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Abstract

necrotrophic effector regulation.

The fungus Parastagonospora nodorum causes septoria nodorum blotch on wheat. The role of the fungal Velvet-
family transcription factor VeA in R nodorum development and virulence was investigated here. Deletion of the

P nodorum VeA ortholog, PnVeA, resulted in growth abnormalities including pigmentation, abolished asexual
sporulation and highly reduced virulence on wheat. Comparative RNA-Seq and RT-PCR analyses revealed that the
deletion of PnVeA also decoupled the expression of major necrotrophic effector genes. In addition, the deletion
of PnVeA resulted in an up-regulation of four predicted secondary metabolite (SM) gene clusters. Using liquid-
chromatography mass-spectrometry, it was observed that one of the SM gene clusters led to an accumulation
of the mycotoxin alternariol. PnVeA is essential for asexual sporulation, full virulence, secondary metabolism and
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Introduction

Plant pathogenic microorganisms cause severe economic
damage to the agricultural sector threatening food secu-
rity [1]. Parastagonospora nodorum is a pathogenic fun-
gus that causes Septoria nodorum blotch (SNB) of wheat
and is considered a model necrotrophic fungal plant
pathogen [2, 3]. The use of fungicides and the breeding
of resistant cultivars have been successful in managing
the spread of SNB [4]. However, continued yield losses
caused by SNB prompt the investigation for the discovery
of novel control methods [4].

P. nodorum is a necrotroph which infects susceptible
wheat cultivars by causing necrosis of the plant tissue
which it subsequently colonises [5]. P nodorum spores
germinate on the surface of wheat leaves [5]. During
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infection, the fungus produces proteinaceous necrotro-
phic effectors (NE) that interact with wheat dominant
susceptibility receptors, in an inverse gene-for-gene
manner, leading to host tissue necrosis [5]. The interac-
tion between NEs and their corresponding susceptibil-
ity genes has been conceptualised as effector-triggered
susceptibility and P nodorum—wheat has been used as
the model pathosystem to study this immune pathway in
plants [6]. The infection cycle is completed by the pro-
duction of asexual pycnidiospores and sexual ascospores
which spread through rain splashes and wind, respec-
tively, to infect other susceptible host plants [3]. For crop
protection purposes, the removal of dominant suscepti-
bility genes from wheats improves disease resistance [4].

Whilst transcription factors (TFs) are ubiquitous across
all domains of life [7], the structural family Velvet is
exclusive to the fungal kingdom [8]. Velvet TFs were first
identified and characterised as important developmental
regulators through pioneering studies in Aspergillus spp.
[9, 10]. While all Velvet TFs share a conserved domain,
four distinct classes have been described: Velvet A (VeA),
Velvet-like B (VelB), Velvet-like C (VelC) and Viability
of Spores A (VosA). Furthermore, interactions between
the Velvet TFs have been reported, indicating that com-
plex oligomeric regulatory units can form [11]. The Vel-
vet complex can also interact with other cofactors, such
as the methyltransferase LaeA, and has been associated
with several regulatory functions including vegetative
growth and development, stress tolerance, reproduction
and secondary metabolite (SM) biosynthesis [9]. Ortho-
logs of the canonical Velvet regulator VeA have been
associated with virulence in both biotrophic and necro-
trophic plant pathogens [12].

A number of P nodorum TFs have been found to regu-
late the NE genes SnToxA and SnTox3 but little is known
about the transcriptional regulation of the other two
major NE genes SnToxl and SnTox267 [12-14]. Previ-
ously, P nodorum TFs such as PhmR and ElcR have been
shown to regulate the production of phytotoxic SMs and
be required for normal phytopathogenicity [15, 16].

