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Abstract: Glyoxal oxidase (GLOX, EC 1.2.3.15) is a class of hydrogen peroxide synthases involved in lignin degradation.
Several GLOX genes of biotrophic and necrotrophic phytopathogenic fungi have been confirmed to contribute to fungal
growth, development, and pathogenicity. However, the composition, sequence characteristics and functions of genes in
the GLOX family of hemi-biotrophic phytopathogenic fungi remain poorly understood. This study identified a GLOX-
-encoding gene CsGLOX in the hemi-biotrophic phytopathogenic fungus Colletotrichum siamense by bioinformatics
analysis and PCR cloning. The encoded protein contains a signal peptide and five cell wall stress-responsive component
(WSC) domains at the N terminus, followed by a catalytic structural domain (AA5_1). CsGLOX-deficient mutants
were constructed by homologous replacement, which significantly increased the formation of conidia and reduced
the pathogenicity and the high-osmotic stress tolerance of the fungus. However, the deletions did not influence fungal
filamentous growth. This study proposes that the CsGLOX gene is involved in pathogen conidial formation, pathogeni-
city, and osmotic stress response, which deepens our understanding of the pathogenic mechanism of hemi-biotrophic
phytopathogenic fungus C. siamense.
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Hevea brasiliensis Muell is the primary source of
natural rubber production. Rubber tree anthracnose
caused by hemi-biotrophic phytopathogenic fungi
Colletotrichum species is among the most serious leaf
diseases affecting rubber tree plantations and limit-
ing cultivation (Liu et al. 2018; Song et al. 2022). This

disease frequently occurs in leafing in early spring,
responsible for the repeated defoliation of rubber
trees and causing huge economic losses (Liu et al.
2018). The C. gloeosporioides species complexes and
C. acutatum species complexes are causal agents of
rubber tree anthracnose on rubber trees worldwide.
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C. siamense, which belongs to the C. gloeosporioides
species complex, is China's main causal agent of
rubber tree anthracnose (Cao et al. 2017; Liu et al.
2018). However, studies on its pathogenic mecha-
nism are still relatively sparse, seriously restricting
the research and development of relevant preven-
tion and control strategies. Recently, the genome of
C. siamense has been sequenced (Liu et al. 2020) and
provides a good basis for a better understanding its
molecular pathogenic mechanism.

Glyoxal oxidase (GLOX), which is widely found
in eukaryotes, was first identified in the wood-rot
fungus Phanerodontia chrysosporium (Kersten
& Kirk 1987). It is a carbohydrate-active enzyme
belonging to the "auxiliary activities" subfamily
AA5_1 (Koschorreck et al. 2022; Fong & Brumer
2023) and catalyze the oxidation of aldehydes into
carboxylic acids while reducing dioxygen to hydro-
gen peroxide (H,0,) (Kersten & Cullen 2014; Daou
& Faulds 2017; Koschorreck et al. 2022; Fong &
Brumer 2023). It was further reported that GLOXs
from wood-rot fungi participate in the degradation
of lignin by providing H,O, for the oxidation reac-
tion catalyzed by extracellular peroxidase (includ-
ing lignin peroxidase, manganese peroxidase, and
other multifunctional peroxidases) (Kersten et al.
1995; Bak et al. 2009; Takano et al. 2010; MacDon-
ald et al. 2011; Kersten and Cullen 2014; Matityahu
et al. 2015; Kadowaki et al. 2018; Wohlschlager et al.
2021). Only a few GLOX genes in phytopathogenic
fungi have been identified and functionally veri-
fied to be involved in the regulation of filamentous
growth and pathogenic development; however, its
molecular mechanism is still largely unknown (Kan
et al. 2004; Leuthner et al. 2005; Song et al. 2016).
Other studies have also revealed the presence of
GLOXs in phytopathogenic fungi by bioinformat-
ics analysis of the genome or secretome and specu-
lated that GLOXs from phytopathogenic fungi may
belong to extracellular proteins and participate in
pathogen-plant interactions (Meinhardt et al. 2014;
Gonzalez-Fernandez et al. 2015; Vela-Corcia et al.
2016; Lopez et al. 2018; Haile et al. 2020; Ribeau-
court et al. 2021; Chandrasekar et al. 2022). None-
theless, the relevant biological functions have not
been demonstrated.

