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Abstract
Understanding how pathogens defend themselves against host defence mechanisms, 
such as hydrogen peroxide (H2O2) production, is crucial for comprehending fungal 
infections. H2O2 poses a significant threat to invading fungi due to its potent 
oxidizing properties. Our research focuses on the hemibiotrophic fungal wheat 
pathogen Zymoseptoria tritici, enabling us to investigate host–pathogen interactions. 
We examined two catalase-peroxidase (CP) genes, ZtCpx1 and ZtCpx2, to elucidate 
how Z. tritici deals with host-generated H2O2 during infection. Our analysis revealed 
that ZtCpx1 was up-regulated during biotrophic growth and asexual spore formation 
in  vitro, while ZtCpx2 showed increased expression during the transition from 
biotrophic to necrotrophic growth and in-vitro vegetative growth. Deleting ZtCpx1 
increased the mutant's sensitivity to exogenously added H2O2 and significantly 
reduced virulence, as evidenced by decreased Septoria tritici blotch symptom severity 
and fungal biomass production. Reintroducing the wild-type ZtCpx1 allele with its 
native promoter into the mutant strain restored the observed phenotypes. While 
ZtCpx2 was not essential for full virulence, the ZtCpx2 mutants exhibited reduced 
fungal biomass development during the transition from biotrophic to necrotrophic 
growth. Moreover, both CP genes act synergistically, as the double knock-out mutant 
displayed a more pronounced reduced virulence compared to ΔZtCpx1. Microscopic 
analysis using fluorescent proteins revealed that ZtCpx1 was localized in the 
peroxisome, indicating its potential role in managing host-generated reactive oxygen 
species during infection. In conclusion, our research sheds light on the crucial roles 
of CP genes ZtCpx1 and ZtCpx2 in the defence mechanism of Z. tritici against host-
generated hydrogen peroxide.
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1  |  INTRODUC TION

Plants have developed various basal defence mechanisms in re-
sponse to pathogen attacks, including the generation of reactive 
oxygen species (ROS), such as superoxide anion radicals (O2

−), hy-
droxyl radicals (HO˙), and hydrogen peroxide (H2O2) at the site of 
penetration, a phenomenon known as the oxidative burst (Doke 
et al., 1996; Singh et al., 2021; Wojtaszek, 1997). In general, high 
levels of ROS can disrupt the balance between radical-generating 
and radical-scavenging systems, resulting in oxidative stress, 
which is detrimental for living cells due to oxidation of DNA, pro-
teins and lipids, leading to cell damage and malfunction. During 
plant infection, elevated levels of ROS stimulate fungal pathogens 
to develop infection structures (Heller & Tudzynski, 2011). Among 
ROS, H2O2 is the most stable and amenable for experimental stud-
ies compared to O2

− and HO ,̇ which both have a very short half-
life and are highly toxic (Costet et  al., 2002). Notably, H2O2 has 
both antifungal properties and functions as a signalling molecule in 
numerous biological processes, including phytoalexin production, 
activation of defence-related genes and programmed cell death 
(Apostol et al., 1989; Gadjev et al., 2008; Joseph et al., 1998). There 
is growing evidence that H2O2 exposure has dual effects on plant-
pathogenic fungi. It can reduce tissue colonization by biotrophic 
and hemibiotrophic fungal pathogens, but conversely, it can en-
hance the ramification of host tissue by necrotrophs (Govrin &  
Levine, 2000; Mellersh et al., 2002; Shetty et al., 2007). To coun-
teract the lethal effects of ROS, plant pathogens produce small 
molecules such as glutathione and employ antioxidant enzymes 
like catalase and catalase-peroxidases (CPs) (Lehmann et al., 2015; 
Nanda et al., 2010). For instance, MoHYR1 in Magnaporthe oryzae 
encodes a glutathione peroxidase (GSHPx) that detoxifies host-
derived ROS and is crucial for full virulence (Huang et al., 2011). 
Catalases and peroxidase are well-known enzymes that protect 
cells from oxidative stress by catalysing the decomposition of 
H2O2 (Vidossich et al., 2012). MoPRX1 in M. oryzae, encoding a thi-
oredoxin peroxidase (TPx), modulates host-derived H2O2 during 
early colonization, contributing to virulence (Mir et al., 2015). CPs 
are unique bifunctional enzymes in the class I peroxidases, exhib-
iting both catalase and peroxidase activities. Phylogenetic analysis 
suggests that plant-pathogenic fungi acquired CP genes through 
lateral gene transfer (from Negibacteria), followed by gene duplica-
tion and diversification (Passardi et al., 2007). Currently, CPs are 
classified in two distinct clades: one containing cytoplasmic en-
zymes found in saphrophytic and plant-pathogenic fungi, and an-
other containing extracellular enzymes predominantly identified 
in plant-pathogenic fungi, which differ in location, structure and 
function (Zámocký et al., 2012, 2020).

Biotrophic fungal pathogens obtain nutrients from living cells 
and require robust antioxidant mechanisms to overcome oxidative 
stress imposed by host defences during early infection stages. For 
example, BghCatB of Blumeria graminis f. sp. hordei, which encodes a 
secreted catalase, is speculated to play a role in virulence by detoxi-
fying H2O2 produced at the sites of invasion (Skamnioti et al., 2007). 

Conversely, deletion mutants of the gene encoding secreted catalase 
CpCAT1 from Claviceps purpurea did not show a significant reduc-
tion in virulence, indicating it is not required for pathogenicity (Garre 
et al., 1998). Functional analysis of CfCAT2, a cytoplasmic catalase of 
the biotrophic tomato pathogen Cladosporium fulvum demonstrated 
its dispensability for virulence, despite its preferential expression in  
response to exogenously applied H2O2.

Unlike biotrophs, necrotrophic fungal pathogens kill host cells, 
obtain nutrition from decaying host tissue and should have the abil-
ity to handle rising ROS levels during oxidative stress situations fol-
lowing infection establishment. Indeed, the growth of necrotrophic 
plant pathogens is stimulated in the presence of H2O2 (Govrin & 
Levine,  2000). Recent studies have shown that deletion mutants 
of genes encoding both secreted and cytoplasmic catalases in 
Cochliobolus heterostrophus (ChCAT3), Sclerotinia sclerotiorum (Scat1) 
and Botrytis cinerea (BcCAT2) lose their pathogenicity on their re-
spective hosts and exhibit increased sensitivity to exogenously 
added H2O2 during in-vitro mycelial growth (Robbertse et al., 2003; 
Schouten et al., 2002; Yarden et al., 2014).

Hemibiotrophic pathogens initially grow intercellularly on host 
plants in a biotrophic phase, followed by a necrotrophic phase at 
later infection stages where they need to neutralize host-generated 
H2O2. In M. oryzae, MgCATB, a secreted catalase plays a central role 
in the onset of infection by maintaining the integrity of fungal cell 
walls and regulating appressorium function (Skamnioti et al., 2007). 
However, functional analysis of secreted fungal CPs, such as 
MgCPXB of M. oryzae, has demonstrated their importance primar-
ily during the early stages of infection but not in advanced stages 
(Tanabe et al., 2011).

