS
at the Snn3 locus [20]. This provides additional evidence that
SNOG_08981 is responsible for the production of SnTox3.

To test if the addition of Sn7ox3 changes the specificity of
Sn79-1087, the conidia from strain Sn79+Tox3A were harvested
and used to inoculate the BG differential lines as well as BR34
and Grandin. This isolate caused typical S. nodorum lesions on
Grandin and BG220 which contain Sun3 (Figure 7B). No visible
lesions were observed on the snn3 lines BR34, BG261 and
BG223. This isolate was further inoculated onto the entire BG
population and QTL analysis showed that the Snn3 locus
explained the majority of the variation in susceptibility (59%)
to the fungus and no other QTL was identified (Figure 8). From
these data, we can conclude that the addition of the Sn7ox3 gene
1s sufficient to change an avirulent S. nodorum strain into a virulent
strain by inducing effector triggered susceptibility on host lines
containing Snn3.
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Figure 6. Molecular characterization of SnTox3 transformation in Sn79-1087 and disruption in Sn1501. A. Verification of the SnTox3
transformation into Sn79-1087 and disruption in Sn1501 using Southern analysis. Genomic DNA from the avirulent isolate Sn79-1087 and
its two SnTox3 transformed strains Sn79+SnTox3A and Sn79+SnTox3B were digested with Xhol. The virulent SnTox3 containing isolate Sn1501 and its
two SnTox3-disrupted strains Sn1501ASnTox3A and Sn1501ASnTox3B as well as a strain with an ectopic integration, Sn1501Ect, were digested with
EcoRl. The blot was probed with a full length SnTox3 cDNA. The two red dots indicate the bands of 7.5 kb and 3.0 kb specifically present in the
SnTox3-disrupted strains (see Figure 7B). A 7.9 kb band is present in the wild type and ectopic strain. More ectopic insertions were detected by
southern in Sn1501ASnTox3A and Sn1501Ect, compared to Sn1501ASnTox3B. B. SnTox3 disruption strategy in Sn1501. The SnTox3 gene in
Sn1501 was disrupted by insertion of the hygromycin B resistance gene (orange bar) into a Sall restriction site located in the center of the SnTox3
gene. A ~1.2 kb genomic region of SnTox3 (black bar) amplified with primers 8981g1F_Xbal and 8981g1R_Xbal was cloned and then linearized with
Sall. The linearized vector was re-ligated with a cpc-1:HYG :tryptophan c cassette that was released from the pLP605KO vector [51] using the restriction
enzyme Xhol. The resulting vector was linearized via Xbal before transformation into Sn1501 protoplasts. The disruption of SnTox3 can be identified
using primers 8981g0F with HY and verified by primers 8981g1F and 8981g1R. C. PCR screening and verification of SnTox3-disrupted
mutants in Sn1501. The primer 8981g0F (gOF) located outside of the ~1.2 kb region along with primer HY amplify a ~2.9 kb fragment in strains
which have SnTox3 disrupted by the insertion. No amplification is observed in wild type and ectopics. The primers 8981g1F1 (g1F) and 8981g1R (g1R)
amplify a ~1.2 kb fragment in the wild type and ectopic strains indicating the SnTox3 gene remains intact, while they amplify a ~3.8 kb fragment
(~1.2 kb of SnTox3 region plus ~2.6 kb of cpc-1:HYG :tryptophan c cassette) in the SnTox3-disrupted strains. D. RT-PCR verification of different
mutated strains. The primers 8981cF and 8981cR which amplify the SnTox3 ORF region were used to test the presence of transcripts of SnTox3 in
different isolates and genetically modified strains including Sn79-1087 and its two transformed SnTox3+ strains (Sn79+SnTox3A and Sn79+SnTox3B)
and Sn1501 and its two SnTox3-disrupted strains Sn1501ASnTox3A and Sn1501ASnTox3B along with the ectopic transformant Sn1501Ect. The S.
nodorum actin gene [49] was used as an internal control and water was used as a PCR negative control.

doi:10.1371/journal.ppat.1000581.9006
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Figure 7. Toxin bioassay and virulence analysis of the SnTox3 genetically modified strains. A. Toxin bioassay of Sn79-1087 with its
two transformed SnTox3+ strains Sn79+SnTox3A and Sn79+SnTox3B. Leaves of BG220 (SnTox3 differential line) were infiltrated with culture
filtrates of Sn79-1087 wild type, Sn79+SnTox3A and Sn79+SnTox3B and photographed 3 days after infiltration showing culture filtrates from the wild
type isolate did not induce necrosis while the strains transformed with SnTox3 (Sn79+SnTox3A and Sn79+SnTox3B) induced necrosis. B. Virulence
of the SnTox3 transformed strain Sn79+SnTox3A. Conidia from Sn79+SnTox3A were inoculated onto BR34, Grandin, BG220, BG261 and BG223
showing this strain was virulent on Grandin and BG220 which harbors Snn3, while it remained avirulent on BR34, BG261, and BG223 which harbors
snn3. C. Toxin bioassay of SnTox3 disrupted strains. Leaves of BG220 (Snn3) were infiltrated with culture filtrate of Sn1501 wild type,
Sn1501ASnTox3A, Sn1501ASnTox3B, and the ectopic strain Sn1501Ect and photographed 3 days after infiltration. Culture filtrates from the wild type
and ectopic strains were able to induce necrosis while those from the two SnTox3-disrupted strains were unable to induce necrosis. D. Virulence
comparison of Sn1501 wild type and the Sn7ox3 disrupted strains on BG220 (Snn3). Inoculation of conidia from Sn1501 wild type,
Sn1501ASnTox3A, Sn1501ASnTox3B and Sn1501Ect were inoculated onto BG220 (Snn3) showing the loss of virulence of SnTox3 disrupted strains on
the SnTox3 differential line BG220.