Thus far, the composition, sequence characteris-
tics and functions of GLOX gene family in hemi-
biotrophic fungi have not been reported. In this
study, a GLOX-encoding gene, named CsGLOX,
was identified in the hemibiotrophic fungus C. sia-
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mense and characterized by the presence of signalP
and five wall stress-responsive component (WSC)
structural domains at the N-terminus, followed by
an AA5 1 domain. Furthermore, CsGLOX-defi-
cient mutants (ACsGLOX) were constructed by ho-
mologous replacement. To investigate the function
of CsGLOX, the comparison of filamentous growth,
conidial formation, pathogenicity, and stress re-
sponse ability between CsGLOX-deficient mutants
and wild-type strains was carried out.

MATERIAL AND METHODS

Fungal strains and culture conditions. The
C. siamense HNOS strain, isolated from diseased
leaves of rubber trees in Qiongzhong Xinjing Farm,
Hainan Province. Fungal cultures were grown at
28 °C on potato dextrose agar (PDA: 200 g/L pota-
to, 20 g/L glucose, and 18 g/L agar) plates. Escheri-
chia coli DH5a was cultured in Luria-Bertani (LB)
medium supplemented with ampicillin antibiotics.
The rubber tree cultivar, Reyan 7-33-97, was grown
in a greenhouse at 28 °C with 16 h photoperiods
and 55 % humidity.

Bioinformatics analyses. The protein sequences
of GLOXs were available from the NCBI database
(https://www.ncbi.nlm.nih.gov/) and taken as que-
ries to search against the C. siamense (Liu et al.
2020) using reciprocal BLAST search programs.
Protein domain prediction was performed us-
ing Smart (http://smart.embl-heidelberg.de/). Se-
quence alignments were generated using ClustalX
(version 2.1). Figures displaying multiple sequence
alignments of CsGLOX with the well-studied
GLOXs (Table 1) were prepared by the ESPript
software (version 3) (http://espript.ibcp.fr/ESPript/
cgi-bin/ESPript.cgi) (Robert & Gouet 2014). A phy-
logenetic tree based on the maximum likelihood
method with 1 000 bootstrap replicates was con-
structed using the CLUSTALW network program.

Gene clone and gene knockout plasmid con-
struction. Specific primers CGF1/CGR1 (Table 2)

Table 1. List of query amino acid sequences of known
GLOXs used for reciprocal BLAST

Accession number Species Protein name
XP_011388703.1 Ustilago maydis UmGLOX1
XP_011325260.1  Fusarium graminearum  FgGLOX
CAD89674.1 Botrytis cinerea BcGLOX
EHK15719 Trichoderma virens TvGLOX
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Table 2. Primers used in the test
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Primer 5'-3' sequence Description/application

CGF1 ATGAGGGCCTCACAGTTGACATTCGTT for CsGLOX gene clone

CGR1 TTACACGCCGGGGCGGGTG

CGF2 gtcgacggtatcgataagcttGATGTGACCCAGCACCTCG for insertion of the upstream sequence of the

CGR2 ccggaattcgatatcaagcttGGTAACGAGTGTGTGCCAAGAGG OREF region into vector pCX62-S

CGF3 geatgctctcaccgeggatcc ACCCGTCATGACACCGGG for insertion of the downstream sequence of

CGR3 cgctctagaactagtggatccTGCAGTTTGTCGTCTATTGGGAT the OREF region into vector pCX62-S

a ATCGATATACTCGCCACCAACATAT

b ATGAGGGCCTCACAGTTGACA

c GTCAGTAAGTCGCTCTGGTTCAACA

511 GGgé?gg:gggggggii:g?ggﬁCA for validation of CsGLOX gene deletion
mutant strains

d1 GGGAGGAGAGATTTTCCACGA

e GTTCTGGCTCCCGATCTGAAC

f TTACACGCCGGGGCGGGT

g ACGTAGATGCTGGATGGGGTT

were designed based on the candidate CsGLOX
gene sequence, and the CsGLOX gene fragment
was amplified using the genomic DNA and cDNA
as templates, respectively. After PCR cloning, the
CsGLOX gene fragments were cloned into the
pMD18-T vector (TaKaRa, Japan) and sequenced
at Huada Technology Company (China).

According to the ORF region sequence of CsGLOX
obtained above, fragments with lengths of 1500 bp
upstream and 1500 bp downstream of the ORF re-
gion were selected and used for designing the specific
primers (upstream: CGF2/CGR2 and downstream:
CGF3/CGR3) (Table 2). Subsequently, the upstream
and downstream sequences were respectively ligated
to the N-terminus and C-terminus of the sulfonylu-
rea-resistant gene (ILVI) in a pCX62-S vector by ho-
mologous recombination (Song et al. 2022).