Zymoseptoria tritici (Quaedvlieg et  al., 2011) is a significant fo-
liar pathogen of bread and durum wheat, causing Septoria tritici 
blotch (STB) in wheat-growing areas worldwide (Eyal, 1999; Fones & 
Gurr, 2015). As a hemibiotroph, Z. tritici shows two distinct coloniza-
tion phases: an initial biotrophic stage and an advanced necrotrophic 
phase (Kema et al., 1996). Yang et al. (2013) showed that incompat-
ible Z. tritici–wheat interactions were associated with a rapid and 
substantial early accumulation of H2O2, whereas in compatible in-
teractions, significantly lower levels of H2O2 accumulated during the 
initial biotrophic phase (Yang et al., 2013). Moreover, a substantial 
accumulation of H2O2 was detected during the switch to necrotro-
phy in compatible interactions, coinciding with the occurrence of  
severe disease symptoms. This suggests that Z. tritici is able to cope 
with different levels of H2O2 during the two phases of infection. 
Recently, a forward genetic approach was employed to explore the 
genetic factors contributing to oxidative stress tolerance in Z. tritici 
and to identify candidate genes influencing this trait. This investiga-
tion revealed a specific quantitative trait locus with a high LOD score 
of 15.8 on the chromosome 8 associated with oxidative stress that 
encompasses the functional ZtCpx1 gene (Zhong et al., 2021).

In this study, we demonstrate that Z. tritici produces a cytoplas-
mic and an extracellular catalase peroxidase, encoded by CP genes 
ZtCpx1 and ZtCpx2, respectively, and show that both are crucial for 
virulence.
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2  |  RESULTS

2.1  |  Identification and characterization of Z. tritici 
catalases and catalase-peroxidases

In the Z. tritici genome (Goodwin et al., 2011), two bifunctional CPs 
were identified: CP A (ZtCpx1; Protein ID: 105409) and CP B (ZtCpx2; 
Protein ID: 67250), along with two monofunctional catalase-encoding 
genes, ZtCat1 (Protein ID: 85387) and ZtCat2 (Protein ID: 98331). In-
silico analysis (SignalP) revealed that only ZtCpx2 possesses a signal 
peptide, with a cleavage site located between positions 22 and 23, 
suggesting its secretion. These enzymes were found both in apoplas-
tic fluids extracted from compatible and incompatible interactions 
between Z. tritici and wheat (M'Barek et al., 2015), motivating further 
characterization. ZtCpx1 has a 2508 bp open reading frame (ORF) with 
one intron, encoding a 752 amino acid (aa) protein, while ZtCpx2 has 
a 2636 bp ORF with four introns, encoding a 797 aa secreted protein. 
Sequence analysis revealed that both ZtCpx1 and ZtCpx2 encode two-
domain peroxidases (PF00141), with domains positioned between  
aa stretches 119–449/454–762 and 61–410/415–716, respectively. 
A phylogenetic tree constructed by comparing catalases and CPs from 
other plant pathogens showed two distinct clades, one containing the 
two catalases and the other containing the two CPs. ZtCPX1 clustered 
with cytoplasmic CPs (Figure 1), closely related to CPEA1 and CPEA2 
of Verticillium longisporum (Singh et al., 2012). ZtCPX2 aligned with the 
group of secreted CPs that have been predicted in other fungal plant 
pathogens (Figure 1), closely related to CP MgCPXB of Magnaporthe 
grisea, and CPX2 of Verticillium dahliae (Tanabe et  al.,  2011; Tran 
et al., 2014). In-silico analysis using the peroxisomal targeting signal-
1 (PTS1) predictor tool (https://​mendel.​imp.​ac.​at/​pts1/​) indicated 
that only ZtCpx1 possesses a PTS1 signal located at its C-terminus 
(DLKAGQVSSAKL). This signal is highly likely to be functional in direct-
ing it to the peroxisomes within fungal cells.

2.2  |  Disruption and complementation of 
ZtCpx1 and ZtCpx2

To assess the potential role of ZtCpx1 in virulence, we created gene 
disruption and complementation mutants through homologous re-
combination. We obtained three independent transformants, show-
ing similar morphological phenotypes (Figure  S1a). One of these 
(ΔZtCpx1) was chosen for complementation with the ZtCpx1 wild-
type allele, which resulted in ZtCpx1-C and homologous recombina-
tion was validated via PCR (Figure S1a). The knock-out construct for 
ZtCpx2 was generated through the user-friendly protocol as described 
previously (Mirzadi Gohari et al., 2014) and eventually one transfor-
mant, ΔZtCpx2, was obtained (Figure S1b). Subsequently, the ΔZtCpx2 
strain was used to delete ZtCpx1, yielding in the double knock-out 
strain ΔΔZtCpx1-Cpx2 (Figure  S1c). We used quantitative real-time 
PCR (qPCR) to count the number of hph gene copies in the genomes 
of mutants with one (ΔZtCpx1 and ZtCpx2) and two (ΔΔZtCpx1-
Cpx2) gene deletions to check for additional ectopic insertions. We 

used Z. tritici β-tubulin as a control because it has a single copy in the  
wild-type IPO323 genome. All the mutants showed a single copy 
of the transgene, indicating a single T-DNA insertion, which is typi-
cal for Agrobacterium tumefaciens-mediated transformation (ATMT) 
(Figure S2).

2.3  |  Δ ZtCpx2 and ΔΔ ZtCpx1-Cpx2 are sensitive to 
exogenously added H2O2

To investigate the roles of ZtCpx1 and ZtCpx2 in the tolerance of 
Z. tritici to H2O2, we exposed single and double knock-out strains 
to various conditions, including continuous exposure to H2O2 for 
14 days. The ΔZtCpx1, ΔZtCpx2 and ΔΔZtCpx1-Cpx2 strains and 
both controls, including the Z. tritici IPO323 wild type (WT) and  
complemented strain (ΔZtCpx1-C) were plated on potato dextrose 
agar (PDA) supplemented with 0 and 6 mM H2O2. The most distinct 
phenotypes were observed at 6 mM H2O2, as shown in Figure  2. 
Both control strains as well as the ΔZtCpx2 strain were able to grow 
under these conditions similar to the WT, but the ΔZtCpx1 and 
ΔΔZtCpx1-Cpx2 strains were clearly affected and unable to grow 
(Figure 2), indicating that ZtCpx1 is essential for H2O2 tolerance or 
degradation under in vitro conditions.