Prior to this study, the role of the Velvet pathway of
P. nodorum in NE and secondary metabolite regulation
and host infection was not known. Therefore, this study
aimed to identify and characterise the Velvet VeA ortho-
log in P nodorum (PnVeA), and to investigate the genes
regulated by this putative TFE. PnVeA is essential for
asexual reproduction, vegetative development and full
phytopathogenicity. Furthermore, several NEs, as well as
the mycotoxin alternariol are subjected to VeA regulatory
control.
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Results

Identification of Velvet TFs in P. nodorum and the deletion
of PnVeA in P. nodorum

Four coding sequences were identified in the P nodo-
rum reference which harboured a putative velvet domain
(InterPro ID: IPR037525) (Fig. 1A). A phylogenetic
analysis incorporating characterised Velvet TFs from A.
nidulans, A. flavus, Botrytis cinerea and Magnaporthe
oryzae revealed four clades corresponding to the four
distinct Velvet ortholog classes VeA, VelB, VelC and
VosA (Fig. 1B). As such, the putative P nodorum ortho-
logues were designated PnVeA (SNOG_01807), PnVelB
(SNOG_03679), PnVelC (SNOG_12917) and PnVosA
(SNOG_06311). PnVeA was selected for further investi-
gation and subsequent functional characterisation, given
that it is highly expressed during P nodorum infection,
from necrotrophy to sporulation based on a microar-
ray analysis [17], which aligns with the prominent role
of VeA orthologs in other fungi, especially during host-
pathogen interaction [9, 12].

PnVeA is required for vegetative development, asexual
sporulation and full virulence

Two independent P nodorum mutant strains lack-
ing a functional PnVeA (SNOG_01807, NCBI acces-
sion: XM_001792381.1) were generated via homologous
recombination (pnvea-23 and pnvea-25) in the P. nodo-
rum SN15 background (Additional file 1). Mutant strains
pnvea-23 and pnvea-25 were phenotypically compared to
SN15 to assess the role of PnVeA in the development of
the fungus. Strains lacking PnVeA had produced a dark
secretion when cultivated on agar medium, which was
lacking in SN15, and were unable to produce pycnidia
and pycnidiospores (Fig. 2A and B).

To determine whether PnVeA affected virulence in-
planta, pnvea-23 and pnvea-25 were compared to SN15
using a wheat leaf infection assay. Both pnvea-23 and
pnvea-25 were highly reduced in virulence and unable
to produce pycnidia (Fig. 2C and D; Additional file 2).
Microscopic analysis revealed pnvea-25 was capable of
host penetration attempts via the stomata and epidermis
comparable to SN15 (Additional file 3).

To confirm that the phenotype of mutants is the result
of the deletion of PnVeA, a gene complementation
mutant was generated using the pnvea-25 background
(PnVeA-25C). Phenotypic analyses indicated that the P
nodorum PnVeA-25C is comparable to SN15 (Fig. 2).

RNA Sequencing revealed that PnVeA regulates
necrotrophic effectors, transcription factors and secondary
metabolite genes in vitro

As the deletion of PnVeA affects vegetative morphol-
ogy and virulence, we then used a comparative RNA-
Seq approach to investigate the expression profile in
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Fig. 1 Protein sequence analysis of Velvet transcription factors. (A) Domain architecture of putative Velvet-domain (IPR037525) proteins in Parastagonos-
pora nodorum showing the location of the Velvet domain in each ortholog. (B) A neighbour-joining phylogenetic tree showing characterised Velvet-
domain transcription factors from four different species compared to putative orthologues in P nodorum. Orange, green, grey, and blue boxes indicate
the clustered VeA, VosA, VelB and VelC orthologs respectively. UniProt IDs are indicated right of protein names. Branch lengths denote the dissimilarities
in amino acid sequences between proteins. Bootstrap values are indicated at node branches

