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Tan spot of wheat, caused by Pyrenophora tritici-re-
pentis (Ptr), results in a yield loss through chlorosis and 
necrosis of healthy leaf tissue. The major objective of 
this study was to compare gene expression in resistant 
and susceptible wheat cultivars after infection with Ptr 
ToxA-producing race 2 and direct infiltration with Ptr 
ToxA proteins. Greenhouse experiments included ex-
posure of the wheat cultivars to pathogen inoculum or 
direct infiltration of leaf tissue with Ptr-ToxA protein 
isolate. Samples from the experiments were subjected 
to RNA sequencing. Results showed that ToxA RNA 
sequences were first detected in samples collected eight 
hours after treatments indicating that upon Ptr con-
tact with wheat tissue, Ptr started expressing ToxA. 
The resistant wheat cultivar, in response to Ptr inocu-
lum, expressed genes associated with plant resistance 
responses that were not expressed in the susceptible 
cultivar; genes of interest included five chitinases, 
eight transporters, five pathogen-detecting receptors, 
and multiple classes of signaling factors. Resistant and 
susceptible wheat cultivars therefore differed in their 
response in the expression of genes that encode chitin-
ases, transporters, wall-associated kinases, permeases, 
and wound-induced proteins, among others. Plants 

exposed to Ptr inoculum expressed transcription fac-
tors, kinases, receptors, and peroxidases, which are not 
expressed as highly in the control samples or samples 
infiltrated with ToxA. Several of the differentially ex-
pressed genes between cultivars were found in the Ptr 
resistance QTLs on chromosomes 1A, 2D, 3B, and 5A. 
Future studies should elucidate the specific roles these 
genes play in the wheat response to Ptr.
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Pathogenic fungi negatively impact crop production 
through qualitative and quantitative reduction in yield, 
through mycotoxin production and tissue necrosis (Singh 
et al., 2016). Necrotic leaf spotting diseases are especially 
damaging to wheat crops (Singh et al., 2016), causing 
leaf tissue death, reducing photosynthetic capacity and 
carbohydrate production. Wheat supplies a large portion 
of the calories for human nutrition (Food and Agriculture 
Organization of the United Nations, 2013), and fungal 
pathogens like Pyrenophora tritici-repentis (Ptr) cause 
some of the most devastating yield-limiting crop diseases 
(Murray et al., 2015). Tan spot (TS) of wheat is caused by 
Ptr and results in up to 50% yield loss in wheat (Rees and 
Platz, 1983). Pathogens like Ptr have evolved ways to hi-
jack plant resistance signaling pathways, facilitating their 
infection and reproduction (Shi et al., 2016). Ptr possesses 
a unique repertoire of toxins (namely Ptr ToxA, Ptr ToxB, 
and Ptr ToxC) that rely on host susceptibility genes for 
infection (Faris et al., 2013). Ptr ToxA moves into wheat 
mesophyll cells to disrupt chloroplast activity and Ptr ToxB 
acts extracellularly (Figueroa et al., 2015). Recognized by 
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brown necrotic lesions surrounded by yellow chlorotic ha-
los as symptoms, Ptr overwinters as pseudothecia on wheat 
residue, dispersal of spores facilitated by wind and periods 
of prolonged moisture (Ciuffetti and Tuori, 1999). Ptr host-
selective toxins (HSTs) cause necrosis and chlorosis in 
susceptible varieties (Ali and Francl, 2003; Lamari et al., 
1998). Variation in Ptr races and wheat cultivar suscepti-
bility has been documented (Ali and Francl, 2003; Lamari 
et al., 1998), with races of Ptr producing between none and 
all three toxins and wheat cultivars varying in sensitivity 
to the toxins. Instead of resistance genes (R genes), wheat 
variation has been attributed to the presence of susceptibil-
ity genes present in many cultivars (Faris et al., 2013). Key 
details regarding the molecular interactions between HST 
and wheat proteins have emerged in recent years (Ciuffetti 
et al., 2010; Faris et al., 2010, 2013; Liu et al., 2017; Man-
ning et al., 2009), stimulating the further elucidation of this 
host-pathogen interaction. 