2.4  |  Reduced spore germination of Δ ZtCpx1 and 
Δ ZtCpx2 strains

All mutant strains and the controls were inoculated on PDA amended 
with different H2O2 concentrations, and the spore germination fre-
quency was recorded at 24 and 48 hours after inoculation (hai). At 24 
hai in PDA with 4 mM H2O2, spore germination of the ΔZtCpx1 and 
ΔΔZtCpx1-Cpx2 strains was decreased to 34% and 4%, respectively, 
whereas the germination of ΔZtCpx2 was similar to the control strain 
(94%). At increased H2O2 concentrations (6 mM), however, none of 
the ΔZtCpx1 and ΔΔZtCpx1-Cpx2 spores germinated, whereas the  
germination frequency of the ΔZtCpx2 strain was decreased to 
30% (Figure 3A), with the control (IPO323) showing a germination 
frequency of approximately 83% under the same conditions. At 48 
hai, nearly all spores of all strains germinated equally on PDA with-
out H2O2, indicating that H2O2 inhibits spore germination of the 
ΔZtCpx1 and ΔΔZtCpx1-Cpx2 strains (Figure 3B).

2.5  |  Expression profiling of the Z. tritici 
catalase and catalase-peroxidase genes

To study the in-planta expression levels of ZtCpx1, ZtCpx2, ZtCat1 and 
ZtCat2, we inoculated the susceptible wheat cv. Taichung 29 with the 
WT and collected samples every 4 days after inoculation up to 20 days 
post-inoculation (dpi). We compared this with in-vitro conditions under 
both nutrient-rich (yeast glucose at 18°C) and nutrient-poor (minimal 
medium at 18°C) growing conditions using reverse transcription 

https://mendel.imp.ac.at/pts1/
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(RT)-qPCR. ZtCpx1 exhibited a bimodal pattern with peaks at 4 dpi 
and 16/20 dpi, aligning with the initial biotrophic stage and the late 
necrotrophic stage. In contrast, ZtCpx2 peaked at 8 dpi and gradually 
decreased, suggesting a relationship between ZtCpx2 expression and 
to the transition from biotrophic to necrotrophic growth, coinciding 
with the onset of H2O2 production, its accumulation and subsequent 

decrease due to cell death (Figure  4A). The expression levels of  
ZtCpx1 and ZtCpx2 were also analysed under in-vitro conditions dur-
ing vegetative growth and asexual spore formation. As previously 
noted, the production of yeast-like spores and mycelium was induced 
at two distinct temperatures: 18°C for yeast-like spores and 25°C 
for mycelium (Figure 4B). ZtCpx1 was primarily expressed in spores, 

F I G U R E  1 Phylogenetic analysis of Zymoseptoria tritici IPO323 catalases (ZtCat1 and ZtCat2) and catalase-peroxidases (ZtCpx1 and 
ZtCpx2), Z. tritici ST99CH_3D7 (ZtCpx2- ST99CH_3D7), Z. tritici ST99CH_3D1 (ZtCpx1- ST99CH_3D1), Z. tritici ST99CH_1A5 (ZtCat1- 
ST99CH_1A5), Z. tritici ST99CH_1E4 (ZtCat2- ST99CH_1E4), Z. ardabiliae (ZaCpx1, ZaCpx2, ZaCat1, and ZaCat2) and their homologues in 
Verticillium longisporum (CPEA1-2), Verticillium dahliae (VdCPXA and Cpx2), Magnaporthe grisea (MgCPXA, MgCPXB, MgCATA and MgCATB), 
Cladosporium fulvum (CfCAT1-2), Colletotrichum gloeosporioides (Cgcat1), Sclerotinia sclerotiorium (Scat1), Cochliobolus heterostrophus 
(ChCAT3), Blumeria graminis f. sp. hordei (BghcatB) and Claviceps purpurea (CAT1). The phylogenetic tree was constructed using the CLC 
software, applying the unweighted pair group method with arithmetic mean (UPGMA), and it was subjected to 1000 bootstrap replicates for 
robust statistical support. The statistical confidence values for the branching points on the tree are indicated at the nodes.

F I G U R E  2 Sensitivity assay of Zymoseptoria tritici strains to H2O2. The spore suspensions of Z. tritici IPO323 (wild type, WT), disruptant 
strains ΔZtCpx1, ΔZtCpx2, ΔΔZtCpx1-Cpx2 and the complementation strain ΔZtCpx1-C were plated on potato dextrose agar amended with 
6 mM H2O2 and subsequently incubated at 18°C. Pictures were taken 14 days post-incubation. It is noteworthy that both ΔZtCpx1 and 
ΔΔZtCpx1-Cpx-2 strains displayed an inability to thrive in the presence of 6 mM H2O2.
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whereas ZtCpx2 was exclusively expressed in vegetative mycelium, 
consistent with the significant increase in fungal biomass in planta at 
8 dpi and onwards (Figure 4B) (Kema et al., 1996).

2.6  |  Loss of function of ZtCpx1 modulates 
expression patterns of related antioxidant genes

Disruption of ZtCpx1 affected the transcription of ZtCpx2, ZtCat1 
and ZtCat2 during infection. Profiling of these genes in the ΔZtCpx1 
strain showed that the expression of ZtCpx2 was delayed (12 dpi) 
compared to the WT (8 dpi). ZtCat1 was specifically up-regulated 
at 4 dpi, different from its WT expression pattern, whereas ZtCat2 
showed a similar expression profile in both ΔZtCpx1 and WT strains 
(Figure 5A). Finally, we monitored the relative expression levels of  
ZtCat1 and ZtCat2 in the ΔΔZtCpx1-Cpx2 double mutant and showed 
that the former was only expressed at 12 dpi, while the latter had a 
variable expression pattern over the entire time course (Figure 5B).

2.7  |  ZtCpx1 and ZtCpx2 are required for full 
virulence

In addition, we investigated the effect of individual and combined 
disruption of ZtCpx1 and ZtCpx2 on virulence. The WT and all 
mutants (ΔZtCpx1, ΔZtCpx2 and ΔΔZtCpx1-Cpx2) as well as the 
complemented strain ΔZtCpx1-C were used to inoculate cv. 
Taichung 29 and assayed as described before (Mehrabi et al., 2006). 
The WT and ΔZtCpx2 strains produced typical symptoms with small 
chlorotic flecks around 7–8 dpi that expanded into larger chlorotic 
lesions at 10–12 dpi and eventually coalesced into typical necrotic 
STB blotches bearing numerous pycnidia at 14–16 dpi (Figure 6), 
indicating that ZtCpx2 is dispensable for full virulence. In contrast, 
the expression of disease symptoms was significantly delayed 
and not uniformly distributed over the inoculated leaf area after 
inoculation with the ΔZtCpx1 strain, whereas the WT phenotype 
was completely restored in the complemented ΔZtCpx1-C strain. 
Finally, the double mutant ΔΔZtCpx1-Cpx2 showed severely 

F I G U R E  3 (A) Spore germination frequencies of Zymoseptoria tritici IPO323 (wild type, WT) after treatment with H2O2. Spores of the 
disruptant strains ΔZtCpx2 and ΔZtCpx1 and the double disruptant ΔΔZtCpx1-Cpx2 and the complemented strain ZtCpx1-C were plated on 
potato dextrose agar amended with 4 and 6 mM H2O2. Spore germination was assessed at two time points: 24 h (A) and 48 h after treatment 
(B). This analysis involved the examination of 50 spores for each strain across three independent biological replicates. Duncan's test was 
employed to compare the means at a 5% probability level, and columns with the same letters are not significantly different from each other.