SN15 and pnvea-25 under in vitro growth to identify
genes responsible for the observed phenotypes. A prin-
cipal component (PC) analysis of the SN15 and pnvea-
25 RNA-Seq data revealed a clear segregation between
SN15 and pnvea-25 consistent across replicates (Fig. 3A).
PC1 accounted for 85% of the total variation while
PC2 accounted for 12% and this discriminated SN15
from pnvea-25 (Fig. 3A). The in vitro RNA-Seq analy-
sis revealed 5052 differentially expressed (DE) genes

between pnvea-25 and the SN15 with 2898 up-regulated
and 2154 down-regulated genes (Additional file 4). The
putative orthologs PnVelB and PnVosA were signifi-
cantly down-regulated with a Log, fold change (LFC) of
-1.35 and -5.54, respectively, while PnVelC expres-
sion remained unaltered. Previously characterised TFs
involved in effector regulation, PnPf2 (-1.70 LFC) and
PnCon?7 (-1.05 LEC), were both significantly down-regu-
lated [18, 19].
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Fig.2 Comparative examination of vegetative morphology and virulence of P nodorum pnvea mutants with SN15. (A) Vegetative morphology of £ nodo-
rum strains on V8PDA (top row) highlighting differences in pycnidial development (orange arrows) (bottom row). (B) Pycnidiospore count of P nodorum
strains on V8PDA media after 12 days of growth showing the abolishment of pycnidiospore production in pnvea-23 and pnvea-25. (C) Wheat leaf assay
infection at day 6 post-inoculation showing reduced virulence of knockout mutants on wheat cultivar Axe. Tween was used as a negative control. (D)
Pycnidiospore count of P nodorum strains normalized to the length of infected leaf tissue after 10 days, showing the abolishment of pycnidiospore pro-
duction in pnvea-23 and pnvea-25. For (B) and (D), ANOVA with the Tukey-Kramer test was used to compare the means of pycnidiospore counts (p <0.05,
n=3). Different letters above the bars indicate statistical significance between strains. Strains without detectable pycnidiospores are indicated by ‘n.d”

for“not detected”

The enrichment of gene ontology (GO) terms within
DE genes was analysed to assess the nature of the gene
expression changes between SN15 and pnvea-25. This
revealed that overall, PnVeA down-regulates transport
within the cell and up-regulates processes related to
carbohydrates (Fig. 3B). Major enriched genes up-reg-
ulated in pnvea-25 encoded for oxidoreductase activ-
ity (GO:0016491, 138 out of 502 genes), transmembrane
transport (GO:0055085, 142 out of 561 genes) and trans-
membrane transporter activity (GO:0022857, 111 out of
420 genes). Notably, 21 out of 142 down-regulated trans-
membrane transport genes were predicted to be trans-
porters associated with nitrogen assimilation (Additional
file 5). A similar number of genes in catalytic activity
(GO:0003824) and various GO terms related to binding
(G0O:0020037, GO:0005506, GO:0071949, GO:0008061,
G0:0030246, GO:0050660) were equally both up and
down-regulated between SN15 and pnvea-25. Genes that

are associated with carbohydrate metabolic processes
(GO:0005975 — 58 out of 229 genes) and hydrolase activ-
ity (GO:0004553 — 46 out of 140 genes) were enriched
and predominantly down-regulated in pnvea-25. Nota-
bly, 35 of the 46 down-regulated genes in the GO term
hydrolase activity (GO:0005975) were putative plant cell
wall depolymerases (Additional file 6).

SnToxA, SnTox1, SnTox267 and SnTox3 are well-char-
acterised necrotrophic effector-coding genes present
in SN15 [13, 20-22]. Another effector SnTox5 has been
characterised in P nodorum, but is absent in the refer-
ence isolate studied here [23]. In addition, 37 unchar-
acterised candidate effector genes were previously
identified in SN15 (Additional file 7) [24]. These candi-
date effector genes and known effector genes were then
examined in the RNA-Seq analysis between SN15 and
pnvea-25 to explore a connection with known viru-
lence factors. SuToxl and SnTox267 were significantly
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Fig. 3 Comparative RNA-Seq analysis between SN15 and pnvea-25 under in vitro condition. (A) Principal component analysis (PCA) of transcriptomes of
SN15 and pnvea?25. Three biological replicates were used. Two SN15 biological replicates overlapped on the plot resulting in only two visual data points.
(B) A ridge plot illustrating the enriched gene ontology (GO) terms between SN15 and pnvea-25 plotted against the LFC of genes within the GO terms.
The shading represents the percentage of genes in the GO term that was enriched. (C) The expression profile of necrotrophic effectors SnToxA, SnTox1,
SnTox267 and SnTox3 in the RNA-Seq analysis. Horizontal dashed grey lines at one fragment per kilobase of transcript per million mapped reads (FPKM)
indicate the lowest threshold at which a gene is considered expressed. Asterisks indicate significant difference while n.s. is not significant according to

