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Abstract

Pyrenophora tritici-repentis (Ptr), the causal agent of tan spot, is a necrotrophic fungus that
represents a significant threat to wheat production worldwide. The development of re-
sistant cultivars is limited by an incomplete understanding of wheat defence responses
against Ptr. Here, weighted gene co-expression network analysis (WGCNA) was applied to
RNA-seq data from resistant (Robigus) and susceptible (Hereward) wheat lines before and
after Ptr infection to identify coordinated host responses. Eight co-expression modules were
identified, three of which were linked to either resistance, susceptibility, or Ptr infection.
The resistance-associated module was enriched with chloroplast ribosomal machinery
genes (e.g., 50S ribosome-binding GTPase, L28, L6), and transcriptional regulators. This
suggested that maintaining chloroplast function, coupled with large-scale transcriptional
reprogramming, was important for resistance. The susceptibility-associated module indi-
cated the high expression of post-transcriptional modifiers, including SGS3, RBX1, and
SENPs. The Ptr-responsive module showed common responses in both genotypes and
included several defence-related genes (nucleotide-binding domain leucine-rich repeat
R-genes [NLRs], chitinases, beta-1,3-glucanases) and metabolic pathways, such as phenyl-
propanoid biosynthesis and nitrogen metabolism (phenylpropanoid ammonia lyase [PAL],
cytochrome P450s, glutamine synthase, and ammonium transporters). These results define
distinct and shared molecular networks that are linked to resistance and susceptibility, pro-
viding valuable candidate genes for functional validation that could ultimately be exploited
to enhance wheat resilience against necrotrophic fungal pathogens.

Keywords: Pyrenophora tritici-repentis; tan spot disease; Triticum aestivum; necrotrophic
pathogen; gene-gene network

1. Introduction
Pyrenophora tritici-repentis (Ptr) is a necrotrophic fungus that causes the economically

important tan spot (TS) disease of wheat [1–4]. Pathogenicity in Ptr strains is linked
to the production of effectors such as ToxA, ToxB, and ToxC, which are recognised in
sensitive wheat lines by Tsn1, Tsc2, and Tsc3, respectively, in an inverse gene-for-gene
resistance model [5–8]. Whilst multiple resistance loci have been identified in wheat
lines [9], the development of TS resistance in elite germplasm has been hampered by a lack
of understanding of the underlying defences in (in)sensitive hosts to Ptr strains. As a result,
farmers still rely on fungicides to reduce TS incidence and severity.
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ToxA is a necrotising toxin produced by Ptr races 1, 2, 7, and 8 [10–12], but also by
the wheat pathogens Stagonospora nodorum and Bipolaris sorokiniana [13–15]. Manning and
collaborators [16–20] demonstrated that PtrToxA is rapidly internalised within 2 h post in-
fection (hpi) in mesophyll cells and into chloroplasts, through the binding protein ToxABP1.
This triggers the chloroplastic production of reactive oxygen species (ROS) in sensitive
lines, resulting in cell death (9–18 hpi) and macroscopic necrosis by 18 hpi. Microarray
analysis of sensitive leaves treated with ToxA revealed a wide expression of receptor ki-
nases (eg. BAK1, CDPK and MAPK) and transcription factors (eg. WRKYs, EREBP), as
well as defences ordinarily associated with resistance, such as pathogenesis-related (PR)
protein expression and the biosynthesis of phenylpropanoids, salicylic acid (SA) and jas-
monic acid (JA) [21,22]. A recent transcriptomic study in resistant and susceptible cultivars
challenged with Ptr race 2 inoculum and ToxA infiltration showed differential responses
between both cultivars, as delineated by the expression of chitinases, transporters, ki-
nases, and permeases, among others [23]. Previously, we integrated transcriptomic and
metabolomic data to assess the parental lines of a multi-parent advanced generation inter-
cross (MAGIC) population to Ptr strains that produce ToxA [24–26]. We identified a TS
susceptible line (Hereward) that developed extensive chlorosis and numerous coalesc-
ing lesions, leading to widespread necrosis, and exhibited transcriptome changes akin
to these mentioned above. In contrast, the moderately resistant line (Robigus) exhibited
markedly fewer lesions and limited symptom development to small necrotic flecks with
minimal chlorosis. One means of resistance was linked to an early barrier-related de-
fence involving the cytoskeleton, cell wall, and plasma membrane, as well as the possible
absence of susceptibility factors. However, the underlying mechanism(s) governing a
secondary resistance in Robigus, which suppresses disease even after Ptr penetrate the host,
remain unknown.

To provide further insights into our wheat–Ptr pathosystems, here we adopt a network
analysis approach to our transcriptomic data. Network analysis offers a robust method to
study large-scale multidimensional biodata [27]. It has been successfully applied to disease
prediction [28], ecology and evolution inference [29], and to study plant–microbe interac-
tions [30,31]. Advancements in computational biology allow for in silico reconstruction and
investigation of interactions between various biological entities, such as protein–protein
interaction networks, gene co-expression/association/regulatory networks, and metabolic
networks. In gene networks, each node is representative of genes, and their interactions
are represented as edges, which can be weighted or unweighted. In a weighted network,
all nodes are interconnected, and the strength of these relationships are designated by
weight values that vary between zero and one. In contrast, in unweighted networks, the
connectivity between nodes is binary (zero or one), indicating whether a pair of genes
are connected or not [32]. Network reconstruction using weighted, as opposed to un-
weighted, can produce more robust outputs [32]. Validated methods for gene network
reconstruction include supervised learning, correlation, a probabilistic graphical model and
meta-prediction [33]. Correlation-based approaches, such as weighted gene co-expression
network analysis (WGCNA) [34] have facilitated scientists exploiting network approaches
to characterise a range of systems, including the plant’s immunity [35].

