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Abstract

Colletotrichum gloeosporioides is a hemibiotrophic ascomycete fungus that causes an-
thracnose on numerous plants worldwide and forms a specialized infection structure
known as an appressorium in response to various plant surface signals. However,
the associated mechanism of host surface signal recognition remains unclear. In the
present study, three putative sensors, namely the mucin Msb2, the membrane sen-
sor protein Shol, and the G-protein-coupled receptor Pth11, were identified and
characterized. The results showed that CgMsb2 plays a major role in the recognition
of various host surface signals; deletion of CgMsb2 resulted in significant defects in
appressorium formation, appressorium penetration, cellophane membrane penetra-
tion, and pathogenicity. CgShol plays a minor role and together with CgMsb2 coop-
eratively regulates host signal recognition, cellophane membrane penetration, and
pathogenicity; deletion of CgShol resulted in an expansion defect of infection hy-
phae. Deletion of CgPth11 in wildtype, ACgMsb2, and ACgSho1 strains only resulted
in a slight defect in appressorium formation at the early stage, and CgPth11 was dis-
pensable for penetration and pathogenicity. However, exogenous cAMP failed to re-
store the defect of appressorium formation in ACgPth11 at the early stage. CgMsb2
contributed to the phosphorylation of the mitogen-activated protein kinase CgMk1,
which is essential for infection-associated functions, while CgShol was unable to
activate CgMk1 alone but rather cooperated with CgMsb2 to activate CgMk1. These
data suggest that CgMsb2 contributes to the activation of CgMk1 and has overlap-
ping functions with CgShol in plant surface sensing, appressorium formation, and

pathogenicity.
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1 | INTRODUCTION

Colletotrichum is an economically important plant-pathogenic
genus worldwide that currently comprises over 190 accepted
species and is one of the top 10 fungal plant pathogens listed
by Molecular Plant Pathology (Dean et al., 2012; Jayawardena
etal,, 2016). The hemibiotrophic ascomycete fungus Colletotrichum
gloeosporioides is the causal agent of poplar anthracnose, which
results in enormous economic losses in north-east China (Li et al.,
2012). C. gloeosporioides forms a specialized structure known as
an appressorium that is required for infection (Gomes et al., 2009;
Weir et al., 2012). Foliar infection by C. gloeosporioides starts with
the adhesion of conidia to the cuticle of leaves. Subsequently,
after a conidium germinates, a germ tube is generated from one
side of the spore, and the dome-shaped appressorium becomes
differentiated from the tip of the germ tube. A mature appres-
sorium contains a melanized layer that enables the accumula-
tion of enormous turgor pressure and forms a penetration peg to
mechanically rupture the cuticle of leaves. The penetration peg
then differentiates into the primary and secondary hyphae that
kill mesophyll cells, resulting in necrotic lesions on poplar leaves
that are a typical symptom of anthracnose (Pereira et al., 2009;
Zhang et al., 2018b). On the plant surface, the cues responsible for
appressorium differentiation range from chemical signals, such as
epicuticular waxes and cutin monomers, to the physical nature of
the surface, such as its hydrophobicity, hardness, and topography
(Kumamoto, 2008; Mendoza-Mendoza et al., 2009). It is thought
that these stimuli are perceived by fungal cell surface sensors that
subsequently engage in signalling through downstream pathways.

The surfaces of plants represent multifunctional interfaces
between the host and pathogens. For foliar pathogens, the pene-
tration of the plant cuticle and cell wall is a crucial step to initiate
infectious growth. The epidermis is the primary surface of nearly
all terrestrial plants, with the outermost epidermal layer referred to
as the cuticle (Holloway, 1994; Jeffree, 2007). Among all cuticular
components, waxes are responsible for the primary function of the
cuticle, with epicuticular waxes performing stabilization and barrier
functions, while the intracuticular waxes are impregnated with a bio-
polymer called cutin (Koch et al., 2009, 2010). Cutin is composed
of hydroxyl and hydroxyepoxy fatty acids, the major wax compo-
nents being primary and secondary alcohols, ketones, fatty acids,
and aldehydes, with alkanes being elementary substances in plant
waxes (Baker, 1982; Jetter et al., 2007; Kunst & Samuels, 2003).
After recognizing and responding to various host surface cues,
phytopathogens form specialized infection structures such as ap-
pressoria or hyphopodia, initiating the infection process (Carver &
Gurr, 2007; Wilson & Talbot, 2009). To elucidate the mechanisms of
plant surface signal recognition in phytopathogens, a few transcrip-
tomic studies on ascomycete fungi have been performed. In classic
appressorium-forming fungi, transcriptome analysis at the appresso-
rium formation stage showed that the sensing of plant surface cues
induces the expression of various genes. In Botrytis cinerea, on a hard

