
© 2019 THE AUTHORS. MOLECUL AR PL ANT PATHOLOGY  PUBL ISHED BY BR IT ISH SOCIET Y FOR PL ANT PATHOLOGY 
AND JOHN WILEY & SONS LTD
This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction 
in any medium, provided the original work is properly cited.

Molecular Plant Pathology (2019) 20 (5) ,  685–700 D O I :  10 .1111/mpp.12785

685

The spatiotemporal control of KatG2 catalase-peroxidase 
contributes to the invasiveness of Fusarium graminearum  in host 
plants

YAN GUO1,2,  SHENGHUA YAO1,3,4,  T INGLU YUAN1,  YANZHANG WANG1,  DONG ZHANG1 AND 
WEIHUA TANG 1,*

1 National Key Laboratory of Plant Molecular Genetics, Center for Excellence in Molecular Plant Sciences, Institute of Plant Physiology and 
Ecology, Chinese Academy of Sciences, Shanghai, 200032, China
2 University of the Chinese Academy of Sciences, China
3 School of Life Science, East China Normal University, Shanghai, 200062, China
4 Shanghai High School International Division, Shanghai, 200231, China

SUMMARY

Reactive oxygen species (ROS) are involved in the pathogen-host 
interactions, and play a Janus-faced role in the resistance and 
susceptibility of plants to biotrophic and necrotrophic patho-
gens. The ascomycete fungus Fusarium graminearum  causes 
hazardous wheat Fusarium head blight worldwide. Deletion of 
the putative secreted catalase-peroxidase gene in F. gramine-
arum , KatG2 , reduced the virulence in wheat spike infection. 
However, it remains unclear when and where KatG2 scavenges 
ROS during the invasion of wheat. In this study, we delineate the 
change in ROS levels in the transition of the infection phase 
under microscopic observation. Correspondingly, the pathogen 
switches its strategy of infection with temporal and spatial regu-
lation of KatG2 to counteract oxidative stress generated by host 
plant cells. With the native promoter-driven KatG2-mRFP strain, 
we show that KatG2-mRFP expression was induced in planta  and 
accumulated in the infection front region at the early infection 
stage. In contrast to its ubiquitous cellular localization in runner 
hyphae, KatG2-mRFP is exclusively located on the cell wall of in-
vading hyphal cells, especially at the pathogen-host cellular in-
terface. Using posttranslational modification analysis, we found 
that asparagine residues at the 238 and 391 positions of KatG2 
could be modified by N -glycosylation and that these two resi-
dues are required for KatG2 accumulation and cell wall localiza-
tion in planta .

Keywords: catalase-peroxidase, Fusarium graminearum , 
hemibiotrophic, reactive oxygen species, temporal and spatial 
regulation, wheat.

INTRODUC TION

Fusarium graminearum  is a notorious pathogenic fungus that 
infects many cereal crops, including wheat and maize. It causes 
Fusarium head blight on wheat worldwide drastically reducing 
yield (Dubin, 1997, 1996). Its disease cycle starts when airborne 
ascospores or asexual conidia land on florets during anthesis. The 
germinated spores produce hyphae growing epiphytically on the 
surface of floral bracts (named runner hyphae), and then penetrate 
the surface of lemma and palea. Once inside plant tissues, invasive 
hyphae extend the colonization from one spikelet to another spike-
let through rachis (Brown et al. , 2010; Jansen et al.,2005; Miller  
et al. , 2004; Trail, 2009). In addition to causing significant yield 
losses, F. graminearum  also produces mycotoxins such as type B 
trichothecene deoxynivalenol (DON) in infected spikes and har-
vested grains; these mycotoxins are required for full virulence on 
wheat spikes and are a health risk for consumers (Bennett and 
Klich, 2003; Proctor et al. , 1995). F. graminearum  also causes 
Gibberella stalk rot in maize, one of the most destructive maize 
diseases (Chambers, 1987). The F. graminearum  infection causing 
various crop diseases is complex and varies (Brown et al. , 2010). 
Although intense research worldwide has made much progress 
in characterizing the molecular mechanisms underlying F. gram-
inearum -caused diseases, it is still awaiting elucidation of the 
specific role of manipulating reactive oxygen species (ROS) pro-
duction and neutralization.

ROS comprising singlet oxygen and reduced forms of oxygen, 
such as the superoxide anion radical (O2

−) and hydrogen perox-
ide (H2O2), are important not only in intracellular redox homeo-
stasis, which regulates cell development, but also in intercellular 
communication and host-pathogen interactions (Marschall and 
Tudzynski, 2016). However, the roles of ROS in plant-fungal inter-
actions are complicated and dynamic. In addition, the biological 
roles of ROS often involves being antagonistic to the pathoge-
nicity of biotrophs and necrotrophs. The accumulation of ROS *Correspondence : Email: whtang@sibs.ac.cn
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increases host resistance to biotrophic pathogens and suscepti-
bility to necrotrophic pathogens (Barna et al. , 2012). Mounting 
evidence indicates that cellular and subcellular localization and 
timing of ROS production and/or neutralization, particularly 
those at the interface between the advancing hyphal front and 
defending plant cells, can be critical to infection outcome (Segal 
and Wilson, 2018).

It is well-documented that plant cells produce ROS (called 
an ‘oxidative burst’) as one of the earliest cellular responses 
to pathogen attack. The released ROS can directly damage cell 
membranes and other components through lipid peroxidation, 
protein oxidation and DNA mutation, which eventually lead to 
fungal growth inhibition or even cell death; meanwhile, these 
ROS can serve as signals to trigger plant immune responses 
(Torres, 2010). On the fungal side, it is still not clear whether fun-
gal neutralization can significantly reduce oxidative bursts at the 
infection site. Furthermore, necrotrophic fungal pathogens might 
also produce extracellular ROS by plasma membrane NADPH ox-
idases (NOX) to facilitate infection. Therefore, it is plausible that 
necrotrophic pathogens switch from ROS neutralization to ROS 
production over changes in infection phases, but the supporting 
evidence is still limited.

