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1 | INTRODUCTION
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Abstract

Zymoseptoria tritici, the causal agent of Septoria tritici blotch, is a fungal wheat path-
ogen that causes significant global yield losses. Within Z. tritici populations, quan-
titative differences in virulence among different isolates are commonly observed;
however, the genetic components that underpin these differences remain elusive.
In this study, intraspecific comparative transcriptomic analysis was used to identify
candidate genes that contribute to differences in virulence on the wheat cultivar
WW2449. This led to the identification of a multicopy gene that was not expressed in
the high-virulence isolate when compared to the medium- and low-virulence isolates.
Further investigation suggested this gene resides in a 7.9-kb transposon. Subsequent
long-read sequencing of the isolates used in the transcriptomic analysis confirmed
that this gene did reside in an active Class Il transposon, which is composed of four
genes named REP9-1 to -4. Silencing and overexpression of REP9-1 in two distinct
genetic backgrounds demonstrated that its expression alone reduces the number
of pycnidia produced by Z. tritici during infection. The REP9-1 gene identified within
a Class Il transposon is the first discovery of a gene in a transposable element that
influences the virulence of Z. tritici. This discovery adds further complexity to genetic
loci that contribute to quantitative virulence in this important pathogen.
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(QTLs) associated with STB resistance (Brown et al., 2015). While
genetic resistance is used in the field, foliar-applied fungicide re-

The fungal wheat pathogen Zymoseptoria tritici is the causal agent
of Septoria tritici blotch (STB). STB is one of the most devastating
wheat diseases in Europe and is responsible for significant yield
losses globally (O'Driscoll et al., 2014). While 22 qualitative “large
effect” STB resistance genes have been mapped in bread wheat,
no commercial wheat lines are fully resistant to all Z. tritici isolates
(Brown et al., 2015; Yang et al., 2018). In addition to these named
STB genes, there are over 160 “minor effect” quantitative trait loci

mains the primary method used to control the disease (Fones & Gurr,
2015; Torriani et al., 2015). However, fungicide resistance has been
reported in nearly all areas where Z. tritici is a significant disease
(Brunner et al., 2008; Estep et al., 2015; McDonald, Renkin, et al.,
2019). This emerging resistance poses a significant threat to future
wheat yields.

Z. tritici is a latent necrotroph, highly pathogenic on wheat
leaves (Rudd et al., 2015; Sanchez-Vallet et al., 2015). To initiate
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infection, spores of Z. tritici germinate on the surface of the leaf
and the growing hyphae enter through stomata (Orton et al., 2011;
Rudd et al., 2015). Z. tritici has a long, symptomless latent period
that ranges from 8 to 14 days, depending on specific wheat culti-
var-Z. tritici isolate combinations and other environmental factors
(Keon et al., 2005, 2007; Rudd et al., 2015). After this symptomless
stage, the mesophyll of infected leaves rapidly collapses, which
manifests as large necrotic lesions. The fungus then sporulates,
forming asexual fruiting structures called pycnidia (Orton et al.,
2011). These pycnidia mature and the asexual spores, known as
pycnidiospores, ooze out onto the leaf surface and are subse-
quently splash dispersed up the canopy, furthering the field ep-
idemic (Suffert et al., 2011).

The disease symptoms caused by Z. tritici infection have primarily
been described as a quantitative trait and significant effort has gone
into automated tools that can quantify the extent of leaf necrosis
or formation of pycnidia (Karisto et al., 2018; Stewart et al., 2017;
Stewart & McDonald, 2014). In this work we define virulence genes as
those that affect the extent or severity of disease symptoms (Agrios,
2005). In plant pathology, the term “aggressiveness” is often used in-
stead of virulence to indicate the severity of disease symptoms (Bos
& Parlevliet, 1995; Thomas & Elkinton, 2004). However, most studies
on Z. tritici have adopted the term “virulence,” which more closely
aligns with how the term is defined in other disease systems outside
of plant pathology (Stewart et al., 2017). Despite the characteriza-
tion of STB as a quantitative disease, recent studies have identified
genes that qualitatively impact the STB disease outcome (Lee et al.,
2014; Marshall et al., 2011; Zhong et al., 2017). AvrStbé is the first
avirulence (Avr) gene cloned in Z. tritici and its expression leads to
an avirulent phenotype on Sthé-containing wheat lines (Kema et al.,
2018; Zhong et al., 2017). However, more studies have demonstrated
or identified genes that have a quantitative effect on virulence. For
example, in a large QTL study one locus, later identified as the gene
Avr3D1, was shown to quantitatively influence both lesion size and
pycnidia formation (Meile et al., 2018; Stewart et al., 2017). Avr3D1
is unique because it interacts in a gene-for-gene manner with wheat
cultivars that contain the Stb7 resistance gene, but its expression and
recognition do not abolish pathogen infection (Meile et al., 2018).
Similarly, Poppe et al. (2015) identified three quantitative virulence-
related genes in an interspecific resequencing study. In this study,
the deletion mutants AZt80707 and AZt103264 showed reduced
pycnidia formation on infected wheat leaves compared to the wild-
type (WT) Z. tritici isolate IPO323, while AZt89160 strains showed
a hypervirulent phenotype with enhanced pycnidia formation during
infection (Poppe et al., 2015). Together, these studies demonstrate
that while single genes of large (qualitative) effect exist in the patho-
gen’s genome, genes of smaller (quantitative) effect make significant
contributions to disease development. When scaled to the field level,
these small effect genes can play large roles in the speed and inten-
sity of epidemic development and have a significant impact on yield.

The extended duration of the symptomless period of Z. tritici
is unique in comparison to other necrotrophic wheat pathogens.

Therefore, this latent period was the focus of several RNA-sequencing

Molecular Plant Pathology @ WI LEYM

(RNA-Seq) studies that sought to characterize putative virulence genes
expressed during this stage (Haueisen et al., 2019; Kellner et al., 2014;
Palma-Guerrero et al., 2017; Rudd et al., 2015). Transcriptomic data
from these studies suggest that Z. tritici actively reprogrammes its
gene expression when transitioning from the latent to necrotic stages
of infection. While these studies have provided significant insight into
the complex changes Z. tritici undergoes during infection, only one
study has specifically addressed quantitative differences in virulence
between isolates infecting the same wheat cultivar (Palma-Guerrero
et al., 2017). We sought to build upon our understanding of the genes
underpinning virulence in Z. tritici, by assessing the transcriptome of
three isolates with different levels of virulence on a single wheat culti-
var. The transcriptomic profiles of these three isolates were compared
in order to identify candidate genes that could be responsible for dif-

ferent degrees of virulence.