In this study, we used the WGCNA approach on RNA-seq data from two wheat lines
(TS-resistant: Robigus [Rob] and TS-susceptible: Hereward [Her]), following challenges
with Ptr and mock-inoculated controls. The specific objectives of this study were to do
the following: (i) identify gene co-expression modules associated with various forms of
resistance, susceptibility, and Ptr infection; (ii) determine key candidate genes within these
modules; and (iii) highlight pathways that could be targeted in future wheat–Ptr studies
and breeding programmes.
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2. Materials and Methods
2.1. Expression and Trait Data

Transcriptomics data from our wheat-tan spot transcriptomics study PRJNA836737
was download from Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.
nih.gov/geo/; accessed on 19 October 2024). The dataset comprises 36 RNA-seq samples
collected from two wheat lines, namely Robigus and Hereward (also referred as Rob and
Her), collected at different hours post-inoculation (hpi) with a ToxA positive strain of Ptr.
Genotype and treatment metadata were converted into binary numeric arrays to be used as
inputs (Table 1). Count data were normalised using a variance stabilising transformation
within the R package Deseq2 [36]. After quantile normalisation, the top 95% most variant
probes (2114 transcripts) were selected for WGCNA.

Table 1. Metadata for RNA-seq samples and trait data.

Sample Genotype Treatment hpi
Trait Data

Rob RobM RobI Her HerM HerI HerI_RobI

RIT0R1 Rob Untreated 0 1 1 0 0 0 0 0
RIT0R2 Rob Untreated 0 1 1 0 0 0 0 0
RIT0R3 Rob Untreated 0 1 1 0 0 0 0 0
RMT0R1 Rob Untreated 0 1 1 0 0 0 0 0
RMT0R2 Rob Untreated 0 1 1 0 0 0 0 0
RMT0R3 Rob Untreated 0 1 1 0 0 0 0 0
HIT0R1 Her Untreated 0 0 1 0 1 0 0 0
HIT0R2 Her Untreated 0 0 0 0 1 1 0 0
HIT0R3 Her Untreated 0 0 0 0 1 1 0 0
HMT0R1 Her Untreated 0 0 0 0 1 1 0 0
HMT0R2 Her Untreated 0 0 0 0 1 1 0 0
HMT0R3 Her Untreated 0 0 0 0 1 1 0 0
RMT48R1 Rob Mock 48 1 1 0 0 0 0 0
RMT48R2 Rob Mock 48 1 1 0 0 0 0 0
RMT48R3 Rob Mock 48 1 1 0 0 0 0 0
HMT48R1 Her Mock 48 0 0 0 0 1 0 0
HMT48R2 Her Mock 48 0 0 0 0 1 0 0
HMT48R3 Her Mock 48 0 0 0 0 1 0 0
RIT48R1 Rob Inoculated 48 1 0 1 0 0 0 1
RIT48R2 Rob Inoculated 48 1 0 1 0 0 0 1
RIT48R3 Rob Inoculated 48 1 0 1 0 0 0 1
HIT48R1 Her Inoculated 48 0 0 0 1 0 1 1
HIT48R2 Her Inoculated 48 0 0 0 1 0 1 1
HIT48R3 Her Inoculated 48 0 0 0 1 0 1 1
RMT96R1 Rob Mock 96 1 1 0 0 0 0 0
RMT96R2 Rob Mock 96 1 1 0 0 0 0 0
RMT96R3 Rob Mock 96 1 1 0 0 0 0 0
HMT96R1 Her Mock 96 0 0 0 1 1 0 0
HMT96R2 Her Mock 96 0 0 0 1 1 0 0
HMT96R3 Her Mock 96 0 0 0 1 1 0 0
RIT96R1 Rob Inoculated 96 1 0 1 0 0 0 1
RIT96R2 Rob Inoculated 96 1 0 1 0 0 0 1
RIT96R3 Rob Inoculated 96 1 0 1 0 0 0 1
HIT96R1 Her Inoculated 96 0 0 0 1 0 1 1
HIT96R2 Her Inoculated 96 0 0 0 1 0 1 1
HIT96R3 Her Inoculated 96 0 0 0 1 0 1 1

https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
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2.2. Construction of WGCNA

The selected transcriptional data were screened for outliers and missing values. After
validation, co-expression modules were detected in 2114 transcripts, using the R package
WGCNA version 1.7 [34]. The scale-free topology index was calculated for multiple powers,
and we used the powerEstimate result and mean connectivity to select an appropriate soft
threshold. A signed network was constructed, and modules were detected using a power of
16, mergeCutHeight of 0.25, and minModuleSize of 30, differently from the default parameters.
Then, we calculated the first principal component of the gene expression matrix for each
module (i.e., module eigengenes [ME]). To determine relationships between modules and
the traits, person correlation (corr), and hierarchical clustering based on dissimilarity and
adjacency were calculated between ME and the trait data on Table 1. Modules with significant
correlations above 0.6 (p-value < 0.05) were selected for further analysis.