Amongst ROS, H2O2 is abundant, can diffuse across biological 
membranes and is heavily involved in fungus-plant interactions 
(Gadjev et al. , 2008). Catalase catalyzes the decomposition of 
H2O2 to water and oxygen and serves as one type of ROS neu-
tralization enzyme (Mishra and Imlay, 2012). Three types of 
catalases are classified: (i) the typical monofunctional heme- 
containing catalases, (ii) bifunctional heme-containing catalases, 
(iii) nonheme Mn-containing catalases (Chelikani et al. , 2004). 
Bifunctional catalases, namely, catalase-peroxidases (commonly 
named KatGs), are widely distributed in archaea, bacteria and 
lower eukaryotes but not in plants and animals. Phylogenetic 
analyses showed that most fungi have an intracellular KatG pro-
tein, KatG1, whereas only phytopathogenic fungi have an extra 
KatG protein, KatG2, which has an N-terminal signal sequence 
for secretion. Therefore, KatG2 is implicated to have a role in 
host-pathogen interactions (Zámocký et al ., 2012). However, the 
significance of KatG2 contribution to virulence varied amongst 
fungal pathogens. For example, the KatG2 in the rice blast fungus 
Magnaporthe oryzae  exhibits a moderate contribution to infec-
tion during the early stages (Tanabe et al. , 2011), but in the maize 
pathogen Fusarium verticillioides , virulence was not significantly 
weakened when KatG2  gene was deleted (Gao et al ., 2018). In F. 
graminearum , a genome-wide functional survey of 31 peroxidase 
genes identified that the KatG2 encoding gene, FCA7 , is required 
for full virulence in wheat spike and increase DON mycotoxin pro-
duction (Lee et al. , 2018), but its catalase activity and subcellular 
localization have not been verified. Although the gene was first 
mentioned as FCA7  (Lee et al. , 2014), to be consistent with the 

common name based on its biochemical nature as a catalase- 
peroxidase, we thereafter call this gene KatG2. 

In this work, we show that lacking KatG2 led to elevated 
ROS levels surrounding invasive hyphae during early infection 
of wheat, with a detailed microscopic analysis of ROS abun-
dance in the paleae and lemmas of wheat infected by F. gram-
inearum . Interestingly, the native KatG2  mRNA level was very 
low in hyphae cultured on medium but drastically increased 
during early infection and decreased in later infection stages; 
on wheat, the KatG2 protein localized in both the cytosol and 
cell wall in runner hyphae growing outside of wheat tissues, 
but relocalized to the fungal cell wall preferentially in invasive 
hyphae growing inside wheat cells. Furthermore, we revealed 
that KatG2 can be modified by N-glycosylation at residues 
N238 and N391, and point mutation analysis showed that 
N238 and N391 are required for KatG2 accumulation and lo-
calization to cell wall in invasive hyphae, and are required for 
the full virulence of F. graminearum  on wheat. We propose 
that F. graminearum  temporally and spatially controls KatG2 
to alleviate plant-derived ROS in the early invasion phase and 
facilitate fungal invasion.

RESULTS

ROS accumulation levels are spatiotemporally 
heterogeneous in F. graminearum -infected wheat 
tissues

F. graminearum  infection of wheat spikes has been highly  
investigated (Boenisch and Schäfer, 2011; Brown et al ., 2010; 
Rittenour and Harris, 2010), but knowledge of how ROS levels 
change in the infection process is limited. To reveal how ROS 
level changes are associated with the infection of wheat spike 
by F. graminearum , we inoculated the floral cavity between 
the palea and lemma of the middle spikelet with conidia of flu-
orescent protein-expressing wild-type F. graminearum  strain 
AmCyanPH-1 , and then the plants were grown in a high-
humidity growth chamber. At specified time points, the  
inoculated spikelets were detached, and the infected paleae and 
lemmas were stained with diaminobenzidine (DAB) to monitor 
H2O2 accumulation before microscopic analysis. At 4 days after 
inoculation (dpi), germinated fungal conidia already produced 
hyphae, and some fungal hyphae were observed attached to 
the inner surface of the lemma, mild DAB signal accumulated 
around the attachment site and were restricted to only a few 
wheat cells in the vicinity (Fig. 1A). At 5 dpi, the infection was 
more advanced and the fungal invasion in infected tissues was 
obviously not synchronized. In general, fungal invasion was 
faster in the lemmas than in the paleae. On the paleae, many 
hyphae invaded from the edge and grew in parallel towards 
inner parts of the paleae (Fig. 1B, the black boxed area as an 
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example). Few DAB signals were visible in these areas around 
invading hyphae with AmCyan fluorescence. Additionally, on 

the paleae, some isolated hyphae can be observed in the mid-
region surface, and the wheat cells surrounding these hyphae 

Fig. 1  ROS accumulation is different at different positions in F. graminearum- infected wheat tissues. (A)-(C) DAB staining of AmCyan-labelled F. 
graminearum  infection in the paleae or lemmas of wheat spikes at the indicated time points. Black arrows point to a region with DAB staining signals. The area 
boxed with black broken lines indicates an exemplified region where many hyphae started from the edge are growing. The area boxed with red broken lines 
indicates a different region from the same palea where a few isolated hyphae can be observed. The areas boxed with white and yellow broken lines indicate 
exemplified regions of infection front and rear, respectively. White scale bar = 100 μm. H: F. graminearum  hyphae. BF: bright field. AmCyan: long-pass GFP 
fluorescent channel allowing observation of AmCyan fluorescence (Green) from F. graminearum  and red fluorescence from chlorophyll (dpi: days post inoculation). 
(D) Heat map of the gene expression profile of catalase, catalase-peroxidase and NADPH oxidase genes during in vitro  growth and infection of wheat coleoptiles, 
wheat spikes and maize stalks. NoxA  (FGSG_00739), NoxB  (FGSG_10807), NoxC  (FGSG_11195). Transcript levels are log2 values (hpi, hours after inoculation).
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accumulated overwhelming amount of ROS, as indicated by 
intensive DAB staining (Fig. 1B, red box). This result showed 
that at the same time in the same tissue, ROS accumulation 
levels differed around hyphae with different invasion statuses. 
At 5 dpi on the lemma, the hyphal networks colonized the  
majority of this tissue. As shown in Fig. 1C, fungal hyphae  
occupied most parts of the left lobe of the lemma, with the 
white boxed area containing hyphae close to advancing front 
and the yellow boxed area containing hyphae in a relative 
rear part that are more than 1 mm away from the advancing 
front. We observed intensive DAB staining towards the rear 
parts of the infection, while little DAB signal was detected in 
the infection front (Fig. 1C). The ROS distribution pattern of  
F. graminearum  in wheat spikes coincides with the lifestyle 
transition of a hemibiotrophic pathogen in the host, which has 
a short biotrophic phase at the infection front, where ROS lev-
els are low; and a necrotrophic phase in the rear parts, where 
ROS levels are high.

To identify the fungal enzyme responsible for neutraliz-
ing ROS at the infection front, we reanalysed F. graminearum  
 genome-encoded catalase and catalase-peroxidase genes 
(Table S1) based on phylogenetic analysis, conserved protein 
domains and subcellular localization prediction (Emanuelsson 
et al. , 2000; Goldberg et al. , 2014; Horton et al. , 2007; Nielsen 
et al. , 1997). CAT1, CAT2 and CAT3 belong to small-subunit 
catalases, CAT4 and CAT5 belong to large-subunit catalases, 
KatG1 falls into the intracellular subclade of bifunctional cata-
lases, and KatG2 falls into the extracellular subclade of bifunc-
tional catalases (Fig. S1). We analysed the expression of these 
genes during in vitro  culture, infections of wheat coleoptiles 
and spikes, and maize stalks with published microarray data 
(Lysoe et al. , 2011; Seong et al. , 2008; Zhang et al. , 2012, 2016). 
As shown in Fig. 1D, KatG1  exhibited constitutively high expres-
sion levels during plant infection or in vitro  culture, while KatG2  
expression was significantly up-regulated at an early stage of 
plant infection and had decreased expression at later stages 
of infection. In wheat infection, the KatG2  expression peak  
occurred earlier than that of NoxA , which encodes an extracel-
lular ROS-producing enzyme (Fig. 1D). Therefore, we considered 
KatG2 a candidate responsible for extracellular ROS scavenging 
during early infection.