Construction of CsGLOX gene deletion mutant
strains. In this study, homologous recombination
was used for CsGLOX gene deletion. The schematic
diagram is shown in Figure 3A. The C. siamense pro-
toplasts used for target gene deletion were prepared
and transformed by the methods of Lin et al. (2018).
The transformants were screened on DCM medium
(1.7 g/L yeast nitrogen base without amino acids,
2 g/L L-Asparagine monohydrate, 1 g/L. NH,NO;,
10 g/L glucose, and 10 g/L agar) with 100 ug/mL sul-
fonylurea (Lin et al. 2018). Then, genomic DNA was
obtained, and PCR verified CsGLOX gene deletion
mutant strains with the specific primers (Table 2).

Phenotypic analysis of mutants. Cultures of se-
lected transformants were compared to that of the
WT strain for colony filamentous growth, conidial
production, conidial and appressorial morphology,
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pathogenicity, and stress tolerance. Fresh conidia
of WT and ACsGLOX strains were prepared as de-
scribed in Song et al. (2022), and the concentration
of spore suspension was adjusted to 1 x 10° /mL by
a hemocytometer. For colony filamentous growth
measurements, 2 pL fresh conidia were inoculated
in the center of PDA (potato dextrose agar: 200 g/L
potato, 20 g/L glucose and 20 g/L agar), CM (com-
plete medium: 6 g/L yeast extract, 6 g/L tryptone,
10 g/L sucrose and 18 g/L agar) and MM agar medi-
um (minimal medium: 7 g/L K,HPO,, 3 g/L KH,PO,,
1 g/L (NH4)SO,, 0.1 g/L MgSO,, 0.5 g/L citrate so-
dium, 5 g/L glucose and 18 g/L agar), and filamentous
growth diameters were measurements and photo-
graphed after culture at 28 °C for 3 days. Each treat-
ment contained three technical replicates, and each
experiment was repeated three times.

To determine conidial production, 2 pL fresh
conidia were inoculated in the centre of PDA and
cultured at 28 °C for six days, as described in Song
etal. (2022). Subsequently, the conidia were washed
with 1 mL sterile ddH,O, and a hemocytometer
counted the number of conidia. Each treatment
contained eight independent experiments. In ad-
dition, the conidial morphology was observed and
photographed using a confocal microscope (ZEISS
LSM800, Germany) with a 40 x objective lens
(ZEISS, Germany). A volume of 2 pL fresh conidia
was cultured at 28 °C for 8 hours onto paraffin-
coated slide glass and the appressorial morphology
was observed and photographed.

The virulence of the WT and ACsGLOX strains
was performed using droplet inoculations of 10 uL
fresh conidia onto detached young rubber tree leaves
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wounded with needles. The inoculated tissues were
incubated at 28 °C for 2 days under appropriate hu-
midity and then photographed. The lesion area was
calculated using Image] software. Each treatment
contained ten independent replicates.

For the stress tolerance assay, NaCl (0.6 mol/L),
sorbitol (1 mol/L), H,O, (2 mmol/L), and congo
red (6 pg/mL) were separately incorporated into
PDA medium. Untreated PDA plates were used as
controls. A volume of 2 pL fresh conidia was in-
oculated in the centre and the colony diameters
were measured and photographed after four days
of culture. Each treatment contained three techni-
cal replicates, and each experiment was repeated
three times. The inhibition rate (%) was calculated
as [Colony diameter (Control-Tested)] / Colony di-
ameter (Control) x 100.