2.3. Intra-Modular Analysis and Identification of Hub Genes

Module membership (MM) of individual transcripts was defined as the correlation of
the module eigengenes of interest and the gene expression profiles. Gene-trait significance
(GS) was based on Pearson correlations between gene expression and trait data. To identify
hub genes, we filtered transcripts with absolute values of GS > 0.6 and MM > 0.8 and
also used the WGCNA built-in function chooseTopHubInEachModule(). The topological
overlap matrix (TOM) computed for the genes in the selected modules was used to graphi-
cally represent the network, for which the visualisation was created in Cytoscape 3.8.2 [37].
To ease visualisation, we plotted only hub genes (nodes) and filtered edges with weight
(TOM) > 0.1. The networks were arranged using the edge-weighted spring embedded
layout, followed by the yFiles algorithm to remove overlaps.

2.4. Functional Annotation and Enrichment Analysis

The transcripts were aligned with the wheat reference genome IWGSC RefSeq v1.1 [38],
and its functional annotation [39] was used to perform functional analysis. Gene ontology
enrichment analysis was performed separately for each module using BiNGO [40]. The
EnrichmentMap pipeline was then used to create a network visualisation of significantly
enriched gene ontologies (Benjamini and Hochberg FDR corrected p-value < 0.05) [41].

3. Results
3.1. Global Co-Expression Network

WGCNA defined discrete modules of co-expressed genes in wheat leaves infected
(I) with Ptr and mock-inoculated (M). The phenotypes of these interactions are described
elsewhere [25] but are provided in Figure S1 for convenience. We selected a soft threshold
of 16, as it fits a scale-free topology (R2 = 0.87; Figure 1a) while maintaining a relevant
mean connectivity between genes (Figure 1b). The targeted transcripts were clustered
using an average linkage hierarchical clustering method, which indicated eight branches,
representing distinct modules (Figure 1c, each module is coloured separately). Of the 2114
transcripts in the wheat-Ptr network, 2089 genes were assigned one of the eight modules,
and the remaining were grouped into a “null module” (grey, not shown in Figure 1c).
The number of genes in each module were 474 = turquoise, 440 = blue, 336 = brown,
319 = yellow, 288 = green, 89 = red, 75 = black, and 68 = pink (Supplementary Table S1).
To assess whether the modules were biologically meaningful, we performed a functional
enrichment analysis on the relationships between infection phenotypes and the expression
data (Figure 2). To ease visualisation, expression data were consolidated into four groups:
Ptr-inoculated and mock-inoculated samples from both lines (RobI, RobM, HerI, and
HerM). Each module was significantly enriched with established pathways (Supplementary
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Table S1). Highly co-expressed gene sets formed a network composed of 17 interconnected
clusters and two subnetworks (Figure 2). Nodes within each cluster represented similar
functions, suggesting the validity of the WGCNA network.

Figure 1. Network construction and module detection in the transcriptomes of wheat cultivars
Robigus and Hereward challenged with Pyrenophora tritici-repentis. (a) The scale-free topology
model fit index calculated for various soft-thresholding. The red line marks R2 = 0.85, indicating
the threshold selected for network construction. (b) Mean connectivity in function of various soft
thresholding power. The red line indicates a mean connectivity of 20, which intersects with the
chosen soft-thresholding power of 16. (c) Dendrogram of transcripts in the co-expression network
produced by average linkage hierarchical clustering, based on topological overlaps. Each coloured
cell represents a colour-coded module of co-expressing genes.