doi:10.1371/journal.ppat.1000581.g007
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Figure 8. Interval map of chromosome 2D (Top) and 5B
(bottom). The map shows QTL of susceptibility associated with Snn2
and Snn3 loci in the BG population after being inoculated with
genetically modified fungal strains. Strains are depicted by different
colors as indicated. A centiMorgan scale is on the left of the map and
markers are shown in their relative position along the right. An LOD
scale is shown along the x axis, and the critical LOD threshold of 3.0 is
indicated by the dotted line.

doi:10.1371/journal.ppat.1000581.9g008

SnTox3-disrupted virulent isolates are reduced in
virulence specific to Snn3 wheat lines

SnTox3 was disrupted in Sn1501, a strain which is deficient in
the SnToxA gene but contains SnTox3 (Figure 3) and produces
SnTox3 (Table 1). As SnTox3 is closely linked to a large region of
retrotransposon-related elements (Figure 2A), a gene replacement
knockout strategy was unavailable. Instead we inserted the
hygromycin B resistance gene (H1G) cassette into the Sn7ox3
coding region to construct a gene disruption vector (see Material
and Methods for vector construction). In this vector, the HYG
cassette was flanked by ~700 bp of Sn7ox3 5’ region at one end
and ~500 bp of Sn7ox3 3’ region at the other (Figure 6B). Two
sets of primers: 8981g0F and HY, 8981glF and 8981gIR were
used to screen and verify transformants (see Figure 6B for primer
locations and Table S1 for sequence). Three out of 68 resulting
strains contained the disrupted Sn7ox3 cassette, whereas the
remaining 65 transformants harbored ectopic integrations. Two of
the SnTox3-disrupted strains, designated Snl1501ATox3A and
Sn1501ATox3B, and one ectopic strain, designated Sn1501Ect,
were selected for further analysis. PCR, Southern blotting and
RT-PCR confirmed the gene-disruption (Figure 6A, 6C and 6D).

The culture filtrates of four strains were tested on the SnTox3
differential line BG220 and the results showed that the wild type
(Sn1501) and ectopic transformants (Sn1501Ect) were able to
produce SnTox3. The two strains harboring the mutated Sn7ox3
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did not produce active SnTox3 i vitro, suggesting that Sn'Tox3 was
non-functional in these two mutants (Figure 7C). Sn1501 wild
type, Sn1501ASnTox3A, Sn1501ASnTox3B, and Snl501Ect
were inoculated onto the SnTox3 differential line BG220.
Sn1501 and Snl501Ect induced typical lesions on BG220,
whereas only small white flecks were present without any visible
lesions on the leaves inoculated with Sn1501ASnTox3A and
Sn1501ASnTox3B, indicating the mutants were avirulent on
BG220 (Figure 7D). Compared to the wild type, the two Sn7ox3-
disrupted strains also showed decreased virulence toward the
parental line Grandin which also contains Snn3; however, SnTox3
disruption did not change the reaction towards parental line BR34
or the SnToxA and SnTox?2 differential lines BG261 and BG223
respectively, which do not harbor Sun3 (Figure S5).

The four strains Sn1501, Sn1501ASnTox3A, Sn1501ASnTox3B,
and Sn1501Ect were also inoculated onto the entire BG population
in order to quantify the effect of the Sn'Tox3-S$#n3 interaction using
QTL analysis. For wild type Sn1501, as previously reported [20],
significant QT'Ls were detected on the distal end of chromosome
2DS and 5BS which corresponded to Snn2 (SnTox2 sensitivity) and
Snn3, respectively. The Snn2 and Snn3 loci explained 46% and 10%
of the variation in disease, respectively. The same two QTLs with
similar effects (46% and 13%) were found to be associated with
susceptibility to the Sn1501Ect strain. For the two Sn7ox3-disrupted
strains Sn1501ASnTox3A and Sn1501ASnTox3B, QTL analysis
showed that the S7n2 locus explained 60 and 64% of the variation,
respectively, and the effects of the Snn3 locus were not significant
(Figure 8) showing that Sn'Tox3 specifically interacts with Snn3 and
the loss of SnTox3 does not negatively affect the SnTox2-Snn2
interaction. Together, these results demonstrate that Sn7ox3 codes
for the Sn'Tox3 protein which plays a significant role in disease on
lines carrying the wheat HST-sensitivity gene Snn3.

Preliminary characterization of the SnTox3 protein

The predicted SnTox3 pre-protein contains 230 amino acids
with a calculated mass of 25.85 kDa. SnTox3 activity was detected
in culture filtrates and both SignalP 3.0 (http://www.cbs.dtu.dk/
services/SignalP/) and WolfPsort (http://wolfpsort.org/) signal
peptide prediction software predicted that the first 20 amino acids
are a signal peptide (Figure 2) necessary for the secretion of the
protein.

SnTox3 contains six cysteine residues. Using DISULFIND at
the website of PredictProtein (http://www.predictprotein.org), six
cysteine residues in the SnTox3 protein were predicted to form
three disulfide bonds with a confidence level of 9 (0-9 scale)
(Figure 2B). The best connectivity pattern based on the prediction
is G89-C209, C154-C203, and C166-C218. These disulfide
bridges may play an important role in the stability of the protein.
Dithiothreitol (DTT) treatment of P. pastoris SnTox3 culture
filtrates eliminated necrotic activity (Figure 9) suggesting the
importance of at least one of the disulfide bonds in SnTox3
activity.