and wax-coated surface, early conidial development is accompanied

by rapid shifts in gene expression that prepare the fungus for germ
tube outgrowth, appressorium formation, and host cell invasion
(Leroch et al., 2013). On a hydrophobic surface, large-scale gene
expression changes are observed during appressorium development
in Magnaporthe oryzae (Soanes et al., 2012). In Ustilago maydis, tran-
scriptional profiling revealed transcriptional changes in up to 20% of
chromosomally encoded genes during the sensing of plant surface
cues in vitro, responses that are dependent on the putative sensors
UmShol and UmMsb2 (Lanver et al., 2014; Mendoza-Mendoza et al.,
2009). The results of these studies indicate that the sensing of plant
surface cues is a crucial process for infection by phytopathogens,
and putative sensors play an important role during this process.

The first examined receptor of a plant-pathogenic fungus was
the noncanonical G-protein-coupled receptor (GPCR) Pth11 in M.
oryzae, which has been suggested to be a surface sensor functioning
upstream of the cyclic adenosine monophosphate (cCAMP) pathway.
Moreover, MoPth11 mutants are impaired in appressorium forma-
tion in response to both cutin monomers and hydrophobic surface
cues (DeZwaan et al., 1999). MoPth11 has a common in fungal ex-
tracellular membrane (CFEM) domain that has been shown to be
required for proper development of appressoria, appressorium-like
structures, and pathogenicity (Kou et al., 2017). In Saccharomyces
cerevisiae, Msb2 and Shol were functionally characterized in detail,
and Msb2 was shown to have overlapping functions with Shol in
regulating filamentous growth (FG)/invasive growth and hyperos-
motic stress responses (Tatebayashi et al., 2007; Yang et al., 2009). In
many plant pathogens, homologues of the yeast proteins Msb2 and
Shol have been identified as putative sensors involved in plant sur-
face signal recognition, pathogenicity, and activation of the mitogen-
activated protein kinase (MAPK) Pmk1 (Jiang et al., 2018). Pmk1 is
orthologous to Fus3 and Kss1, which are key MAPKs involved in the
pheromone response and the FG pathway in S. cerevisiae (Chen &
Thorner, 2007). Activation of the MAPK Pmk1 occurs through the
MAPK kinase Ste7 and the MAPK kinase kinase Stell, which are
homologues of the S. cerevisiae Ste7 MAPK/eRK kinase (MeK) and
Stel1 MeK kinase, respectively (Zhao et al., 2005). The Pmk1 homo-
logue is required for infection in all plant pathogens studied (Turra
et al., 2014). Intriguingly, Msb2 and Sho1 have been identified as up-
stream components of the Pmk1 pathway. In Fusarium oxysporum,
Msb2 regulates a subset of Fmk1-dependent functions, and both
Msb2 and Shol are required for Fmk1 activation (Perez-Nadales &
Di Pietro, 2011, 2015). In M. oryzae and U. maydis, Msb2 and Sho1l
also regulate the phosphorylation of Pmk1 (Kpp2 Kppé), while the
expression of a dominant active MST7/MEK7 allele partially sup-
pressed the defects exhibited by the Msb2 deletion mutant (Lanver
etal., 2010; Liu et al., 2011). In addition, the orthologous MAPK in C.
gloeosporioides, CgMk1, is essential for appressorium formation and
pathogenicity on Populus (He et al., 2017). However, the putative up-
stream sensors of CgMk1 remain unidentified.

In the present study, three putative sensors responsible for host
surface signal recognition in C. gloeosporioides, namely CgMsb2,
CgShol, and CgPth11, were identified and functionally charac-
terized. We demonstrated the significant role of CgMsb2 in signal
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perception and pathogenicity, and that of CgShol in invasive growth.
Novel insight into the function of CgPth11 was obtained.