Wald test with the Benjamini-Hoschberg adjustment, p < 0.0001 (****)

down-regulated while the expression of SnToxA and
SnTox3 was not altered during in vitro growth (Fig. 3C).
Of the 37 candidate effector genes, 12 genes had signifi-
cant dysregulation of expression in pnvea-25 compared
to SN15 (Additional file 7).

PnVeA deletion leads to upregulation of necrotrophic
effectors during late infection

The dysregulation of effector genes in the RNA-Seq
prompted an analysis of their expression during host
infection as it could be a factor involved in the observed
reduction in virulence for the PnVeA deletion mutants.
Digital droplet PCR (ddPCR) demonstrated that pnvea-
25 had a significantly different profile of effector gene
expression compared to the SN15 and PnVeA-25C
(Fig. 4). The expression SnToxA did not significantly
change without PnVeA (Fig. 4A). In contrast, SnToxI
expression in pnvea-25 was higher than in SN15 and

PnVeA-25C at 10 days post infection (Fig. 4B). Inter-
estingly, pnvea-25 expression of SnTox3 was increased
from six days to 10 days post inoculation in-planta com-
pared to SN15 and PnVeA-25C (Fig. 4C). Furthermore,
SnTox267 expression in pnvea-25 was significantly higher
than in SN15 and PnVeA-25C in-planta at 10 days post
inoculation (Fig. 4D). Overall, pnvea-25 expressed the
effector genes at higher levels than SN15 and PrnVeA-
25C at 10 days post-inoculation, excluding SnToxA where
expression remained unchanged in-planta. This corre-
sponds to pycnidiation in the infection cycle of P. nodo-
rum, which was abolished in pnvea-25 and also where
effector expression is typically reduced [25].

PnVeA is associated with the regulation of putative
secondary metabolite gene clusters

The identification and characterisation of PnVeA presents
an opportunity to further investigate SMs in 2. nodorum
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Fig. 4 Digital droplet PCR of necrotrophic effector genes revealed that PnVeA coordinates SnTox1, SnTox3 and SnTox267 expression in-planta. The in-
planta gene expression profiles of effector genes, (A) SnToxA, (B) SnTox1, (C) SnTox267 and (D) SnTox3, for the wildtype strain (SN15), PnVeA deleted mutant
(pnvea-25) and complemented mutant (PnVeA-25C) were measured at three-, six-, eight- and 10-days post-infection. Asterisks indicate a significant dif-
ference in mean within a time point between strains according to a one-way ANOVA with the Tukey-Kramer test post-hoc (p <0.05, n=3), p<0.05 (*), <

0.01 (*¥), <0.001 (***) and <0.0001 (****)

at a global regulatory level based on the current under-
standing of Velvet regulation of SMs in other fungi. In A.
flavus and the corn pathogen Fusarium verticillioides, the
VeA orthologs are regulators of secondary metabolism
[26, 27]. Since 38 SM gene clusters have been previously
discovered in P. nodorum [28], the expression of these
clusters was analysed. Five putative polyketide synthase
(PKS) gene clusters showed differential expression pat-
terns between SN15 and pnvea-25 in the RNA-seq analy-
sis (Fig. 5).

Cluster 17 contains the highly reducing PKS (HR-PKS)
gene SNOG_08274. Out of the 18 predicted genes in this
cluster, 13 were significantly down-regulated, including
the backbone gene. antiSMASH comparative gene clus-
ter analysis suggests that Cluster 17 can produce a SM

similar to the naphthopyrone YWAI, a conidial pigment
intermediate in the opportunistic human pathogenic fun-
gus A. fumigatus [29]. Furthermore, SNOG_08274 has
been previously associated with pigment production [28].