Diversity and function of SnTox3 in global S. nodorum
populations

A total of 923 samples were collected from eight major
geographical regions and were screened for presence/absence of
SnTox3 using PCR. The SnTox3 deletion frequencies ranged from
3.51% in Awustralia to 61.7% in the Middle East, with a global
deletion frequency of 39.9% (Table S2). Dot Blot Hybridization,
with a subset of isolates, confirmed that isolates with no PCR
amplicon did not contain a copy of Sn7ox3

Sequence diversity of Sn7ox3 was assessed by sequencing the
gene for 245 1solates. Eleven nucleotide haplotypes were identified
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Figure 9. SnTox3 activity is sensitive to Dithiothreitol (DTT).
Leaves of BG220 were infiltrated with culture filtrates of P. pastoris
expressing SnTox3 that had been treated for 2 h with 0 mM, 5 mM and
10 mM DTT.

doi:10.1371/journal.ppat.1000581.9g009

which encoded four amino acid sequences (Table S2). Nucleotide
diversity was estimated using the pair-wise difference measurement
Pi [23] and shown in Figure 10. There were 9 synonymous and 8
non-synonymous substitutions across 654 nucleotide sites. Isolates
Sn4, SnCP2052, ARKW40, and KZ3.4.10 were used to amplify
and clone Sn7ox3 alleles representing protein variants 1, 2, 3, and
4, respectively. The amino acid differences for the four protein
variants are shown in Figure 11. Protein variant 1 composed 66 %
of the sequenced isolates followed by protein variant 2 which
composed 31% of the sequences. Protein variant 1 was used in the
P. pastoris expression experiments described earlier, but the other
three protein variants were also heterologously expressed in P.
pastoris and were all found to induce necrosis on the SnTox3
differential line BG220 (Figure 11, Table S2).

Discussion

Until recently, the S. nodorum-wheat pathosystem was thought
to be based on the interaction of a suite of non-specific toxins and
cell wall degrading enzymes [24]. No specific variation in
virulence on the host was recognized. Resistance was quantitative
and defined as a plethora of mostly weak and environment-
specific QTL [14]. As a result, breeding for disease resistance was
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Figure 10. Calculation of nucleotide diversity (Pi) at the SnTox3
coding region. The calculations were done using a sliding window of
size 10 with a step size of 5. Pi values of 0 indicate conserved regions of
the gene for all 245 sequenced isolates.
doi:10.1371/journal.ppat.1000581.g010

based on simple phenotypic assessment; no molecular markers
were in use.

The assembly of critical tools including functional genomics,
host mapping populations, and the genome sequence has allowed
the role of pathogen-produced effectors (HSTs) to be revealed. We
previously characterized the SnToxA-Tsn/ interaction in which
some isolates produced different variants of ToxA that interact
directly or indirectly with the product of the wheat gene Tsn! to
produce a necrotic reaction that benefits the pathogen [15]. Three
additional toxin/receptor interactions have been partially charac-
terized [18-20]. Together, these findings have opened up a
rational route to the genetic control of this disease [14,25] where
pathogen produced effectors (HSTs) interact with dominant host
gene products. But in contrast to effector triggered immunity (ETT)
found in many biotrophic systems [26], the end result in the S.
nodorum-wheat interaction is effector triggered susceptibility (ETS).
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Figure 11. The four protein variants of SnTox3 and their biological activity. The different haplotypes of SnTox3 were amplified from the
corresponding representative isolates and expressed in P. pastoris. The unfilled bars represent the complete SnTox3 protein and the number under
the bar shows the position of each sequence variation indicated by pairs of amino acids (the first is the protein variant 1 and the substitution is in
parenthesis). The biological activity of yeast clones expressing each protein haplotype is shown to the right.

doi:10.1371/journal.ppat.1000581.g011
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Proteomic analysis of purified active fractions identified the
candidate gene SNOG_08981. A range of tests presented here
provided convincing and comprehensive evidence that the
candidate gene SNOG_08981 corresponds to Sn7ox3 and that
addition or ablation of SnTox3 changes the specificity of the
corresponding fungal strains on the differential line harboring the
host gene Snn3.

SnTox3 is an intron-free 693 nucleotide gene encoding a
predicted 230 amino acid immature protein. MS and MS/MS
spectra of the digested protein identified 44% of the total
sequence, including amino acids from position 73 to the C-
terminus. The first 20 amino acids make up a predicted signal
sequence that likely serves as a signal peptide for secretion. This is
consistent with the detection of SnTox3 activity in the culture
filtrate of fungal isolates that harbor Sz7ox3. As amino acids 21
through 72 are not accounted for by MS and also SnTox3 was
observed as an ~18 kDa protein on SDS-PAGE, it is likely that
SnTox3 is a pre-pro protein similar to ToxA and that the mature
protein requires the cleavage of an additional N-terminal region
including part or all of amino acids 21 to 72. It is interesting to
note that immediately before the first peptide identified by mass
spectrometry, there are four residues (LSKR) similar to an LRKR
sequence in the effector protein Six1 which is predicted as a Kex2-
like protease recognition site [27]. The calculated molecular
weight for the remainder of the protein is 17.88 kDa similar to
what we observed for Sn'Tox3 using SDS-PAGE. Additional work
is ongoing to verify the N-terminal region of the mature protein.

SnTox3 is a unique protein and presently has no obvious
homology to other proteins present in current protein databases
other than S. nodorum. Many pathogen proteins that are secreted
into host environments containing many plant proteases are rich
in cysteine residues. These cysteine residues often form disulfide
bonds that play a critical role in folding or stability of the protein
[27,28]. Sn'Tox3 contains six cysteine residues which are predicted
to form three disulfide bonds and the loss of SnTox3 activity after
reduction of the protein by DTT treatment indicates that the
formation of at least one disulfide bond is critical for its biological
function.

SnTox3 is expressed at high levels especially early in infection as
well as in culture. The in planta transcription profile is similar to
that of ToxA [15]. It is consistent with a model whereby the role of
SnTox3 is to induce necrosis in susceptible host cells ahead of
tissue colonization. Once the host tissue becomes necrotic, it is
appropriate that Sn7ox3 expression is reduced as the fungus
prepares to disseminate via sporulation.