KatG2 contributes to F. graminearum  pathogenicity 
by alleviating oxidative stress in the vicinity of 
invasion hyphae

We first examined the catalase activity of KatG2 by expressing  
recombinant protein KatG2- His in Escherichia coli  (Fig. 2A). Under 
our assay conditions, the catalase activity of the purified KatG2 
was ~4500 U/mg protein (Fig. 2B), which proved that KatG2 pos-
sesses catalase activity in vitro . qRT-PCR analyses showed that 
KatG2  expression was increased approximately seven-fold by 1 h 

of exposure to H2O2, and two-fold after 3 h of exposure to H2O2 
(Fig. 2C), indicating that KatG2  transcription can be induced by 
exogenous H2O2.

Next, we constructed KatG2  gene deletion mutant strains 
(M1, M2 and M3) (Fig. S2A-C) and KatG2  gene-complemented 
lines (C1 and C2) (Fig. S2D). ∆KatG2  strains grew similarly to the 
wild-type strain in vitro  on complete medium plates and syn-
thetic nutrient-poor agar plates (Fig. 2D top lane and Fig. S3A). 
The perithecium formation, ascospore discharge and morphol-
ogy of ∆KatG2  were similar to those of the wild type (Fig. S3B), 
indicating that mutation of KatG2  does not affect vegetative 
growth and sexual development. However, the colony size of 
∆KatG2  was approximately 80% that of the wild type on plates 
containing 10 mM H2O2; the growth of ∆KatG2  was almost  
arrested on plates containing 20 mM H2O2 (Fig. 2D), while 
complemented strains grew similarly to the wild-type strain. 
Moreover, the conidial germination rate of ∆KatG2  significantly 
decreased after exposure to 1 mM H2O2 (Fig. S4). These results 
showed that ∆KatG2  mutants were more sensitive to H2O2 than 
the wild-type strain, supporting the role of KatG2 in detoxifica-
tion of extracellular H2O2.

We then inoculated wheat spikelets for pathogenicity  
assessment. On 14 dpi, the wild-type strain caused symptoms in  
approximately 8 spikelets per inoculated spike, and ∆KatG2  
caused ~40% fewer diseased spikelets (Fig. 2E), while com-
plemented strains caused a similar number of disease spike-
lets as the wild-type strain. This result confirmed that KatG2  is  
required for full virulence of F. graminearum  in wheat head blight 
infection. In maize stalks, lesions caused by the KatG2  deletion 
mutants were ~25% smaller than those caused by the wild-type 
strain (Fig. S10). The results showed that KatG2 is also required 
for full virulence in maize stalk infection.

To assess whether KatG2 affected in overall H2O2 levels in  
infected tissues, we compared the accumulation of H2O2 in wheat 
spikelets infected by wild-type and ∆KatG2  strains using DAB 
staining (Fig. 2F, S5E and F). At 4 dpi, in the AmCyan ∆KatG2 -in-
fected lemmas, a relatively small quantity of branched hyphae 
expressing AmCyan was observed, accompanied by strong DAB 
staining in wheat cells in the vicinity of the hyphae (Fig. 2F),  
indicating abundant H2O2 in surrounding host cells. In addition, 
many conidia exhibited a DAB staining signal but lacked AmCyan 
fluorescence (Fig. 2F), and further Evans blue staining validated 
that conidia on paleae lacking fluorescence were inviable (Fig. 
S5A to D). In contrast, in the wild-type-infected lemmas, only 
a few dead conidia without AmCyan fluorescence were ob-
served, and limited H2O2 accumulation was observed around 
branched hyphae of the wild-type strain (Fig. 2F). In the paleae 
at 5 dpi, AmCyanPH-1  hyphae grew more aggressively than 
AmCyan ∆KatG2  hyphae (Fig. 2F). In the palea inoculated with 
AmCyan ∆KatG2 , H2O2 accumulation around the front of mutant 
hyphae was observed (Fig. 2F), while in the palea inoculated with 
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AmCyanPH-1 , nearly no accumulation of H2O2 around the hyphal 
front was visible (Fig. 2F). These results showed that KatG2 sig-
nificantly contributed to local ROS levels in the vicinity of hyphae 
during infection.

KatG2 was induced specifically in planta  and 
expressed in the invasion front of the early invasion 
stage of F. graminearum 

To gain more insight into the native function of KatG2, we  
developed a KatG2-mRFP knock-in strain of F. graminearum  by 
inserting the monomeric red fluorescent protein (mRFP)-encod-
ing gene just before the stop codon of KatG2  in the genome, thus 

allowing visualization of the native expression of KatG2  in situ  
by mRFP fluorescence signals (Fig. 3A-C). We named the knock- 
in lines pKatG2:KatG2-mRFP . The knock-in lines were verified 
with PCR genotyping (Fig. 3D) and sequencing.

With the reporter lines, we found that the fluorescence sig-
nals of the mRFP were not visible in conidia and in the germina-
tion tube or hyphal branches at 2, 8, 24 and 72 h after cultured 
in complete medium (Fig. 3E). These results indicated that KatG2  
was not expressed during in vitro  growth under these conditions. 
Microscopic analysis of pKatG2:KatG2-mRFP -inoculated coleop-
tiles and paleae showed that KatG2-mRFP signals accumulated 
at the surface and septa of invading hyphae in coleoptiles at 2 