2 | RESULTS

2.1 | Characterization and deletion of Msb2, Shol,
and Pth11 orthologues in C. gloeosporioides

Msb2, Shol, and Pth11 orthologues were identified by BLASTp
searches of the genome database of C. gloeosporioides (http://ge-
nome.jgi.doe.gov/Glocil/Glocil.home.html) using the sequences of
S. cerevisiae Msb2 (NP_011528.3), Sho1 (NP_011043.1), and M. oryzae
Pth11 (XP_003711700.1) as queries. CgMsb2 encodes a hypothetical
protein of 988 amino acids, while an alignment showed the over-
all sequence identity of CgMsb2 with other homologues was rather
low (Figure S1a; Table 1). In particular, the alignment of Msb2 homo-
logues showed diversity of amino acid sequences at the N-terminus
(Figure S1a), indicating that the noncytoplasmic domain sequence is
not conserved among different fungi. Phylogenetic analysis showed
a high degree of similarity among Msb2 homologues (Figure Sib).
CgShol encodes a hypothetical protein of 287 amino acids, and
alignment of the CgSho1 amino acid sequence revealed a high level
of identity with Shol homologues (Figure S2a; Table 1), and phylo-
genetic analysis showed a high level of similarity among Shol homo-
logues (Figure S2b). CgPth11 encodes a hypothetical protein of 446

amino acids, and also shared identity with Pth11 homologues, but
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the overall sequence identity was rather low (Figure S3a; Table 1),
and phylogenetic analysis showed a high level of similarity among
Pth11 homologues (Figure S3b). CgMsb2 and CgPth11 possess a sig-
nal peptide at the N-terminus, and CgMsb2, CgSho1, and CgPth11
possess cytoplasmic domains at the C-terminus (Figure S4). The
cytoplasmic domain of CgMsb2 shares high sequence identity with
homologues in M. oryzae (67.5%), Fusarium graminearum (66.4%), and
F. oxysporum (67.5%) (Table 1). CgMsb2 possesses one transmem-
brane (TM) domain between the noncytoplasmic and the cytoplas-
mic domain (Figure S4). CgSho1l is well conserved in filamentous
fungi and encodes a protein with four TM domains near the N-
terminus and one SH3 domain at the C-terminus (Figure S4). The
sequence of the SH3 domain in CgShol also shares high identity
with the homologues in M. oryzae (62.5%), F. graminearum (58.2%),
and F. oxysporum (56.2%) (Table 1). In addition, CgPth11 also pos-
sesses seven TM domains, which is typical of GPCR proteins, and
a CFEM domain at the N-terminus (Figure S4). However, the CFEM
domain of CgPth11 shows low sequence identity with other homo-
logues (Table 1). To determine the roles of CgMsb2, CgShol, and
CgPth11, the encoding genes were fully knocked out using the split
marker method (Figure S5a,b). Subsequently, the full sequences of
CgMsb2, CgShol, and CgPth11 were reintroduced into the ACgMsb2,
ACgShol, and ACgPth11 strains for the complementation assays, re-
spectively (Figure S5c). The double deletion mutants ACgMsb2Sho1,
ACgMsb2Pth11, and ACgSholPth11l were also generated (Figure
S5d). Additional strain construction details are provided in the

Experimental Procedures section.

TABLE 1 Sequence identity to homologues of CgMsb2, CgSho1, and CgPth11

Sequence

Protein name Plant pathogen identity (%)
Msb2 Magnaporthe oryzae 411

Botrytis cinerea 46.5

Fusarium graminearum 46.3

Fusarium oxysporum 26.8

Saccharomyces cerevisiae 33.8

Ustilago maydis 29.2
Shol M. oryzae 71.9

B. cinerea 64.5

F. graminearum 75.0

F. oxysporum 73.8

S. cerevisiae 36.9

U. maydis 41.6
Pth11 M.oryzae 424

Colletotrichum higginsianum 48.2

Colletotrichum fructicola 95.8
Verticillium dahliae 56.0
F. oxysporum 49.8

Btpl B. cinerea 31.7

GenBank accession

Domain and sequence identity (%) numbers

Cytoplasmic domain 67.5 XP_003711882.1
52.6 XP_024552048.1
66.4 EYB29490.1
67.5 XP_018246369.1
24.0 NP_011528.3
14.3 XP_756627.1

SH3 domain 62.5 XP_016845977.1
52.2 XP_024550493.1
58.2 XP_011328302.1
56.0 TVY72941.1
31.7 NP_011043.1
34.7 XP_011389617.1