HSTs are fungal effectors that facilitate infection and 
access to nutrients. Many HSTs have been identified in 
species of the Alternaria and Cochliobolus genera, with ad-
ditional HSTs likely to be found in future research (Petrov 
et al., 2018). To facilitate infection and nutrient extrac-
tion, Ptr produces three HSTs: Ptr ToxA, Ptr ToxB, and 
Ptr ToxC (Faris et al., 2013). Ptr ToxA causes necrosis in 
wheat tissue and evidence supports the hypothesis that the 
Ptr ToxA gene was horizontally transferred from Parast-
agonospora nodorum, another pathogenic fungus of wheat 
that causes Septoria/Stagonospora nodorum blotch (Friesen 
et al., 2006). Ptr ToxA has been shown to move into wheat 
mesophyll cells, possibly as a homodimer, where it localiz-
es to chloroplasts and binds to the ToxA-binding protein-1 
(ToxABP1) and a plastocyanin, leading to chloroplast dis-
ruption, production of reactive oxygen species (ROS), and 
cell death (Manning et al., 2007, 2009; Tai et al., 2007). 
Ptr ToxA contains an RGD-motif that is involved in target-
binding and movement into wheat mesophyll cells, likely 
by receptor-mediated endocytosis (Manning et al., 2008). 
In contrast to Ptr ToxA, Ptr ToxB and Ptr ToxC are both 
native to Ptr and associated with tissue chlorosis (Ciuffetti 
et al., 1998). Ptr ToxB acts extracellularly (Figueroa et al., 
2015), likely through a ligand-receptor interaction that trig-
gers plant signaling and leads to chlorosis. Ptr ToxC is a 
small, nonpolar, non-proteinaceous secondary metabolite 
(Effertz et al., 2002) that has yet to be characterized. Both 
Ptr ToxA and Ptr ToxB lead to interference with photosyn-
thesis and ROS accumulation, indicating similar mecha-
nisms of action even though they differ in structure (Ciuf-
fetti et al., 2010). Several Ptr races have been identified to 
possess various combinations of the three toxins, and vari-

ous wheat cultivars have shown sensitivity to individual 
toxin isolates. Integrated disease management of TS may 
include the use of resistant varieties, fungicide applications, 
crop rotation, and residue removal to limit overwintering 
of inoculum (Ciuffetti and Tuori, 1999). Fungicide applica-
tions and crop rotations, while effective, are expensive and 
inconvenient for farmers. Determination of how TS causes 
disease symptoms, followed by deployment of cultivars 
with durable resistance will provide an economical solution 
to yield loss (Rees and Platz, 1983). 

The main objective of this study was to compare gene 
expression of resistant and susceptible wheat cultivars after 
infection with Ptr ToxA-producing race 2 and direct infil-
tration with Ptr ToxA. Previous studies assessed gene ex-
pression in cultivars after infiltration of Ptr ToxA (Adhikari 
et al., 2009; Pandelova et al., 2009) and the role of suscepti-
bility gene Tsn1, while this study focused on the difference 
between toxin infiltration and pathogen inoculation regard-
ing the genes involved in defense response. This difference 
was of interest to us because plant defense responses are 
not necessarily triggered by pathogenic toxins or effectors, 
being triggered instead by other pathogenic molecules, 
such as fungal chitin. Therefore, we assessed the difference 
in wheat’s response to pathogen inoculation and toxin infil-
tration so as to gain insight into the molecular mechanism. 
Identification of genes triggered by Ptr HSTs will provide 
candidates for assessing why some wheat cultivars resist 
TS symptoms and others develop necrotic lesions. We hy-
pothesize that pathogen inoculation triggers the expression 
of genes not activated by toxin infiltration, thus exhibiting 
a difference in defense gene expression between the resis-
tant and susceptible cultivars. These results will impact the 
development of TS-resistant wheat by informing breeding 
decisions that ultimately influence farmer variety selec-
tion. This will allow us to assess the molecular mechanism 
that underlies Ptr effectors in wheat cells and understand 
which signaling mechanism(s) may lead to the disease. In-
depth understanding of the molecular basis of the wheat-
Ptr pathosystem will be useful in the development of wheat 
cultivars that possess durable resistance to Ptr and other 
necrotic leaf spotting diseases caused by similar pathogens, 
such as P. nodorum. 

Materials and Methods

A workflow diagram outlining the research methodology is 
shown in Fig. 1 (greenhouse experiments on the left panel, 
wet lab RNA-sequencing [RNA-seq] work on the upper 
right and data analysis on the lower right panel). These 
steps are briefly described below. Transcriptomic data from 
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this study were published in BMC Research Note (Andersen 
et al., 2019b).

Wheat cultivar selection and growth. Two cultivars of 
wheat were grown, TS resistant Salamouni and TS sus-
ceptible Glenlea, selected due to their well-established in-
sensitivity and sensitivity to Ptr ToxA, respectively. Seeds 
were germinated in petri dishes on damp filter paper and 
transferred to 3 × 9 cm plastic containers (Stuewe & Sons 
Inc., Tangent, OR, USA) filled with Sunshine Mix 1 soil 
(Sun Gro Horticulture, Agawam, MA, USA). Plants were 
uniformly watered daily with greenhouse conditions of 
16-h light and 8-h dark cycles at 22°C for 14 days prior to 
inoculation/infiltration. 