Fig. 2  KatG2 alleviates ROS levels surrounding invasive hyphae during host infection. (A) SDS-PAGE analysis of protein extracts of E. coli  expressing His-
tag-fused KatG2 recombinant protein at different times after induction with isopropyl β-D-1-thiogalactopyranoside (IPTG). The size of the KatG2 protein is 
approximately 85 kDa. (B) The catalase activity of purified recombinant KatG2 was measured. ΔA240 is the decrease in absorbance at 240 nm. (C) KatG2 
transcripts were detected by qRT-PCR at 1 and 3 h after the addition of exogenous H2O2. Error bars indicate standard deviation. Student’s t -test P  < 0.05. (D) 
ΔKatG2  mutants showed increased sensitivity to exogenous H2O2 when cultured in vitro . The wild-type (PH-1), ΔKatG2  mutant (M1, M2 and M3) and the 
complemented strains (C1 and C2) were cultured on CM plates containing different concentrations of H2O2. (E) ΔKatG2  mutants showed reduced virulence in 
wheat spike infection. Error bars indicate standard errors derived from three independent experiments. Student’s t -test P  < 0.05. (F) Representative pictures of 
DAB-stained wheat spikelets inoculated with conidia of the wild-type AmCyanPH-1  and AmCyan ΔKatG2  at 4 days post inoculation (dpi) in lemmas and 5 dpi in 
paleae. Scale bar = 30 μm. Arrows point to DAB signals.
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Fig. 3  KatG2 expression was induced in planta , and KatG2 localized on the fungal cell wall during infection.  (A) Schematic presentation of the KatG2  genomic 
locus in PH-1. The blue box is the open reading frame of KatG2 in the genome. The grey boxes represent the flanking sequence of KatG2: 5’ UP is upstream of 
KatG2, and 3’ Down is the 1 kb downstream of KatG2. (B) Split-marker recombination strategy used to generate pKatG2:KatG2-mRFP  knock-in lines. The red box 
represents mRFP with the β-tubulin terminator of Neurospora crassa.  The green box is the neomycin phosphotransferase (NPT ) gene, which confers resistance to 
the antibiotic geneticin. (C) Schematic of pKatG2::gKatG2-mRFP  knock-in lines. (D) Genotype analysis with diagnostic PCR using primers KIF and KIR. The PCR 
product is 2 kb long in PH-1 and 4.6 kb long in pKatG2:KatG2-mRFP  knock-in lines. (E) Native promoter-driven KatG2-mRFP was not expressed in conidia or 
hyphae in CM culture. (F) KatG2-mRFP expressed in the invasion hyphae in coleoptiles and spike paleae. Scale bar = 20 μm.
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dpi and in paleae at 5 dpi (Fig. 3F), indicating that KatG2 expres-
sion was induced in planta . The KatG2 expression differences 
between the in vitro  and in planta  conditions were consistent 
with the microarray data in Fig. 1D.

To delineate KatG2 expression during the infection process, 
we examined the KatG2-mRFP signal in pKatG2:KatG2-mRFP- in-
fected coleoptiles at 1 dpi, 2 dpi, 3 dpi and 10 dpi (Fig. 4A). The 
conidia that just landed on coleoptiles did not show a KatG2-
mRFP signal (Fig. 4A, 0-a), which is the same as the results shown 
in Fig. 3E. At 1 dpi and 2 dpi, an intense KatG2-mRFP signal was 
observed in germinated conidia and invasion hyphae around the 
infection front (Fig. 4A, 1-a,b, 2-a,b,c), but not in the hyphae 
network clustered at the inoculation site (Fig. 4A, 1-c, 2-d). 
Notably, we observed that KatG2-mRFP expression was higher 
in hyphae close to the advancing front than hyphae close to the 
rear (Fig. 4A, 2-c). At the subcellular level, KatG2-mRFP localized 
at the septa and fungal cell surface (Fig. 4A, 1-a,b, 2-a,b,c). At 
3 dpi, KatG2-mRFP was expressed only in the invasive hyphal 
front (Fig. 4A, 3-a) and not in rear parts (Fig. 4A, 3-b,c,d,e), and 
the KatG2-mRFP signal was almost not visible in the hyphae at 
any position at 10 dpi (Fig. 4A, 3-a to f). In conclusion, KatG2 
expression showed temporal and spatial specificity: temporally, 
expression was higher in the early infection stages than the late, 
spatially KatG2 had a higher expression level in the invasive front 
than in the rear part.

Because KatG2 is mainly expressed during early infection 
of wheat coleoptile, we examined whether KatG2 deletion led 
to F. graminearum  defects in coleoptile invasion during the 
early stage. We inoculated the coleoptiles with either wild-type 
AmCyanPH-1  or mutant AmCyan ∆KatG2  strains, and measured 
the distance from invasive hyphae advancing front to the inoc-
ulation sites under a fluorescence microscope. At 16 hpi and 40 
hpi, the distance that AmCyan ΔKatG2  hyphae advanced in co-
leoptiles was significantly less than that of the wild type, but 
the difference diminished at 64 hpi (Fig. 4B and C). This result 
supports a role for KatG2 in early invasion of wheat coleoptile.

KatG2 subcellular localization differs in runner 
hyphae and invasive hyphae

KatG2 has a signal peptide of 18 amino acids in the N-terminus 
(Fig. 5A) and was predicted to be secreted (Table S1). To gain 
more insight into the subcellular localization of KatG2, we con-
structed a reporter strain named pvma3:KatG2-mRFP ;AmCyan , 
which comprises one cassette allowing KatG2-mRFP expression 
driven by the strong constitutive vma3  promoter (Wechser and 
Bowman, 1995) and one cassette allowing constitutive expres-
sion of AmCyan as an intracellular localization reference (Fig. 5B). 
During in vitro  culture, KatG2-mRFP signals were observed at the 
periphery and the septa of conidia; by contrast, mRFP alone was 
observed in the cytoplasm (Fig. 5C). To differentiate whether 

KatG2-mRFP localized to the cell wall or plasma membrane of 
conidia, we treated germinated conidia with cell wall degrading 
enzymes, and produced protoplasts. KatG2-mRFP signals were 
only observed in the septa and peripheral residues of conidia that 
retained some cell wall and did not completely release proto-
plasts, and no KatG2-mRFP signals were observed on the surface 
of spherical protoplasts lacking cell walls (Fig. 5D). Furthermore, 
the fluorochrome calcofluor white (CFW) localizes to the fungal 
cell wall due to its ability to bind chitin (Pringle, 1991). Confocal 
observation showed that KatG2-mRFP colocalized with CFW in 
conidia (Fig. S6).

Next, we observed KatG2 localization in the hyphae of 
pvma3:KatG2-mRFP ;AmCyan  strain under various conditions. 
On a 3-day old culture plate, in the strain, KatG2-mRFP was 
ubiquitously localized in the aerial hyphae (Fig. 5F). These re-
sults showed that KatG2 localized to the cytoplasm and surface 
of fungal hyphae during in vitro  culture. On the infected wheat 
paleae, interestingly, in the runner hyphae above the surface of 
palea, KatG2-mRFP ubiquitously distributed in cytoplasm and 
cell wall, whereas KatG2-mRFP mostly gathered on the cell wall 
in the invading hyphae growing amongst host cells (Fig. 5E). 
These results showed that KatG2 had different cellular localiza-
tion in runner hyphae and invading hyphae.

With the pKatG2:KatG2-mRFP  strain, we also observed that 
in one view under microscope, KatG2-mRFP localized throughout 
the whole cell in runner hyphae and localized on the cell wall of 
invading hyphae (Fig. 5G). This evidence confirmed that KatG2-
mRFP signals were mainly located on the cell wall in invading 
hyphae while they ubiquitously distributed in runner hyphae in 
the infected spikelets, indicating KatG2 protein subcellular local-
ization is tightly linked to fungal infection status.