F I G U R E  4 (A) Expression profiling of the Zymoseptoria tritici catalase genes ZtCat1 and ZtCat2, and catalase-peroxidase genes ZtCpx1 
and ZtCpx2 in yeast extract-glucose (YG) medium, minimal medium mimicking in-planta conditions, and actual in-planta conditions. Leaves 
of cv. Taichung 29 were inoculated with the wild-type (WT) strain and harvested 4, 8, 12, 16 and 20 days post-inoculation (dpi). (B) Under 
in-vitro growth conditions, expression of ZtCpx1 and ZtCpx2 was profiled in mycelium and spore statuses. Data were normalized using the 
constitutively expressed Z. tritici β-tubulin gene. Duncan's test was employed to compare the means at a 5% probability level, and columns 
with the same letters are not significantly different from each other.
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F I G U R E  5 Relative in-planta transcription of ZtCpx2, ZtCat1 and ZtCat2 in the ΔZtCpx1 disruptant background (A) and of ZtCat1 and 
ZtCat2 in the ΔΔZtCpx1-Cpx2 double disruptant background (B). Leaves of cv. Taichung 29 were inoculated with the wild-type (WT) strain 
and RNA was isolated from inoculated leaves at 4, 8, 12, 16 and 20 days post-inoculation (dpi). Duncan's test was employed to compare the 
means at a 5% probability level, and columns with the same letters are not significantly different from each other.

F I G U R E  6 The effect of ZtCpx1 and ZtCpx2 disruption on pathogenicity of Zymoseptoria tritici. Leaves of susceptible wheat cv. Taichung 
29 were inoculated between the marked lines with Z. tritici IPO323 (wild type, WT), the single disruptants ΔZtCpx2, ΔZtCpx1#1-2, the double 
disruptant ΔΔZtCpx1-Cpx2#1-2 and the complemented strain ZtCpx1-C. Photographs were taken at 12 and 20 days post-inoculation (dpi).
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attenuated symptoms and only caused a limited number of 
necrotic lesions with few pycnidia at 21 dpi (Figure 6). To ensure 
consistency and observe variations among the tested mutant 
strains, the full leaves of cv. Taichung 29 were inoculated using a 
hand sprayer, and STB disease development was documented at 
20 dpi (Figure  S3). Additionally, the percentage of necrotic area 
formed on the inoculated leaves is presented (Figure S4). To further 
validate these observations, we quantified fungal biomass in all 
above-mentioned interactions using a TaqMan assay (Figure  7). 
The fungal biomass of the WT and ΔZtCpx1-C strains began to 
increase at 8 dpi, which significantly differed from the ΔZtCpx2, 
ΔZtCpx1 and ΔΔZtCpx1-Cpx2 strains. Fungal biomass increase of 
the ΔZtCpx2 strain was delayed and at 12 dpi eventually reached 
a level comparable with that of WT at 8dpi, indicating that ZtCpx2 
is dispensable for virulence but may play a role in the switch 
from biotrophic to necrotrophic growth, possibly involving the 
modulation of host-derived H2O2 levels. Fungal biomass of the 
ΔZtCpx1 strain developed slower and remained significantly lower 
during the entire infection process and, as expected, biomass of the  
ΔΔZtCpx1-Cpx2 strain hardly developed throughout the infection 
process (Figure 7).

2.8  |  ZtCpx1 is localized in the peroxisome

As only ZtCpx1 carries a peroxisomal targeting signal-1 (PTS1), as 
shown by our in-silico analysis of the four studied genes here using the 
PTS1 predictor tool, the subcellular localization of ZtCpx1 was investi-
gated by tagging ZtCpx1 to green fluorescent protein (GFP) and stimu-
lating peroxisome activity with 1% oleic acid. Our findings indicated 
that ZtGFP-ZtCpx1 was indeed localized within the peroxisomes. This 
conclusion was supported by the significant increase in the intensity of 
fluorescent signals following treatment with 1% oleic acid. The quan-
tified data, derived from three independent experiments (n = 30/29 

cells), demonstrated this increase with high statistical significance 
(p = 0.001, Student's t test). The combination of fluorescence and dif-
ferential interference contrast (DIC) microscopy along with statistical 
analysis provides robust evidence for the localization of ZtCpx1 in the 
peroxisomes of Z. tritici cells (Figure 8).

3  |  DISCUSSION

Reactive oxygen species (ROS) serve as a sophisticated defence 
mechanism employed by plants to impede fungal attacks (Heller & 
Tudzynski, 2011). Nevertheless, maintaining a delicate balance be-
tween ROS generation and breakdown is crucial for proper plant 
cell function, preventing detrimental effects on plant cells (Nanda 
et al., 2010). During pathogen infection, various families of enzymes 
participate in both the production and detoxification of ROS within 
plant cells. NADPH oxidases, present in all biological kingdoms 
(NOx/RBOH), are associated with ROS generation (Sumimoto, 2008). 
Conversely, enzymes like glutathione peroxidases (Bela et al., 2022) 
and peroxiredoxins (Tripathi et al., 2009) play a pivotal role in scav-
enging and detoxifying ROS. The interaction between host plants and 
fungal pathogens triggers a substantial increase in ROS levels as an 
early defence response. In response, fungal pathogens are equipped 
with several ROS detoxification enzymes, such as CPs, to counteract 
the harmful effects of ROS (Tanabe et al., 2011).

Numerous studies have endeavoured to shed light on the in-
tricate roles of detoxifying enzymes in both necrotrophic and 
biotrophic pathosystems. It has been proposed that ROS-scavenging 
enzymes could wield substantial influence in the establishment of 
diseases by biotrophic pathogens (Bussink & Oliver,  2001; Garre 

F I G U R E  7 Fungal biomass quantifications in the susceptible 
wheat cv. Taichung 29 at 4, 8, 12, 16 and 20 days post-inoculation 
(dpi). Zymoseptoria tritici IPO323 (wild type, WT), the single 
disruptant strains ΔZtCpx2, ΔZtCpx1, the double disruptant 
ΔΔZtCpx1-Cpx2 and the complemented strain ΔZtCpx1-C were 
inoculated on leaves of cv. Taichung 29 and DNA was isolated 
from inoculated leaves at 4, 8, 12, 16 and 20 dpi. Duncan's test 
was employed to compare the means at a 5% probability level. 
* indicates significant difference at α = 0.05.