Ptr inoculation and toxin infiltration. Four treatments 
were used: spray Ptr race 2 inoculum, spray water (control), 
Ptr ToxA injection, and water injection (control). Inoculum 
was prepared following methods described in Abdullah et 
al. (2017). A culture of Ptr race 2 isolate 86-124 was initi-
ated using an agar plug and V8-PDA medium plates (agar 
10 g; potato dextrose agar 10 g; CaCO3 3 g; V8 Juice 150 
ml and 850 ml distilled water) (Lamari and Bernier, 1989). 
Plates were incubated in darkness for 5 days and colonies 
were flooded with distilled water and disrupted. Plates 
were then incubated for 24 h at 22°C in light and then for 
24 h at 16°C to cause production of conidia. The spore 
suspension at 3,000 spores/ml was used to inoculate plants 
with a Preval CO2 pressurized sprayer (http://www.preval.
com) (Ali and Francl, 2001; Jordahl and Francl, 1992). A 
sprayer containing only sterile water was used as a control. 
Toxin infiltration was accomplished using a 10 μg/ml solu-
tion of Ptr ToxA, kindly provided by Dr. Timothy Friesen 
(USDA-ARS, North Dakota State University), and directly 
infiltrating leaf tissue using a needle-less syringe (Faris 
et al., 1996), similarly using sterile water infiltration as a 
control. Inoculated plants were then placed in an automated 
humidity chamber at 100% humidity (misting 16 s/10 min). 
Samples were collected at three timepoints: 0 h, 8 h, and 
16 h, with two biological replicates for each cultivar, treat-
ment, and timepoint. Liquid nitrogen was used to freeze 
the samples, stored at -80°C until RNA extraction could be 
completed.

RNA extraction and sequencing. RNA was extracted 
using the Ambion PureLink RNA extraction kit (Thermo 
Fisher Scientific, Waltham, MA, USA) with Trizol reagent. 
RNA was then purified using DNase to remove any DNA 
contamination and sequenced at Iowa State University us-
ing Illumina HiSEQ 3000 set (Invitrogen, Carlsbad, CA, 

USA) at 100 base pairs with single-end reads. Specific se-
quencing information can be found at the Iowa State Uni-
versity DNA Facility (http://www.dna.iastate.edu/index.
html). Resulting data was made available through FASTQ 
files, which were downloaded from the ISU DNA Facility 
database.

Data analysis. Resulting FASTQ files were checked for 
quality using FASTQC (Andrews, 2010), trimmed using 
Btrim version 0.2.0 (Kong, 2011), and mapped to the Inter-
national Wheat Genome Sequencing Consortium reference 
wheat genome IWGSC.41 (International Wheat Genome 
Sequencing Consortium, 2018) using Hisat version 2.1.0 
(Kim et al., 2015) and Htseq with Python (Anders et al., 
2015). These programs were locally installed in the South 
Dakota State University High Performance Computing 
Cluster and run through a linux terminal. Program default 
settings were used through the trimming and mapping 
of the data. Wheat genomic data was accessed from the 
Ensembl Genomes database (Kersey et al., 2014). The 
Ptr genome was also accessed from Ensembl Genomes 
(ASM14998v1.41; Pt-1C-BFP, Pyrenophora tritici-
repentis Sequencing Project, Broad Institute, http://www.
broad.mit.edu) in order to map any pathogen RNA reads 
that did not map to the wheat genome. The program R 
(The R Foundation, 2013) with the Bioconductor package 
and DESeq2 (Love et al., 2014) were used to assess dif-
ferential expression of genes between samples through the 
assembly of count files which were used to create count 
matrices. Specific raw expression data used are available at 
the FigShare site (Ptr count data: https://doi.org/10.6084/
m9.figshare.8115989.v3; Wheat count data: https://doi.
org/10.6084/m9.figshare.8115992.v3). The DESeq out-
put displayed adjusted P-values for comparisons between 
cultivar, treatment, and timepoint. Genes with adjusted P-
values less than 0.05 were investigated as differentially 
expressed genes. Genes differentially expressed between 
cultivars, treatments, or time points were compiled and as-
sessed based on their sequence annotations and homology 
in Gene Ontology (GO), InterProScan version 5 (Jones 
et al., 2014), and BLAST (Altschul et al., 1990), used to 
predict the general functions and roles in stress response, 
metabolism, development, and various other cellular pro-
cesses. The iDEP program was also used to assess differ-
entially expressed genes in wheat tissue (Ge et al., 2018). 
Differentially expressed gene locations were also compared 
to known resistance QTLs on wheat chromosomes (Kari-
yawasam et al., 2016), to assess potential involvement in 
resistance. Statistics on differentially expressed genes are 
available in Supplementary Table 1 available at https://doi.
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org/10.6084/m9.figshare.12857594. Our ability to identify 
specific genes, as significantly differentially expressed and 
not due to a random variation, was limited by the number 
of replicates used in this exploratory study. All transcrip-

tomic data used in this study (raw FASTQ files) were 
submitted to the Sequence Read Archive (SRA) of the Na-
tional Center for Biotechnology Information (NCBI) site. 
These are available under the submission SUB5368694, 

Fig. 1. Workflow diagram of methods for the tan spot greenhouse RNA sequencing experiment. The experiment was conducted at South 
Dakota State University Young Brothers Seed Technology Laboratory.

Fig. 2. Experimental design to show that wheat Pyrenophora tritici-repentis (Ptr) genes are expressed upon Ptr exposure. (A) Wheat 
cultivars and Ptr races possess various susceptibility genes and effectors, respectively. Ptr race 2 resistant and susceptible cultivars were 
selected to investigate the effect of Ptr ToxA on wheat tissue. (B) Samples were inoculated with Ptr race 2 or infiltrated with ToxA. (C) 
Ptr genes expressed in inoculation samples across all timepoints included ToxA, a major cause of necrosis, showing that Ptr was ex-
pressing ToxA after inoculation.
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Bioproject PRJNA529906 (https://identifiers.org/ncbi/in-
sdc.sra:SRP189899) (Andersen et al., 2019a). 