Two adjacent SM gene clusters (Cluster 25 and Clus-
ter 26) containing putative HR-PKS genes (SNOG_11066
and SNOG_11076, respectively) were up-regulated in
pnvea-25 mutant. However, it should be noted that
SNOG_11066 is not expressed in P. nodorum SN15 [17].
While Cluster 25 has been associated with pyranonigrin
E production [30], antiSMASH analysis has linked Clus-
ter 26 to the macrolide AKML [31]. Genes in Cluster 28,
which contains a NR-PKS gene SNOG_11981, were also
up-regulated. Of the six genes predicted within Cluster
28, five were up-regulated. SNOG_11981 has been linked
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Fig. 5 Differential gene expression of predicted SM gene clusters in P nodorum [28]. In vitro RNA-Seq analysis compared the expression between wild-
type SN15 and PnVeA deleted strain (pnvea-25). Log, fold change (LFC) is coloured according to its significance: green is significantly up-regulated in
pnvea-25, red is significantly down-regulated in pnvea-25 and grey is not significant. SNOG is the gene locus names. “PKS" are polyketide synthase genes,

“TF"are transcription factors, “Other” are genes of various miscellaneous functions and “Previously not annotated”are genes within a cluster but only pres-
ent in the genome by Bertazzoni et al. [48]
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to melanin production [32], this may be a link to the
observed darker pigmentation in pnvea-23 and pnvea-25.

Notably, of the five DE PKS gene clusters, one (NR-
PKS; SnPKS19) is involved in the production of alternar-
iol, a previously characterized mycotoxin in P. nodorum
[33]. To assess the correlation between RNA-seq results
and SM production, particularly the abundance of
alternariol, the SM profiles of all strains were analysed
through LC-DAD-MS. PnVeA deleted strains (pnvea-23
and pnvea-25) displayed a new peak 1 (m/z 257 [M-H]-)

A 1
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[33], also present in lower quantities in PnVeA-25C, but
undetectable in the control strain SN15 (Fig. 6A). Besides
having a similar mass, the compound UV-vis spectrum
and molecular formula were consistent with alternariol
(Fig. 6B and C, Additional file 8).

Additionally, two uncharacterized compounds, 2
(m/z 378 [M+H]+) and 3 (m/z 392 [M+H]+), with-
out apparent UV absorption were detected in SN15 and
PnVeA-25C, but were absent in pnvea-23 and pnvea-25
(Additional file 9).
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Fig. 6 The deletion of PnVeA resulted in a modified metabolic profile. (A) LC-DAD (DAD 254 nm) chromatograms showing the metabolomic profiles of P
nodorum SN15, pnvea-23, pnvea-25 and PnVeA-25C strains grown on V8PDA. Deletion of PnVeA led to increased production of 1 (alternariol), the structure
of which is depicted in (B). (C) Alternariol UV-vis spectrum
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Discussion

The Velvet TFs are known to function as global regulators
involved in diverse functions in filamentous fungi [9, 12].
Until now, their regulatory role had not been investigated
in the NE-producing pathogen P. nodorum. Using a gene
deletion approach, we highlight several key processes
controlled by the VeA ortholog. Phenotypic analysis and
RNA sequencing data suggest that PnVeA is required for
full virulence, asexual sporulation, normal effector regu-
lation, SM production and pigmentation.

Regarding sporulation, changes are also reported fol-
lowing VeA deletion in other fungi [9], yet we observed
the complete abolishment of pycnidia and pycnidiospore
production both in-vitro and during infection. This indi-
cates PnVeA has a pivotal role in asexual sporulation in
P nodorum relative to orthologs in other characterised
fungi, such as the pathogens: A. flavus, B. cinerea and M.
oryzae [34-37].

The comparative RNA-Seq analysis conducted in
this study revealed that PnVeA has a global role in gene
expression, including significant changes in genes associ-
ated with carbohydrate/chitin interactions and carbohy-
drate metabolism, as well as iron/FAD metabolism and
secondary metabolite biosynthesis. Previous transcrip-
tomic investigations of the VeA ortholog in the plant
pathogen A. flavus showed that oxidoreductase genes
and genes related to carbohydrate metabolism were
shown to be differentially regulated similarly to P. nodo-
rum [38].