F I G U R E  8 ZtCpx1 is localized to peroxisomes. (a) Zymoseptoria 
tritici cells expressing ZtGFP-ZtCpx1 after integration of 
pCZtGFPCpx1 in to the succinate dehydrogenase locus. 2D-
deconvolved maximum projection of a z-axis stack, adjusted in 
brightness, contrast and gamma settings. Bar: 5 μm. (b) Quantitative 
analysis of peroxisome number per cell. Cells were treated with 1% 
oleic acid for 1.5 h. Data are from three independent experiments 
(n = 30/29 cells) and are presented as mean ± SEM. ** indicates 
significant difference at α = 0.001, Student's t test. Treatment 
with 1% oleic acid increased the number of fluorescent signals. 
This strongly indicates that ZtGFP-ZtCpx1 is localized in the 
peroxisomes.
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et al., 1998), while necrotrophic pathogens are reported to benefit 
from ROS production (Govrin & Levine, 2000). However, our under-
standing remains limited regarding how hemibiotrophic pathogens 
deal with elevated ROS levels during their interactions with host 
organisms and the precise mechanisms by which fungal detoxifying 
enzymes facilitate host infection.

To address this question, we identified and functionally an-
alysed the biological role of two CP genes (designated ZtCpx1 
and ZtCpx2) in Z. tritici, a fungal wheat pathogen exhibiting a 
distinctive hemibiotrophic lifestyle. Phylogenetic analysis re-
vealed that ZtCpx1 grouped with CpeA1-2 of V. longisporum 
(Singh et al., 2012), which points at a presumed role of ZtCpx1 in 
protecting the fungus against oxidative stress generated by the 
host plant. Additionally, ZtCpx2 clustered closely with M. oryzae 
CPXB (Tanabe et al., 2011) and V. dahliae Cpx2 (Tran et al., 2014), 
suggesting a potential role of ZtCpx2 in the scavenging or de-
toxification of host-derived H2O2. Our findings showed that 
deletion of the ZtCpx1 gene resulted in enhanced sensitivity 
of the mutant to H2O2 and significantly reduced its virulence. 
Conversely, ZtCpx2 was dispensable for full virulence of Z. tritici, 
albeit that disruption significantly reduced fungal biomass de-
velopment during the transition from biotrophic to necrotrophic 
growth. Intriguingly, the generation of double mutants for both 
genes demonstrated a synergistic action of both CPs in facilitat-
ing wheat infection. Similar to our findings, deletion of MgCat2, 
encoding a secreted catalase, in the hemibiotroph M. grisea se-
verely affected virulence by partly impaired appressorium forma-
tion and reduced sporulation. Additionally, conidial melanization 
was impaired, which is an important metabolic process to fortify 
fungal cell walls (Skamnioti et al., 2007). Additionally, M. oryzae 
MgCPXB, which encodes a secreted CP, is required for neutral-
izing host-produced H2O2 during initial colonization, but not for 
full virulence (Tanabe et al., 2011). Singh et al.  (2012) reported 
that CpeA1-2 from V. longisporum, which encodes a cytoplasmic  
CP, plays an important role during late phases but not during 
the initial phases of infection of oilseed rape (Singh et al., 2012). 
Recent research by Tran et al. (2014) highlighted the significance 
of Vta2, a transcription activator of adhesion in V. dahliae, and 
the secreted CP Cpx2 in detoxifying extracellular ROS (Tran 
et al., 2014). These collective findings underscore the necessity 
for hemibiotrophic fungi to deploy mechanisms for coping with 
host-derived H2O2 throughout the entire infection cycle. When 
a pathogen enters leaves and colonizes the apoplast surrounding 
the host mesophyll cells or enters the cells, the host responds 
with an oxidative burst as shown in several pathosystems (Ghiasi 
Noei et al., 2022; Shetty et al., 2003). At this critical stage, the 
neutralization of ROS is paramount to initiate biotrophy suc-
cessfully. Following this stage, a transition from biotrophy to 
necrotrophy occurs, leading to host cell collapse and trigger-
ing a second wave of defensive responses, characterized by a 
substantial generation of ROS. Thus, hemibiotrophic fungi rely 
on scavenging mechanisms to counteract host-generated ROS 
during both phases of the infection process.

Hemibiotrophic fungi, such as Z. tritici, may exhibit behaviour 
similar to biotrophic fungal pathogens. Biotrophic fungi rely on nu-
trients released from living plant cells, necessitating a robust anti-
oxidant defence mechanism to counteract oxidative stress when 
invading and colonizing plants. However, contrary to this hypothesis, 
targeted gene replacement experiments involving both secreted and 
cytoplasmic catalase genes in biotrophic fungi like C. purpurea and 
C. fulvum have demonstrated that these genes are dispensable for 
virulence (Bussink & Oliver, 2001; Garre et al., 1998). One plausible 
explanation for these unexpected findings could be the existence of 
functional redundancy among catalases or the activation of other 
related antioxidant enzymes that compensate for the disruption of 
these catalase genes. Notably, upon genome analysis of C. fulvum 
and C. purpurea (Amselem et al., 2011; De Wit et al., 2012), it became 
evident that both fungi contain four genes encoding catalases, sug-
gesting that the effect of disruption of single catalase genes might be 
masked by the enzymes encoded by the other genes. Nevertheless, 
our previous study demonstrated that deletion of ZtCat1 in Z. tritici 
had no impact on virulence (our unpublished data). Additionally, we 
speculate that ZtCat2 has no or limited impact on the modulation of 
host-derived H2O2, considering its low expression levels in the WT 
strain and minimal change in the ΔΔZtCpx1-Cpx2. Collectively, it can 
be concluded that both catalases could not compensate the loss of 
function of either or both investigated CPs.

Nevertheless, in necrotrophs, ROS-degrading enzymes do not 
seem to play a critical role in virulence (Robbertse et  al.,  2003; 
Schouten et al., 2002; Yarden et al., 2014). For instance, in the case 
of C. heterostrophus, when all monofunctional catalase-encoding 
genes were deleted, it became evident that only ChCAT3, which 
encodes a secreted catalase, played a crucial role in safeguarding 
the fungus from oxidative stress during its vegetative growth phase 
but had no significant impact on virulence (Robbertse et al., 2003). 
Similarly, BcCAT2-deficient mutants of B. cinerea were hypersensi-
tive to extracellular H2O2 but were unaffected in virulence on to-
mato (Schouten et al., 2002).

One of the technical limitations in detecting slightly reduced vir-
ulence in mutants compared to the WT strain may arise from the 
predominantly quantitative nature of symptom expression, which 
can lead to minor variations being easily overlooked. As a result, it 
has been proposed that the use of more sensitive monitoring tools is 
necessary to detect subtle changes in virulence within the disrupted 
strains (Robbertse et al., 2003; Singh et al., 2012). Quantification of 
fungal DNA during the infection process was therefore suggested to 
reveal such slight changes. In this study, we used qPCR in order to 
detect minor changes in fungal biomass within infected leaf tissues 
at different time points. Our results demonstrated the sensitivity 
and reliably of this technique, enabling the precise and distinctive 
patterns of fungal biomass between the ΔZtCpx2 mutant and the 
WT strain, even at very early infection stages when no discern-
ible disease symptoms were observed. The growth of the ΔZtCpx2 
mutant exhibited a slower progression, and by 12 dpi, it ultimately 
reached a level comparable to that of the WT at 8 dpi. This suggests 
that ZtCpx2 may not be essential for infection but may have a role 
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in the transition from biotrophic to necrotrophic growth. Similarly, 
Singh et al.  (2012) were able to show that CpeA1-2 of V. longispo-
rum was not involved in launching the initial phase of plant infection 
while the examined CP played an important role in advanced stages 
of infection, but the overall V. longisporum DNA content in plants 
infected by the CpeA1-2 mutant was significantly lower than that of 
the WT at 35 dpi (Singh et al., 2012).