CFEM domain 25.8 XP_003711700.1
241 XP_018159285.1
75.8 KAF4934592.1
32.2 PNH28039.1
32.9 RKK60341.1

7 transmembrane region  26.1 CAE55153.1
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2.2 | Msb2 plays a critical role in the recognition of
artificial hydrophobic surfaces

Hydrophobic surfaces are crucial signals for the stimulation of ap-
pressorium formation in various fungi (Kumamoto, 2008). The arti-
ficial hydrophobic surface of a GelBond membrane was used to test
the functions of CgMsb2, CgShol, and CgPth11 in hydrophobic surface
recognition. At 5 days postinoculation (dpi) on potato dextrose agar
(PDA) plates, conidiation was similar among all strains (Table 2). An
equal volume of conidial suspension (10° conidia/ml) from each strain
was inoculated onto the hydrophobic and hydrophilic side of the
GelBond membrane. On the hydrophobic surface, the wildtype (WT)
strain formed numerous appressoria at 5 hr postinoculation (hpi)
(>60%; Figure 1a,b). However, appressorium formationin ACgShol and
ACgPth11 was significantly decreased compared with that observed
for the WT and complementation strains, and was fully blocked in
ACgMsb2 at 5 hpi (Figure 1a,b). At 12 hpi, approximately 90% of germ
tubes in WT, ACgSho1, and ACgPth11 formed appressoria, but fewer
than 10% of ACgMsb2 germ tubes formed appressoria (Figure 1a,b).
Consistent with the results in the single mutants at 5 hpi, appresso-
rium formation was abolished in ACgMsb2Shol and ACgMsb2Pth11,
and appressorium formation in ACgSho1Pth11 was similar to that of
ACgPth11 (Figure 1a,b). At 12 hpi, ACgMsb2Sho1l barely formed ap-
pressoria, and appressorium formation was significantly decreased
in ACgMsb2Pth11 and slightly reduced in ACgSho1Pth11 compared to
that of the WT (Figure 1a,b). On the hydrophilic surface at 12 hpi, ap-
pressorium formation in ACgMsb2, ACgMsb25ho1, and ACgMsb2Pth11
was fully blocked (Figure 1c,d). However, ACgShol, ACgPth11, and
ACgSho1Pth11 showed similar appressorium formation to that of the
WT (Figure 1c,d). A previous report showed that exogenous cAMP
treatment can fully rescue the appressorium defect of a AMoPth11
mutant, suggesting that MoPth11 functions upstream of the cAMP
pathway in M. oryzae (Kou et al., 2017). To test whether cAMP has a

similar effect on C. gloeosporioides, a nontoxic concentration of cAMP

TABLE 2 Conidiation of each strain at 5 days postinoculation

Conidiation (x10°

Strain spores/plate)
Wild type 79 +20
ACgMsb2 74 5.5
ACgMsb2/MSB2 8.2+3.5
ACgSho1 8.4+4.6
ACgSho1/SHO1 79 +1.6
ACgPth11 73+0.5
ACgPth11/PTH11 75+15
ACgMsb2Sho1 8.5+0.8
ACgMsb2Pth11 8.0+27
ACgSho1Pth11 7.7+2.0

Note: Conidiation of each strain was examined on potato dextrose agar
plates; means and SD values were calculated from three independent
experiments.

(1.5 mM) was added to the conidial suspensions of WT and ACgPth11;
however, exogenous cAMP treatment failed to restore the appres-
sorium formation defects of the ACgPth11 mutant at the early stage
(5 hpi; Figure 1e), indicating that CgPth11 is involved in the formation
of appressoria in a cAMP-independent manner. Collectively, these re-
sults indicated that CgMsb2 plays a critical role in the recognition of
hydrophobic surfaces, CgShol and CgPth11 only play a minor role at
the early stage, and CgMsb2 and CgShol have complementary roles

in this process.