Microbiol. Res. 2025, 16, 242 6 of 23

Figure 2. Gene ontology enrichment and expression patterns of all modules identified in tran-
scriptomes of wheat cultivars Robigus (Rob) and Hereward (Her), challenged with Pyrenophora
tritici-repentis (I) or mock-inoculated (M). Standardised expression profiles (0–1) for each module
(colour bar above plots) are shown on the left for each of the four sample groups. Nodes represent
enriched GO terms within modules (coloured), and edges indicate similarity between gene sets,
with thicker edges denoting greater similarity. Nodes were clustered, and word cloud annotations
summarise the major functional categories.
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The largest cluster, including the purine nucleoside activity group, is linked to four
subnetworks (establishment localisation, iron sulphur binding metal, macromolecule es-
tablishment protein GTPase, and response stress defence fungus bacterium) (Figure 2).
Genes belonging to the turquoise module were highly expressed in the RobM samples
and therefore are likely to reflect genotypic differences. These were related to endonu-
clease activity. The blue module represents a subnetwork of genes associated with the
defence response to biotic stress, where expression is higher in Ptr-inoculated samples from
both genotypes but more pronounced in Her. The three other clusters overrepresented
by genes in the blue module play roles in (i) the lysine process and aminotransferase
activity, (ii) pyrimidine ribonucleotide monophosphate process UMP and (iii) inhibitor
peptidase regulator activity (subnetwork). The brown module encompassed two clusters
and a subnetwork consisting of genes which were repressed in both genotypes following a
challenge with Ptr. These were likely to represent common responses to fungal challenge,
irrespective of the interaction being compatible or incompatible. These were associated
with regulation of GTPase-mediated signal transduction, intracellular localization of mito-
chondria, and establishment of macromolecules. The yellow module represented genes that
were significantly upregulated in Rob, but 14.4% were significantly repressed in Her when
comparing Ptr- versus mock-treated samples. Functionally, these were associated with
diacylglycerol, positive activation of kinase receptors, and tocopherol cyclase activity. The
green network was repressed during infection in both genotypes and seemed to be linked
to the suppression of stress responses, as indicated by the category “heat shock temperature
folding/unfolded protein”. Considering the red module, only 13 genes were significantly
differentially expressed compared to M, with most being repressed in both genotypes.
Genes in this module formed four distinct clusters and were involved in “soluble vitamin
thiamine derivative”, “regulation of metabolic transcription acyltransferase”, “chemical
homeostasis of trivalent”, and “transmembrane organic acid amine transport”. Perhaps
most importantly, the black module consisted of genes whose expression was highly corre-
lated with the resistance. Here, genes were functionally related to the regulation of RNA
and transcription. The pink module represents a converse situation where genes are highly
expressed in Her, following a challenge with Ptr and in controls. These were linked to
“negative regulation gene expression silencing”.

3.2. Module–Trait Relationships Reveal Common Responses Triggered by Ptr Infection in Resistant
and Susceptible Genotypes

Next, we focused on modules that were correlated with the treatment groups, rather
than selecting individual transcripts in each module. To do so, we carried out a correla-
tion analysis between the trait data (Table 1) and the first principal component that was
related to each module. Attempts to use correlation analysis for each discrete time point
did not yield any significant results, so further analysis used consolidated data based
on genotype/treatment rather than hpi. We found 11 significant positive correlations
(p-value < 0.05) between traits’ and modules’ eigenvectors (in this case, related to varia-
tion in gene expression; “eigengenes”), and 13 negative correlations (Figure 3). The blue
module was positively correlated (corr = 0.89) with inoculated samples from both geno-
types (HerI_RobI). Conversely, the brown, green and turquoise modules were negatively
correlated with HerI_RobI. These further indicated that blue and brown modules were
linked to a common response to Ptr infection (Figure 2). Considering responses that were
specific to Rob, the modules black and turquoise were positively correlated, and pink
was negative, correlating with responses in this genotype. Separate correlation values
for mock-inoculated samples from each genotype are shown in Figure 3. Genes in the
black module are mostly correlated with the mock samples from Rob, with RobI data
contributing to a correlation value of one, i.e., genes that are unaltered by Ptr infection. The
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pink module was highly correlated to the control sample Her. Modules related with Ptr
infection had higher correlation values with HerI (corr = 0.75) than with RobI (corr = 0.39).
Despite several transcripts being more abundant in inoculated samples from Rob and Her
(Figure 2), no modules had significant correlations greater than 0.8 that could allow for
a tentative association with resistance or susceptibility (Figure 3). This was due to strict
occupancy parameters used for module detection.

Figure 3. Module-trait correlations in transcriptomes of wheat cultivars Robigus and Hereward,
challenged with Pyrenophora tritici-repentis. Each row corresponds to a module eigengene (ME), and
each column to a trait. Each cell contains the corresponding correlation and p-value. The table is
colour-coded by correlation, according to the colour legend.

To confidently investigate the mechanisms underlying the module–trait relationships,
we concentrated on correlations >0.8 with at least one trait (i.e., black [unchanged in Rob
following Ptr infection], pink [unchanged in Her following Ptr infection], and blue [common
to both genotypes following Ptr challenge]). Initially, eigengene network analysis was used
to quantify the relationship between the selected modules and traits and to assess if other
correlated modules (meta-modules) could also be relevant. As indicated in Figure 4a, the
black, pink, and blue modules clustered only with Rob, Her, and HerI_RobI, respectively.
Further, the heatmap confirmed the distinctiveness of each module’s eigengenes and
confirmed the absence of meta-modules (Figure 4b). Then, the expression patterns of all
the eigengenes in each module across the treatments were plotted (Figure 5). In line with
predictions, eigengenes in the black module were overexpressed in samples from Rob
compared to Her. The opposite expression profile was observed in eigengenes that form the
pink module. Blue module transcripts were overexpressed in Ptr-treated samples collected
at 48 and 96 hpi in both genotypes. Altogether, Figures 4 and 5 confirm the robustness of
module detection and their relationships with Ptr and genotype traits.
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Figure 4. Visualisation of the eigengene network representing the relationships among the modules
and traits in transcriptomes of wheat cultivars Robigus (Rob) and Hereward (Her), challenged with
Pyrenophora tritici-repentis. Panel (a) shows a hierarchical clustering dendrogram of the eigengenes, in
which the dissimilarity of eigengenes EI, EJ is given by 1−cor(EI,EJ). The heatmap in panel (b) shows
the eigengene adjacency AIJ = (1 + corr(EI,EJ))/2.