RESULTS

CsGLOX is a putative glyoxal oxidase. GLOX genes
in biotrophic and necrotrophic phytopathogenic fungi
have been functionally verified to be involved in the
regulation of filamentous growth and pathogenic de-
velopment (Kan et al. 2004; Leuthner et al. 2005; Song
et al. 2016); however, the sequence characteristics and
functions of the GLOX gene family of hemi-biotrophic
phytopathogenic fungi have not been reported. There-
fore, we conducted reciprocal BLAST searches using
seven well-characterized GLOXs from NCBI data-
bases (Table 1) to search for GLOX-encoding gene
from the hemi-biotrophic phytopathogenic fungus C.
siamense genome data and found a 3744-bp coding se-
quence (CDS) predicted to encode a GLOX ortholog,
designated as CsGLOX. The CDS sequence of CsGLOX
was confirmed by PCR (Table 2 and Figure 1A) using
cDNA extracted from C. siamense as the template. The
genomic clone of CsGLOX was also sequenced (Fig-
ure 1A) and deposited in GenBank under accession
number OQ747757. Aligning the genomic sequence
with the CDS showed that CsGLOX contained three
introns of 49 bp, 51 bp, and 53 bp. The CsGLOX en-
coded a predicted polypeptide of 1247 amino acids
with a molecular weight of 128.8 kDa. Protein domain
prediction revealed the presence of SignalP at the
N-terminus and five WSC domains, followed by one
catalytic structural domain (AA5_1 domain) (Fig-
ure 1B). Aligning against the well-characterized fun-
gal GLOX amino acid sequences from Ustilago may-
dis (UmGLOX1), Fusarium graminearum (FgGLOX),
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Botrytis cinerea (BcGLOX), and Trichoderma virens
(TvGLOX) (Table 1) revealed that CsGLOX has con-
served residues shared by the glyoxal oxidase family
(including the copper coordinating active site and the
radical redox site: Cys228, Tyr272, Tyr495, His496, and
His581) (Figure 1C). These results indicated that Cs-
GLOX is a copper radical oxidase.

Two main types of copper radical oxidases exist:
glyoxal oxidases and galactose oxidases (EC 1.1.3.9)
(Yin et al. 2015). Therefore, a phylogenetic tree
based on the alignment of CsGLOX to glyoxal
oxidase and galactose oxidase sequences was per-
formed to predict whether CsGLOX is a glyoxal or
galactose oxidase. The analysis revealed CsGLOX
clusters with the other glyoxal oxidase proteins
(Figure 2). This result, coupled with the sequence
alignment and protein domain analysis, indicated
that the CsGLOX is a glyoxal oxidase.

Construction of CsGLOX gene knockout mu-
tants. To investigate the biological function of Cs-
GLOX in C. siamense, the CsGLOX knockout mu-
tant ACsGLOX was constructed. This was achieved
by the targeted replacement of CsGLOX with the
ILVI1 gene using the homologous recombination
method (Figure 3A). In total, 33 single colonies
were able to grow on sulfonylurea-containing
DCM medium by PEG-mediated protoplast trans-
formation technology. All single colonies obtained
were further verified by PCR (Table 2 and Fig-
ure 3A) and two CsGLOX gene deletion mutants
(named D21 and D28) were identified (Figure 3A).
When wild-type strain HNO8 (WT) genomic DNA
was used as a template, it could be amplified by
primers a/c (lane 1: 1779 bp), d/g (lane 2: 2152 bp),
b/f (lane 5: CsGLOX gene 3897 bp) and e/f (lane 6:
the internal sequence of CsGLOX gene 1383 bp) in
the correct bank sizes, but could not be amplified
by primers a/cl (lane 3: 2781 bp) and d1/g (lane 4:
3935 bp) (Figure 3A). In contrast, the results of
PCR using the DNA of the fungal transformants
as a template were exactly opposite to those of the
wild-type, which indicated that the CsGLOX gene
was replaced by the ILVI gene (Figure 3A). Then,
the PCR products from ACsGLOX (6336 bp) and
WT (7407 bp) genomic DNA amplified by primers
a/g were sequenced, which revealed that the ILV1
gene completely replaced the open reading frame
of the CsGLOX gene. Therefore, D21 and D28 were
indeed CsGLOX-deficient mutants.