2.3 | Msb2 and Shol are required for
appressorium penetration and invasive growth,
respectively, and regulate cellophane membrane
penetration cooperatively

In previous studies, penetration tests using onion epidermal cells
have been extensively used in the analysis of phytopathogenic fungi
(Park et al., 2004; Vanstreels et al., 2005). In the present study, onion
epidermal cells were used to determine the penetration ability of
the appressoria of each mutant. On the hydrophobic surfaces of
onion epidermal cells at 12 hpi, similar defects in appressorium for-
mation were observed for each mutant as those obtained for the
GelBond membrane tests (Figure 2a,b). Moreover, the deletion of
CgMsb2 resulted in both appressorium formation and penetration
defects, as many appressoria formed by the ACgMsb2 mutant failed
to develop infection hyphae (Figure 2a,b). CgShol or CgPth11 was
dispensable for the formation of appressoria, and the penetration
rate was not affected compared with that of the WT and comple-
mentation strains (Figure 2a,b). Deletion of CgPth11 in ACgMsb2 and
ACgShol resulted in no further defects in appressorium formation
or penetration compared to that of the respective single mutant
strains (Figure 2a,b). However, the infection hyphae of the ACgSho1
mutant were shorter than those of the WT and complementation
strains at 12 hpi (Figure 2a). At 24 hpi, the infection hyphae of the
WT strain had spread from the initially infected cell into multiple
cells, and infection hyphae successfully broke through the cell walls
of adjacent cells (Figure 2c). In the ACgShol mutant, infection hy-
phae tended to be trapped in the initially infected cells, and the
infection hyphae failed to break through the cell wall (Figure 2c,d).
In the ACgMsb25hol1 double mutant, very few appressoria formed,
and those that did form showed defects in both appressorium pen-
etration and invasive growth (Figure 2a-d). Reactive oxygen spe-
cies (ROS) play an essential role in plant defence responses, and
we previously revealed that the small G protein CgCdc42 and the
endocytosis-related protein CgEnd3 are also required for invasive
growth, while exogenous treatment with the ROS inhibitor diphe-
nyleneiodonium chloride (DPI) restored the defect efficiently (Wang
et al.,, 2021a; Wang et al., 2018). Therefore, DPI| was added during
conidial germination at a final concentration of 5 uM. The trapped
infection hyphae in ACgShol were successfully restored by exog-
enously added DPI (Figure 2c,d). This result indicated that CgSho1 is

required for oxidant adaptation-mediated invasive growth.
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FIGURE 1 Appressorium formation assays on hydrophobic and hydrophilic membranes. (a) Equal volumes (30 pl) of conidial suspension
(2 x 10%/ml) of each strain were inoculated on the hydrophobic side of the GelBond membrane; the images were acquired at 5 and 12 hr
postinoculation (hpi), respectively. AP, appressorium; GT, germ tube; C, conidia. Bars = 10 um. (b) Bar chart showing the rate of appressorium
formation on the hydrophobic side of the GelBond membrane at 5 and 12 hpi. At least 200 germinated conidia from each strain were
measured to calculate the appressorium formation rate. Error bars represent the standard deviations based on three independent replicates.
The values indicated by different letters are significantly different within the same treatment at p < .05, as determined using Tukey's post
hoc test. (c) Equal volumes (30 pl) of conidial suspension (2 x 10*/ml) of each strain were inoculated on the hydrophilic side of the GelBond
membrane; the images were acquired at 12 hpi. Bars = 10 um. (d) Bar chart showing the rate of appressorium formation on the hydrophilic
side of the GelBond membrane at 12 hpi. At least 200 germinated conidia from each strain were measured to calculate the appressorium
formation rate. Error bars represent the standard deviations based on three independent replicates. The values indicated by different letters
are significantly different within the same treatment at p < .05, as determined using Tukey's post hoc test. (€) Exogenous cAMP was mixed
with conidial suspensions of the wildtype (WT) and ACgPth11 at a final concentration of 1.5 mM. The bar chart shows the appressorium
formation rate on the hydrophobic side of the GelBond membrane at 5 hpi. The values indicated by different letters are significantly
different within the same treatment at p < .05, as determined using Tukey's post hoc test

In many pathogenic fungi, the buildup of turgor pressure in the
appressorium provides the driving force that enables fungi to me-
chanically break through the host tissue (Money & Howard, 1996).
To determine whether the penetration defect in the ACgMsb2 mutant
was caused by decreased turgor pressure, turgor pressure was tested
using various concentrations of polyethylene glycol (PEG) 8000
(Howard et al., 1992). At 12 hpi, the collapse rate of appressoria was
determined after a 5-min treatment. No difference in collapse rate was
observed between WT and ACgMsb2 mutants (Figure 2e,f), indicating
that the penetration defect of the appressorium in ACgMsb2 was not
caused by decreased turgor pressure. To further determine the roles
of CgMsb2, CgShol, and CgPth11 in penetration ability, WT, ACgMsb2,
ACgShol, ACgPth11, ACgMsb2Shol, ACgMsb2Pth11, ACgSholPth11,