3.3. Intramodular Analysis and Network Analysis of Hub Genes

We next considered how genes in each module could be contributing to their associated
phenotypes. As a given gene may belong to more than one WGCNA module, we calculated
module membership (MM) for all transcripts (Supplementary Table S2). This quantitative
measure allowed us to identify nodes laying between modules, as well as those highly
correlated to a module. Over half (57.33%) of black module transcripts had MM greater than
0.9, with all values ranging from 0.536 to 0.99. Genes with high module membership were
less frequent in the pink (41.79%) and blue (37.95%) modules, with values as low as 0.328
and 0.245, respectively. Then, gene significance (GS) values were calculated to correlate
gene expression and the traits data for the black, pink and blue modules (Supplementary
Table S2). This showed a strong correlation (corr > 0.9) between gene significance and
module membership in all three modules tested (Figure S2). Taken together, the gene
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significance and module membership results indicate that transcript data can be used to
confidently define the most important genes (hubs) contributing to each module.

Figure 5. Expression profile of genes in modules associated with Pyrenophora tritici-repentis resis-
tant genotype Robigus (black), P. tritici-repentis susceptible genotype Hereward (pink), and during
pathogen establishment in both genotypes (blue). The x-axis denotes individual RNA-seq sam-
ples, labelled by genotype (H = Hereward, R = Robigus), inoculation treatment (I = inoculated,
M = mock-inoculated), time point (0, 48, 96 h), and replicate number. The y-axis displays the
normalised expression values of transcripts within each module.

By analysing gene significance and module membership (|GS| > 0.6 and MM > 0.8),
382 transcripts were defined as hub genes (Supplementary Table S2). These can be further
assessed in silico or in vivo/vitro for wheat-Ptr studies. The expression profile and gene
significance of the top 10 hub genes are shown in Figure 6. Transcripts coding for a cys-
teine protease (putative), sentrin-specific protease (SENP) and a DUF2921 family protein
were identified as the top hub gene in the black, pink, and blue modules, respectively,
(Supplementary Table S2). Based on our criteria for hub gene recognition, we could identify
59 genes that have high influence in Rob, 46 in Her, and 277 in HerI_RobI (Supplementary
Table S2). The highest relative gene expressions were observed in blue module transcripts
in Rob, including a thaumatin-like protein (PR-5), chalcone synthase (CHS), and chiti-
nase (Figure 6). Hub genes in black and pink had higher GS values than those from the
blue module.

Weighted topological overlap measurements were then used to construct networks rep-
resenting the mRNA–mRNA interactions in each module (Figures 7a and 8). All networks
had high degrees of connectedness between nodes, as expected for hub gene interactomes.
Using a force-directed algorithm, the transcripts with higher module membership were
positioned in the centre of the networks, illustrating high centrality and connectivity of
hubs. Among the hub genes of the blue module (Figure 7a), the top 20 annotations included
defence-associated genes: cytochrome P450 (CYPs), 2-oxoglutarate (2OG)/Fe(II)-dependent
oxygenase (Fe/2OGs), protein kinases, WRKY transcription factors, pathogenesis-related
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(PR) 1, PR-2 (beta-1,3-glucanases), PR-3 (chitinases), PR-4, PR-5, and PR-9 (peroxidases;
Figure 7b). Enrichment analysis of gene ontology (GO) cellular components showed that
blue module hub genes were mostly components of the plasma membrane and vacuole
(Table 2). This indicated that, despite the different levels of resistances to Ptr exhibited by
Rob and Her, common defence mechanisms were deployed against Ptr.

Figure 6. Expression of the top 10 hub genes in blue, pink, and blue modules within transcriptomes
of wheat cultivars Robigus (Rob) and Hereward (Her), challenged with Pyrenophora tritici-repentis at
0, 48, and 96 h. Also included are data for mock-inoculated Rob and Her plants.

Among the transcripts with highest gene-trait significance (corr > 0.99) in the black
module were the following: DNA-binding transcription factor 2, F-box protein, Inositol-1-
monophosphatase family protein, trigger factor (TIG), and MADS box transcription factor
(Figure 8a). Considering cellular component gene ontologies, plastoglobule, plastid thy-
lakoid, chloroplast stroma, chloroplast thylakoid, plastid stroma, and chloroplast thylakoid
membrane protein complex were significantly enriched (FDR < 0.05; Table 2).
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Figure 7. Expression of the top 10 hub genes in blue, pink, and blue modules within transcriptomes
of wheat cultivars Robigus (Rob) and Hereward (Her), challenged with Pyrenophora tritici-repentis
at 0, 48, and 96 h. Also included are data for mock-inoculated Rob and Her plants. Blue module
hub (common changes to within transcriptomes of wheat cultivars Robigus [Rob] and Hereward
[Her], challenged with P. tritici-repentis) (a) network and (b) summary of top 20 hub gene annotations.
Nodes in the network represent individual transcripts, where colour intensity indicates module
membership (MM) and node size reflects gene significance (GS). Edge colour and opacity correspond
to connection strength (weight values).
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Figure 8. Networks of hub genes in (a) black and (b) pink modules, respectively, linked to specific
transcriptomic changes in wheat cultivars Robigus (Rob) and Hereward (Her), following a challenge
with Pyrenophora tritici-repentis. Nodes represent individual transcripts, where colour intensity
indicates module membership (MM) and node size reflects gene significance (GS). Edge colour and
opacity correspond to connection strength (weight values).