Leaf infection assays using the pnvea mutants demon-
strated reduced virulence, despite retaining the capacity
to attempt to penetrate the host tissue [39]. This indi-
cates PnVeA may be required for biochemical pathways
and other factors paramount for normal virulence. A
key TF involved in virulence and NE expression in P.
nodorum is PnPf2 [19, 40]. Gene silencing of another P
nodorum TF PnCon7 also led to reduced NE expression
[18]. Interestingly, both these TFs, as well as SnTox1 and
SnTox267 were downregulated in pnvea-25. SnToxA was
not expressed in either SN15 nor pnvea-25 in-vitro which
is consistent with previous literature [19, 41], yet 12 addi-
tional NE candidates identified by Jones et al. [24] were
also altered in this analysis (Additional file 7). We there-
fore sought to investigate NE expression further during
infection with ddPCR in order to provide insight into the
reduced virulence observed for pnvea-23 and pnvea-25.
Surprisingly, of the characterised NE genes, only Tox267
exhibited significantly reduced expression during early
infection (3 days post inoculation). However, we did
observe late necrotic symptoms induced by the pnvea
mutants at 10 days post inoculation where the expression
of effector genes was also greater than SN15 or PnVeA-
25C (Fig. 4 and Additional file 2). There may be an undis-
covered role of PnVeA related to the detection of wheat
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environmental cues to enable infection, reflected by
the delayed expression of NE genes and the subsequent
appearance of necrotic symptoms.

This investigation also revealed a significant role for
PnVeA in SM regulation, including the mycotoxin alter-
nariol, found in P nodorum and in the members of the
fungal genus Alternaria including the broad host phyto-
pathogen Alternaria alternata [42, 43]. We demonstrated
using LC-DAD-MS that PnVeA negatively regulates the
production of alternariol. This is in direct contrast to
what has been observed in A. alternata, where VeA was a
positive regulator of alternariol production [44]. The pre-
viously characterised PKS gene, SnPKS19 is required to
produce alternariol in P nodorum [33], and this gene was
significantly upregulated in the RNA-seq dataset. Inter-
estingly, expression of the gene encoding a short-chain
dehydrogenase Schl, which is negatively correlated with
alternariol production [43], was unchanged in pnvea-25.
This suggests that the synthesis of alternariol is directly
attributed by SnPKS19 and overcomes any suppressive
effects previously attributed to Schl. Alternariol was not
detected in SN15 in this study but that may be due to the
variation in the growth medium compared to previous
studies [33, 43].

Three interesting uncharacterised PKS genes which
were found to be upregulated in pnvea-25, include
SNOG_08274 (Cluster 17), SNOG_11076 (Cluster 26)
and SNOG_11981 (Cluster 28). However, the identity
of the metabolite products is yet to be determined. Two
compounds without UV absorption absent in pnvea-25
may be associated with Cluster 17 as the sole cluster to
be down-regulated in pnvea-25 or the two compounds
may be from unknown biosynthetic origins. Although
tools like antiSMASH can predict SM-related genes for
various classes of molecules, the biosynthetic origin of
many compounds remains to be determined [45].

This study has characterised PnVeA, the ortholog of a
fungal-specific global regulator VeA. It was discovered
that PnVeA regulates growth, pigmentation and sporula-
tion, as well as both effector expression and SM produc-
tion either directly or indirectly. Uniquely, in P nodorum,
PnVeA is essential for sporulation. Furthermore, PnVeA
is a negative regulator of alternariol production and is
the first TF in P. nodorum observed to putatively regu-
late the NE gene SnTox267. Four uncharacterised SM
gene clusters identified to be regulated by PnVeA were
observed in this study. Efforts are underway to investi-
gate SMs attributed to these canonical SM gene clusters.
In addition, we were unable to find an enriched PnVeA
binding motif in the differentially expressed genes using
a previous method [40], likely due to indirect regulation
of some differentially expressed genes. Future studies to
include chromatin immunoprecipitation [46] could be
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used to uncover the binding motif and direct gene targets
of PnVeA.