N-glycosylation modification regulates the 
localization of KatG2

The difference in cytoplasm-cell wall partitioning implied that 
a layer of KatG2 protein regulation may come from posttrans-
lational modification. Posttranslational modifications of pro-
teins in fungal pathogens have been reported to contribute to 
their development and virulence (Leach and Brown, 2012). To  
explore the possibility of protein modification, we constructed a 
F. graminearum  strain with a His6-tagged KatG2 (KatG2-His) pro-
tein fusion expression cassette driven by the strong constitutive 
vma3  promoter and then purified KatG2-His protein from aerial 
mycelia cultured on a V8 agar plate, infected wheat coleoptiles 
at 2 dpi and infected wheat spikelets at 14 dpi. Immunoblots 
with anti-His antibodies detected fusion proteins with higher 
molecular weights in infected wheat tissues (coleoptiles and 
spikes) than in hyphae grown in vitro , suggesting a possibility 
of protein modification during infection (Fig. S7A). KatG2 was 
predicted to have 3 potential N-glycosylation motifs (N-X-S/T) 
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Fig. 4  The spatial and temporal expression pattern of KatG2 is consistent with its role during the invasion of coleoptiles. (A) The expression and localization 
of the native promoter-driven KatG2-mRFP over time during infection of the coleoptile. The horizontal axis gives the time after inoculation, and the vertical axis 
represents the relative position from the inoculation site (top) and invasion front (bottom a) where the pictures were taken. Scale bar = 30 μm. The insets are the 
corresponding bright field images (in a smaller scale) of the fluorescence microscopic images. (B) Representative pictures of AmCyan ΔKatG2  mutant and wild-
type hyphae spreading in a coleoptile at 16 hpi and 40 hpi. The arrowhead indicates the hyphal front in the invasion. Broken white lines indicate the edge of the 
coleoptile, where conidia had been added. Red lines indicate examples of the hyphal spreading distance. Scale bar = 100 μm. (C) Measurements of the coleoptile 
infection assay at different time points. Error bars indicate standard errors derived from three independent experiments. Student’s t -test P  < 0.05.
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Fig. 5  Subcellular localization of KatG2 differs in conidia and hyphae under various growth conditions. (A) Schematic diagram showing the signal peptide 
at the N-terminus of KatG2. (B) Schematic map of the plasmid used for constitutive promoter vma3 -driven KatG2-mRFP expression, and the constitutively 
expressed AmCyan can label the hyphae. (C) KatG2-mRFP fusion proteins were localized on the cell wall and septa of conidia, while the mRFP signal was strictly 
localized intracellularly. (D) The 8-h-germinated conidia of the strain with pvma3:KatG2-mRFP  and AmCyan  were treated with cell wall lysis solution to produce 
protoplasts. No KatG2-mRFP signals were observed in protoplasts lacking cell walls. (E) In wheat spikes, KatG2-mRFP signals were exclusively located on the cell 
wall of invading hyphae, while they were distributed ubiquitously in runner hyphae on the surface of wheat. (F) KatG2-mRFP is localized to the cell surface and 
intracellularly in runner hyphae in vitro . The pvma3:KatG2-mRFP  strain was observed after culture on the V8 agar plate for 3 days. (G) KatG2-mRFP driven with 
the native promoter showed the same localization pattern in infected wheat paleae at 5 dpi. The yellow arrow indicates runner hyphae, and the white arrow 
indicates invading hyphae in the intercellular space. Scale bar = 10 μm.
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using NetNGlyc 1.0 Server. To verify and map glycosylation sites, 
KatG2-His protein purified from infected wheat tissues digested 
by trypsin, and the resulting peptides were treated with Peptide-
N-Glycosidase F (PNGase F) in H2

18O to remove glycan and to 
incorporate the 18O tag into the glycosylated asparagine resi-
dues. Using liquid chromatography coupled with tandem mass 
spectrometry (LC-MS/MS) matched two 18O-labelled peptides, 
YNGSTDIYER and SPAGAHQWEALNGTVDYPDPFVK to sequences 
in KatG2, and within the two peptides, the 238th and 391st  
asparagine residues of KatG2 (N238 and N239) were identified 
as N-glycosylated (Fig. 6A). N238 and N239 are two of the three 
predicted N-glycosylation sites and are predicted to be located 
at the surface of a homodimer of KatG2 (Fig. S8) by homology 
modelling on the SWISS-MODEL web server.

To explore whether N-glycosylation in KatG2 is relevant to its 
subcellular localization and role in pathogenicity, we constructed 
single mutations of N238 and N239 and their double mutation in 
KatG2-mRFP in the plasmid vma3pro:KatG2-mRFP  with aspar-
agine-to-aspartic acid (N to D) substitutions (Fig. 6A) and then 
individually transformed the plasmids into the wild-type strain. 
In conidia cultured in vitro , the mRFP fusion of the single mutants 
KatG2N238D and KatG2N391D localized to the cell wall (Fig. S9A), 
similar to the wild-type KatG2-mRFP. However, the mRFP fusion 
of the double mutant KatG2N238D&N391D accumulated in the cy-
toplasm and cell wall (Fig. 6B). The fluorescence signal intensity 
plots showed that the ratio of KatG2N238D&N391D-mRFP on cell 
wall to that in the cytoplasm was significantly lower than the 
corresponding ratio comparing of KatG2-mRFP (Fig. S9B).

To eliminate the influence of the endogenous wild-type 
KatG2 in the wild-type PH-1 strain, we transformed the plas-
mid encoding KatG2N238D&N391D-mRFP to ΔKatG2  mutant strain 
and found that more KatG2N238D&N391D-mRFP than KatG2-
mRFP accumulated in the cytoplasm of conidia grown in vitro  
(Fig. 6B). Notably, in the invading hyphae of the ΔKatG2  strain 
KatG2N238D&N391D-mRFP nearly lacked the mRFP signal, in con-
trast to the KatG2-mRFP signal, which can be observed mostly 
on the cell wall in invading hyphae (Fig. 6D), indicating that gly-
cosylation at N238 and N391 is required for accumulation and 
cell wall localization of KatG2 in invading hyphae. Furthermore, 
a coleoptile infection assay showed that the ΔKatG2  strain ex-
pressing KatG2N238D&N391D-mRFP had invaded coleoptile less 
than the wild-type strain expressing KatG2-mRFP by 16 hpi (Fig. 
6C). Given that the ΔKatG2  strain also invaded coleoptile less 
than the wild-type strain at 16 hpi, this result indicated that loss 
of glycosylation at N238 and N391 abolishes the function of 
KatG2 in virulence. Therefore, N238 and N391 are required for 
both the cell wall localization of KatG2 and the full virulence of 
F. graminearum .