CsGLOX gene is not essential for filamentous
growth but negatively regulates the conidial
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CsGLOX 887 NGAAVPTIEVILPY[TG...TAPLYMDWLQK|SD. . .[PNNLYPF vAVEP s[0
TvGLOX 758 NSAPVPTLEI|LPF|TG...TAPLYMEWLERTD. . .PNNLYP|FCT,
FgGLOX 531 DAPIVPTAEVLPHPAGV.TESTYVDYLERAENIGRTNSYPHMA
BcGLOX 299 KTNNNPTYEIFSATAVSQGKNIDMEILEKNQ. . .P[YYMYP[FVH
UmGLOX1 476 ALDMP|IGTITPIQAFNTTYEVEKWYPPYWDSPR. . .P[YPQGVIPNS
CsGLOX 943 RNTFATKTLLPKI[P[SVINNP[LIGGRSHP|LEG. . . .[TAVLLP|OKAP[Y[TD P[LiG .SGAG.ANIVLDNC|
TvGLOX 814 ENTFATIKTLPN|IPIGSVNDPLGGRTMPLEG. .. . TAVLLPMHAP[F|TEPLN .STEG.ASNAIDNC|
FgGLOX 592 QVDFQSIKKLPDMPGQINNPLTGRNMPLQG. .. .TLMVLPHKAP|Y|SDPVE .TTHEPGNDALDNC|
BcGLOX 358 VGTNTIVKELPELAGDY|. . .|[.|. .RTMPNTG. . . .GSVLLP|LS|SANKWNPDIIIICGEGAYQDTITSP TEP|SC]
UmGLOX1 543 TKFAIIRTGE S|THAMNMGQRAV YLDNT|Y TVNDDASVTYMVNPLPNTKAMNRLEVP[HPAFF YV TV|GGVP|SH
CsGLOX 1007 VT[I|QP|[EATNPT LI NN[GAMQ FGLAAFPNHMALLYDPEKPVGSRI
TvGLOX 878 VS|T[YPDAANPT IIMNGAHH FGLATSPNLNALLYDP|QKPLGSRI
FgGLOX 657 VLMAPDVEGAE LI LGGAQV FGLADNANLNAVMYDPEEPLGQRM
BcGLOX 418 GR|I|QP|LSANPT WLNGGNL FGLAKDP|TLEALLYDP[TKAKGQRF
UmGLOX1 613 GKIMVGTSPTG S|TKF|TASL SSSS|SEFIGLIGKIIGIAVAGAAVLA

CsGLOX 1077 TVMANTTI|SELYHSE S[I/TLLDGsSVLVSGSDPED]. - . . .. ... GVNP|QEYRVEK[F|sPP¥LL . .[SGKPRPTF
TvGLOX 948 TVMANTTVARILYHSEAITLLDGRVLVSGSDPQD/. .. ... ... DVNPEEYIIVETF TPPYLK. . SGKPRPSF
FgGLOX 727 TVLANTTIABRILYHSEAVILLSDGKVLVSGSDPODQ. . ... ... GKHP|QEKIIEYFWPDYLL. . SGATQPNF
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*(T495/H496)
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CsGLOX 1198 PNAGVIAPP|GWYQFFVIDNGMP|GIGI¥VRI|GGDPAGLGNWPIQGSMFTRPGV . .
TvGLOX 1070 PSKYAPPGWYQLYILDG IPIAVGVYVRIGGDPAQVGNWPKGTGEFTTPGV. .
A

FgGLOX 852 PNAF|V|SPP|SWYQMFVLDGP|/TP|SHAIWVRIGGDPGKLGDWPKLPGFTPPGV. .
BcGLOX 628 PNNNVAPPGPYV|VYILVDGIPAMGQEVTV|. . o v v oo v v ofefe v
UmGLOX1 811 GDAGRAYYEDNTSRYGS|GGGGHSYDDYSHQ

QYQQQHYYDSPIGHQHQGSYSSRR

Figure 1. Cloning and sequence analysis of CsGLOX Gene

A — agarose gel electrophoresis of PCR products of the CsGLOX gene; M — DL5000 DNA marker; 1 — PCR products
using DNA as template; 2 — PCR products using cDNA as template

B — the protein domains of CsGLOX protein

C — multiple alignment of C-terminal amino acid sequences between CsGLOX and previously reported fungi GLOXs;
red — highly conserved amino acid residues; yellow — moderately conserved amino acid residues; blue asterisks — the
putative active site residues

sporulation of C. siamense. It has been previ- in severe defects in the hyphal development of
ously determined that GLOX deficiency results U. maydis (Leuthner et al. 2005) and T. virens

341


https://xueshu.baidu.com/s?wd=author:(B.%20Leuthner)%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight=person

Original Paper

Plant Protection Science, 59, 2023 (4): 337-347

98

i

19 100
99

98

https://doi.org/10.17221/52/2023-PPS

97 I: E oxysporum FoGAOX (ENH75443.1)
Cladobotryum dendroides CdAGAOX (A38084)

79 [ C. graminicola CgAICOX (EFQ30446.1)
100 = C. fructicola CfAICOX (ELA25906.1)

Streptomyces coelicolor SCGLXA (SC0O2837)
E graminearum FgGLOX (XP_011325260.1)

T. vrens TvGLOX (EHK15719)

C. siamense CsGLOX *

78 Verticillium longisporum VIGLOX (CRK38043.1)

—-E B. cinera BcGLOX (CAD89674.1)

99 Pyricularia oryzae PoGLOX (XP_003711695.1)
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lj P. chrysosporium PcGLOX (AAA87595.1)
100 = Trametes cinnabarina TcGLOX (CDO77235.1)