2 | RESULTS

2.1 | Three Australian Z. tritici isolates differ in
virulence on wheat cultivar WW2449

In a previous screen on wheat, Z. tritici isolates WAI332, WAI323,
and WAI321 showed different degrees of virulence on the wheat
cultivar WW2449 (McDonald et al., 2016). This study relied on a
visual scoring of disease severity from 1 to 5; however, newer tools
developed within the community enabled more precise measure-
ments of the differences in virulence between these three isolates
(Karisto et al., 2018). To expand upon this result, the third leaves
on WW2449 were infiltrated with each isolate and the disease was
assessed at 14 to 21 days postinoculation (dpi). Consistent with
the previous study, all three isolates caused necrotic lesions on
WW2449 l|eaves; however, there were measurable differences in
the number of pycnidia each isolate produced. At 21 dpi, abundant
pycnidia were visible on WW2449 |eaves infected with WAI321 fol-
lowed by fewer pycnidia in leaves infected with WAI323 (Figure 1a).
In contrast, pycnidia were almost absent on WAI332-infected leaves
(Figure 1a). For clarity, we refer to these isolates by their virulence
on WW2449 throughout the rest of the manuscript (WAI321, high
virulence; WAI323, medium virulence; WAI332, low virulence).

Consistent with the previous visual assessment of pycnidia num-
ber, automated image analysis revealed that the high-virulence iso-
late WAI321 developed significantly more pycnidia per leaf, with an
average of 21.2 pycnidia per infiltrated leaf. This is compared to an
average of 5.2 pycnidia per infiltrated leaf for the medium-virulence
isolate WAI323 (Figure 1b). Almost half of the low-virulence isolate
WAI332-infected leaves showed no pycnidia with an average of only
2.5 pycnidia per leaf (Figure 1b). Pycnidia density (pycnidia per cm?
necrotic lesion) was also assessed, where the same trend was ob-
served (Figure 1c). No differences in total necrotic area between the
three isolates was observed. These data confirm these isolates ex-
hibit quantitative differences in their virulence, defined here as the
ability to form pycnidia on the cultivar WW2449,
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FIGURE 1 Three Australian Zymoseptoria tritici isolates showing different degrees of virulence on the wheat cultivar WW2449. (a)

The third leaves of the wheat cultivar WW2449 (infiltrated with Z. tritici isolates WAI321, WAI323, and WAI332) harvested at 21 days
postinoculation (dpi). (b) The number of pycnidia produced on WW2449 leaves inoculated with WAI321, WAI323, and WAI332 counted at
16 dpi. Each infection assay was repeated twice and at least nine leaves were collected per isolate in each experiment. (c) Pycnidia density
(pycnidia per cm? lesion) calculated based on the number of pycnidia and the area of necrotic lesions. All data in (b) and (c) passed the
D’Agostino-Pearson normality test (omnibus K2 test); analysis of variance was conducted with the post hoc Tukey multiple comparisons
test. Each dot represents an individual leaf sample; numbers on top represent the mean of each group; bars indicate +SD; *p < .05, **p < .01,

***p <.001, ****p < .0001

2.2 | The three isolates have distinct transcriptomic
profiles during infection

To identify genes facilitating pycnidia development in planta, RNA
was extracted from infected WW2449 leaves before symptom de-
velopment (9 dpi) and at the onset of the switch to necrotic growth
(14 dpi) and sequenced. The total aligned reads were then counted,
normalized, and subsequently used to construct a multidimensional
scaling plot (MDS) to compare global transcript expression between
samples (Figure 2a). This analysis showed tight clustering of the
biological replicates, indicating suitable consistency between repli-
cates and a clear separation of the different isolates from each other
(Figure 2a). This suggests that each isolate has a distinct transcrip-
tomic profile during infection on the cultivar WW2449. The MDS
plot also revealed a clear separation in total transcript expression
between 9 and 14 dpi for the more virulent isolates, WAI321 and

WAI323. In contrast, there was little variation in gene expression

between the two time points for the weakly virulent WAI332 isolate
(Figure 2a).

To focus the downstream analyses on differences between the
isolates, three sets of differentially expressed genes (DEGs) were
identified based on pairwise comparisons (p < .05, false discovery
rate [FDR] < .05, |log,fold-change (FC)| > 1). Due to the tight cluster-
ing of total gene expression in the low-virulence isolate WAI332 at
both 9 and 14 dpi, we chose to analyse differential gene expression
between the isolates only. Therefore, samples from different time
points were treated in silico as replicates for this statistical analysis.
The numbers of overlapping DEGs between pairwise comparisons
are shown in Figure 2b. Overall, The WAI323/WAI332 (medium/low
virulence) comparison showed the largest number of DEGs (1,967
DEGs, 13.06% of all annotated genes), while the WAI321/WAI332
(high/low virulence) comparison showed 1,259 DEGs (8.36% of all
annotated genes; Figure 2b). In contrast, the WAI321/WAI323 pair
showed only 498 DEGs (3.31% of all annotated genes), less than
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FIGURE 2 Isolate-specific transcriptome analysis. (a) Multidimensional scaling (MDS) analysis using all normalized expression counts

of the three isolates during infection on WW2449. The distance between each dot (sample label) indicates similarity. Dimension 1 (dim1)
separates the isolates, whereas dimension 2 (dim2) roughly separates the days postinoculation (dpi). (b) Venn diagram showing the overlap of
differentially expressed genes (DEGs) in WAI321-WAI332, WAI321-WAI323, and WAI323-WAI332 comparisons. DEG lists were generated
using the criteria false discovery rate (FDR) < .05, p < .05 and [log,fold-change (FC)| > 1. (c) Heatmap (with cluster dendrogram) showing

the expression profiles of the 153 WAI321-specific DEGs associated with the three Zymoseptoriatritici isolates. Colour legend indicates
log,,(CPM + 0.01), with red indicating higher counts-per-million (CPM) values and blue CPM values as they approach zero

a quarter of the total DEGs from the other pairwise comparisons.
These results suggest that the more virulent isolates WAI321 and
WAI323 have more similar gene expression profiles during infection
on WW2449 when compared to the low-virulence isolate WAI332
(Figure 2b).

2.3 | Identification of new virulence-related gene
candidates in the DEGs

Based on the above phenotyping and RNA-Seq analysis, we chose
to focus on the DEGs specific to the high-virulence isolate, WAI321.
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Taking the intersection of the WAI321/WAI332 and WAI321/
WAI323 DEGs, 153 DEGs were shared between these two groups
(Figure 2b; Table S1). The expression patterns of these 153 DEGs for
all samples are shown in Figure 2c. Strikingly, the majority of these
genes were down-regulated in the high-virulence isolate WAI321
when compared to WAI332/WAI323 (Figure 2c; Table S1). This sug-
gested that the virulence of isolate WAI321 may be driven by the
down-regulation of certain genes during infection.

To further resolve this list, we used EffectorP to identify pu-
tative effector candidates (Sperschneider et al., 2016, 2018). This
limited the number of differentially expressed effector candidates
to only 28 genes (Table 1). We hypothesized that these 28 differen-
tially expressed effector candidates may contribute to the virulence
of WAI321 and are responsible for this isolate’s increased ability
to sporulate on cultivar WW2449. Table 1 shows the 28 differen-
tially expressed effector candidates in comparisons of WAI321 with
WAI323 and WAI332 (sorted by gene ID). All the genes in this table
are on core chromosomes (Chr01-13) and most of them encode
small hypothetical/unnamed proteins containing more than two cys-
teines. Of the 28 DEGs, 24 were down-regulated and only 4 were
up-regulated in WAI321 during infection when compared to the
other two isolates.