Our findings provided compelling evidence that ZtCpx1 is indeed 
localized within the peroxisomes of Z. tritici cells. This conclusion 
was supported by several key observations. First, ZtGFP-ZtCpx1 
fusion proteins displayed a significant increase in fluorescence fol-
lowing treatment with 1% oleic acid, which is known to induce per-
oxisome proliferation. This increase in fluorescence signals strongly 
indicated the presence of ZtCpx1 within the peroxisomes. The quan-
tified data, derived from three independent experiments (n = 30/29 
cells), demonstrated this increase with high statistical significance 
(p = 0.001, Student's t test). This rigorous statistical analysis further 
bolstered our confidence in the peroxisomal localization of ZtCpx1. 
The significance of localizing ZtCpx1 within the peroxisomes aligns 
with its potential role in managing ROS generated by the host during 
infection. Peroxisomes are known to be key players in ROS catab-
olism, and their efficient functioning is critical for the success of 
fungal pathogens. Our study not only elucidates the subcellular lo-
calization of ZtCpx1 but also underscores its importance in the con-
text of fungal–plant interactions.

Zymoseptoria tritici is commonly classified as a hemibiotrophic 
fungus, exhibiting an extended symptomless phase that is typi-
cally regarded as biotrophic (Kema et al., 1996). Notably, the pen-
etration of Z. tritici into wheat plants triggers the accumulation of 
H2O2, which has been documented to have adverse effects (Shetty 
et al., 2003). Infiltrating wheat leaves with H2O2 has been shown 
to extend the latency period while simultaneously reducing stoma-
tal penetration and mesophyll colonization, indicating the harm-
ful nature of H2O2 during this covert colonization phase (Shetty 
et al., 2007). Therefore, Z. tritici requires specific genes enabling 
it to overcome stressful condition caused by H2O2 to efficiently 
initiate biotrophic growth. In this study, we elucidated the cru-
cial role of ZtCpx1, the sole cytoplasmic CP, in protecting against 
host-generated H2O2 during initial colonization. Up-regulation of 
ZtCpx1 at 4 dpi and during spore production indicated its vital role 
in establishing the biotrophic phase. Loss of ZtCpx1 resulted in re-
duced virulence, evidenced by significantly decreased fungal bio-
mass in the ΔZtCpx1 strain throughout infection. Overall, ZtCpx1 
plays a pivotal role in managing host-generated H2O2 during both 
initial and final colonization phases, enabling Z. tritici to complete 
its life cycle and sporulate within infected tissues. It is important 
to note that after 8–10 dpi, a transition from biotrophic to necro-
trophic growth takes place (Kema et  al.,  1996), which likely ne-
cessitates the activation of additional mechanisms to effectively 
respond to the fluctuating waves of ROS during infection (Shetty 
et al., 2003; Yang et al., 2013).

Initially, it was hypothesized that Z. tritici would leverage plant de-
fence responses similar to those employed by necrotrophic pathogens 

like B. cinerea to enhance its ability to colonize the host (Govrin & 
Levine, 2000). In contrast, Shetty et al. (2007) demonstrated that Z. 
tritici would benefit from scavenging H2O2 during the transition from 
biotrophy to necrotrophy, enabling the pathogen to promote coloni-
zation and intensify symptom expression. In line with these findings, 
the functional characterization of ZtCpx2, the sole secreted CP in the 
Z. tritici genome, revealed its role in regulating H2O2 levels during the 
transition from biotrophy to necrotrophy, as evidenced by the failure 
of ZtCpx2 mutants to increase fungal biomass compared to the WT 
strain. This observation is further supported by in-planta expression 
analyses showing that ZtCpx2 expression peaked at 8 dpi, coinciding 
with the transition from biotrophy to necrotrophy. Furthermore, a 
comprehensive analysis of the double knock-out strain, ΔΔZtCpx1-
Cpx2, demonstrated the additive contributions of both ZtCpx1 and 
ZtCpx2 to pathogenicity. This was evident through reduced symp-
tom development and significantly less fungal biomass accumulation 
in the double mutant compared to individual mutants and the WT 
strain. These findings suggest that ZtCpx1 and ZtCpx2 collaboratively 
and dynamically contribute to scavenging H2O2 throughout the en-
tire infection process. In summary, our study collectively provides ro-
bust evidence of how specific genes contribute to a plant pathogen's 
adaptability in response to ROS challenges in planta  and environ-
mental conditions. To our knowledge, this is the first demonstration 
of two CPs working in synergy to enhance pathogenicity in a fungal 
plant pathogen.

4  |  E XPERIMENTAL PROCEDURES

4.1  |  Strains, media and growth conditions

The fully sequenced Z. tritici reference strain IPO323 (Goodwin 
et  al.,  2011), known for its high pathogenicity on wheat cultivar 
Taichung 29, served as the WT strain and recipient strain for gene 
replacement experiments. Yeast-like spores were produced in yeast 
glucose broth (YGB) medium (yeast extract 10 g/L, glucose 30 g/L) 
subjecting the cultures to orbital shaking using an Innova 4430 
shaker (New Brunswick Scientific) at 18°C. To stimulate mycelial 
growth, all Z. tritici strains were grown under the same conditions, 
but at 25°C. Aspergillus nidulans minimal medium (MM) was used 
for in-vitro expression analyses (Barratt et al., 1965). Escherichia coli 
DH5α and DH10β were used for general plasmid transformation and 
Agrobacterium tumefaciens AGL-1 was used for fungal transformation 
procedure as described previously.

4.2  |  Phylogenetic tree construction

Phylogenetic analyses of Z. tritici catalases and CP enzymes 
with their homologues from other fungal plant pathogens were 
conducted using the CLC Genomics Workbench package. Fungal 
proteins were retrieved from public databases and aligned 
using CLC software, with gap opening costs and gap extension 
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penalties set at 10 and 1, respectively. The phylogenetic tree 
was constructed based on the unweighted pair group method 
with arithmetic mean (UPGMA) algorithm, and the statistical 
robustness of the tree was assessed through bootstrap analysis 
with 1000 repetitions.