In the assembled S. nodorum genome, SnTox3 is located on the
end of supercontig 14 (~1.2 Mb), however it is not clear whether
this supercontig constitutes an entire chromosome. Although
SnToxA lies in the middle of a very short supercontig (supercontig
535, ~32 Kb), CHEF gel analysis showed it to be in a 2.35 Mb
chromosome [15]. Using Southern analysis of the same CHEF
blot, an SnTox3 probe hybridized to a significantly smaller band
(data not shown), indicating Sn7ox4 and Sn7Tox3 are located in
different chromosomes. It is striking that both Sn7ox3 and Sn7ToxA
are flanked by an AT-rich sequence that contains long terminal
repeat (LTR) retrotransposons [11]. We note that many other
fungal avirulence and HST genes are surrounded by repetitive
DNA. AvrLml and AvrLm6 conferring avirulence in Leptosphaeria
maculans were also found residing in a genomic region rich in LTR
transposons  [29,30]. Similarly, avirulence genes in Fusarium
oxysporum f.sp. lcopersici, were surrounded by repetitive elements
[31,32], and Magnaporthe grisea avirulence genes are also found near
repetitive elements and telomeres [33]. The significance of the
presence of these genes in repetitive regions has yet to be
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determined, but it does suggest another means to identify
candidate genes from sequenced fungal genomes.

Recent research in the area of pathogen effectors and host
recognition has led to the theory that two layers of plant resistance
are present. In the initial layer of plant defense, pathogen or
microbe associated molecular patterns (PAMPs or MAMPs) are
recognized by pattern recognition receptors (PRRs) at the plant
cell surface, leading to PAMP triggered immunity (PTI) [26].
Pathogens can produce effectors to elude or inhibit PTT and these
effectors can then be recognized in a second layer of host defense
known as effector triggered immunity [26]. In this second layer of
defense, the plant receptors are typically nucleotide binding-
leucine rich repeat (NB-LRR) proteins which trigger resistance
after direct or indirect recognition of the corresponding pathogen
produced effector. Interestingly, two recent discoveries of host
genes involved in HST susceptibility have been shown to be in the
NB-LRR family [34,35].

The . nodorum-wheat interaction is a necrotrophic pathogen
system where, like many necrotrophic systems, the pathogen
induces cell death via HSTs and then thrives on dying tissue,
leading to sporulation of the pathogen. Based on what is known
about the ToxA-Tsnl model, Ptr ToxA and presumably SnToxA
is recognized by the host within a few hours of infiltration [36] and
internalized into the cell [17] followed by a cascade of events
involving host transcription and translation [37,38] leading to a
susceptible response. Evidence suggests that Tsn/, the wheat gene
associated with ToxA sensitivity in the S. nodorum and P. tritici-
repentis systems, is also a member of the NB-LRR family (Faris et
al. unpublished data) implicating another resistance-like gene in
effector triggered susceptibility by a necrotrophic fungus.

In the S. nodorum-wheat interaction, evidence has been shown for
a complex of at least four pathogen-produced effector proteins
each with a distinct corresponding dominant host gene that
confers susceptibility [14], one of which is likely a member of the
NB-LRR gene family. The S. nodorum-wheat interaction is the
inverse of the biotrophic host pathogen model of effector triggered
immunity, in that cell death is favorable to pathogen virulence
rather than to host resistance. The current work adds strength to
the hypothesis that disease in the SNB system is a result of multiple
effector proteins which, when produced by the pathogen, lead to
effector triggered susceptibility (ETS) rather than effector triggered
immunity (ETT), but possibly via pathways involving resistance-like
genes. This is likely the case in other necrotrophic systems
involving both proteinaceous and non proteinaceous HSTs.

A screen of a global sample of S. nodorum field populations
revealed that 39.9% of tested strains lacked Sn7ox3 and there was
considerable variation in the observed frequency of Sn70x3 among
geographical regions. Very similar findings emerged from an
analysis of Sn7oxA using the same isolates, though Sn7oxd was
deleted in almost two thirds of the tested isolates [39]. Data for
both toxins were obtained from 849 of the field isolates; 164
1solates tested positive for both toxins, while 293 isolates had
neither toxin. The latter finding suggests that these two toxins are
not required for pathogenicity and that additional toxins or other
factors are likely to be active in modern field populations of S.
nodorum. The remaining isolates carried only one out of the two
toxins discussed above. For Sn7Tox4 we hypothesized that the
frequency of the gene in S. nodorum populations reflected the
frequency of the Tsnl sensitivity gene in the corresponding wheat
populations [15,39]. Some evidence to support this hypothesis
came from recent work in Australia where all of the tested S.
nodorum 1solates carried ToxA. Oliver et al. [40] showed that more
than 90% of modern Australian wheat cultivars carry the
corresponding 7snl sensitivity allele. We propose the same
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mechanism to explain the observed differences in Sn7ox3
frequencies among regional populations, with frequencies of
SnTox3 reflected by the frequencies of Snn3 in the corresponding
wheat populations. Sequence analysis of SnTox3 loci revealed
diversity at both the nucleotide and amino acid level that was
similar to that observed for Sn7oxA [39]. SnTox3 was sequenced
from 245 isolates. Two of the protein variants comprised
approximately 97% of the isolates, with the other two variants
being rare. All four proteins exhibited full biological activity, and
thus virulence, on wheat varieties carrying Snn3.