Upon further inspection of this list, one gene, Chr01.828, was
found to be identical to eight other genes found in different locations
throughout the genome (named Chr01.1012, Chr01.1158, Chr03.150,
Chr04.1008, Chr09.51, Chr09.795, Chr11.123, and Chr11.560; these
additional eight genes are not shown in Table 1). The Chr01.828 gene
has nine identical copies in the WAI332 genome and is predicted to
encode a 193-amino acid protein that contains six cysteines. This
gene was not expressed at detectable levels in WAI321 (high viru-
lence) and only moderately expressed in both WAI323 and WAI332
(Figure S1; Table S1).

2.4 | A multicopy differentially expressed gene
resides in a Class Il transposon

The high number of copies of Chr01.828 indicated that this gene
might be a part of a transposon within the genome of WAI332. In
close proximity to this gene were three other genes, Chr01.829,
Chr01.830, and Chr01.831. Local BLASTn searches of the WAI332
genome assembly revealed that these three genes were colocal-
ized with Chr01.828 at all nine locations in the WAI332 genome.
This region plus several hundred base pairs on either side of the
genes was extracted and aligned. This alignment revealed distinct
breakpoints that defined the boundaries of the high-identity re-
gion (c.96.3% pairwise identity). In total, this region spanned 7.9 kb
and included four predicted genes. This 7.9-kb region was desig-
nated ZtREP9 (hereafter called REP9; Figure 3a), to reflect the
nine copies found on five different chromosomes in the genome
of WAI332. A self-alignment of the REP9 region revealed termi-
nal inverted repeats (TIRs; Figure 3b), typical of Class Il transpo-
sons (Wicker et al., 2007). The differentially expressed effector

candidate gene (Chr01.828) is the first gene in this region and was
subsequently named REP9-1 (Figure 3a).

To further investigate these four genes we conducted an expres-
sion experiment in vitro, to test if the expression pattern of these
genes was similar to the patterns observed in planta from the RNA-
Seq experiment. In the REP9 element all genes, excluding REP9-1,
were expressed in vitro in all three isolates (Figure 3c-f). However,
during infection, REP9-2 was not expressed in any isolate (Figure S1a;
Table S2). REP9-3 and REP9-4 were expressed in all the three isolates
during infection (Figure S1b,c; Table S2). REP9-1 was not expressed
at detectable levels in the high-virulence isolate WAI321 under in
vitro conditions or in planta (Figures 3c and S1d; Table S2). In com-
parison, REP9-1 was expressed in both WAI332 and WAI323 under
both conditions (Figures 3c and S1d; Table S1).

In order to explore the possibility that REP9 was a transposon,
the four proteins encoded by the genes within REP9 were subjected
to NCBI BLASTp (nr database) and PHYRE2 in silico structural pre-
diction. All four are hypothetical proteins based on the BLASTp re-
sults. Notably, REP9-1 showed only four hits and REP9-3 showed
no significant hits when excluding the Zymoseptoria genus from the
BLASTp database (Table S3). Both REP9-1 and REP9-2 contain the
DUF3716 domain of unknown function, and BLASTp hits to many
other fungal species that have genes encoding this domain were
found (Table S3). REP9-4 was the only gene that showed low simi-
larity with other functionally annotated proteins. This included low
amino acid similarity to an integrase core domain-containing protein
(Table S3). PHYRE2 intensive modelling suggested that REP9-4 has
high structural similarity (confidence score > 98%) to viral inte-
grases/transposases that have available structure information (Supp.
“Supp-REP9_PHYRE2_report.pdf” Dataset online). PHYRE2 analysis
of REP9-1, REP9-2, and REP9-3 did not identify any high-confidence
structural similarities. BLASTn results of the full REP9 sequence on
the available genomes in the JGI Mycocosm database indicated that
REP9 is only present in the Zymoseptoria genus (Table S4).

To further investigate REP9-4’s structural similarities with
known integrases/transposases, all known transposons available in
RepBase were downloaded and BLASTp was used to identify any
similar proteins (minimum query coverage, 90 amino acids; pairwise
amino acid identity > 20%). We also constructed local BLASTn data-
bases for the four sister species of Z. tritici, whose genomes are also
available (Feurtey et al., 2020). The full REP9 transposon was found
in all four sister species; however, the four genes found in Z. tritici
were pseudogenes in all sister species due to repeat-induced point
mutation (RIP). RIP is a fungal-specific process that is hypothesized
to have evolved to stop transposons from proliferating within a ge-
nome. RIP is generally recognized by signature C-to-T and G-to-A
transitions observed in repetitive sequences (Selker, 2002). Using a
consensus alignment approach, the REP9-4 sequences from each of
the sister species were de-RIPed so the full gene could be trans-
lated and used for phylogenetic analysis. In total we identified 32
sequences with significant similarity to the REP9-4 RVE domain (in-
tegrase catalytic core sequence); these included transposases from
the Copia (Class 1), Polinton (Class Il), and IS3EU (Class Il) transposon
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FIGURE 3 The REP9 element in Zymoseptoriatritici. (a) Schematic drawing showing the genes, coding sequences, terminal inverted
repeats (TIRs), and target site duplication (TSD) of the REP9 element. REP9 is 7.9 kb in size and consists of four genes, REP9-1, REP9-2,
REP9-3, and REP9-4. (b) The alignment of the 5" and 3’ ends of the REP9 element showing the 43-bp TIRs. (c, d, e, f) In vitro expression levels
of REP9-1, REP9-2, REP9-3, and REP9-4 in the three wild-type Z. tritici strains. Bars indicate +SEM

superfamilies (Figure S2). To investigate the evolutionary relation-
ships between REP9-4 and the transposase superfamilies listed
above, we constructed a maximum-likelihood (ML) phylogenetic
tree (Figure 4). This tree indicates that the integrase domain from
REP9-4 is most closely related to transposases found within the

ISBEU transposon superfamily, a poorly characterized superfamily

that has only been published in the transposon database RepBase
(Bao et al., 2015; Kojima, 2019).

To determine the existence and the copy number of REP9 in iso-
lates WAI321 and WAI323, these genomes were de novo assembled
using long-read data. Local BLASTn results suggested that the genome

sequence of the high-virulence isolate WAI321 contains 11 copies,
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Metazoa
Fungi
Rhodophyta
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IS3EU-N1ADi_1p  Acropora digitifera

94 Danio rerio

45,

33

IS3EU-1 HM1p  Hydra vulgaris
IS3EU-4 CGi_2p Crassostrea gigas

23

79 IS3EU-1 SK1p Saccoglossus kowalevskii
,i'f IS3EU-3 CGi_1p Crassostrea gigas
o7 IS3EU-1 CVi_1p  Crassostrea virginica
I IS3EU-3 DR1p  Danio rerio
IS3EU-1 PGralp Puccinia graminis

29 ﬁ|— CDM35782 Penicillium roqueforti
CDM27005 Penicillium roqueforti

REP9-4 Za17-DeRIPed
REP9-4

59l REP9-4 Zp13-DeRIPed
\— REP9-4 Zpa63-DeRIPed Zymoseptoria passerinii
REP9-4 Zb87-DeRIPed Zymoseptoria brevis

Zymoseptoria ardabilia
Zymoseptoria tritici
Zymoseptoria pseudotritici

=}
i (=]