4.3  |  Generation of gene replacement and 
complementation constructs

A 2.5-kb full-length cDNA clone, ZtEST2P12K00276, containing 
the ZtCpx1 gene (referred to as pSport1-ZtCpx1), was identified 
in Z. tritici IPO323 cDNA libraries (Kema et  al.,  2008). To enable 
genetic manipulations, the ZtCpx1 insert was excised from pSport1-
ZtCpx1 using KpnI/XbaI restriction enzymes and ligated into 
the binary vector pCGN1589, creating pCGNZtCpx1. For ZtCpx1 
gene disruption, the GPS-Mutagenesis system from New England 
Biolabs was employed. We used a customized donor construct 
known as pGPS3HygKan for transposition (Mehrabi et  al.,  2006). 
The target construct, pCGNZtCpx1, underwent transposition using 
pGPS3HygKan, and the resulting mixture was introduced into E. 
coli DH10β. Colony PCR identified clones with transposon insertion 
within the ZtCpx1. A disruption construct, named pCGNΔZtCpx1, 
was chosen, featuring transposon insertion near the middle of the 

ZtCpx1 ORF. This construct was used to disrupt the ZtCpx1 in Z. tritici 
IPO323 through ATMT, following established procedures (Zwiers & 
De Waard, 2001).

For the ZtCpx1 complementation construct (pZtCpx1com), we 
used the Invitrogen multisite Gateway three-fragment vector con-
struction kit. This kit facilitated the cloning of the complete ZtCpx1 
ORF, including 994 bp upstream (including its promoter) and 498 bp 
downstream (as a terminator), into pDONRP221. The resulting plas-
mid, p221-ZtCpx1com, was then combined with two Entry vectors 
(pRM245 and pRM234) and used to clone these three fragments 
into the Destination vector, pPm43GW, via the LR reaction (Mehrabi 
et al., 2015). For the ZtCpx2 deletion construct, approximately 2 kb 
of upstream and downstream sequences of ZtCpx2 were cloned into 
pDONRP4-P1R and pDONRP2R-P3, respectively. These constructs, 
along with pRM250 (containing the hygromycin phosphotransfer-
ase [hph] gene as a selection marker) (Mehrabi et  al., 2015), were 
then assembled into the Destination vector, pPm43GW, using the 
LR reaction. For the double knock-out construct, pZtCpx1-2, ap-
proximately 1.2 kb of sequences upstream and downstream of the 
ZtCpx1 gene were cloned into pDONRP4-P1R and pDONRP2R-P3, 
respectively. These Entry vectors, along with pRM251 (containing 
geneticin as a selectable marker) (Mehrabi et al., 2015), were used to 
clone the three fragments into the Destination vector pPm43GW. 
Primer details can be found in Table 1.

Name Sequence (5′–3′) Location

PrimerE ATGTCTGCAAACGGTTGCCCAA ZtCpx1

PrimerF CTACAACTTCGCGCTGCTGAC ZtCpx1

PrimerG ATGAAGGGTTGTCTCAATCATCTG ZtCpx2

PrimerH CTACTGGACATCGTTCTGAGGA ZtCpx2

PrimerK GTGCTCACCGCCTGGACGACTAAAC Middle of hph gene

PrimerL GATGAGACCCGGCGACAAGT Downstream of ZtCpx2

PrimerM TTCGACCGTGGCTTGACACC Upstream of ZtCpx1

PrimerN TCCACCCAAGCGGCCGGA Beginning of geneticin 
gene

hph-F CTCGATGAGCTGATGCTTTG hph gene

hph-R GTCAATGACCGCTGTTATGC hph gene

ZtβTUB-F GCCCAGACAACTTCGTGTTC β-tubulin gene

ZtβTUB-R ACGACATCGAGAACCTGGTC β-tubulin gene

Q-ZtCpx1-F ACAACGCCAATCTCGACAAG ZtCpx1

Q-ZtCpx1-R GACTCAATGGCGACATTTCC ZtCpx1

Q-ZtCpx2-F TCCTAAATCCGAGCCTTTCC ZtCpx2

Q-ZtCpx2-R TCAACCCACTGCCAAGAATC ZtCpx2

Q-ZtCat1-F GATGCACATGAAGAGCAAGC ZtCat1

Q-ZtCat1-F GAAACTCGCCCTTCTCAATG ZtCat1

Q-ZtCat2-F ACTTTGGCGTTCAGGTCATC ZtCat2

Q-ZtCat2-F ACTCCGACGTTCTGAATTGG ZtCat2

SK-Sep-348 ATCACCCTCGGCATGGACGAGCTCTACAAGATGTC
TGCAAACGGTTGCCCAATC

ZtCpx1

SK-Sep-349 CCACAAGATCCTGTCCTCGTCCGTCGTCGCCTACA
ACTTCGCGCTGCTGACC

ZtCpx1

TA B L E  1 Primers used in this study.



    |  11 of 14MIRZADI GOHARI et al.

4.4  |  Generation of vector pCZtGFPCpx1

The vector pCZtGFPCpx1 was constructed through in-vivo 
recombination within the yeast Saccharomyces cerevisiae DS94 
(MATa, ura3-52, trp1-1, leu2-3, his3-111, lys2-801) following 
established protocols (Tang et al., 1996), as described in published 
procedures (Kilaru & Steinberg,  2015; Raymond et  al.,  1999).
Vector pCZtGFPCpx1 comprises a fusion of ZtGFP with the full-
length ZtCpx1 gene, both of which are regulated by the constitutive 
ZtTub2 promoter and terminated by specific terminator sequences. 
This vector was designed for precise integration into the sdi1 
locus of Z. tritici, with carboxin serving as the selection agent. To 
construct pCZtGFPCpx1, a 16,597-bp fragment of pCZtGFPSpa2 
(Guo et al., 2015) was digested with PshAI and ligated with a 2319-
bp full-length ZtCpx1 gene, which was amplified using primers SK-
Sep-348 and SK-Sep-349 (Table  1). Subsequently, pCZtGFPCpx1 
was introduced into A. tumefaciens EHA105 using the heat shock 
method (Holsters et  al.,  1978). A selection agent, carboxin at a 
concentration of 40 μg/mL, was employed during the transformation 
process. Finally, transformation of the pCZtGFPCpx1 vector into Z. 
tritici IPO323 resulted in the generation of IPO323_CZtGFPCpx1 
transformant strain.

4.5  |  Fungal transformation

All transformations were carried out using the ATMT procedure, 
following previously established protocol (Zwiers & De Waard, 2001). 
Genomic DNA from stable transformants was extracted following 
standard procedures (Sambrook et al., 1989). For complementation 
and double knock-out strategies, the same method was employed 
with minor adjustments, including the use of 250 μg/mL geneticin 
for mutant selection.

4.6  |  Hph copy number determination

ZtβTUB-F/R and hph-F/R primers were used in qPCR to determine 
the copy number of the hph resistance marker gene. Primers were 
tested with a series of 10× dilutions of genomic DNA from the 
wild-type strain IPO323 (500 ng/μL) and the double-gene deletion 
strain ΔΔZtCpx1-Cpx2 (350 ng/μL). The qPCR tests were run at an 
annealing temperature of 60°C, where both primer pairs' efficiencies 
were nearly 100%. The Ct value of hph was normalized to the 
single-copy β-tubulin gene and calculated using the E−∆Ct method as 
described previously (Tian et al., 2021).