Only three transcripts had GS > 0.99 in the pink module, SUPPRESSOR OF GENE
SILENCING 3 (SGS3), argininosuccinate lyase, and a vesicle-associated membrane protein
(Supplementary Table S2). These three hub genes are in the centre of the network, sug-
gesting that SGS3 is a central gene in the Her genotype (Figure 8b). Interestingly, there are
resistance-gene products (nucleotide-binding site (NBS)-leucine rich repeat (LRR) proteins)
co-expressed in Her that fail to halt Ptr infection, which aligned with the findings from the
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blue module. The hub genes in the pink module were not significantly enriched for cellular
component gene ontologies.

Table 2. Gene ontology (GO) cellular components significantly enriched with hub genes.

Module GO Term Name Term ID FDR Num. hubs

blue

intrinsic component of plasma membrane GO:0031226 6.30 × 10−11 13
anchored component of plasma membrane GO:0046658 9.82 × 10−7 8

extracellular region GO:0005576 2.92 × 10−6 31
anchored component of membrane GO:0031225 9.08 × 10−6 8

endoplasmic reticulum lumen GO:0005788 9.19 × 10−6 5
integral component of plasma membrane GO:0005887 1.07 × 10−4 5

intrinsic component of membrane GO:0031224 2.43 × 10−3 104
plasma membrane GO:0005886 3.26 × 10−3 19

plant-type vacuole membrane GO:0009705 1.61 × 10−2 3
plant-type vacuole GO:0000325 3.89 × 10−2 3

integral component of membrane GO:0016021 3.89 × 10−2 97
extracellular space GO:0005615 4.44 × 10−2 5

black

plastoglobule GO:0010287 2.88 × 10−2 2
plastid thylakoid GO:0031976 3.43 × 10−2 3

chloroplast stroma GO:0009570 3.43 × 10−2 3
chloroplast thylakoid GO:0009534 3.43 × 10−2 3

plastid stroma GO:0009532 3.43 × 10−2 3
chloroplast thylakoid membrane protein complex GO:0098807 4.00 × 10−2 1

4. Discussion
In this study, we used network analysis to elucidate key features of the wheat-tan spot

pathosystem that may not have been revealed by our previous transcriptomic–metabolomic
analyses [25]. This was an important question, as in the previous study, significant gene
expression was targeted by relatively simple fold-change and t-test assessments. Such
investigations could have missed more complex multivariate/correlative interactions.
Using WGCNA, eight groups of co-expressed genes in the genotypes Her (susceptible)
and Rob (resistant), either mock-inoculated or challenged with Ptr, were observed. This
approach identified common defences deployed by both lines upon Ptr attack, charac-
terised by genes in the blue module. The black and pink modules were highly correlated
(p-value < 0.05) with the resistant and susceptible genotypes, respectively. Transcripts in
the black module were found in higher abundance in Rob relative to Her, and the opposite
was shown for the pink module. Next, the focus was on hub genes from the black, pink,
and blue modules. These could highlight candidate genes and pathways for further study
and functional validation (e.g., through gene knockouts, overexpression, or biochemical
assays), to confirm their roles in resistance or susceptibility.

4.1. The Blue Module: Pyrenophora Tritici-Repentis Is Likely to Suppress Basal and
Effector-Triggered Immunity of Wheat

The shared deployment of defences in interactions leading to disease or moderate
resistance raises questions about their functional roles. Both Rob and Her are sensitive
to ToxA, as shown by the development of typical necrotic lesions upon Ptr, although at
different rates [25]. Consequently, expression of common defence responses to Ptr infection
could be expected, particularly since the time course data were consolidated into single
interaction-specific datasets (i.e., RobI and HerI). It should be noted that in Her, these
defences may be partially ineffective or manipulated to aid infection.
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Wheat–Ptr interactions follow an inverse gene-for-gene model, where disease results
from the presence of R genes in the host that are targeted by the pathogen [42]. In the
wheat–Ptr pathosystem, this is exemplified by the ToxA and Tsn1 interaction [43]. R genes
typically contain a nucleotide-binding site (NBS) leucine-rich repeat (LRR) that mediates
effector-triggered immunity (ETI) [44]. R gene-like transcripts co-expressed in both lines
(1% of blue module) and in the susceptible line (8.7% of pink module) could represent
susceptibility factors. The expression of hypersensitive-induced response protein 1 (HIR1)
was also triggered by Ptr (Supplementary Table S2). HIR1 is a plasma membrane protein
associated with defence responses, including localised cell death in rice and barley [45,46],
and is known to interact with the receptor-like kinase LRR1 [47,48]. This cell death is likely
influenced by ToxA-mediated chloroplast targeting.