©
©

98— EXU94858  Metarhizium robertsii
I: EXU95782  Metarhizium robertsii

Polinton-2 CVi 4p
Polinton-4 CVi 3p
Polinton-3 CVi 3p

Polinton-1 EuTe 3p  Eulimnadia texana
Polinton-3 FoCa 7p  Folsomia candida

Crassostrea virginica

100

Polinton-5 CoFl 4p  Copidosoma floridanum
|— Polinton-2 NVi2p  Nasonia vitripennis
Copia-101 CCri-l 1p
Copia-6 CCri-l 1p
Copia-100 CCri-l 2p
Copia-63 CCri-l 1p
Copia-53 CCri-l 1p
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FIGURE 4 Phylogenetic analysis of REP9-4. Maximum-likelihood (ML) phylogenetic tree of the conserved RVE domain. Numbers
next to each branch represent bootstrap support values (%) from 1,000 bootstrap replicates. The scale bar at the bottom is distance in
substitutions/site. Species names are listed next to either the NCBI accession number or the transposon name in RepBase. These names are

coloured according to the legend located at the top left

while the genome sequence of the medium-virulence isolate WAI323
contains 16 copies of REP9 (Figure S3a). This indicated that this trans-
poson may still be active within Z. tritici. In total, we identified 36 REP9
copies in the three long-read assemblies generated for this study. Of
those 36 copies, 33 showed 6-bp target site duplications (TSDs) at
their integration sites (Figure S3a,b), another feature of Class Il trans-
posons (Wicker et al., 2007). Aside from the conserved size, 6 bp,

there was no clear consensus sequence for the TSDs (Figure S3b).

2.5 | REP9-1 copy number is not correlated with
gene expression

The de novo assemblies of all three isolates provided the opportu-
nity to examine whether REP9 copy number could be correlated with
REP9-1 gene expression. Sequence conservation of REP9 (7.9 kb) was
highest in the low-virulence isolate, WAI332. In this isolate, eight of
the nine REP9 copies were identical and the final copy contained a
5-bp indel and six single-nucleotide polymorphisms (SNPs). These in-
dels and SNPs only affected the coding sequence (CDS) of the REP9-2
protein. In WAI332, all nine identical REP9-1 copies encode the full-
length (193-amino acid) protein. In comparison, the medium-virulence
isolate WAI323 possessed 16 unique REP9 copies (Figure S3), eight of
which encoded the full-length REP9-1 protein (Figure S4a). Despite
having a similar number of gene copies, WAI323 expressed REP9-1 at
significantly lower levels compared to WAI332 in vitro. In planta, the
expression of WAI323 REP9-1 was also lower than that of WAI332
at 9 dpi but not at 14 dpi. In the high-virulence isolate WAI321 there

were 11 unique REP9 copies (Figure S3), but only two copies encoded
a full-length REP9-1 protein (Figure S4b). Despite WAI321 having two
full-length copies of the REP9-1 gene, this gene was not expressed at
detectable levels during in vitro or in planta growth (Figures 3c and
S1d). We observed two SNPs in the promoter region of these REP9-1
copies (Figure S4c). Notably, the SNPs of the REP9-1 sequences (as
well as other SNPs in the REP9 element) in WAI323 and WAI321 were
mainly C-to-T and G-to-A mutations, an indication that these regions
were affected by RIP (Figure S4e,f). REP9-1 and REP9-4 were differen-
tially expressed in planta between WAI321 and both lower virulence
isolates. Homology searches did not uncover a potential function
for REP9-1. Therefore, we focused the functional analysis on REP9-1
using both the low-virulence and high-virulence isolates, WAI332 and
WAI321, as two independent genetic backgrounds.

2.6 | REP9-1 negatively impacts the asexual
reproduction of Z. tritici during infection

To investigate the functional role of REP9-1, independent of the other
three genes within REP9, we conducted two separate experiments in
the genetic backgrounds of WAI332 (low virulence) and WAI321 (high
virulence). In the low-virulence isolate WAI332, we sought to reduce the
expression of REP9-1 using RNAI. REP9-1-silenced transformants were
generated by randomly integrating a 158-bp sequence (antisense to
exon 2 of REP$-1) in WAI332. In parallel, we performed a REP9-1 over-
expression (OE) experiment in the high-virulence isolate WAI321, in
which the REP9-1 gene with its native (NA) promoter from WAI332 was
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FIGURE 5 REP9-1 expression levels in the mutants and the results of the infection assay. (a) The in vitro expression level of REP9-1 in
both RNAI and overexpression (OE) mutants. The REP9-1 silencing mutant WAI332-RNAi-CDS2-50 in the WAI332 background showed
18.3% expression of REP9-1 compared to the wild-type (WT) WAI332 (left panel). The two mutants expressing REP9-1, WAI321-OE-NA116
and WAI321-OE-NA119, in the WAI321 background showed 21.2% and 70.1% expression of REP9-1 (compared to the WT WAI332). Bars
indicate +SEM. (b) The number of pycnidia produced by WTs and mutants on infected WW2449 leaves. The silencing mutant WAI332-
RNAIi-CDS2-50 showed an increase in the number of pycnidia produced on the infected leaves compared to the WT WAI332. The two
overexpression (OE) mutants WAI321-OE-NA116 and WAI321-OE-NA119 showed a decrease in the number of pycnidia compared to the
WT WAI321. Each infection assay was repeated three times and at least nine leaves were collected for each isolate in each experiment.

(c) Pycnidia density (pycnidia per cm? lesion) of the WTs and mutants calculated based on the number of pycnidia and the area of necrotic
lesions. (d) Pycnidia density produced by the WT WAI332 and the silencing mutant WAI332-RNAi-CDS2-50 on the wheat cultivar

Summit at 20 days postinoculation (dpi). Each infection assay was repeated twice and at least 16 leaves were collected for each isolate in
each experiment. (e) Pycnidia density produced by WT WAI321 and the two OE mutants WAI321-OE-NA116 and WAI321-OE-NA119

on the wheat cultivar Tadorna. Each infection assay was repeated three times and at least 16 leaves were collected for each isolate in

each experiment. All data in (b), (c), (d), and (e) passed the D’Agostino-Pearson normality test (omnibus K2 test); analysis of variance was
conducted with the post hoc Tukey multiple comparisons test. Each dot represents an individual leaf sample; numbers on top represent the
mean of each group; bars indicate +5D; *p < .05, **p < .01, ***p < .001, ****p < .0001
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knocked into the sdil locus. Previous publications show that knock-ins
at this locus do not affect the virulence of Z. tritici (Kilaru et al., 2015).