The availability of SnTox3 will allow wheat geneticists and
breeders to use SnTox3 to identify and eliminate Sun3 in
germplasm. Sn70x3 is only the second gene cloned from the
SNB system that encodes a proteinaceous necrosis inducing toxin
and therefore can be used in conjunction with Sn7ox4 to continue
to evaluate the mechanism by which S. nodorum infects wheat. This
susceptibility inducing effector protein is one of only a handful of
proteinaceous HST's identified and therefore is a valuable addition
to the expanding body of knowledge specific to necrotrophic plant
pathogen interactions, especially in the important Dothideomycete
class. On a broader level, the cloning of Sn70x3 provides an
additional tool to investigate how necrotrophic fungi benefit from
susceptibility-inducing effector proteins.

S. nodorum is a member of the Dothideomycete class of fungi
which is a newly classified and large fungal taxon including many
important necrotrophic pathogens [41]. In addition to S. nodorum
and P. tntici-repentis, proteinaceous HSTs have recently been
reported from other Dothideomycete species [6-8]. It is possible
that multiple interactions similar to the S. nodorum-wheat
interaction are also present in other Dothideomycete disease
systems. As the first Dothideomycete species to be sequenced, S.
nodorum may serve as a model to study the necrotrophic pathogen
lifestyle including the interaction with its host.

Materials and Methods

Plant materials

A population of recombinant inbred (RI) lines derived from a
cross between the Brazilian hard red spring wheat (HRSW)
breeding line BR34 and the North Dakota HRSW variety
‘Grandin’ was developed and provided by Dr. James A. Anderson,
University of Minnesota. This population, consisting of 118 F;.,q
lines, segregates for both toxin and disease reaction to S. nodorum.
Parental line BR34 is toxin insensitive and disease resistant and
Grandin is toxin sensitive and disease susceptible. Several BG RI
lines have been selected as toxin differential lines including BG261
(Sn'ToxA sensitive only, [15]), BG223 (SnTox2 sensitive only, [19])
and BG220 (SnTox3 sensitive only, [20]). The entire population,
with parental lines and selected toxin differential lines were used in
this study for testing toxin production and/or virulence of different
genetically modified P. pastoris and S. nodorum tungal strains along
with wild type strains or isolates. All plants were grown in plastic
cones containing SB100 professional grow mix (Sungrow Horti-
culture, Dellevue, WA) in the greenhouse at an average
temperature of 21°C with a 14-h photoperiod.

Toxin bioassay and fungal inoculation

Toxin bioassay and fungal inoculation were conducted at the
two- to three-leaf stage following the procedures previously
described [15]. For toxin bioassays, the necrotic reaction was
recorded as either sensitive or insensitive based on the presence or
absence of necrosis in the infiltrated area. For fungal inoculation,
disease ratings followed the 0-5 disease scale developed by Liu et
al. [21] with 0 being highly resistant and 5 highly susceptible. T'wo
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replicates of at least three plants of each line were evaluated for
toxin sensitivity and three replicates of three plants of each line
were evaluated for fungal inoculation. An overall average from the
three replicates was calculated and used in statistical analysis.

Purification of SnTox3

SnTox3 was partially purified and characterized as described in
Friesen et al. [20] using S. nodorum isolate Sn1501. Recently the
highly virulent North Dakota S. nodorum isolate Sn4, was identified
as a better toxin producer, therefore this isolate was used for
production of SnTox3. Culture filtrate production and partial
purification was done as described by Iriesen et al. [20] with some
modifications. Briefly, initial purification steps were conducted
using the AKTA prime plus (GE Healthcare, Piscataway, NJ)
liquid chromatography system. In order to obtain enough protein
for mass spectrometry, ~300 ml of 3 week old fungal culture
filtrate was dialyzed overnight against a water using a 3.5 kDa
molecular weight cutoff dialysis tubing (Fisher Scientific, Pitts-
burgh, PA). The dialyzed culture filtrate was loaded onto a HiPrep
SPXL 16/10 cation exchange column (GE Healthcare Piscataway,
NJ) after pre-equilibration with the same buffer used in dialysis.
After loading the sample, the column was washed with 50 ml of
20 mM sodium acetate buffer pH 5.0 followed by a gradient
elution of 0-300 mM sodium chloride plus 20 mM sodium acetate
pH 5.0 at a flow rate of 5.0 ml/min over 20 min. The 5 ml
fractions were collected and tested on the SnTox3 differential line
BG220. The most active fraction was used for size exclusion
chromatography using a HilLoad 16/60 Superdex 30 prep-grade
gel filtration column. The sample was injected using a 5 ml loop
and 20 mM sodium acetate, 50 mM NaCl, pH 5.0 running buffer
was used with a flow rate of 1 ml/min and a fraction size of 5 ml.
The size-based fraction containing SnTox3 was further separated
using SDS-PAGE gel electrophoresis. The sample was loaded into
a precast 16.5% tris-tricine polyacrylamide gel (Bio-Rad, Hercu-
les, CA) and subjected to electrophoresis in a Bio-Rad Mini
PROTEAN 3 system (Bio-Rad, Hercules, CA) using the buffer
system of Shagger and von Jagow [42]. The gel was stained with
Coomassie Blue solution (0.2% Coomassie Blue R250, 7.5% acetic
acid and 50% ethanol) to visualize the protein bands. Based on a
pre-stained protein standard (Bio-Rad, Hercules, CA), the bands
within the expected size range (10-30 kDa) were excised
individually from the gel and subjected to mass spectrometric
analysis.