and complementation strains were inoculated on cellophane mem-
brane overlaid on PDA plates. Plates were cultured at 25 °C for 2 days
(Before). At 2 dpi, the entire membrane with colony was removed,
and the resulting plates were cultured at 25 °C for an additional
2 days (After). After the removal of the cellophane membrane, limited
growth was observed for ACgShol and ACgMsb2, and a synergistic
effect was observed in ACgMsb2Sho1 (Figure 2g,h). However, dele-
tion of CgPth11 in WT, ACgMsb2, and ACgSho1 resulted in no further
defects in cellophane membrane penetration (Figure 2g,h), indicating
that CgPth11 is dispensable for cellophane membrane penetration.
This result indicates that both CgMsb2 and CgSho1l are required for
cellophane membrane penetration. Collectively, these results indicate

that CgMsb2 and CgSho1 play roles in appressorium penetration and
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FIGURE 2 Appressorium formation, penetration, and cellophane membrane penetration assays. (a) Equal volumes (30 pl) of conidial
suspension (2 x 10%/ml) of each strain were inoculated on onion epidermal cells; the images were acquired at 12 hr postinoculation (hpi). A
black triangle indicates an infection hypha. A red arrow indicates an appressorium without penetration. A white triangle indicates a short
infection hypha. Bars = 10 um. (b) Bar chart showing the rate of appressorium formation and penetration on onion epidermal cells at 12 hpi.
At least 200 germinated conidia or appressoria from each strain were measured to calculate the appressorium formation or penetration rate,
respectively. Error bars represent the standard deviations based on three independent replicates. The values indicated by different letters
are significantly different within the same treatment at p < .05, as determined using Tukey's post hoc test. (c) Infection hyphae of wildtype
(WT), ACgSho1, ACgSho1/SHO1, ACgMsb2Shol, and ACgShol supplied with 5 pM diphenyleneiodonium chloride in onion epidermal cells

at 24 hpi. A black triangle indicates an infection hypha breaking through the cell wall of adjacent cells. A red asterisk indicates a trapped
infection hypha. Bars = 25 um. (d) The rate of normal or trapped infection hyphae of each strain at 24 hpi. The values indicated by different
letters are significantly different at p < .05, as determined using Tukey's post hoc test. (e) Conidial suspensions (2 x 10*/ml) from WT,
ACgMsb2-28, ACgMsb2-33, and ACgMsb2/MSB2 were inoculated on the hydrophobic side of a GelBond membrane. At 12 hpi, the water

drop was removed by 30 ul of 0.5, 1, and 3 g/ml polyethylene glycol (PEG) 8000. After 5 min of treatment, the collapse rate of appressoria
was recorded. There are three types of appressoria: normal, plasmolytic, and collapsed appressoria. A white triangle indicates a collapsed
appressorium (longitudinal cavity). Bar = 2 pm. (f) Line chart showing the rate of collapsed appressoria under the treatment of different
concentrations of PEG 8000. This experiment was repeated three times. At least 200 melanized appressoria from each strain were measured
to calculate the proportion of collapsed appressoria. (g) The strains were grown on cellophane membranes overlaid on potato dextrose agar
for 3 days at 25 °C (Before). The cellophane membrane was removed, and the resulting plates were incubated at 25 °C for an additional 2
days (After). (h) Bar chart showing the colony size of each strain at 2 days after removal of the cellophane membrane. Error bars represent

the standard deviations based on three independent replicates. The values indicated by different letters are significantly different at p < .05,
as determined using Tukey's post hoc test
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invasive growth, respectively, and have overlapping function in the
penetration of cellophane membrane.