4.7  |  In-vitro oxidative stress assays

To assess the sensitivity of Z. tritici strains to continuous exposure 
to H2O2, we conducted experiments using PDA supplemented with 

varying concentrations of H2O2. Autoclaved PDA was cooled to 
40°C, and H2O2 (Sigma) was added to reach final concentrations of 
6, 8 and 10 mM. The PDA plates were inoculated with 5 μL of a spore 
suspension from each strain, with a concentration of 108 spores/
mL, incubated in a 20°C incubator for 7 days, and photographic 
documentation was performed using an Olympus camera.

4.8  |  Germination frequency assays

For germination frequency assays, we prepared PDA plates 
supplemented with 0, 4 and 6 mM H2O2. These plates were 
cut into 1 cm2 plugs, which were then placed on glass slides. 
Subsequently, each plug was inoculated with 10 μL of a yeast-like 
spore suspension containing 104 spores/mL. A coverslip was used 
to enclose the inoculated area, and the samples were placed in 
Petri plates containing dampened cotton wool to maintain high 
relative humidity. Incubation was carried out at 20°C for 2 days. The 
germination frequency of each strain was determined by counting 
the number of spores that exhibited initial hyphal growth out of 50 
randomly selected spores, using a light microscope (Zeiss) at 40× 
magnification. In this study, spores were considered germinated 
when blastospores began growing as hyphae. The experiments were 
conducted in triplicate, and the percentage of germinated spores 
was recorded, as presented in Figure 3.

4.9  |  RNA isolation, and RT-qPCR

For RT-qPCR analysis of in-vitro and in-planta expression profiles 
of ZtCpx1, ZtCpx1, ZtCat1 and ZtCat2, the following procedure was 
adopted: For in-planta analyses, susceptible wheat cv. Taichung 
29 was inoculated with the WT strain, as previously described 
(Mehrabi et al., 2006). This assay was conducted using three bio-
logical samples, with each replicate consisting of three separate 
seedlings, each carrying one fully unfolded leaf. At 2, 4, 8, 12, 16 
and 20 dpi, three infected leaves were harvested from each repli-
cate, flash-frozen, and ground into powder using a mortar and pes-
tle cooled with liquid nitrogen. Total RNA was extracted either from 
ground leaves or fungal biomass produced in yeast glucose broth 
(YGB) using the RNeasy plant mini kit from Qiagen. Subsequently, 
DNA contamination was eliminated using the DNA-free kit (Ambion 
Inc.). First-strand cDNA was synthesized from approximately 2 μg 
of total RNA, primed with oligo(dT), using the SuperScript III kit, 
following the manufacturer's instructions. One microlitre of the 
resulting cDNA was used in a 25 μL PCR employing a QuantiTect 
SYBR Green PCR Kit. The reaction was run and analysed using an 
ABI 7500 Real-Time PCR System. The relative expression of each 
gene was initially normalized using the constitutively expressed 
Z. tritici β-tubulin gene (Keon et  al., 2007) and subsequently cal-
culated using the comparative Ct method, as outlined previously 
(Schmittgen & Livak, 2008).
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4.10  |  Pathogenicity assays

Pathogenicity assays were conducted on wheat cv. Taichung 29 in 
a greenhouse. Plants used in this study were cultivated in a green-
house under controlled conditions, maintained at a temperature of 
18/16°C (day/night) and a relative humidity (RH) of 70%. They were 
grown until reaching the stage where the first leaves were fully un-
folded. For each pot, three to five seeds were initially sown, and 
after 7 days, three seedlings were selected in each pot, each with 
their first fully unfolded leaves. Inoculum for all strains was pro-
duced in YGB at 18°C for 7 days using an orbital shaker. Yeast-like 
spores were obtained after centrifugation and washing, and spore 
concentrations were adjusted to 107 spores/mL with 0.15% Tween 
20 as a surfactant. A marked 5 cm leaf segment was inoculated with 
spores using a cotton swab. Inoculated plants were enclosed in 
transparent plastic bags for 48 h to maintain high humidity before 
being transferred to a greenhouse compartment (22°C, >90% rela-
tive humidity, 16 h photoperiod). Disease development was moni-
tored and recorded every 3 days. This assay was conducted using 
three biological samples, with each replicate consisting of three 
separate seedlings, each carrying one fully unfolded leaf. Fungal 
DNA quantification was performed on leaves of cv. Taichung 29 
harvested at 4, 8, 12, 16 and 20 dpi. Genomic DNA was extracted 
from approximately 100 mg of infected leaves using standard phe-
nol/chloroform DNA extraction, as detailed by Sambrook et  al. 
(1989). For each biological replicate, three inoculated leaves were 
pooled together, ground into a fine powder, and then 100 mg was 
weighed out from the resulting mixture. The TaqMan assay was 
conducted to quantify the fungal biomass in infected leaf tissues, 
following the method described previously (Waalwijk et al., 2002; 
Ware, 2006).

4.11  |  Epifluorescence microscopy

Fluorescence microscopy was conducted following established 
procedures (Kilaru et  al.,  2015). In brief, IPO323_CZtGFPCpx1 
cells were cultured in YG medium, with growth induced at 18°C 
(200 rpm) for yeast-like growth or 24°C (100 rpm) for hyphal 
growth. Subsequently, cells were placed on a 2% agar cushion for 
direct observation using an inverted microscope (IX81; Olympus) 
with a PlanApo 100_/1.45 Oil TIRF objective. Fluorescent 
tagging (excited at 488 nm/75 mW) captured single images or z-
stacks (6 μm depth, 0.2 μm z resolution) using an objective piezo 
(Piezosystem Jena GmbH) and a 150 ms exposure time. A DIC 
image was acquired for each cell using a CoolSNAP HQ2 camera 
(Photometrics/Roper Scientific). Fluorescent and DIC image 
overlays were created using MetaMorph software (Molecular 
Devices). The entire system was controlled using the MetaMorph 
software package.

4.12  |  Induction of peroxisome proliferation by 
oleic acid

Peroxisome proliferation was induced by oleic acid, following the 
established procedure (Camões et al., 2015). IPO323_CZtGFPCpx1 
cells were cultured for 24 h in YGB at 18°C with 200 rpm. Oleic 
acid (Merck) was added to a final concentration of 1% (vol/vol) 
and incubated for 1.5 h at 18°C with 200 rpm. The numbers of 
peroxisomes were determined using laser-based epifluorescence 
microscopy. To achieve this, z-stacks were captured at a 200 nm step 
size with a 150 ms exposure time, using a piezo drive (Piezosystem 
Jena GmbH). The data was then analysed as a maximum projection 
using MetaMorph software.

4.13  |  Statistical analysis

The statistical analysis employed in this study used a factorial design 
conducted in a randomized design with three replications, aiming 
to ensure the robustness and reliability of the results. Statistical 
analyses were carried out using SPSS 26 software (IBM SPSS). 
Mean differences were further scrutinized using Duncan's test 
at a significance level of 5% to compare the levels of the factors. 
This approach facilitated a comprehensive assessment of the data, 
enhancing the validity and interpretability of the findings.
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