For the RNAI silencing construct, we confirmed 33 out of 52
resistant colonies contained the RNAI cassette(s) in their genomes.
Fourteen of these 33 mutants were chosen for quantitative PCR
(gPCR) analysis and only one mutant (designated WAI332-RNAi-
CDS2-50) showed low REP9-1 expression (18.3%) when compared
to the WT WAI332 (Figures 5a and S5a). A mutant WAI332-RNAi-
CDS2-10 with 91.0% REP9-1 expression was included as a transfor-
mation control (Figure S5a). For the OE experiment in the WAI321
background, 36 out of 134 resistant colonies were confirmed to
have the REP9-1-expressing cassette integrated into the sdil locus
via PCR screening. Eleven of the 36 isolates were subjected to qPCR
analysis. Two REP9-1-expressing mutants, WAI321-OE-NA116
(21.2% REP9-1 expression compared to WT WAI332) and WAI321-
OE-NA119 (70.1% REP9-1 expression), were used for subsequent
infiltration assays (Figures 5a and S5a). A low-REP9-1 expression
mutant, WAI321-OE-NA79 (10.4%), was also included as a transfor-
mation control (Figure S5a). Notably, for the OE mutants, the expres-
sion of REP9-1 induced the expression of the other three genes in the
REP9 element in vitro; in contrast, the in vitro expression of REP9-2,
REP9-3, and REP9-4 was not affected in the REP9-1 RNAi-silenced
transformants (Figure S5b-d).

First, both the WTs and mutants were tested on the cultivar
WW2449. Silencing of REP9-1 in the low-virulence isolate WAI332
led to a significant increase in the isolate’s ability to sporulate on
WW2449 (Figure 5b,c). Conversely, OE of REP9-1 in the high-
virulence isolate WAI321 led to a decrease in the mutants’ ability
to produce pycnidia during infection on WW2449 (Figure 5b,c).
The two OE mutants expressed REP9-1 at different levels, whereby
higher expression of REP9-1 relative to the WT WAI321 was associ-
ated with fewer pycnidia (and lower pycnidia density) produced by
the mutants on infiltrated leaves (Figure 5b,c). These results suggest
that expression of REP9-1 negatively impacts in planta pycnidia pro-
duction in two distinct genetic backgrounds.

To check whether this change in virulence in the transformants
was cultivar-specific, two additional susceptible cultivars (Summit
and Millewa) were used to test the RNAi mutant’s ability to spor-
ulate in comparison to the WT WAI332. While WAI332 is only
weakly pathogenic on WW2449 and Millewa, it is highly pathogenic
on the cultivar Summit (McDonald et al., 2016). Consistent with the
trend observed on WW2449, the silencing mutant WAI332-RNAi-
CDS2-50 showed significantly higher pycnidia density on Summitand
Millewa when compared to the WT WAI332 (Figures 5d and Séa). To
test this lack of cultivar specificity in the WAI321 (high virulence)
background, two additional wheat cultivars (Tadorna and Hereward)
highly susceptible to this isolate were tested with the OE mutants
and WAI321. Consistent with the results of the RNAi experiment, the
OE of REP9-1 in the high-virulence isolate (WAI321) resulted in re-
duced pycnidia formation in the mutants during infection on Tadorna
and Hereward when compared to the WT WAI321 (Figures 5e and
Sé6b). Notably, the higher the REP9-1 expression level in the mutant,

the lower the pycnidia density on infected leaves (Figure 5e). The

Molecular Plant Pathology @ WI LEYM

transformation controls showed the same phenotype as their corre-
sponding WTs in the infection assays (Figure S7a-e). These results
confirmed that the changes in pycnidia production in response to
REP9-1 expression were not cultivar-specific.

To determine if REP9-1 has any nonvirulence-related function,
the mutants were subjected to in vitro growth and stress assays.
Results suggested that the in vitro growth of the mutants was sim-
ilar to that of their corresponding WTs in yeast sucrose broth (YSB)
medium (Figure 6a) and no differences in growth were observed
between the mutants and their respective WT isolates in the stress
assays (Figure $8). An in planta fungal biomass assay was conducted
using these isolates. The RNAi mutant showed similar growth to
WT WAI332 during the first 2 weeks of infection on WW2449, yet
showed a slight increase in biomass at 17 dpi (Figure 6b). The OE
mutants showed reduced biomass during infection compared to
the WT WAI321 at 17 dpi (Figure 6b). These results suggest that
the phenotypic alterations in the mutants were specific to in planta
conditions.

Collectively, these data demonstrate that the expression of
REP9-1 negatively affects the virulence of Z. tritici, with higher ex-
pressing strains producing a lower number of pycnidia per cm? lesion

on infected leaves.

3 | DISCUSSION

Here we describe the discovery of a gene named REP9-1, which,
when expressed, negatively impacts the number of pycnidia pro-
duced during in planta infection by the fungal wheat pathogen Z.
tritici. This gene is located within a 7.9-kb Class Il transposon that
shows evidence of active transposition and contributes to the viru-
lence of Z. tritici. This work demonstrates how expression of a gene
within a transposon can affect asexual reproduction of an important

wheat pathogen.

3.1 | REP9-1resides within a Class Il transposon
conserved within the Zymoseptoria genus

REP9-1 resides in REP9, an active transposable element (TE) consist-
ing of four genes. The functional roles of the REP9-2 to REP9-4 genes
in this element were not investigated in this study. However, based
on the currently available information, we conclude that REP9-4 is
the transposase/integrase in REP9. Phylogenetic analysis of the in-
tegrase domain of REP9-4 showed that it is most closely related to
the DDD/E transposases in the ISSEU DNA transposon superfam-
ily (Kojima, 2019). We identified conserved TIRs and 6-bp TSDs at
most locations of REP9 in the three long-read genome assemblies
generated for this study, which is also consistent with the IS3EU fea-
tures. Together, these data support the classification of REP9 as a
distant member of the IS3EU transposon superfamily. However, the
described IS3EU transposons encode only two proteins, while REP9

consists of four proteins (Kojima, 2019).
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The existence of REP9 (the whole element or fragments) in all cur-
rently available long-read sequenced Z. tritici and close relatives’ ge-
nomes indicates that the invasion of this element predates speciation
within the Zymoseptoria genus (Feurtey et al., 2020). A BLASTn search
of the JGI Mycocosm database did not result in any other significant
hits, indicating that REP9 may be restricted to the genus. BLASTp of
the NCBI nr database did reveal four hits for REP9-1 in four fungal
genome assemblies, Coniochaeta ligniaria NRRL 30616, Coniochaeta
sp. 2T2.1, Fusarium sp. NRRL 52700, and Trichoderma gamsii ASMH.
However, all four hits were also found in the REP9-2 BLASTp hit list,
indicating that these hits were probably due to the presence of the
DUF3716 domain present in both of these proteins. The significant
number of BLAST hits for REP9-4 indicate that further long-read as-
semblies of other close relatives may reveal a wider distribution of the
IS3EU transposon superfamily in fungi. Repetitive sequences, espe-
cially highly identical multicopy transposons, are often not included
in the output contig/scaffolds from short-read de novo assemblers
because these reads cannot be uniquely placed in the assembly. This
has been clearly shown in Zymoseptoria spp., whereby isolates that are
resequenced with long-read data have a longer total assembly size
compared to assemblies of the same isolate made with short-read data
only (Badet et al., 2020; Feurtey et al., 2020). Thus far, we consider

REP9 a novel Class Il DNA transposon within the Zymoseptoria genus
that is most closely related to the IS3EU superfamily.