0.5

Arabidopsis thaliana AtGLOX (OAP14370.1)

Figure 2. Phylogenetic tree of GLOXs and galactose oxidases

The phylogenetic tree was constructed based on the relevant amino acid sequences from different species by using the

maximum likelihood method. CsGLOX is marked with a blue asterisk

(Crutcher et al. 2019). Moreover, Crutcher et al.
(2019) suggested that TvGLOX also plays a criti-
cal role in conidial sporulation. Therefore, phe-
notypes such as those resulting from hyphal de-
velopment, conidial sporulation, conidial, and
appressorial morphology were evaluated to de-
termine the effect of CsGLOX deficiency on the
development of C. siamense.

For hyphal development analysis, conidial sus-
pensions of WT and CsGLOX-deficient mutant
strains D21 and D28 were inoculated onto PDA,
CM, and MM solid medium, and the diameter of
hyphal growth was observed after culture at 28 °C
for 3 days. The colony diameter between WT and
CsGLOX-deficient mutant strains on PDA solid
media did not display a significant difference, and
the same results were present on CM or MM solid
medium (Figure 3B). These results indicated that
the CsGLOX gene is not essential for the filamen-
tous growth of C. siamense.

In order to examine the effects of CsGLOX gene
on conidial sporulation, the conidia of WT, D21,
and D28 were individually collected from 6-day-
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old PDA agar solid media. Then, the number
and morphology of conidia were analyzed. The
CsGLOX-deficient mutant strains D21 and D28
had significantly greater sporulation than WT
(Figure 3C); however, CsGLOX deficiency did not
affect the conidial morphology (Figure 3D). Fur-
thermore, the appressorial morphology was ob-
served by inoculating conidial suspensions onto
paraffin-coated glass slides for 8 hours. The ap-
pressorial formation and morphology were not
affected by CsGLOX (Figure 3D). These results
indicated that CsGLOX is a major contributor to
conidial sporulation.

CsGLOX gene contributes to the virulence of
C. siamense. As indicated by previous studies,
plant pathogens' glyoxal oxidase can function in
pathogenic virulence (Kan et al. 2004; Leuthner
et al. 2005; Song et al. 2016). To assess the contri-
bution of CsGLOX gene to the virulence of C. sia-
mense, conidial suspension droplets of WT, D21,
and D28 were inoculated onto detached young
rubber tree leaves wounded with needles. The re-
sults showed that CsGLOX deficiency significant-
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Figure 3. Effect of C. siamense CsGLOX gene on hyphal growth, conidia formation and pathogenicity

A — verification of CsGLOX gene knockout mutant of Colletotrichum siamense. M — DL 5000 DNA marker; 1 — using a/c
as the verification primer; 2 — using d/g as the verification primer; 3 — using a/c1 as the verification primer; 4 — using
d1/g as the verification primer; 5 — using b/f as the verification primer; 6 — using e/f as the verification primer

B — observation on mycelial growth of C. siamense CsGLOX gene knockout mutant on different media; PDA — potato
dextrose agar medium; CM — complete medium; MM — minimal medium; each treatment contained three technical
replicates, and each experiment was repeated three times (n = 9); WT — wild-type strain; D21/D28 — CsGLOX gene
knockout mutant strains

C - effect of C. siamense CsGLOX gene on conidia yield; eight biological repeats were performed (n = 8)

D — effect of C. siamense CsGLOX gene on conidial and appressorial morphology; red triangle — germ tube; red arrow —
appressorium; h — hours; bar = 10 pm

E — determination of the pathogenicity of CsGLOX gene knockout mutant strains of C. siamense; ten replicates were
performed for each strain (n = 10); all the data are mean * SE; one-way ANOVA with Tukey's multiple mean comparisons
test method was used for data analysis; different lowercase letters indicate P < 0.05

ly reduced the ability of C. siamense to infect the areas produced by the two CsGLOX-deficient
rubber tree leaves, as shown by the smaller lesion mutants D21 (mean 0.43 cm?) and D28 (mean
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0.41 cm?) compared with the wild-type strains
(mean 0.63 cm?) (Figure 3E).