Results

Differential gene expression. Using the overall workflow 
shown in Fig. 1, reads from RNA-seq were mapped to the 
Ptr genome along with the wheat genome. Since reads 
mapped to the ToxA gene, as well as other Ptr genes in in-
oculated samples, we can confirm that Ptr produces ToxA 
in wheat tissue upon the pathogen exposure (Fig. 2A-C). 
There were 8,760 genes that mapped to the Ptr genome, 
much fewer than the 77,924 genes that mapped to the 

wheat genome. Many of the other transcripts found from 
Ptr (see Fig. 2) do not have a direct role in pathogenesis 
and are likely involved in general cellular function. ToxA 
was not expressed in 0 h samples, with the highest level of 
expression in a 0 h sample being 3 read counts. The 8 and 
16 h samples showed ToxA levels between 65 and 356 
counts per sample. This indicates that Ptr does not express 
ToxA until it comes in contact with wheat tissue. No Ptr 
genes were differentially expressed between the two cul-
tivars, indicating that the difference in disease response 
may reside mainly in wheat’s response to Ptr and not Ptr’s 
response to different cultivars of wheat. Reads mapped to 
the wheat genome resulted in many differentially expressed 

Fig. 3. Heatmap visualization of expression data was constructed using integrated Differential Expression and Pathway analysis (iDEP). 
Sample names include cultivar (G and S for Glenlea and Salamouni, respectively), treatment (P, T, Cntrl1, Cntrl2 for pathogen inocula-
tion, toxin infiltration, inoculation control, and infiltration control, respectively), and timepoint (0, 8, and 16 h). Samples that increased or 
decreased in expression were colored red and green, respectively, with little change shown in black.
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genes in wheat: 6,340 genes between cultivars, 629 genes 
between treatments and 30,277 between timepoints (adjust-
ed P-value < 0.05). These are visualized in the heat map 
(Fig. 3) where many genes either increased or decreased 
in expression, shown in red and green, respectively. The 
Weighted Correlation Network Analysis (WGCNA) and 
principal component analysis (PCA) of the data (Fig. 4A-
D) visually depicts the differences in expression between 
the cultivars and timepoints. Wheat samples at 8 and 16 h 
expressed many genes associated with response to stress 
and biosynthetic processes not expressed at 0 h (Supple-
mentary Table 1).

Resistant and susceptible cultivar-specific gene ex-
pression. There were 6,340 genes that were differentially 
expressed between Glenlea and Salamouni wheat across 
the different timepoints and treatments (Supplementary 
Table 1), with many possessing potential involvement in 
defense response (Fig. 5). Several of these genes that were 
expressed highly in either Glenlea or Salamouni were ex-
pressed not at all or only slightly in the other cultivar (Fig. 

5). For example, TraesCS5B02G417500.1 encodes an NB-
ARC-containing protein and hundreds of reads from each 
of the Salamouni samples mapped to this gene, whereas not 
a single read was found in all Glenlea samples. For genes 
that are not expressed at all in one of the two cultivars, 
questions can be raised about if that cultivar even contains 
a functional version of that gene. Other genes were only 
associated with a single read in one cultivar. This could 
be a false positive. Groups of genes that are differentially 
expressed between the two cultivars, in general, either (1) 
had almost all of the genes of that type (e.g., chitinase) ex-
pressed in one cultivar (shown in Fig. 5), or (2) had a group 
of that type (e.g., nucleotide-binding and leucine-rich re-
peat [NLRs]) expressed in one cultivar and another group 
expressed in the other cultivar. This indicates that the two 
cultivars were using different genes of the same functional 
group to respond to the pathogen, with potentially different 
efficacy. 

Glenlea and Salamouni do not show the same expression 
of chitinase/chitin-binding, major sperm protein, mildew 
resistance locus O (MLO), permease, ubiquitin, wall-as-

Fig. 4. Analysis of expression data, including Weighted Correlation Network Analysis (WGCNA) of the three timepoints (0, 8, and 16 
h) (A); principal component analysis comparing the two cultivars with respect to treatment (B); principal component analysis comparing 
treatment and timepoint (C); and functional pathways (D) in which genes from 0, 8, and 16 h were associated as determined from the 
WGCNA. G, Glenlea; S, Salamouni; C1, control 1; C2, control 2; P, pathogen; and T, toxin.
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sociated kinase (WAK), wound-induced, and xylanase in-
hibitors (Fig. 5). Each of these, with the exception of major 
sperm protein, were expressed almost exclusively in Sala-
mouni. Salamouni also expressed a homolog of Snn1 (Fig. 
5), which is a SnTox1 sensitivity gene that contains the 
domains of a calcium-binding and galacturonan-binding 
WAK. While many genes were only expressed in Glenlea, 

groups of genes with similar domains were not exclusively 
expressed in Glenlea like they were in Salamouni (Fig. 5). 
Glenlea and Salamouni express different NLRs, kinases, 
leucine-rich repeats (LRRs), LRR-kinases, cytochrome 
P450 enzymes, F-box proteins, lectins, peptidases, pepti-
dase inhibitors, peroxidases, UDP-glucosyltransferases, 
thaumatins, and transcription factors. For these genes, 