Mass spectrometry and identification of the SnTox3-

encoding gene

Matrix-assisted laser desorption/ionization mass spectrometry
with automated tandem time of flight fragmentation of selected
ions (MALDI-TOF/TOYF) of trypsin digested proteins were
acquired with a 4700 Proteomics Analyzer mass spectrometer
(Applied Biosystems, Framingham, MA) in the positive reflectron
mode. Spectra were obtained by averaging 1000 and 2500
acquired spectra in the MS and MS/MS mode, respectively. Post
source decay fragmentation MS/MS spectra of selective peptides
were obtained with 1 keV acceleration voltage. Conversion of
TOF to mass (Da) for the monoisotopic ions, [M+H]*, was based
on calibration of the mstrument with a peptide standard
calibration kit (Applied Biosystems). The MS and MS/MS spectra
were combined and searched against the sequence of the S. nodorum
protein database (http://www.broad.mit.edu/annotation/genome/
stagonospora_nodorum) using the Mascot (Matrix Science, Inc.
Boston, MA) search engine through GPS Explorer Software
(Applied Biosystems) with a 50 ppm and 0.1 Da error tolerance
for MS and MS/MS spectra, respectively, one missed trypsin
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cleavage allowance, oxidation of methionine, and carbamido-
methyl derivatization of reduced cysteine as a variable modifica-
tion. The signal to noise ratio for peak filtering was set to 10 for
MS and 20 for MS/MS. The threshold for proteins from
database searches (MS+MS/MS and MS/MS) was set within a
=95% confidence interval (P=0.05). Protein bands likely
containing SnTox3 were subjected to digestion using Trypsin
Gold, mass spectrometry grade (Promega Co., Madison, WI),
following manufacture procedures and ZipTips protocols for
sample cleaning and spotting in a MALDI plate. Alpha-cyano-
4-hydroxycinamic acid was used as a matrix for mass spectrom-
etry analysis. Using the S. nodorum genome sequence (http://www.
broad.mit.edu/annotation/genome/stagonospora_nodorum), each
identified protein was used to identify the genomic DNA sequence
for the encoding gene, along with its 5" and 3’ flanking region.
Primers for identified genes (SNOG_08981 and SNOG_16063):
8981¢1F with 8981g1R, and 16063g1F with 16063g1R (Table S1)
were designed using the web-based program Primer3 [43] (http://
frodo.wi.mit.edu/). PCR performed with an annealing
temperature of 60°C to verify the presence or absence of each
gene in both virulent and avirulent isolates. Candidate proteins
were subjected to further validation if they were found to be
absent in the avirulent isolate Sn79-1087 and present in both
SN15 and Sn4.

was

Fungal isolates and Southern analysis of the occurrence
of the SnTox3-encoding gene

Nine 8. nodorum isolates, collected from different locations, were
used to investigate the occurrence of the SnTox3-producing gene.
The origin and toxin production of those isolates are listed in
Table 1. Three related fungal species isolates were also included in
this study including: P. feres Pt-15A (obtained from B. Steffenson
Univ. of MN St. Paul, MN USA), P. tntici-repentis Ptr86-124,
(obtained from L. Lamari Univ. of Manitoba, Winnipeg, Canada),
and Mycosphaerella graminicola Str975, (obtained from C. Hollings-
worth, Univ. of MN Crookston, MN USA). Fungal DNA
extractions were carried out as previously described [44,45]. A
total of 5 g of genomic DNA of each isolate was completely
digested with the restriction enzyme EcoRI at 37°C. DNA blotting,
Southern probe preparation, hybridization, and signal detection
were performed as described by Faris et al [46]. The full length
SnTox3 gene, a 693 bp fragment, was PCR amplified from SN15
with primer pair 8981cF and 8981cR (see Table S1 for sequence)
and used as a probe.

SnTox3 full length ¢cDNA amplification and 5’ and 3’
RACE

Total RNA was prepared from Sn4 using TRIzol Reagents
(Invitrogen, Carlshbad, CA) according to the manufacturer’s
protocol and treated with RNase-free DNase I (Promega Madison,
WI). The one step RT PCR kit (Invitrogen Carlsbad, CA)
containing reverse-transcriptase and a DNA 7ag polymerase mix
was used to amplify a full length cDNA of $770x3 using primers
8981cF and 8981cR (Table S1). To make sure there was no DNA
contamination, one control PCR reaction was set up with only Tag
polymerase (New England Biolabs Ipswich, MA). The amplified
fragment was excised from the agarose gel, gel-purified and cloned
into the TopoTA vector (Invitrogen, Carlsbhad CA). To obtain the
5" and 3’ end of the ¢cDNA, 5" and 3" RACE were performed
using the Smart RACE ¢cDNA amplification kit (Stratagene, La
Jolla, CA) according to the instructions in the user’s manual. The
amplified 5" and 3’ RACE fragments were gel-purified and cloned
into the TopoTA vector. All of the plasmids were prepared with
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the plasmid DNA miniprep kit (Qiagen, Valencia, CA) and
sequenced from both directions with M13 forward and reverse
primers. The sequences were then used to assemble the full length
c¢DNA, including the 5" and 3’ untranslated region (UTR) based
on the genomic sequence.

The search of DNA sequence with similarity to SNOG_08981
cDNA was performed using BLASTN [47] and BLASTX [48]
against the public NCBI non-redundant (NR) database (http://
blast.nchi.nlm.nih.gov/Blast.cgi) and the annotated S. nodorum
database at the Broad institute website (http://www.broad.mit.
edu/annotation/genome/stagonospora_nodorum.2/Blast.html).

RNA isolation and quantitative real time Q-PCR

To investigate the transcriptional expression pattern of
SNOG_08981 during infection, SN15 conidia were inoculated
onto the susceptible wheat variety ‘Amery’ and total RNA was
isolated from inoculated leaves at 3, 5, 7 and 10 days after
inoculation. RNA isolation, cDNA synthesis and gene transcript
abundance analysis were performed as previously described [49].
Intron-spanning primers Actinl and ActinR (Table S1) designed
to amplify actin (dctl; Genbank accession number EAT90788)
were used to check all cDNA samples [50] and were shown to be
free of genomic DNA (data not shown). Sn7ox3 expression was
examined using Tox3qPCRF and Tox3qPCRR primers (Table
S1). Actl was used as a constitutively expressed control for the
normalisation of Srn7Tox3 expression using ActingPCRf and
ActingPCRr primers (Table S1). All reactions were performed in
technical duplicates from pooled biological triplicates.