CsGLOX gene plays a critical role in hyper-
osmotic tolerance. WSC domain have been
implicated in the maintenance of cell wall integ-
rity and stress response (Lodder et al. 1999; Fu-
tagami et al. 2011; Tong et al. 2016; Tong et al.
2019). Therefore, experiments were conducted
on the ability of CsGLOX gene to respond to
stress, as CsGLOX had five WSC domains at the
N-terminus (Figure 1B). The sensitivity of WT,
D21, and D28 was tested on PDA media supple-
mented with 2 mmol/L H,0,, 0.6 mol/L NaCl,
1 mol/L sorbitol and 6 pg/mL congo red. Under
hyper-osmotic stress conditions, the D21 and
D28 strains exhibited higher sensitivity than the
WT strain, as the growth inhibition of ACsGLOX
strains exposed to NaCl and sorbitol was remark-
ably increased compared to the WT strain under
the corresponding conditions (Figure 4). On the
contrary, the ACsGLOX strains showed slight re-
sistance to congo red stress conditions compared
to the WT strain (Figure 4), indicating that the
CsGLOX gene may slightly negatively regulate the
maintenance of cell wall integrity. A puzzling ob-
servation was that under H,O, stress, D28 strains
showed a significant increase in oxidative stress

https://doi.org/10.17221/52/2023-PPS

sensitivity, but D21 did not (Figure 4). Consider-
ing that D21 and D28 exhibited good phenotypic
consistency under other stress conditions, we be-
lieve that the CsGLOX gene may not be involved
in oxidative stress response.

DISCUSSION

Previous studies have clarified that GLOXs
from saprotroph fungi (wood rot fungi) are main-
ly involved in lignin degradation (Bak et al. 2009;
MacDonald et al. 2011; Kersten and Cullen 2014
Kadowaki et al. 2018). However, only a few GLOXs
genes of phytopathogenic fungi, such as bio-
trophic fungi (U. maydis) and necrotrophic fungi
(E graminearum and B. cinerea), have been iden-
tified and functionally validated (Kan et al. 2004;
Leuthner et al. 2005; Song et al. 2016). Therefore,
the identification and functional characterization
of GLOXs genes in hemi-biotrophic fungi are im-
portant for further understanding GLOXs genes'
function in phytopathogenic fungi.

AA5_1 glyoxal oxidase gene is present in the genom-
es of different phytopathogenic fungi, and three types
of GLOX proteins have been identified by protein
structural domain analysis: (i) those only with AA5_ 1

. | | = wr
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Figure 4. Effects of different stress factors on the mycelial growth of wild-type and CsGLOX-deficient strains of Colletotri-
chum siamense

Each treatment contained three technical replicates, and each experiment was repeated three times (z = 9); WT — wild-type
strain; D21/D28 — CsGLOX gene knockout mutant strains; data are mean + SE; one-way ANOVA with Tukey's multiple

mean comparisons test method was used for data analysis; different lowercase letters indicate P < 0.05
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domain; (i) those with N-terminal chitin-binding
domains (ChtBD) and C-terminal AA5_ 1 domain;
and (iii) those with N-terminal WSC domain and
C-terminal AA5_ 1 domain (Kadowaki et al. 2018). In
this study, protein structural domain analysis showed
that the GLOX protein of the hemi-biotrophic fungus
C. siamense has five N-terminal WSC structural do-
mains in addition to the C-terminal catalytic structural
domain AA5_1 (Figure 3B). The WSC domain, with
its carbohydrate-binding properties, plays an impor-
tant role in protein attachment to plant and/or fungal
cell walls (Crutcher et al. 2019; Oide et al. 2019) and
is associated with the maintenance of fungal cell wall
integrity, as well as being involved in stress responses
(Lodder et al. 1999; Futagami et al. 2011; Tong et al.
2016; Tong et al. 2019). Among the GLOXs with WSC
domains, only TvGLOX from T. virens elucidated an
important role for its WSC domain in binding car-
bohydrates (Crutcher et al. 2019), whereas whether it
plays a role in the maintenance of fungal cell wall integ-
rity and stress response is unclear. Here, we found that
CsGLOX gene plays a critical role in hyper-osmotic tol-
erance (Figure 4), which is probably due to the contri-
bution of its WSC domain, as there are no reports on
the functional aspects of the AA5_1 domain involved
in the regulation of fungal hyperosmotic tolerance.
Additionally, we found that the CsGLOX gene may not
contribute to maintaining fungal cell wall integrity.
This is because under congo red (used to detect fungal
cell wall integrity) stress conditions (Lima et al. 2021),
the ACsGLOX strains showed slight resistance to con-
go red stress conditions compared to the WT strain
(Figure 4). Thus, the CsGLOX gene may contribute to
the hyperosmotic tolerance of the fungus rather than
maintaining the integrity of the fungal cell wall.
CsGLOX gene deletion mutants were also used to
characterize the effect of the CsGLOX gene on fungal
mycelial growth and conidial formation (Figure 3B and
3C). Interestingly, the effects of the CsGLOX gene on
mycelial growth and conidial production were different
from those previously reported for other glyoxal oxi-
dases (Kan et al. 2004; Leuthner et al. 2005; Crutcher
et al. 2019). Unlike the reported glyoxal oxidases from
biotrophic fungi (U. maydis) (Leuthner et al. 2005), ne-
crotrophic fungi (B. cinerea) (Kan et al. 2004) and bio-
logical control fungi (T. virens) (Crutcher et al. 2019),
deletion of the CsGLOX gene in the hemi-biotrophic
fungus C. siamense not only did not affect mycelial
growth (Figure 3B) and the appressorial formation (Fig-
ure 3D), but also led to a significant increase in conidial
formation (Figure 3C). The reasons for this phenotype
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are unclear, but this phenotype may indicate that Cs-
GLOX of the hemi-biotrophic fungus C. siamense may
be more involved in pathogen-host interactions than in
influencing the growth and morphology of its hyphae,
as there is increasing evidence that GLOXs from plant
pathogenic fungi are extracellular proteins involved
in pathogen-plant interactions (Meinhardt et al. 2014;
Gonzalez-Fernindez et al. 2015; Vela-Corcia et al. 2016;
Lopez et al. 2018; Haile et al. 2020; Ribeaucourt et al.
2021; Chandrasekar et al. 2022).