Fig. 5. Overall raw gene expression read counts between selected genes in Glenlea and Salamouni cutivars. Several genes were only ex-
pressed in Glenlea or Salamouni, with a few more showing only one read in one of the two cultivars.
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expression was seen exclusively or almost exclusively in 
either Glenlea or Salamouni, indicating that further re-
search could target those only expressed in Salamouni. We 

acknowledge that our analyses focused on the genes that 
possess functions associated with pathogen resistance, not 
including the many other genes differentially expressed 

Fig. 6. Nucleotide-binding and leucine-rich repeat (NLR)–encoding genes that were differentially expressed between cultivars among all 
samples. NLR accession names are listed on the left and the proportion of reads found in either of the two cultivars are shown to the right 
of each name. Glenlea and Salamouni expression data are indicated by blue and red lines, respectively. 
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between the cultivars that do not have possible resistance 
functions. 

Of the differentially expressed genes, 125 NLRs were 
expressed mostly or entirely in one of the two cultivars (Fig. 
6). Unlike genes listed in Fig. 5, where all or most of the 
genes of one type were expressed by one cultivar, NLRs 
were divided in expression between the two cultivars, with 

many expressed exclusively in one cultivar. Salamouni did 
show expression of more NLRs than Glenlea. However, 
the number of NLR-encoding genes expressed does not 
necessarily correlate with resistance, especially since it is 
not currently possible to associate individual NLRs with 
resistance to particular pathogens on a large scale.

Fig. 7. Defense response genes that were differentially expressed highly when exposed to Pyrenophora tritici-repentis (Ptr) or ToxA, 
but minimally in 0 h samples and other control samples. Ptr triggered expression of several genes that were minimally expressed at 0 
h, regardless of treatment. Grey, green, red, and blue indicate control inoculation, control infiltration, Ptr inoculation, and Ptr ToxA in-
filtration, respectively, as shown in the legend at the top of the figure. AP2/ERF, APETALA2/ethylene responsive factor; WAK, wall-
associated kinase; LRR, leucine-rich repeat; MLO, mildew resistance locus O; TF, transcription factor; NAD, nicotinamide adenine 
dinucleotide.
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Gene expression related to pathogen inoculation and 
toxin infiltration. Many groups of genes were expressed 
in both cultivars but differed greatly between control 
samples and those treated with Ptr inoculum or ToxA (see 
Fig. 7 gene groups). While this figure also highlights some 
differences between the two cultivars, the primary focus of 
this data was the differences between treatments with simi-
lar patterns in both cultivars. Many genes expressed much 
more in samples treated with Ptr inoculum that were not 
highly expressed in controls or ToxA infiltrated samples 
(Fig. 7). These included osmotin/thaumatin-like genes 
(e.g., TraesCS7B02G483400.1, TraesCS7D02G551400.1, 
and TraesCS7A02G558500.1) and cell wall synthesis 
genes such as TraesCS2B02G040600.1 and TraesC-
S2B02G040500.1, both of which are associated with dis-
ease resistance. Other genes (see Fig. 7) were expressed 
minimally or not at all in 0 h samples and controls at 8 h, 
but highly expressed in 8 h pathogen or toxin exposure 
(Fig. 7). These genes are likely expressed in response to Ptr 
or ToxA. Several genes (e.g., TraesCS2B02G553700.1, 
TraesCS6B02G170000.1, and TraesCS7D02G058600.1) 
showed differential expression between treatments and cul-
tivars, but did not share homology with any characterized 
genes, nor did they possess InterProScan domains. These 
genes are likely to play a role in pathogenesis, therefore 
their functional characterization is warranted, and many 
were found in locations associated with QTLs that likely 

play a role in TS resistance (Fig. 8). 

Discussion

Expression of multiple resistance components in wheat. 
While pathogens are known to trigger defense responses in 
plants, the genes expressed in this response are extremely 
diverse. Previous studies have assessed the transcriptome of 
wheat upon TS infection to assess this diversity (Moolhui-
jzen et al., 2018). Each pathogen-host interaction involves 
many different receptors, signaling factors, and compo-
nents associated with defense response. The presence of 
ToxA RNA in 8 and 16 h samples indicates that Ptr race 2 
produces Ptr ToxA after contact with wheat tissue (Fig. 2). 
Other Ptr genes were also identified that may possess in-
volvement in pathogenesis. For example, elongation factor 
is likely initiated once contact with wheat is sensed, along 
with peroxisomal enzymes. Proteins related to damage, 
such as heat shock proteins, could be expressed in response 
to enzymes wheat uses to defend itself during infection. 
Even though race 2 does not produce ToxB and ToxC, 
other factors likely elicit response to Ptr, such as chitin and 
other pathogen-associated molecular patterns (PAMPs) 
(Jones and Dangl, 2006). PAMPs and break down of the 
plant cell wall by fungal enzymes trigger the activation of 
pattern-recognition receptors (PRRs) and WAKs, respec-
tively (Bacete et al., 2018). PRRs generally possess LRR 