Heterologous expression of SnTox3 in Pichia pastoris

The yeast strain Pichia pastoris X33 and vector pGAPZA for gene
expression were provided in the commercial kit developed for
constitutive expression and purification of recombinant proteins
(Invitrogen, Carlsbad CA). The pGAPZA vector is ~2.9 kb and
contains the Zeocin resistance gene (S ble) as a selectable marker
for use in both E. coli and yeast. The full length of Sn7Tox5 cDNA in
TopoTA was re-amplified with primer pairs 8981cF_FEcoRI and
8981cR_Apal (see Table S1) which contain FEeoRI and Apal
restriction sites, respectively. The re-amplified $Sn70x3 cDNA with
restriction sites was cloned into the TopoTA vector. After
sequencing confirmation for sequence identity, the full length
SnTox3 cDNA was released from the TopoTA vector by digestion
with FcoRI and Apal and directionally cloned into the pGAPZA
vector. The expression constructs were sequenced with the primer
PGAPF and 3'Aox! (see Table S1) for checking the gene identity
and the translation reading frame. At least 5 g of the construct
DNA linearized with BstDI was used for yeast transformation. The
preparation and transformation of competent P. pastoris cells were
done using the Pichia EasyComp kit (Invitrogen, Carlsbad, CA)
following the steps described in the user manual.

Four different positive Pichia clones were selected from the
transformation plate to test toxin expression. Each clone was
picked and cultured in 1 ml YPD liquid medium (1% vyeast
extract, 2% peptone and 2% dextrose) in 15 ml tubes. Since
SnTox3 are expected to be secreted, P. pastoris cells were
centrifuged at 6000 xg for 5 min and the supernatant was used
for testing toxin activity.

Transformation and disruption of the SnTox3 gene
SnTox3 expression vector construction. The previously
published vector, pDAN [15], containing a cpc-1::hygromycin-
resistance gene cassette was used to carry the Sn7ox3 gene for
transformation into the avirulent isolate Sn79-1087. The primer
pair 8981gl1F_Xbal and 8981g1R_Xbal (Table S1) containing an
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Xbal restriction site was used to amplify a ~1.2 kb genomic region
(Figure 2B) of SnTox3 which contained a putative Sn7ox3 promoter
region and terminator. This ~1.2 kb fragment was first cloned
into the TopoTA vector to form the plasmid pTopoSnTox3,
followed by sequence confirmation of the Xbal restriction site and
SnTox3 sequence using M13 forward and reverse primers. The
remaining steps to put SnTox3 into the pDAN vector followed the
same procedure as that used for SnToxA [15]. The resulting
plasmid was screened and verified using the primer pairs
8981g1F_Xbal and 8981glR_Xbal (Table S1).

SnTox3 disruption vector comstruction. Sn7ox3 has a
unique Sall restriction site located near the middle of the ORF
that provides a site for the insertion of the hygromycin-resistance
gene to form the gene disruption vector. The plasmid
pTopoSnTox3 was cut open via Sall digestion and re-ligated
with the hygromycin resistance gene (/1G) cassette which had
been released from the pLP605KO vector [51] using the
restriction enzyme Xhol. The recombinant DNA was
transformed into DHba E. coli competent cells (Invitrogen,
Carlsbad, CA) and screened with PCR using the primer pair
8981glF_Xbal and HY (Table S1). In the recombinant vector, the
SnTox3 fragment was therefore separated by the HYG gene cassette
as ~700 bp of 5" region and ~500 bp of 3’ region (Figure 6B) for
homologous recombination. The whole construct was released
from the TopoTA backbone as a ~3.8 kb fragment using Xbal
before transformation into Sn1501.

Fungal protoplasting and transformation. The fungal
protoplasting and PEG-mediated transformation methods
described by Solomon et al. [45] were used to introduce the
expression vector into the avirulent isolate Sn79-1087 and the
disruption vector into the virulent isolate Sn1501. The regenerated
colonies screened for gene integration using the
corresponding primer pair (8981glF and 8981glR for Sn7ox3
transformation in Sn79-1087, 8981g0F and HY for Sn7ox3
disruption in Snl1501). RT-PCR with primers 8981cF and
8981cR and Southern analysis with full length S$n7ox3 was
performed on the selected transformants to validate Sn7ox3
transformation and disruption. The S. nodorum actin gene primer
[50] was used to amplify the actin gene as an internal control in

RT-PCR.

were

Molecular mapping and QTL analysis

A wheat genetic map containing 787 DNA markers has been
developed in the BG population [52,53]. The marker density of
the maps makes this population ideal for mapping genes and doing
QTL analysis of the S. nodorum-wheat interaction. In this
population, sensitivity to SnToxA, SnTox2 and SnTox3 have
been mapped to wheat chromosome arms 5BL [15,22], 2DS [19]
and 5BS [20], respectively. To verify that SnTox3 has been
produced by genetically modified yeast strains and S. nodorum
isolates the culture filtrate or partially purified toxin prep from the
transformed isolates were infiltrated on the 118 recombinant
inbred lines to map the sensitivity loci and verify that they
correlate with the previously mapped toxin sensitivity loci. One
Sn79-1087 SnTox3 transformant and two Sn1501 Sn7ox3 knockout
transformants were also inoculated onto this population using wild
type and ectopic transformants as controls. The molecular
mapping and QTL analysis in the BG population was performed
as previously described [20].