In conclusion, we propose that spatial-temporal regulation 
of KatG2 contributes to F. graminearum  hemibiotrophic invasion 
of host plants (Fig. 7). Previous infection stage-specific gene 

expression profiles showed that F. graminearum  increases the 
expression of extracellular ROS-scavenging enzyme gene KatG2  
earlier than it increases that of extracellular ROS-producing en-
zyme gene NoxA  during wheat coleoptile infection at the mRNA 
level (Zhang et al. , 2012). In this work, we demonstrate that, at 
the protein level, expression of ROS-scavenging KatG2 is higher 
at the early stage than at the later stages, and that this protein 
is located throughout the whole cell in runner hyphae outside 
the plant tissues but relocated in the cell wall of the front parts 
of the invasive hyphae inside plant tissues, during infection of 
wheat coleoptile and spikes. The time at which KatG2 is highly 
expressed and the place at which KatG2 is preferentially cell wall 
localized correlate with low ROS levels in surrounding wheat 
cells, and loss of KatG2  resulted in ROS accumulation around 
hyphae at the early infection stage, which may cause arrest of 
hyphal invasion. These results show that KatG2 significantly alle-
viates host-derived local ROS levels in advancing fungal fronts to 
facilitate fungal invasion at the biotrophic phase. In contrast to 
its ubiquitous subcellular localization in runner hyphae, KatG2-
mRFP was explicitly localized on the cell surface in invading 
hyphae. N-glycosylation modification is crucial for KatG2 local-
ization and accumulation during the invasion of wheat.

DISCUSSION

KatG2 contributes significantly to F. graminearum  
invasiveness

We showed that the H2O2-scavenging protein KatG2 decorates 
the cell surface of the invading hyphae at the advancing front in 
wheat (Fig. 3F, 4A, 6D). Its special localization features make the 
fluorescently tagged KatG2 a useful tool for revealing the cellular 
behaviour of F. graminearum  at the pathogen-host interface dur-
ing early infection.

With the native promoter-driven KatG2-mRFP  strain, we visu-
alized that KatG2-mRFP expressed specifically at the hyphal front 
during the early infection stage (Fig. 4A), in concurrence with the 
expression pattern of KatG2  in the microarray data (Fig. 1D). The 
attenuated pathogenicity of ΔKatG2  was restricted before 3 dpi in 
coleoptiles (Fig. 4B). In the invasion of spikelets, the pathogen has 
a short biotrophic phase at the infection front and scavenges toxic 
ROS. The distribution and transition of KatG2 expression support 
a role for KatG2 in the early biotrophic phase of pathogen infec-
tion. It has been argued that F. graminearum  should be referred 
to as a hemibiotrophic pathogen or as a necrotrophic pathogen 
(Ding et al. , 2011; Josefsen et al. , 2012; Mentges and Bormann, 
2015). Microscopy observation combined with DAB staining  
(Fig. 1A, B and C) supported and advanced the hemibiotrophic 
proposition. This study improved our understanding in the spe-
cific role of manipulating ROS neutralization in virulence, showing 
that the fungal enzyme really can alleviate host oxidative bursts 
in the plant–fungal interface. These results are also in line with 



© 2019 THE AUTHORS. MOLECULAR  PLANT  PATHOLOGY   PUBL ISHED BY BR IT ISH SOCIET Y FOR PL ANT PATHOLOGY 
AND JOHN WILEY & SONS LTD  Molecul ar Pl ant Pathology  (2019) 20 (5),  685 –700 

KatG2 neutralizes ROS during invasion    695

reported role of ROS accumulation in regulating growth of symbi-
otic Epichloë  fungi within its host Lolium perenne  (Voisey et al. , 

2016) and in regulating infection of the necrotrophic Sclerotinia 
sclerotiorum  in host plants (Williams et al. , 2011).
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Upstream transcription factors controlling the spatiotem-
porally expression of KatG2  are still not clear. The earlier study 
by Lee et al.  (2018) found C2H2 zinc finger protein binding mo-
tifs and homeobox protein binding motifs in the promoter of 
FCA7  (i.e. KatG2 ), therefore propose a possibility of the direct 
regulation by GzC2H010 (FGSG_01298, C2H2 zinc finger) and/
or GzHOME001 (FGSG_01100, homeobox). However, these two 
transcription factors were not significantly up-regulated at 16 hpi 
during wheat coleoptile infection when KatG2  was up-regulated.

KatG2 subcellular localization and N-glycosylation 
modification regulation

The cell wall of fungi is a network of glycoproteins and polysaccha-
rides (Gow et al. , 2017). Many of the glycoproteins are decorated 

with asparagine (N)-linked glycosylation. N-glycosylation is a 
fundamental posttranslational modification characterized by  
covalent attachment of an oligosaccharide to asparagine resi-
dues containing the N-X-S/T sequence, where X cannot be pro-
line (Imperiali et al. , 1992). N-linked glycans perform essential 
functions in glycoprotein folding, stability, intracellular trans-
port, localization and physiological functions, such as enzyme 
activity and binding site formation (Chen et al. , 2014; Dos Reis 
Almeida et al. , 2011; Everts et al. , 1997; Maestre-Reyna et al. , 
2015; Wei et al. , 2013). N-Glycoproteome analysis of F. gramine-
arum  identified 774 N-glycosylation sites corresponding to 406 
proteins and revealed that extracellular protein (47.0%) and 
membrane protein (16.9%) are highly enriched in N-glycoprotein 
(Yu et al. , 2016).

Fig. 6  N -glycosylation modification at N238 and N391 is required for cell wall localization of KatG2 in invading hyphae and for full virulence during early 
infection of wheat coleoptiles. (A) Asparagines at the 238 and 391 positions of KatG2 were identified as N -glycosylated. Each of the sites received PCR-mediated 
point mutations with asparagine-to-aspartic acid substitutions. (B) KatG2-mRFP localization in conidia with or without mutation of N -glycosylation sites. 
Scale bar = 30 μm. Representative fluorescence signal distributions are plotted along the lines shown above. (C) Wheat seedlings infected by the indicated F. 
graminearum  strains at 16 h post inoculation. Fungal strains with AmCyan fluorescence were added at the edge of coleoptiles (the middle of images). Images 
were taken using a fluorescence microscope with a GFP filter, wheat coleoptiles and leaves exhibit red signals due to chlorophyll autofluorescence, and fungal 
strains exhibiting green signals were observed advancing down from the edge of coleoptile. Yellow scale bar = 400 μm. Fungal invaded areas were measured 
and charted in the right bar graph. * indicates a significant difference P  < 0.05 from Student’s t -test. (D) KatG2-mRFP localization in the invasion hyphae with or 
without mutation of N-glycosylation sites. Scale bar = 30 μm. Representative fluorescence signal distributions are plotted along the lines shown left.

Fig. 7  A model for spatial-temporal regulation of KatG2 contributes to F. graminearum  hemibiotrophic invasion of host plants. KatG2 protein localized 
throughout the whole cell in runner hyphae, relocalized to cell wall in invasive hyphae at early biotrophic infection stage, and reduced expression in invasive 
hyphae at later necrotrophic infection stage.
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N-glycosylation modifications are involved in protein fold-
ing, secretion and protection from degradation. Here, we report 
that point mutagenesis of N -glycosylation sites in KatG2 leads 
to its intracellular retention and a decrease in its cell surface 
accumulation (Fig. 6B). Similar results have been reported in 
Paracoccidioides brasiliensis , where tunicamycin-mediated in-
hibition of N-linked glycosylation of paracoccin led to its intra-
cellular accumulation far from the yeast wall (Dos Reis Almeida 
et al. , 2011). N-glycosylation of proteins also has been found to 
function in the virulence of phytopathogen and the regulation of 
host immunity. For example, in Magnaporthe oryzae , the mutant 
encoding an a-1,3-mannosyltransferase ALG3 that is involved in 
the biosynthesis of N-glycan of protein N-glycosylation in the en-
doplasmic reticulum induces ROS accumulation in plant cells at 
infection sites, suggesting that N-glycosylation directly involves 
host immunity by suppressing ROS production in plant cells 
during infection. Furthermore, ALG3-mediated N-glycosylation 
of secreted effector Slp1 is required for the protein stability and 
preventing chitin triggered innate immunity in host plants (Chen 
et al. , 2014). Glycosylation might also contribute to KatG2 con-
formational stability.