TEs are thought to contribute to genome evolution through their
mobility and tendency to capture nearby DNA or interrupt important
coding genes (Bourque et al., 2018). Some TEs, including a few endog-
enous retroviruses (ERVs), can encode functional proteins that confer
direct adverse fitness effects on their host genomes (Bourque et al.,
2018). For example, the Env proteins from ERV can be cytotoxic when
overexpressed (Perron et al., 2001). While there were no observed
toxic effects of REP9-1 expression in vitro, high REP9-1 expression
significantly reduced an isolate’s ability to produce pycnidia in planta.
We hypothesize that under field conditions, high REP9-1 expression
could negatively impact the fitness of an isolate by reducing the num-
ber of pycnidia, and therefore asexual spores, to splash-disperse up
the leaf canopy during the epidemic phase of the disease. This hy-
pothesis is supported by recent experimental evidence from single
and mixed infections of Z. tritici that showed that an isolate’s ability to
produce asexual spores during a single infection was a good predictor
of how competitive this isolate would be in a mixed infection on the
same cultivar (Barrett et al., 2021). The negative fitness effect REP9-
1 expression imposes could be plastic/transient, as transposition of

REP9 to a new location within the genome could rapidly alter REP9-1
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expression in asexual progeny. For the experiments conducted for this
work, the expression of REP9-1 was extremely stable in both the WT
and transformation mutants across several independent experiments.
However, as discussed above, REP9 was found in different genomic
locations in the three WT isolates, which indicates that active trans-
position is still occurring in field isolates.

TEs have also been shown to be a rich source of regulatory ele-
ments that include transcription factor binding sites and the produc-
tion of noncoding RNAs (Chuong et al., 2017). The regulatory effects
of TEs have been observed in cis where the expression of a TE can also
influence the expression of nearby genes (Bourque et al., 2018; Chuong
et al., 2017). For example, a recent study showed that insertion of TEs
directly adjacent to a quantitative avirulence factor, Avr3D1, probably
reduced the expression of this gene in the high-virulence Z. tritici strain
3D7 (Fouché et al., 2019). Notably, in the same study, the authors also
observed that TEs and genes with the most similar expression patterns
were not near each other in the genome, which suggested that TEs
can also modulate gene expression in trans (Fouché et al., 2019). In the
knock-in experiments conducted here, the sdil locus is not near any of
the genes that are known to influence pycnidia production; thus, we
hypothesize that REP9-1 could regulate the expression of other genes
responsible for pycnidia production in trans (Tiley et al., 2019).

3.2 | REP9-1 expression affects the formation of
pycnidia in a quantitative manner

Previous work in Z. tritici clearly established that necrosis and pyc-
nidia formation were controlled by separate genetic loci (Stewart
et al., 2017). While both traits are crucial for facilitating infection, the
ability to sporulate on a cultivar greatly facilitates more widespread
and severe field epidemics (Parlevliet, 1979; Suffert et al., 2011).
The asexual infection cycles of a pathogen are a significant determi-
nant of the total damage it can cause in the field and pycnidiospores
are considered the main inoculum source of Z. tritici during the STB
epidemic period (Parlevliet, 1979; Suffert et al., 2011). During one
growing season Z. tritici can undergo five or six rounds of asexual re-
production and field experiments have shown that there is selection
for more virulent isolates in a single growing season (Karisto et al.,
2018; Suffert et al., 2015). Thus, the genes that affect the sporulation
ability of Z. tritici will have a major impact on the rate and severity
of an STB epidemic. In this study, the expression of REP9-1 showed
a negative correlation with pycnidia density on infected leaves. Our
results suggest that REP9-1 has a quantitative role in influencing the
virulence of Z. tritici regardless of the host genotype.

Thus far only one other gene in Z. tritici, Zt89160, has been shown
to negatively influence pycnidia formation in planta. Specifically, the
AZt89160 strains showed enhanced pycnidia formation during infec-
tion, and it was proposed that this gene could play a role in the regu-
lation of virulence-related genes (Poppe et al., 2015). However, unlike
REP9-1, Zt89160 has a conserved regulator of chromosome condensa-
tion 1 domain, which in other organisms has been linked to a number of

nuclear processes (Poppe et al., 2015). REP9-1 has a domain of unknown
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function (DUF3716) and no signal peptide, which makes speculation
about its putative function extremely difficult. While REP9-1 was iden-
tified as a potential effector candidate, this is probably a false positive
as EffectorP is intended for predicted proteins with signal peptides
(Sperschneider et al., 2018). Alterations of REP9-1 expression did not
lead to any visible morphological change of Z. tritici under in vitro con-
ditions, which is similar to Zt89160 and other virulence-related genes
(Meile et al., 2018; Poppe et al., 2015). In addition, the in vitro growth
rate of the mutants was unaffected compared to their corresponding
WTs. Yet, for the genetically modified WAI321 strains, REP9-1 OE re-
sulted in reduced in planta growth during infection on WW2449, which
indicates that the impact of REP9-1 is specific to in planta conditions.
Further functional work is required to dissect whether REP9-1 regu-
lates pycnidia development through direct interaction with the regula-
tory proteins/promoters of pycnidiation genes or alternatively through
RNA-based regulatory pathways. Additional mechanistic work with a
green fluorescent protein (GFP)-expressing strain could also further our
understanding of how REP9-1 influences pycnidia formation in planta.
For example, does REP9-1 expression simply slow the overall growth
of the fungus in planta, leading to a delay in pycnidia development? Or
does the expression of REP9-1 actually lead to abnormal or arrested
pycnidia development inside the leaf?

It has been previously proposed that three major factors affect the
pycnidia production of Z. tritici on infected wheat leaves: nutrients,
the fitness of the pathogen, and host responses (Stewart & McDonald,
2014), of which the latter two are not mutually exclusive. In our study,
the available nutrients should not be the limiting factor for pycnidia
formation as all Z. tritici strains (WTs and mutants) used were able to
cause necrosis on WW2449 leaves. As discussed above, REP9-1 may
have animpact on the in planta development/growth of Z. tritici and/or
it may be recognized by wheat via yet unknown mechanisms, leading to
a quantitative resistance response against the pathogen. Interestingly,
many of the coding regions of REP9 in Z. tritici and its close relatives
showed clear evidence of RIP. In the sister species there were no re-
maining active copies of the REP9 transposon. This could be an indi-
cation that REP9 is under negative selection within Zymoseptoria spp.
This fits with the hypothesis that genes that have a negative effect on
the number of offspring produced, observed here as reduced pycnidia
number, would be selected against in large populations.

In conclusion, here we report the first discovery of a multicopy
gene, REP9-1, that resides in a TE, REP9. The REP9-1 gene negatively
regulates the rate of pycnidia appearance in planta of the wheat
pathogen Z. tritici, adding further complexity to genetic loci that con-
tribute to the virulence of this important pathogen.