Prediction of signal peptides and disulfide bonds in
SnTox3 protein

Two web-based programs SignalP 3.0 (http://www.cbs.dtu.dk/
services/SignalP/) and WolfPsort (http://wolfpsort.org/) were
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used to predict the cellular location of SnTox3 and determine the
presence and length of a signal peptide. The protein sequence was
submitted to the website PredictProtein to run DISULFIND [54]
to identify the disulfide bond prediction. To investigate if the
predicted disulfide bonds were important for toxin activity, the P.
pastoris culture containing Sn'Tox3 was treated with Dithiothreitol
(DTT) (Fisher Scientific, Pittsburgh, PA) at two different
concentrations including 5 mM and 10 mM, with water added
as a negative control. The treated culture filtrates were assayed on
line BG220 along with an untreated negative control.

Genetic diversity analysis

PCR amplification was used to screen 923 isolates for the
presence or absence of Sn70x3. PCR primer pairs, 8981cF-R and
8981g1F-R were both used to confirm Sn7ox3 presence. The
annealing temperature of all PCRs was 55°C. Sequencing of the
PCR products was performed with the same primers using an ABI
3730 automated sequencer (Applied Biosystems, Foster City, CA).
Alignment of forward and reverse sequences for each isolate was
performed in SeqScape software V2.5 (Applied Biosystems, Foster
City, CA). The same software was used for translation and
identification of protein haplotypes. Gene diversity (Pi) was
measured using the nucleotide alignment software DNAsp [55].

S. nodorum isolates were obtained from eight major geographical
regions; North America (358), Central America (41), Europe (192),
Iran (47), Australia (57), Central Asia (49), East Asia (107), and
South Africa (74). The location, year of collection and frequency of
SnTox3 deletions is summarized for each population in Table S2.
Each of these populations was characterized previously for Sn7oxA
[39]. Isolation procedures and DNA extractions were performed
according to the procedures described previously [56]. A total of
250 ng of genomic DNA was spotted as per manufacturer
mnstructions using the BioDot Microfiltration Apparatus (BioRAD,
Hercules, CA). Hybridization and signal detection was performed
as previously described [46].

The other three protein variants of SnTox3 were amplified from
a representative isolate and transformed into P. pastoris following the
same procedure described earlier for SnTox3 in isolate Sn4. In
order to test the effectiveness of each toxin variant, culture filtrates
were produced and assayed on the SnTox3 differential line BG220.

Supporting Information

Table S1 Primers used in this study.
Found at: doi:10.1371/journal.ppat.1000581.s001
DOC)

(0.04 MB

Table 82 S. nodorum populations used in the investigation of
genetic diversity of Sn7ox3.
Found at: doi:10.1371/journal.ppat.1000581.s002

DOC)

(0.56 MB

Figure S1 Partial purification of SnTox3 by ion exchange (A)
and size exclusion (B) chromatography. PrimeView software (GE
healthcare, Piscataway, NJ) was used to create chromatogram
graphs with blue and green showing the instant UV absorbance,
and % buffer B (300 mM NaCl), respectively. A. Ion exchange
with a 0 to 300 mM NaCl gradient elution of Sn4 dialyzed culture
filtrates. The Y-axis indicates the UV absorbance (blue line) and
X-axis indicates the fraction number. The fractions containing
SnTox3 activity are indicated by 3 plus (high activity), 2 plus
(moderate activity) and 1 plus (low activity). B. Size exclusion
chromatography of fraction 17 from the previous ion exchange
chromatography. The Y-axis indicates the UV absorbance (blue
line) and the X-axis indicates the fraction number. The fractions
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containing SnTox3 activity were indicated by 2 plus (moderate
activity) and 1 plus (low activity).
Found at: doi:10.1371/journal.ppat.1000581.s003 (0.02 MB TIF)

Figure 82 PCR testing of SNOG_08981 and SNOG_16063
identified from mass spectrometry for presence in Sn79-1087.
The genomic region of two genes were amplified from Sn15 (Lane
1 and 5), Sn4 (Lane 2 and 6), Sn79-1087(Lane 3 and 7) and water
controls (lane 4 and 8) using primer pairs 8981g1F and 8981g1R
for SNOG_08981, 16063g1F and 16063g1R for SNOG_16063 (See
Table S1 for primer sequences). Hyperladder I from Bioline was
used as a size standard. The fragment size from SNI15 was
1,186 bp and 824 bp for SNOG_08981 and SNOG_16063,
respectively.

Found at: doi:10.1371/journal. ppat.1000581.s004 (2.55 MB TIF)

Figure S3 Protein view of SNOG_08981 from the mascot
search report. A. Summary of SNOG_08981 in the mascot search.
B. The deduced amino acid sequence of SNOG_08981. Red
peptides were revealed by the mascot search. C. A list of
SNOG_08981 peptide hits identified by the mascot search.

Found at: doi:10.1371/journal.ppat.1000581.s005 (0.89 MB TIF)

Figure S4 Toxin bioassay of P. pastoris transformed with an
empty express vector. The leaves of BR34 (a), Grandin (b), BG261
(c), BG220 (d), and BG223 (e) were infiltrated with culture filtrates
from a yeast strain transformed with an empty expression vector
and photographed 3 days after infiltration.

Found at: doi:10.1371/journal. ppat.1000581.s006 (3.82 MB TIF)
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Figure 85 Virulence analysis of Sn1501 and its Sn7ox3 disrupted
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(sensitive to SnToxA only) inoculated with Sn1501 wild type (a),
Sn1501ASnTox3A(b) Sn1501ASnTox3B(c) and Sn1501Ect(d); all
four strains are avirulent due to the absence of Sn7ox4 in all
strains. D. BG223 differential line (sensitive to SnTox2 only)
inoculated with Sn1501 wild type (a), Sn1501ASnTox3A(b)
Sn1501ASnTox3B(c) and Sn1501Ect(d); all four strains are equally
virulent due to the presence of Snn2.
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