E XPERIMENTAL PROCEDURES

Strains and culture conditions

F. graminearum  wide-type strain PH-1 (NRRL 31084) and derived 
strains in this study were routinely cultured at 25 °C on V8 juice 
agar and in mung bean broth (MBB) for conidium production as 
previously described (Zhang et al. , 2012).

Fungal gene expression analyses

The microarray data on conidial germination at different 
stages (FG7), wheat coleoptile infection (FG19), wheat head 
blight (FG15) and maize stalk infection were downloaded from 
PLEXdb and the NCBI Gene Expression Omnibus (Lysoe et al. , 
2011; Seong et al. , 2008; Zhang et al. , 2012, 2016). Expression 
heat maps were generated in R using the ‘heat map’ function 
of the Bioconductor amp package. The programming code as 
below: >dat2<-read.table (file="D:\\KatG2 heatmap microar-
ray data.txt",header=T,sep="\t",row.names=1)>heatcol<-colo
rRampPalette(c("grey","honeydew2","darkolivegreen3","gree
n3","green4"))(256)>heatmap(x = as.matrix(dat2), Colv=NA, 
Rowv=NA, col=heatcol, scale=c("none"), revC=T).

RNA extraction, reverse transcription and 
quantitative PCR analysis

Hyphae were cultured for 40 h in YEPD medium and then 0.05% 
H2O2 was added. At 1 h and 3 h after addition, hyphae were har-
vested for RNA extraction. Reverse transcription and quantitative 

PCR (qPCR) were performed as described previously (Yao et al. , 
2016). The primers for qPCR are listed in Table S2.

Construction of deletion mutants and complemented 
strains

KatG2  deletion mutants were generated by the split-marker  
recombination procedure (Catlett et al. , 2003) Complementation 
strains were constructed as previous reports (Yao et al. , 2016). 
A genomic fragment containing the promoter and coding region 
of the KatG2  gene was amplified and inserted into a vector with 
a neomycin resistance cassette (Fig. S2D). The primers for gener-
ating knockout mutants and complemented strains are listed in 
Table S2, and the constructed strains are listed in Table S4.

Infection assay for virulence assessment

Florets of Bobwhite spring wheat were drop-inoculated, and the 
disease was rated as described previously (Zhang et al. , 2012). 
For virulence assays in maize stalks, 2-month-old maize plants 
were inoculated as described (He et al. , 2016)). Coleoptiles of 
the wheat zhongyuan 98-68 were inoculated as described previ-
ously (Jia et al. , 2017). The infection process was observed with 
an Olympus BX51 fluorescence microscope or an Olympus Fv 10i 
confocal microscope. In coleoptile, the distance from the inocula-
tion site to the infection front (Fig. 4C) or the infection area (Fig. 
6C and S9D) was quantified with ImageJ software.

Expression of KatG2 in E. coli  and catalase activity 
assay

The full length cDNA of the KatG2  gene was cloned into the vector 
pET-28a (+). The expression and purification of recombinant proteins 
were performed as described (Yao et al. , 2016). The enzyme activity 
of KatG2 was tested by monitoring the decomposition of H2O2 by fol-
lowing a decrease in absorbance at 240 nm measured using an Eon 
Microplate Spectrophotometer (BioTek, Winooski, VT, USA).

DAB staining and microscopic observation

The lemmas and paleae of wheat spikelets at 4 and 5 days after 
inoculation were detached and immersed in 1 mg/ml DAB solu-
tion with 0.05% Tween 20. After shaking in 25 °C at 100 r/min 
for 2 h in the dark, the stained lemmas and paleae were gen-
tly rinsed using distilled water and observed under an Olympus 
BX51 fluorescence microscope. Quantification of DAB staining 
was evaluated with ImageJ software.

Analysis of KatG2 subcellular localization

To generate KatG2-mRFP whose expression was driven by the  
native KatG2 promoter, a fusion PCR-based method (Szewczyk  
et al. , 2006) was used with modification to synthesize a construct 
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(Fig. 3B). DNA fragments were transformed into protoplasts of PH-1. 
Transformants were confirmed by PCR (Fig. 3C) and sequencing. To 
test the expression of pkatG2:KatG2-mRFP  in vitro , a conidial sus-
pension (1 × 105 conidia/mL) was incubated in CM liquid medium 
shaking at 150 rpm, and the KatG2-mRFP signal was recorded at 
the indicated time points. An Olympus Fv 10i confocal microscope 
was used to collect the fluorescence signal.

To generate constitutively expressed KatG2-mRFP protein, 
we cloned the KatG2  cDNA into the vma3  promoter-mRFP vec-
tor with the AmCyan unit (Wechser and Bowman, 1995; Zhang  
et al. , 2012). The construct was then transformed into the proto-
plasts of PH-1 to obtain transformants.

For partial fungal cell wall removal (Fig. 5D), the germinated 
conidia with KatG2-mRFP with AmCyan were treated with 30 ml 
of cell wall lysis solution containing 750 mg driselase, 12 mg 
chitinase and 450 mg lysing enzymes.

Coleoptiles of wheat seedlings and spikes of flowering wheat 
were inoculated with conidial suspension. An Olympus Fv 10i or 
Fluoview FV 1000 microscope was used for observation. The exci-
tation/emission wavelengths were 584 nm/607 nm for mRFP and 
484 nm/507 nm for GFP and AmCyan.

For subcellular localization analysis, a fluorescent localization 
distribution map was generated with the Olympus Fluoview soft-
ware (Fig. S6B). The relative KatG2 localization ratio (cell wall/in-
tracellular) was calculated as the ratio of KaG2-mRFP intensity to 
AmCyan intensity using AmCyan as a reference (Fig. 6B and S9).

N-glycosylation site identification and mutation

KatG2-HIS fusion protein was purified through Ni-affinity chro-
matography (Fig. S7A). The eluted protein was trypsin-hydro-
lyzed and then treated with protein-N-glycanase (PNGase) in 
H2

18O to remove the glycan and incorporate the glycosylation-
site-specific isotope tag. The 18O-labelled peptides were then 
identified by LC-MS/MS. The mass spectrometry data were  
analysed with MaxQuant software (version 1.5.3.17), and the  
results were searched against the NCBI F. graminearum  database 
UniProt_Gibberella_zeae_28973_20180316. Fasta (Fig. S7B). 
The glycosylation-modified asparagines of KatG2 were substi-
tuted with aspartic acid using point mutation PCR.