Materials and methods

Strains and cultures

P. nodorum strains used in this study are listed in Table 1.
All fungal strains were maintained on V8PDA (150 mL/L
Campbell’s V8 Juice, 3 g/L CaCOs, 10 g/L Difco PDA and
10 g/L Agar) [47]. Fungal strains were grown ina 12: 12 h
light: dark cycle at 22 °C for 7 to 12 days.

Identification of Velvet orthologs in P. nodorum and
phylogenetic tree construction

Velvet proteins VeA (NCBI accession: XP_658656.1),
VelB (XP_657967.1), VelC (XP_659663.1) and VosA
(XP_659563.1) from A. nidulans were used to search
for the ortholog in P modorum reference strain SN15
[48] using the Basic Local Alignment Search Tool BlastP
[49]. The probable orthologs identified were analysed
using InterPro [50] to confirm the presence of the Vel-
vet domains. Characterised velvet proteins from A.
nidulans and three plant pathogenic fungi (A. flavus, B.
cinerea and M. oryzae) were retrieved from UniProt [51]
and selected to compare against the identified orthologs
in P nodorum [34-37]. An alignment of full length pro-
teins was performed on MEGA11 using the ClustalW
algorithm with default settings [52]. A neighbour-joining
phylogenetic tree was constructed using default settings
except with a bootstrap analysis set at 3000 repetitions
[52].

Generation of PnVeA P. nodorum mutants

The primers used in this study are listed in Additional
file 10. The gene deletion construct of PnVeA including
a phleomycin selectable marker was assembled using
Golden Gate cloning system [53] using a modified pUC19
(New England Biolabs, Ipswich, Massachusetts, USA) as
the backbone vector [54]. The PnVeA complementation
construct that included a 1,021 bp promoter region, the

Table 1 Fungal strains used in this study

Strain Description Source
SN15 Parastagonospora nodorum Department
wildtype of Primary In-
dustries and
Regional De-
velopment,
Western
Australia
pnvea-23 SN15 carrying an in-frame dele-  This study
tion of PnVeA
pnvea-25 SN15 carrying an in-frame dele-  This study
tion of PnVeA
PnVeA-25C pnvea-25 complemented with This study

PnVeA
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full intact gene and 290 bp of the terminator sequence
was fused to a hygromycin selectable marker via fusion
PCR [55].

The P nodorum wild-type strain, SN15, was trans-
formed via polyethylene glycol-mediated transformation
as previously described [47]. PnVeA-deleted P. nodorum
mutant strain, pnvea-25, was similarly transformed but
the hyphae were used for the inoculation of the starter
culture instead of spores due to its non-sporulating
phenotype.

Deletion of the gene and subsequent complementation
were confirmed using PCR (Additional file 1). Single copy
integration of the constructs was confirmed using a pre-
viously developed quantitative PCR method (Additional
file 1) [56].

Phenotypic assay

Agar plugs were cut out from the growing edge of each
strain with the back of a 200 uL pipette tip and inocu-
lated onto another V8PDA plate and left to grow under
the conditions outlined before. Spores were then counted
for each strain after 12 days.

Infection assay
Hyphae from each strain were homogenised in 0.02%
Tween solution using metal beads and a ball mill shaken
at 30 Hz for 10 s using a Mixer Mill MM400 (Retsch,
Haan, Germany). The hyphal mixture was diluted to
20 mg/mL by wet weight in 0.02% Tween 20. This hyphal
mixture was painted using a paintbrush on 10-day-old
wheat seedlings (cv. Axe) embedded in 0.5% benzimid-
azole water agar and grown as a detached leaf assay under
a 12: 12 h light: dark cycle at 22 °C [47]. After 10 days, the
infected leaves were put into 500 uL of water and shaken
at 30 Hz for 10 s to dislodge the pycnidiospores. The pyc-
nidiospores were then counted and normalised to pyc-
nidiospores per cm of infected leaf tissue.