4 | EXPERIMENTAL PROCEDURES

4.1 | Z. tritici strains and fungal genome sequencing,
assembly, and annotation

The three Australian Z. tritici isolates WAI321, WAI323, and
WAI332 were collected in wheat fields in Victoria (2012), Tasmania
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(2011), and New South Wales (1979), respectively (McDonald et al.,
2016). For long-term storage, fungal isolates were maintained in
30% glycerol at -80 °C. Z. tritici cultures were grown on yeast su-
crose agar (YSA; 10 g/L yeast extract, 10 g/L sucrose, 1.5% agar)
at 20 °C under a 12/12-hr light/dark cycle for 3 days. Blastospores
were scraped from the surface of agar plates and genomic DNA
(gDNA) was extracted according to the methods described in
McDonald, Taranto, et al. (2019) and on protocols.io (http://dx.doi.
org/10.17504/protocols.io.ké6qczdw). For isolate WAI332, two in-
dependent 15-20-kb genomic P6 SMRT cell libraries were made
at the Ramaciotti Centre for Genomics (UNSW Sydney, Australia).
These libraries were sequenced on 13 SMRT cells using the P6-
C4 chemistry on a Pachio RSII instrument (Pacific Biosciences).
The genome was assembled de novo using Canu v. 1.5 with “min-
ReadlLength = 2000” and “genomeSize” set to 41 Mb (Koren et al.,
2017). Assembled contigs were further corrected using the SMRT
Analysis package v. 2.3.0. First the raw Pacbio reads were mapped
to the de novo assembly with blaser with the following settings:
--seed = 1, --minAccuracy = 0.75, --minLength = 500, --forQuiver,
--algorithmOptions = '-minMatch 12 -bestn 1 -minPctldentity
65.0', --hitPolicy = randombest (Chaisson & Tesler, 2012). The
resulting bam file was used as input for Quiver to call a new con-
sensus sequence with the following settings: makeVcf = True,
makeBed = True, enableMapQVFilter = T, minConfidence = 40,
minCoverage = 10, diploidMode = False (Vaser et al., 2017). For
isolates WAI321 and WAI323, gDNA was extracted as above. DNA
sequencing libraries were constructed with Oxford Nanopore’s 1D
SQK-LSK108 kit and sequenced on R9.4.1 flow cells. Raw nano-
pore reads were base-called using Albacore v. 2.1.3. Base-called
reads were assembled in Canu v. 1.6 with “minReadlLength =
3,000” and “genomeSize = 40 Mb.” Assemblies were polished with
Nanopolish v. 0.9.0 (Loman et al., 2015) followed by short-read
correction with Pilon v. 1.22 (Walker et al., 2014). Previous in vitro
lllumina RNA-Seq data generated in our laboratory were used for
gene prediction via CodingQuarry v. 2.0 (Testa et al., 2015). The
genome of WAI332 has 15,059 predicted gene models. A list of
the three assemblies and basic genome quality statistics are pro-
vided in Table S5. The contigs in these three genome assemblies
were named based on synteny alignments to the reference isolate
IPO323 assembly.

4.2 | Plantinfection and RNA-sequencing

Z. tritici blastospores were collected as described above, counted in
a haemocytometer, and diluted to a concentration of 10° spores/
ml in 0.02% Tween 20. This suspension was sprayed onto the third
leaves of 3-week-old wheat seedlings (cultivar WW2449). The in-
oculated plants were kept in the dark at high humidity for 48 hr in-
side sealed black plastic boxes at 22 °C. After this incubation period,
the plants were kept in a controlled environment chamber with a
16/8-hr day/night cycle (20 °C day and 12 °C night). The infected

leaf samples and a Tween 20-only negative control were collected at

9 and 14 dpi. Each biological replicate was composed of four leaves
from four different infected plants. In total, four biological replicates
were collected for each treatment at both time points. Harvested
leaves were frozen immediately after being cut from the plant in lig-
uid nitrogen and all samples were stored at -80 °C until RNA extrac-
tion. Total RNA was extracted with the Quick-RNA Fungal/Bacterial
Miniprep Kit (R2014; Zymo Research) with an on-column DNase
treatment (DNASE70-1SET; Sigma-Aldrich). The extracted RNA was
checked by gel electrophoresis and quantified with both a NanoDrop
ND-1000 (Thermo Fisher Scientific) and a Qubit 2.0 Fluorometer
(Invitrogen). High-quality RNA was submitted for sequencing at the
Ramiciotti Centre for Genomics (UNSW, Sydney, Australia). Here,
libraries were generated using the lllumina TruSeq Stranded mRNA-
Seq kit. Three libraries were pooled per NextSeq500 75-bp SR run.
In total, 30 mRNA libraries were sequenced across 10 NextSeq500
runs. Samples were randomly distributed across sequencing runs,
ensuring that individual isolates were never sequenced together

with their biological replicate from either time point.

4.3 | Transcriptome mapping and differential gene
expression analysis

Trimmomatic v. 0.33 (Bolger et al., 2014) was used to remove adapt-
ers and trim low-quality bases in the raw lllumina reads with -phred33
ILLUMINACLIP: TruSeq3-SE.fa:2:30:10 LEADING:10 TRAILING:10
SLIDINGWINDOW:4:15 MINLEN:50. FASTQC was used before and
after trimming for quality control. The splice-aware aligner STAR v.
2.5.3 (Dobin et al., 2013) was used to align the filtered reads to the
WAI332 reference genome. The default settings of STAR were used
except for minimum and maximum intron sizes (-alignIntronMin10;
-alignintronMax1000). Mapped reads that overlapped with anno-
tated transcripts were quantified using Stringtie v. 1.3.3 (--rf -e -B
-G) and the corresponding read counts information was extracted
by the Python script (prepDE.py) provided by Stringtie (Pertea et al.,
2015). The edgeR (Robinson et al., 2010) package in R was then used
for the DEG analysis. Read counts for each transcript were normal-
ized using the TMM method implemented in the edgeR package and
three sets of DEGs were identified between each two of the three
isolates. One sample (WAI321_14dpi_rep4) was discarded as it did
not group appropriately with the other replicates. Top DEGs were
subjected to analyses using NCBI, EffectorP (Sperschneider et al.,
2016, 2018), and PHYRE2 (Kelley et al., 2015). The DEG clustering
analysis was performed using pheatmap (Kolde, 2015) in R.

4.4 | Phylogenetic relationships

A BLASTp database was generated using all the transposon se-
quences (as of 2020-09-25) on RepBase (Bao et al., 2015) and
the REP9-4 protein sequence was used as the query in a BLAST
search against the database. Sequences (coverage) longer than 90

amino acids with a pairwise identity of over 20% with REP9-4 were
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selected for the sequence alignment. The four functionally anno-
tated BLASTp hits from NCBI and the REP9-4 (De-RIPed version)
from the other Zymoseptoria species were also included in the align-
ment. For the de-RIPing of REP9-4 proteins, we first extracted the
REP9-4 sequences with the highest pairwise identity with Z. tritici
REP9-4 from the other Zymoseptoria species and manually changed
the G-to-A and C-to-T SNPs. The de-RIPed sequences were then
translated into protein sequences.

InterProScan (Quevillon et al., 2005) was used to identify the
conserved domain(s) in the BLAST hits. The sequences around the
conserved RVE domain region were extracted and aligned with
Muscle v. 3.8.425 (Edgar, 2004). The final trimmed alignment length
was 205 amino acids. This alignment was used to construct an ML
phylogenetic tree. RaxML v. 8.2.11 (Stamatakis, 2014) was used to
find the highest-scoring ML tree using the “~f a -x 1” algorithm (rapid
bootstrap analysis and searching for the best ML tree), the general
time reversible AA substitution (GTR) model with a gamma distribu-
tion to account for variation in mutation rates at different sites and
1,000 bootstrap replicates. The random seed used for this search

was 3.