Fig. 8. Differentially expressed genes located within QTLs associated with resistance to tan spot, as described in Kariyawasam et al. 
(2016), and their proposed biological function. Functions are grouped by the following categories: pathogen detection (purple arcs), sig-
naling (orange triangles), and defense response (red ovals). 
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and kinase domains, with an extracellular LRR initiating 
intracellular kinase activity (Bacete et al., 2018). WAKs 
possess galacturonan-binding domains and kinase do-
mains, with kinase activity initiated by cell wall fragments. 
Several kinases, including LRR-kinases and WAKs, were 
expressed more highly in plants sprayed with inoculum or 
injected with the toxin. Kinases then phosphorylate addi-
tional signaling molecules, eventually triggering transcrip-
tion factor activation. Several transcription factors were 
expressed more highly when exposed to the pathogen. 
Expression of transcription factors of the AP2/ERF, bHLH, 
and WRKY classes were triggered by Ptr. While further 
functional characterization is required to know how these 
kinases and transcription factors are directly involved in 
response to Ptr, this analysis highlights which signaling 
factors may be involved. These kinases and transcription 
factors would not necessarily be the same signaling fac-
tors initiated by receptor detection of Ptr, since RNA-seq 
only measures changes in expression. These would be the 
kinases and transcription factors that are expressed as the 
result of initial receptor/signaling activity. Therefore, the 
initial detection is not captured in this experiment, only the 
genes expressed as a result of the initial detection of Ptr. 
As a direct result of pathogen detection, the first line of de-
fense detectable through RNA-seq would be the defense re-
sponse genes expressed more highly in the hours following 
inoculation. The heatmap (Fig. 3), shows that many genes 
increased or decreased in expression through the course of 
the experiment with many genes differing between the two 
cultivars, as shown in the PCA (Fig. 4B and C). The WGC-
NA (Fig. 4A and D) shows that many genes expressed at 8 
and 16 h may play roles in defense, particularly those in the 
pathways associated with stress response (34 and 42 genes 
at 8 and 16 h, respectively), small molecule metabolic pro-
cess (42 and 44 genes), and small molecule biosynthesis 
process (24 at 8 h).

Differences between resistant and susceptible wheat. 
Many genes identified in this study possess direct resis-
tance functions in response to Ptr, such as chitinases, 
thaumatins, terpene synthases, purine permeases, and per-
oxidases. Each of these likely functions in the breakdown 
of pathogen components or the production of compounds 
that deter pathogen growth and development. Chitinases, 
for example, break down chitin in fungal cell walls and 
inhibit fungal development and reproduction. Chitinases 
were expressed more by Salamouni than by Glenlea (Fig. 
5). Given that Ptr is a fungal pathogen, this production of 
chitinase may play a significant role in the resistance Sala-
mouni possesses. WAK-encoding genes were also found 

to be expressed more in Salamouni, possibly initiating de-
fense responses when damage to the cell wall takes place. 
In a similar study of the wheat-Ptr system, Pandelova et 
al. (2009) also found differential expression of several sig-
naling genes (i.e., mitogen-activated protein kinases and 
transcription factors) along with response protein-encoding 
genes like chitinase (Pandelova et al., 2009). NLRs, com-
monly described as major resistance factors, were largely 
or entirely either expressed in one cultivar or the other, with 
the majority of them expressed in Salamouni (Fig. 6). This 
data indicates that cultivars do not equally express NLRs. 
While this does show differences between the two culti-
vars, RNA-seq likely cannot capture the overall interaction, 
only those genes that are up-regulated or down-regulated. 
For example, pathogen-detecting receptors unique to one 
cultivar or another would not show up in this analysis if 
they were not up-regulated after the resistance response 
was triggered.