Differential expression analysis revealed massive downregulation of chloroplastic
proteins and photosynthesis pathways in Her, whereas minor changes occurred in Rob [25].
Our network analysis detected co-expression of three ATP-dependent zinc metalloprotease
FtsH genes in both lines, reflecting potential repair mechanisms for ToxA-induced photo-
synthetic damage. Beyond R genes, the broad-spectrum resistance genes WIR1 (for Wheat
Induced Resistance 1) and MLO-like (for Mildew resistance locus o) were more highly
expressed in response to Ptr (Supplementary Table S2). MLO functions as a susceptibility
factor in barley, aiding host penetration by B. graminis f. sp. hordei and M. grisea. Thus,
barley mlo recessive lines display resistance [49], whereas WIR1 exhibits context dependent
roles, contributing to resistance in barley and wheat against certain pathogens [50,51]. The
elevated expression of MLO could influence the relative levels of resistance.

Defence-related genes, including PR proteins, can be activated within 3 h of ToxA
exposure [22]. The SnToxA-PR-1 interaction induces necrosis in sensitive wheat, with the
phenotype dependent on sustained up-regulation of PR-1 [52]. While PR gene expression
commonly promotes resistance, for instance wheat against leaf rust fungus (Puccinia trit-
icina) [53,54], salicylic acid (SA)-regulated PR proteins may suppress resistance against
necrotrophs [55,56].

Ptr-elicited shifts in the transcription appear to be accompanied by metabolomic
changes and are indicated by the activation of key enzymes, such as CYPs, Fe/2OGs, CHS,
and PAL (Supplementary Table S2). These enzymes regulate the biosynthesis of cell wall
components, hormones, and defence metabolites [57–62]. However, increased expression
does not always confer resistance; for example, CHS and PAL activities may correlate with
decreased susceptibility or contribute to SA accumulation [63,64], potentially enhancing
Ptr infection.

4.2. The Blue Module: Pyrenophora Tritici-Repentis Influences Nitrogen Metabolism

Nitrogen (N) is increasingly being recognised as an important player in both defence
and disease development in plants. N assimilation can involve a reductase series (NO3

− →
NO2

− → NH4
+), followed by transamination to form amino acids, which affects plant de-

velopment and yield [65]. Increases in applied N can benefit either the host or the pathogen,
depending on the pathosystem [66–69]. Our WGCNA showed the co-expression of five
ammonium transporters (AMTs), two cytoplasmic glutamine synthases (GLN1/GS1), a glu-
tamate receptor, two aminotransferases, and three amino acid transporters. The preferential
expression of AMTs, rather than NO3

- transporters, could be important, as NH4
+ induced a

higher concentration of most free amino acids than NO3 [70], and also increased the levels
of gamma amino butyric acid (GABA), which serve as a nutrient for the pathogen [71]. A
shift towards preferential NH4

+ assimilation could also reduce the production of nitric
oxide, which has important defensive roles [72]. Active transport of amino acids has been
shown to increase N levels, photosynthesis, and chlorophylls in Arabidopsis and pea (Pisum
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sativum) [73–75]. This coordinated regulation of nitrogen metabolism and photosynthetic
processes may reflect a compensatory response to ToxA-induced chloroplast stress. In
this context, the concurrent expression of FtsH metalloproteases—previously linked to
photosystem repair—suggests that the host may attempt to preserve chloroplast function
and sustain photosynthesis, despite pathogen-induced damage.

4.3. The Black Module: Defining the Sources Partial Resistance to Pyrenophora
Tritici-Repentis in Robigus

GO enrichment analysis showed that resistance in Rob was associated with shifts in
transcriptional regulation. Ribonuclease 3 (RNase III), transcription initiation factor IIF
subunit alpha (TFIIFα/TFG1), MADS box transcription factor, and DNA-directed RNA
polymerase subunit beta (RPB) transcripts were co-expressed in Rob. These maintain RNA
homeostasis, including RNA processing, and mediate responses to biotic stress [76–78].
Post-translational modification genes (as shown by the expression of ribosome hibernation
promotion factor, rRNA N-glycosidase, trigger factor, DNA-BINDING TRANSCRIPTION
FACTOR 2, poly(ADP-ribose), and glycohydrolase 1 (PARG1)), were prominent in the black
module. Indeed, 15% of the hub genes in the black module were F-box transcripts. F-box
proteins, part of the SCF (SKP1-Cullin-F-box) complex, are widely distributed in the wheat
genome [79] and influence disease resistance, among other roles [80,81]. The black module
also contained DNA-BINDING TRANSCRIPTION FACTOR 2/SHH2, which is linked to
RNA-directed DNA methylation (RdDM) pathways [82–85].

We have recently shown that resistance to Ptr in Rob cell wall modification processes
lead to increased penetration resistance to Ptr infection [25], and this was reflected in
the black module. Thus, cell-wall-associated, receptor-like protein kinases, NBS-LRR
disease resistance proteins, cellulose synthase, endo-(1,3)(1,4)-beta-D-glucanase, plasma
membrane ATPase, antiholin-like protein lrgB, inositol-1-monophosphatase (IMP), and
BURP domain protein (RD22) were co-expressed. Cellulose is the main cell wall component
and can serve as a physical barrier to phytopathogens [86]. RD22 interacts with cell wall
peroxidase, protects cell integrity [87], and is involved in response to stress [88,89]. Inositol-
1-monophosphatase play a role in the de novo synthesis of inositol, a lipid involved in
cell wall biogenesis, cell-to-cell communication, and hormone signalling [90–92]. Together,
these components are likely to be important in the barrier defence against Ptr in Rob.