4.5 | Generation of RNAi and REP9-1
expression constructs

All primers used in this study are listed in Table Sé6. To generate the
plasmid for targeted gene integration, two flanking regions (c.1 kb
in size) for homologous recombination were amplified from Z. tritici
WAI332 gDNA with primers 5flk_F_ovh, 5flk_R, 3flk_F_Hyg_ovh,
and 3flk_R_ovh. The primers amplify the sdil locus described by
Kilaru et al. (2015) between the Mycgr3G74146 and Mycgr3G45644
genes in IPO323 (Goodwin et al., 2011). The hygromycin resistance
gene (Hyg), used as a selectable marker, was amplified from pGpD-
eGFP (Sexton & Howlett, 2001) using primers PtrpC-Hyg-5-F and
PtrpC-Hyg-3-R. The REP9-1 sequence with promoter and overhangs
was amplified from WAI332 gDNA using primers R9-1_5ovh_F and
R9-1_Hyg_3ovh_R. The four fragments were assembled into the
vector plasmid and extracted as previously described (Khan et al.,,
2020) using the yeast (Saccharomyces cerevisiae) homologous re-
combination system (Raymond et al., 1999). The extracted plasmids
were transformed into Escherichia coli and screened by colony PCR
(for the Hyg fragment) and restriction analysis (Smal digestion). The
resulting plasmid was transformed into WAI321 via Agrobacterium
tumefaciens-mediated transformation according to Protocol
Exchange (2008) (https://doi.org/10.1038/nprot.2008.83). Gene in-
sertion into the correct locus was confirmed by PCR using primers
HY-primer-F and R9-1_Insertion-check_3R.

An antisense CDS of REP9-1 (158-bp REP9-1 CDS2 reverse com-
plement sequence) with overhangs was amplified from cDNA using
primers R9-1_CDS2rc-ovh-F and R9-1_CDS2rc-ovh-R. This fragment
was introduced into the vector pPBARGPE1-LIC via Gibson assembly
(New England Biolabs) according to Lin et al. (2018). The assembled
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RNAI plasmid was checked by sequencing using primers pBAR_in-
sert_Check_F and pBAR_insert_Check_R. The resulting plasmid was
transformed into WAI332 via polyethylene glycol-mediated proto-
plast transformation, as previously described (Solomon et al., 2003).
The transformants were selected on minimal medium (with ammo-
nium tartrate as the only nitrogen source) containing 2 ul/ml phase-
extracted glufosinate ammonium aqueous. Gene insertion was
confirmed by PCR using primers GPE1-F and TtrpC-seqg-R. Takara
ExTag was used for all PCRs.

4.6 | RNA isolation and real-time quantitative PCR

For each sample, 107 Z. tritici spores were inoculated in 50 ml YSB
and grown for 60 hr at 20 °C under shaking at 140 rpm. Z. tritici cul-
tures were harvested by centrifugation for 5 min at 3,724 x g. After
centrifugation the supernatant was discarded and the samples were
immediately frozen in liquid nitrogen and stored at -80 °C. Total RNA
was isolated using the Quick-RNA Fungal/Bacterial extraction kit
(Zymo Research). Possible DNA contamination was removed using
the TURBO DNA-free Kit (Thermo Fisher Scientific). cDNA was
synthesized from 0.2 pg RNA using the SuperScript IV First-Strand
Synthesis System (Thermo Fisher Scientific). gPCR was performed
as previously described (Lin et al., 2018) using primers R9-1_qgpcr_F,
R9-1_gpcr_R, R9-2_gpcr_F, R9-2_gpcr_R, R9-3_gpcr_F, R?-3_gpcr_R,
R9-4_qgpcr_F, R9-4_gpcr_R, Actin_gpcr_F, and Actin_gpcr_R. The ex-
pression of REP9-1 in WT WAI332 was set as 1. Relative expression
of REP9-1 to REP9-4 was calculated by normalizing against the ex-

pression of Actin (endogenous control).

4.7 | Pathogenicity assays and
quantification of disease

Z. tritici isolates were grown for 4 days on YSA as described above.
Blastospores were counted in a haemocytometer and diluted to
a concentration of 10° spores/ml. Pathogenicity was assessed by
infiltrating spore suspensions into the third leaves of 3-week-old
wheat seedlings as described previously (Yang et al., 2018). The
inoculated plants were then kept in controlled environment cham-
bers with the same conditions as described above. To measure the
total necrotic area and count the number of pycnidia per lesion
(pycnidia density), the cut leaves were mounted on paper sheets,
scanned with a flatbed scanner at 1,200 dots per inch (EPSON),
and analysed using automated image analysis (Karisto et al., 2018).
Leaves were generally harvested 3-5 days after pycnidia first ap-
peared depending on the disease development and senescence on
a given cultivar. Due to senescence seen on WW2449 leaves after
17 dpi, infiltrated leaves were assessed at 15 to 17 dpi. Differences
in pycnidia number and pycnidia density were tested using one-
way analysis of variance with the post hoc Tukey honestly signifi-

cant difference test for comparing multiple treatments.
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4.8 | Inplanta biomass assay and in vitro
growth assay

The fungal biomass (amount of fungal DNA) in infected WW2449
leaves was measured by qPCR according to Zhong et al. (2017), with a
few minor adjustments. Z. tritici spore suspensions were infiltrated into
wheat cultivar WW2449 and the regions around the watermarks were
marked for cutting. In this assay, newly grown leaves were cut to keep
the infiltrated leaves green during the course of collection (i.e., before
disease symptoms were visible). The infiltrated leaves (four replicate
leaves for each strain, around 4 cm in length) were collected at 8, 10,
12, 14, and 17 dpi and subjected to gDNA extraction by the QIAGEN
plant DNA extraction kit. The gDNA concentration of all samples was
adjusted to 10 ng/ul and gDNA was used for gPCR with primers Zt-
TRP-gpcr-F and Zt-TRP-gpcr-R. The gPCR data were analysed via the
standard curve method using QuantStudio software.

The in vitro growth assay was adapted from Maller et al. (2018).
Briefly, 107 Z. tritici spores were inoculated in 50 ml YSB and grown
for 6 days under shaking at 140 rpm at 20 °C under a 12/12-hr day/
night cycle. Each sample was grown in biological triplicate. Growth
was analysed by measuring the optical density at 600 nm; sam-
ples were diluted 1:5, 1:10, or 1:20 depending on the concentration
to obtain accurate measurements. The R package Growthcurver
was used to model growth curves for each isolate (Sprouffske &
Wagner, 2016). The Mann-Whitney U test was used to test for sig-
nificant differences in growth rates (r) between strains.

4.9 | Stress and development assay

To test if there were any differences in growth under stress, blasto-
spores from 3-day-old cultures of both WTs WAI332 and WAI321
and all mutants (3 pl of 10° spores/ml and three 1:10 serial dilutions)
were inoculated on YSA plates and YSA supplemented with H,0, (2
and 4 mM), NaCl (0.5 and 1 M), or sorbitol (1 and 1.5 M) and incu-
bated for 6 days at 20 °C.
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