Ptr associated chemical defense. Thuamatin-like pro-
teins are permatins that make the fungal membranes more 
permeable, disrupting cellular activity. These defensive 
proteins were among the many types that expressed 
more highly in plants inoculated with Ptr spores (Fig. 7). 
Other enzymes do not directly act against fungal cells but 
catalyze the production of chemicals that inhibit fungal 
development. Benzoxazinoids, such as DIMBOA, are 
produced as a defense against pests and are synthesized 
through the activity of several BX enzymes (Frey et al., 
2009). BX1 catalyzes the production of indole from indole-
3-glycerolphosphate. Cytochrome P450 enzymes Bx2-
Bx5 convert indole to DIBOA. BX6 catalyzes DIBOA-
glucoside into TRIBOA-glucoside, which then is acted 
upon by BX7, converting it to DIMBOA-glucoside, the 
main benzoxazinoid for wheat (Frey et al., 2009). UDP-
glucosyltrasferases like Bx8 and Bx9 reduce autotoxicity 
of benzoxazinoids. This data indicates that several Cyto-
chome P450, DIBOA-glucoside dioxygenase (BX6)-like, 
and UDP-glucosyltransferase proteins were more heavily 
expressed in race 2‒inoculated samples. Since DIMBOA 
is known to possess antifungal properties, up-regulation of 
enzymes in its synthetic pathway fit expectations. Indole-
3-glycerolphosphate can be converted into either DIM-
BOA-glucoside or tryptophan, with DIMBOA-glucoside 
then being coverted to 6-methoxy-2-benzoxazolinone 
(MBOA) and tryptophan being converted into serotonin. 
Du Fall and Solomon (2013) showed that in response to 
SnToxA from Stagonospora nodorum, wheat produces 
secondary metabolites serotonin and MBOA to inhibit S. 
nodorum sporulation and disrupt metabolism, respectively 
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(Du Fall and Solomon, 2013). Therefore, the up-regulation 
of DIMBOA pathway enzymes may be to use serotonin 
and MBOA to inhibit Ptr. Du Fall and Solomon (2013) 
suggest that S. nodorum uses other effectors to suppress the 
response triggered by SnToxA.

Response proteins may work together in other ways to 
defend wheat from Ptr infection. Four groups of genes 
uniquely expressed in race 2‒inoculated samples share 
a common defense pathway: UDP-glucosyltransferases, 
cytochrome P450s, beta-glucosidases, and alpha/beta hy-
drolases. These proteins lead to the production of hydrogen 
cyanide as a defense mechanism in Sorghum bicolor. The 
cyanogenic glucoside dhurrin is synthesized by UDP-glu-
cosyltransferase and cytochrome P450. Dhurrinase, a beta-
glucosidase, releases p-hydroxymandelonitrile from dhur-
rin, which is acted upon by p-(S)-hydroxymandelonitrile 
lyase, an alpha/beta hydrolase, to make hydrogen cyanide 
(Ordonio et al., 2016). Like S. bicolor, wheat also produces 
cyanogenic glucosides (Bak et al., 2006). Genes encoding 
all four of these proteins were expressed more highly in 
samples inoculated with Ptr than other samples. 

Many of the genes expressed more highly when wheat 
was exposed to Ptr inoculum possess additional functions 
in resistance systems. Pyridoxal phosphate-dependent 
decarboxylases (aromatic-L-amino-acid decarboxylases) 
(Fig. 7) were differentially expressed and play roles in 
γ-aminobutyric acid (GABA) signaling. Wang et al. (2018) 
have proposed a self-defense model in Fusarium gra-
minearum, where major facilitator superfamily transport-
ers export deoxynivalenol (DON) and GABA promotes 
production of DON as a self-defense. Inoculation with the 
pathogen may have triggered this due to the presence of 
PAMPs, whereas toxin infiltration would have bypassed 
this response. Proteinase inhibitors, also shown in Fig. 7, 
were also identified in this study and likely counter Ptr 
proteins that degrade the plant’s barriers to infection, such 
as the cell wall. Polyphenol oxidases (Fig. 7) are defense 
compounds known to reduce the digestibility of plant tis-
sue. Phenylalanine ammonia-lyase is another common de-
fense protein plants use. Wheat dirigents (Fig. 7) have been 
shown to increase pathogen resistance and lignin biosyn-
thesis (Ma and Liu, 2015), which would be used to made 
infection more difficult. Ornithine decarboxylase catalyzes 
the conversion of ornithine to putrescine, which can then be 
converted to spermidine and spermine, a response to biotic 
stress caused by a broad range of pathogens (Dalton et al., 
2016). Lipoxygenases (Fig. 7) aid in the synthesis of sig-
naling molecules, such as jasmonates, which are important 
signaling factors in defense responses (Woldemariam et al., 
2018). Signaling and response genes that were found to be 

mostly expressed in the samples inoculated with Ptr race 2 
indicate that Ptr is initiating responses based upon receptor 
activity. Several lectins, lectin-kinases, kinases, and LRR 
receptors were mainly expressed in race 2-inoculated sam-
ples. These proteins likely work together to transmit the 
signal that the fungal pathogen is present. The expression 
of several transcription factors commonly associated with 
biotic stress resistance was triggered by inoculation by Ptr. 

QTLs associated with resistance components. Addition-
al research targeting TS has associated Ptr resistance with 
various QTLs throughout the wheat genome. Kariyawasam 
et al. (2016) identified QTLs involved in TS resistance 
(Kariyawasam et al., 2016) and further work has been done 
since identifying Meta-QTLs (Liu et al., 2020). While 
cultivar Penawawa is resistant to several races of Ptr, ap-
plication of ToxA causes necrosis, the same reaction found 
in the susceptible cultivar Louise. One major QTL associ-
ated with non-race-specific resistance exists on the long 
arm of chromosome 3B, called QTs.zhl-3B, which may be 
the same as QTs.fcu-3BL (Faris and Friesen, 2005), similar 
in location to other genes associated with TS resistance 
(tsr2 and tsr5). Additional QTLs were found on chromo-
somes 1A, 2D, and 5A, the latter conferring resistance to 
all tested races of Ptr (Kariyawasam et al., 2016). Many 
differentially expressed genes have locations within these 
QTLs (Fig. 8). Several of these genes possess possible 
roles in resistance, either as receptors (NLRs, other LRR-
containing receptors), signal transduction factors (kinases, 
transcription factors), or response proteins (peroxidases, 
hydrolases). The genes found within these QTLs represent 
the same types of genes discussed in the previous sections, 
those that differ in expression between cultivars and inocu-
lation treatments. 