Accession number

KatG2 (NCBI: FGSG_12369)
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SUPPORTING INFORMATION

Additional supporting information may be found in the online 
version of this article at the publisher’s web site:

Fig. S1 Neighbour joining tree of catalases (CATs) and cata-
lase peroxidases (KatGs) in F. graminearum  and other fungi. 
Af: Aspergillus fumigatus ; An: Aspergillus nidulans ; Bm: 
Bipolaris maydis ; Sc: Saccharomyces cerevisiae ; Nc: Neurospora 
crassa ; Cn: Cryptococcus neoformans ; Ca: Candida albi-
cans ; Mo: Magnaporthe oryzae ; Fo: Fusarium oxysporum ; Cg: 
Colletotrichum graminicola . The accession numbers of CATs and 
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KatGs are in Supplemental Table S3. Sequences were aligned 
with Clustal Omega, and the phylogenetic tree was generated 
by MEGA6 using Bootstrap confidence values based on 1000 it-
erations. The evolutionary distances were computed using the 
P distance method and are in units of the number of amino acid 
differences per site.
Fig. S2 Construction of ΔKatG2  mutants and complemented 
strains. (A) Restriction maps of genomic fragments containing 
KatG2  in PH 1. (B) Schematic presentation of the split marker 
recombination strategy used to generate the KatG2  gene knock-
out mutants. (C) and (D) Restriction maps of genomic fragments 
containing the ΔKatG2  allele and the KatG2  complementation 
fragment. (E) and (F) Verification of KatG2  gene deletion mu-
tants and complemented lines by PCR. A specific product was 
amplified in the wild type PH 1, and no product was amplified in 
the ΔKatG2  mutants M1, M2 and M3 using KatG2  gene specific 
primers in (B); PCR products of different sizes were amplified by 
primers in the left border (LB) and right border (RB) regions in (A) 
and (C). (G) and (H) Southern hybridization of PH 1, ΔKatG2  mu-
tants and complemented strains. Genomic DNA of each strain 
was digested with Pst  I and hybridized with probe A or probe 
B. Whereas probe A hybridized to the KatG2  gene to produce a 
7.8 kb band in PH 1 and a 3.2 kb band in complemented strains 
but did not produce these bands in ΔKatG2  mutants, probe 
B reported the HPH  gene with a 6.9 kb band in ΔKatG2  mu-
tants. LB: 5  flanking sequences of KatG2 ; RB: 3  flanking se-
quences of KatG2 ; HPT : Hygromycin B phosphotransferase gene; 
NPT : Neomycin phosphotransferase gene; M: DNA marker.
Fig. S3 ΔKatG2  mutants showed normal vegetative growth and 
reproductive development in vitro . (A) Wild type (PH 1), ΔKatG2  
mutant (M1, M2, and M3) and complemented strains (C1 and 
C2) were cultured on synthetic nutrient poor agar (SNA) plates. 
Photographs were taken 4 days post inoculation (dpi). The colony 
areas of PH 1, ∆KatG2  mutants and complemented strains were 
examined each day. (B) Perithecium growth on carrot agar plates, 
ascospore discharge and morphology of ascospores of wild type 
(PH 1) and ΔKatG2  mutant (M1) strains. Scale bar = 10 μm.
Fig. S4 ΔKatG2  mutants showed increased sensitivity to exoge-
nous H2O2 during conidial germination. (A) Conidial germination 
percentages of PH 1, ∆KatG2  mutant (M1) and complemented 
strains (C1) in liquid CM were examined after 4 and 6 h of ex-
posure to 1 mM H2O2. Scale bar   50 μm. More than 200 conidia 
were scored for each line. Asterisks indicate significant differ-
ences (Student’s t- test, P  < 0.05).
Fig. S5 DAB staining of wheat spikelets inoculated with co-
nidia of the wild type AmCyanPH 1 and AmCyanΔKatG2.  (A to 

D) Evans blue staining was used to check conidial viability. (A) 
Normal conidia have AmCyan fluorescence and no Evans blue 
staining, whereas (B) conidia boiled for 10 min lost AmCyan 
fluorescence and were stained with Evans blue. (C) Conidia 
of (A) and (B) were mixed and observed in the same field of 
the microscope. (D) At 4 dpi, in the paleae inoculated with 
the mutant AmCyan ∆KatG2 , many conidia without AmCyan 
fluorescence were observed, and Evans blue penetrated into 
the nonviable cells (as arrow indicates). Scale bar   30 μm. (E 
and F) DAB staining of wheat spikelets inoculated with co-
nidia of wild type AmCyanPH-1  and AmCyan ΔKatG2  at 4 dpi 
in lemmas and 5 dpi in paleae. Error bars indicate standard 
deviation; the experiment was repeated four times, asterisks 
indicate significant differences (Student’s t -test, P  < 0.05), 
and three asterisks indicate extremely significant differences 
(Student’s t -test, P  < 0.001).
Fig. S6 KatG2 mRFP colocalized with calcofluor white (CFW), a 
fungal cell wall stain. (A) The fluorescent stain CFW binds cellu-
lose and chitin of conidia. AmCyan fluorescence localized intra-
cellularly, and KatG2 mRFP colocalized on the cell wall and septa 
with CFW (1 g L). Bar = 10 μm. (B) Fluorescence signal distribu-
tion is plotted along the line shown in A.
Fig. S7 N glycosylation site identification of KatG2. (A) Western 
blot of purified protein from strain with constitutive pro-
moter driven KatG2 His tagged fusion growing on a V8 agar 
plate in vitr o, in wheat coleoptile and in wheat spike. The black 
asterisk indicates KatG2 without modification, and the red aster-
isk indicates the predicted KatG2 modified with glycosylation. 
(B) Schematic diagrams show the process of detecting the N  gly-
cosylation with high resolution LC MS MS.
Fig. S8 N glycosylation sites of KatG2 localized at the surface 
of the KatG2 tertiary structure. Homology modelling of KatG2 
using the SWISS MODEL web server. KatG2 forms a homod-
imer, and the yellow sites indicate the asparagines at posi-
tions 238 and 391, which were predicted to be modified with 
N glycosylation.
Fig. S9 Asparagines at positions 238 and 391 of KatG2 regulate 
the cell wall distribution of KatG2. (A) KatG2 mRFP localization 
in conidia with or without mutation of N glycosylation sites. To 
analyse the localization of KatG2 in conidia, the mutation sites 
were introduced to the plasmid in Fig. 4B, which was then trans-
formed into PH 1 protoplasts. Bar = 30 μm. (B) Statistical analy-
sis of KatG2 localization using AmCyan as a reference. Error bars 
indicate standard deviation, the experiment was repeated three 
times, and asterisks indicate significant differences (Student’s 
t -test, P  < 0.05).