Crucially, our WGCNA approach suggested further resistance mechanisms. Some
phytopathogens, including P. tritici-repentis, manipulate the chloroplast structures and
their functions to assist pathogenicity [93,94]. Our analysis revealed the co-expression of
chloroplastic proteins before and during pathogen infection in the resistant genotype. These
include chloroplast stem-loop binding protein, chlorophyll a-b binding protein (CAB), phy-
toene synthase (PSYI), Ferredoxin:NADP+:reductase (FNR), 50S ribosomal large subunit
proteins L6 and L28, and GTPase. These proteins are involved in photosynthesis and
downstream pathways, and ribosomal assembly and regulation [95–97]. We hypothesise
that maintaining a functional chloroplast through expression of structural and regulatory
genes in Rob may contribute to resistance to Ptr.

4.4. The Pink Module: Changes Associated with Susceptibility in Hereward

In this module, Her susceptibility was linked to transcription regulation, as seen in
the overexpression of SGS3, XH/XS domain-containing family protein, PAX-interacting
protein 1 (PAXIP1/PTIP), histone acetyltransferase of the CBP family 12 (HAC12) and the
transcription factors MADS box, bHLH, and MYB (Figure 8b). SGS3 is a key component
of post-transcriptional gene silencing (PTGS) pathways, stabilising double-stranded RNA
prior to degradation [98,99]. Its role as a hub in Her suggests that PTGS-related regula-
tion may be important during Ptr infection. Similarly, PTIP and HAC12 are involved in
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methylation and acetylation processes [100,101], respectively. Their effects have not been
investigated in the tan spot pathosystem.

Post-translational modification (PTM)-related transcripts were also found as hub compo-
nents of the Her network (Figure 8b). Among the genes with PTM functions were a RING-box
protein (RBX1) and three SUMO-specific proteases (SENPs), which regulate ubiquitination
and SUMOylation processes that control protein stability and turnover [102,103]. Chaperone
proteins also play a role in post-translational modifications: most notably, the 70 kDa and
90 kDa heat shock proteins (Hsp70, Hsp90) [104,105], among other roles. In this study, Hsp90
and a DnaJ-like protein (also known as Hsp40, an interacting Hsp70 partner) were found
as co-expressing hub genes in the pink module. Cytosolic Hsp70s have been identified as
SUMO targets [106], whereas the Hsp90 / Hsp70 complex has been shown to interact with
a Cullin-RING ubiquitin ligase (CRL) [107]. The role of ubiquitination/SUMOylation in the
susceptible phenotype observed in Her needs to be further investigated.

ROP/RAC GTPases participate in a variety of biological processes which include plant
development and hormone responses and are positively regulated by guanine nucleotide
exchange factors (ROPGEF) [108–110]. Additionally, ROP GTPases plays a role in auxin
signalling [111], membrane trafficking, and cytoskeleton dynamics [112]. Our previous
study has pointed to auxin as being a susceptibility factor of wheat to Ptr, and polymeri-
sation of the actin cytoskeleton to be a fundamental piece in barrier defences against
the tan spot pathogen [25]. Other hub genes included an amino acid/auxin permease
(AAAP) transporter, a WAT1-related protein, and a glycine-rich domain-containing protein
2 (GRDP2) (Figure 8b), which may contribute to cellular transport and structural regulation.
Altogether, these may indicate a possible role in auxin signalling in susceptibility to Ptr.

5. Conclusions
This study used RNA-seq and weighted gene co-expression network analysis

(WGCNA) to dissect the molecular responses of wheat to Ptr infection. By comparing resis-
tant (Robigus) and susceptible (Hereward) cultivars, we identified distinct gene expression
profiles associated with resistance and susceptibility. Notably, the resistant cultivar showed
increased expression of chloroplast ribosomal genes and transcriptional regulators, whereas
the susceptible line exhibited elevated levels of post-transcriptional and translational modi-
fiers. We identified 59 hub genes in modules associated with resistance and 46 hub genes in
modules linked to susceptibility. Many of these genes had not been previously associated
with the wheat–Ptr pathosystem, highlighting the added value of network-based analyses
for discovering novel components of plants’ immune responses. Experimental validation
of the identified hub genes will be essential to fully uncover their roles and potential for
breeding disease-resistant wheat varieties.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/microbiolres16110242/s1. Figure S1: Phenotypic characterisation
of wheat cultivars (a) Robigus (Rob) and (b) Hereward (Her) at 336 h post inoculation with Pyrenophora
tritici-repentis. Scale bar = 1 cm; Figure S2: A scatterplot of gene significance vs. module membership
of transcripts in modules relevant for (a) tan spot-resistant wheat cultivar Robigus (Rob), (b) tan
spot-susceptible wheat cultivar Hereward (Her), (c) and pathogen elicited within transcriptomes of
both cultivars when challenged with Pyrenophora tritici-repentis. Correlation values are denoted as
“cor”, and p-value as “p”; Table S1: Weighted correlation network analysis (WGCNA) of RNA-seq
data; Table S2: Detailed result of intramodular analysis, hub genes network attributes and annotation.
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