It has been shown in previous studies that the GLOXs-
deficient in the biotrophic phytopathogenic fungus
U. maydis and the necrotrophic phytopathogenic fun-
gus B. cinerea results in complete non-pathogenicity
(Kan et al. 2004; Leuthner et al. 2005). Interestingly,
the CsGLOX-deficient strains of C. siamense signifi-
cantly reduced their virulence in plants but did not
completely lose pathogenicity (Figure 3E). Other WSC
domain-containing glyoxal oxidases (from E verticil-
lioides and F. oxysporum) have been previously studied,
and they had similar effects on pathogenicity (Crutcher
et al. 2019). One of the known functions of GLOX is
participating in the degradation of lignin by providing
H,0, for the oxidation reaction catalyzed by extracel-
lular peroxidase (Kersten et al. 1995; Bak et al. 2009;
Takano et al. 2010; MacDonald et al. 2011; Kersten
& Cullen 2014; Matityahu et al. 2015; Kadowaki et al.
2018; Wohlschlager et al. 2021). Therefore, to explain
the pathogenicity defect of CsGLOX gene mutants,
we suggest that H,O, production by CsGLOX activity
may be one of the necessary requirements for infection.
Since the C. siamense genome has extracellular peroxi-
dases involved in lignin degradation, such as ligninase
and manganese peroxidase (data are not shown). Ad-
ditionally, previous studies have shown that H,O, plays
an important role in influencing the lifestyle of C. gloe-
osporioides during its interaction with the host (Eloy
et al. 2015). When increasing plant H,O, accumulation
and lipid peroxidation, the fungus employs a subcu-
ticular, intramural necrotrophic strategy and develops
secondary hyphae associated with rapid dispersal and
rapid killing of host cells. However, when decreasing
plant H,O, concentration and lipid peroxidation, the
fungus developed intracellular hemi-biotrophic infec-
tion with vesicles and primary and secondary hyphal
formation (Eloy et al. 2015). Thus, we can also envision
a scenario in which CsGLOX deficiency reduces the ac-
cumulation of H,O, in plant cells, leading to a reduc-
tion in the production of secondary mycelium associat-
ed with rapid pathogen spread and rapid killing of host
cells, which in turn reduces pathogenicity.
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CONCLUSION

In conclusion, this study identified a GLOX-en-
coding gene CsGLOX from hemi-biotrophic fungi
C. siamense, and the results of the CsGLOX knock-
out assay suggest that the CsGLOX gene plays an
important role in conidial formation, hyperosmot-
ic stress tolerance and pathogenicity. Subsequent
studies will focus on the effect of the WSC struc-
tural domain on CsGLOX enzyme activity, as well
as its function in high osmotic stress tolerance and
influence on the pathogenicity of phytopathogenic
fungi. Further functional studies of GLOXs genes in
hemi-biotrophic fungi are essential for refining the
function of GLOXs in phytopathogenic fungi.
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