Ptr isolate 86-124 penetrates wheat tissue within 3 h after 
inoculation and continues infection in the hours following 
(Dushnicky et al., 1996), indicating that the 8 h time point 
provides a view of expression after Ptr has had a chance 
to initiate the expression of defense genes. The humidity 
chamber provided the moisture required for Ptr infection. 
Ptr uses an appressorium and penetration peg to access 
wheat epidermal cells (Larez et al., 1986). Both resistant 
and susceptible host plants experience penetration (Larez 
et al., 1986), explaining why many similarities may exist 
between the two cultivars in expression. If Ptr was not able 
to penetrate the resistant cultivar, more diverse expres-
sion may have resulted. Since 8 h after inoculation shows 
wheat responding to Ptr through the production of defense 
proteins and chemicals, it is likely that some of the genes 
expressed by Ptr at this point are also in response to wheat. 
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Gene expression in a pathogen changes in response to 
the host just as the host changes gene expression after the 
pathogen has been detected. Some of the stress-response 
genes expressed by Ptr, such as those listed in Fig. 2, are 
likely involved in responding to wheat defense mecha-
nisms. 

Future directions. Wheat lines with the specific suscep-
tibility genes Tsn1, Tsc2, and Tsc1 are vulnerable to Ptr 
ToxA, Ptr ToxB, and Ptr ToxC, respectively (Faris et al., 
2013). Wheat lines with the mutant alleles tsn1, tsc2, and 
tsc1 are not sensitive to the respective toxins (Cheong et 
al., 2004; Effertz et al., 2002; Friesen and Faris, 2004), 
indicating that susceptibility genes play a major role in TS 
infection. Liu et al. (2017) used recombinant inbred lines 
with various combinations of homozygous dominant, het-
erozygous, and homozygous recessive genotypes of Tsn1 
and Tsc1, to show that the plants that lack the tsn1 and tsc1 
alleles experienced toxin-induced necrosis and chlorosis, 
respectively (Liu et al., 2017). It is not completely under-
stood how these susceptibility genes cause wheat lines 
to be sensitive to particular toxins or effectors. Similar to 
the Cochliobolus victoriae susceptibility gene LOV1 in 
Arabidopsis thaliana (Lorang et al., 2007), Tsn1 encodes 
a cytoplasmic NBS-LRR protein, belonging to a large fam-
ily of R-proteins that generally function as cytoplasmic 
receptors for the detection of pathogenic effectors. The 
recently available nucleotide and protein sequences of Tsn1 
and Tsn1, respectively, suggest that Tsn1 is the result of a 
gene-fusion that took place in the progenitor of wheat’s B-
genome, a close relative of Aegilops speltoides (Faris et al., 
2010). Early analysis of TS described the Ptr toxins as nec-
essary for the development of disease symptoms, however, 
a recent study has confirmed that even non-toxin-producing 
Ptr races still cause necrosis and chlorosis (Ali et al., 2010). 
Wheat cultivars may even show necrosis when inoculated 
with Ptr races that only produce Ptr ToxB (Lamari et al., 
1998). Taken together, these details show that both Ptr 
virulence and wheat resistance are multifaceted. 

Conclusions. Ptr provides a complex example of a patho-
gen that has evolved the ability to hijack resistance com-
ponents to cause infection. The presence of ToxA RNA 
in 8- and 16-h samples indicated that, upon Ptr contact 
with wheat tissue, Ptr started expressing ToxA. Wheat, in 
response to Ptr inoculum, expresses many genes associ-
ated with plant resistance responses, including chitinases, 
transporters, pathogen-detecting receptors, and signaling 
factors. Resistant and susceptible wheat cultivars differed 
in expression between several groups of genes (genes that 

encode chitinases, transporters, WAKs, permeases, and 
wound-induced proteins, etc.). Plants exposed to Ptr in-
oculum expressed several groups of genes not expressed 
as highly in control samples, such as transcription factors, 
kinases, receptors, and peroxidases. Several of the differen-
tially expressed genes can be found in TS resistance QTLs 
on chromosomes 1A, 2D, 3B, and 5A. These results show 
that resistance to Ptr is likely the result of many individual 
genes being expressed. Elucidating genes involved in resis-
tance to Ptr will provide researchers and breeders specific 
target factors for developing cultivars that possess these 
components, with the goal of establishing durable Ptr re-
sistance. Gaining a more complete molecular picture of Ptr 
infection may also elucidate why Ptr has become a major 
disease of wheat in recent years. Future studies should seek 
to focus in on these specific groups of genes to isolate par-
ticular roles that they play in the wheat-Ptr interaction.
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