The staining of infected leaves with Trypan Blue was as
previously described [47].

RNA extraction, sequencing and quality control

SN15 and pnvea-25 were grown on V8PDA for 12 days
and RNA extraction was performed using an extraction
involving TRIzol™ reagent (Invitrogen, La Jolla, USA) and
DNase treatment using DNase I (New England Biolabs,
Ipswich, USA) both following manufacturers’ protocols.
Library preparation and sequencing were performed by
the Australian Genome Research Facility (https://www.
agrf.org.au/). Following the library preparation, 150 bp
paired-end stranded sequences were generated on a
NovaSeq 6000 S4 (Illumina, San Diego, USA). The experi-
ment was performed with three biological replicates. The
quality of the raw RNA-Seq reads was assessed in FastQC
v0.11.9 (https://www.bioinformatics.babraham.ac.uk/
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projects/fastqc/). The sequencing adapters were trimmed
using Trimmomatic v0.39 [57] and the trimmed paired
reads were mapped to the P. nodorum SN15 genome [48]
with known splice sites using STAR v2.7.3 using default
settings [58].

Determination and functional enrichment of differentially
expressed genes in RNA-Seq

The counts of the reads overlapping the annotated gene
features in the genome were determined using the fea-
tureCount v2.0.0 package in SubRead [59]. Differentially
expressed (DE) genes were determined using the R pack-
age DESeq2 v1.36.0 [60]. The criterion for a DE gene
was the LFC against the null hypothesis-1<LFC<1 (H,
= |LFC| > 1) with the Benjamini-Hoschberg adjusted
P-value significance threshold of 0.05.

Gene ontology (GO) terms in DE genes were analysed
in Goseq v1.26.0 to determine its overrepresentation
[61]. GO terms were assigned using InterProScan where
possible [62]. The predicted function of genes in the top
five most dysregulated GO terms were added using pre-
dictions from UniProt [51]. SM cluster genes described
by Chooi et al. [28] that were DE were analysed further
on antiSmash 7 fungal version [63] with default settings
using the SN15 genome [48] as the query.

Gene expression analysis of effector genes in in-planta
condition

RNA from wheat leaves (cv. Axe) three-, six-, eight- and
10-days post inoculation with all P nodorum strains
in this study was extracted as described above. Reverse
transcription PCR was performed on the sample to gen-
erate cDNA using iScript™ cDNA Synthesis Kit (BioRad,
Hercules, USA) according to the manufacturer’s protocol.
A QXDx AutoDG ddPCR system (BioRad) was used to
perform ddPCR on the samples in biological triplicates.
The expression of SnToxA, SnTox1, SnTox267 and SnTox3
was normalised to the expression of Act! in the form of
absolute quantification [18, 54].

Secondary metabolite assay

Three plates of each P nodorum strains were grown on
V8PDA were cut into approximately 1 cm x 1 cm pieces
and immersed in 25 mL of methanol. This immersion was
kept on ice and sonicated using a UW3100 sonicator with
a VS70 tip (Bandelin, Berlin, Germany) for 2 min at 10 s:
10 s on: off bursts at 50% amplitude to disrupt the cells.
This was then centrifuged at 3900 g for 5 min, the super-
natant filtered through a 0.2 pm filter, and then metha-
nol was evaporated off in a vacuum to retain the solid
organic extracts. The crude extracts were re-dissolved in
methanol for LC-DAD-MS analysis. Chromatographic
separation was achieved with a linear gradient of 5-95%
acetonitrile-H20O (0.1% (v/v) formic acid) over 10 min,
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followed by 95% acetonitrile for 3 min, with a flow rate of
0.6 mL/min. The MS data were collected in the m/z range
of 100-1000. The experiments were performed using an
Agilent 1260 liquid chromatography (LC) system, cou-
pled to a diode array detector (DAD) and an Agilent 6130
Quadrupole mass spectrometer (MS) with an electro-
spray ionisation source. Chromatographic separation was
carried out at 40 °C, employing a Kinetex C18 column
(2.6 um, 2.1x100 mm; Phenomenex).
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