2.4 | Msb2 and Shol play complementary roles
in virulence

In Colletotrichum species, appressorium formation is strongly cor-
related with pathogenicity. Considering the significant role of ap-
pressorium formation and penetration, leaf inoculation assays were
performed to assess the roles of CgMsb2 and CgSho1l in C. gloe-
osporioides pathogenicity. Conidial suspensions (2 x 10°/ml) from
the WT, ACgMsb2 mutants, and ACgMsb2/MSB2 complementation
strains were inoculated onto detached poplar leaves. At 4-7 dpi, ne-
crotic lesions were formed by the WT and ACgMsb2/MSB2 comple-
mentation strains and spread at a steady rate, while the ACgMsb2
mutant did not induce lesion formation (Figure 3a,b). However, as
the ACgMsb2 mutant was able to form a small number of appresso-
ria on GelBond membranes and onion epidermal cells, we presumed
that the ACgMsb2 mutant may retain weak pathogenicity, and pro-
longed observation (8 dpi) demonstrated that the pathogenicity
of this strain was significantly decreased but not fully abrogated
(Figure 3a,b). Unlike the ACgMsb2 mutant, the ACgShol mutant
caused necrotic lesions similar to those formed by the WT strain at
4 dpi (Figure 3c,d). However, the expansion rate of lesions formed by
the ACgShol mutant was slower than that observed for the WT and
ACgSho1/S5HO1 complementation strains at 5-6 dpi (Figure 3c,d),
indicating that the pathogenicity of the ACgShol mutant was also
decreased, which was caused by the defect of invasive growth.
Moreover, the double deletion of CgMsb2 and CgShol showed an
exacerbated defect in pathogenicity, only causing a tiny lesion at 8
dpi (Figure 3e,f). However, the necrotic lesions caused by WT and
ACgPth11 strains were comparable, and the deletion of CgPth11 also
caused no exacerbated defect in the pathogenicity of the ACgMsb2
and ACgSho1 strains (Figure 3e,f). These results indicate that both
CgMsb2 and CgShol, but not CgPth11, are required for full virulence
in C. gloeosporioides.

2.5 | Msb2 contributes to CgMk1 phosphorylation

In the present study, CgMsb2 was shown to regulate a subset of
CgMkl-related functions, including appressorium formation, ap-
pressorium penetration, and pathogenicity. To determine whether
CgMsb2 functions upstream of the CgMk1 pathway, the phospho-
rylation and protein levels of CgMk1 were detected with anti-TPEY
and anti-MAPK antibodies, respectively. The results showed no dif-
ference in CgMk1 (42 kDa) protein levels among the WT, ACgMsb2,
ACgShol, and ACgMsb2Sho1l strains (Figure 3g). However, reduced
CgMk1 phosphorylation levels were detected in the ACgMsb2 mu-
tant (Figure 3g,h). In the same western blot analysis, CgMk1 pro-
tein and phosphorylation levels were not affected in the ACgSho1

compared to the WT strain, whereas CgMk1 phosphorylation levels
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were further decreased in the ACgMsb25hol mutant compared to
those observed in the ACgMsb2 mutant (Figure 3g,h). These results
indicate that CgMsb2 contributes to CgMk1 phosphorylation and
that CgSho1 is unable to activate CgMk1 phosphorylation alone but
rather cooperates with CgMsb2 to activate CgMk1.

To further demonstrate that CgMsb2 functions upstream from
the CgMk1 pathway, the constitutively active allele of Ste7°28F T222E
was constructed and introduced into the WT and ACgMsb2 strains. A
western blot assay showed that the phosphorylation of CgMk1 was
significantly increased in the Ste75218E T222E/ACgMsb2 strain com-
pared to that of the ACgMsb2 mutant (Figure 3i,j). Besides, appresso-
rium formation by the Ste75218ET222E/ACngb2 strain was also partly
restored compared to the ACgMsb2 mutant phenotype (Figure 3k,l),
indicating that expression of the constitutively active Ste7 induces
appressorium formation in the ACgMsb2 mutant. Collectively, these
results indicate that CgMsb2 contributes to CgMk1 phosphorylation

and functions upstream from CgMk1.

2.6 | Msb2 and Shol regulate the recognition of
multiple plant surface signals

In the present study, we show that CgMsb2 and CgSho1l, but not
CgPth11, are cooperatively involved in appressorium formation
and pathogenicity. To determine whether CgMsb2 and CgShol
are responsible for the recognition of plant surface signals, we
first inoculated conidial suspensions of each strain on intact pop-
lar leaves. To observe the initial stage of appressorium formation,
each inoculated area was cut and stained with 1 pg/ml calcofluor
white (CFW) at 24 hpi. During this stage, the WT and complemen-
tation strains produced abundant appressoria (>90%) (Figure 4a,c).
However, only approximately 17.6% and 17.1% of the ACgMsb2
and ACgMsb2Shol mutant cells formed appressoria, respectively
(Figure 4a,c), indicating that the loss of CgMsb2 and CgMsb2Sho1
resulted in defective appressorium formation on the host surface.
In addition, the deletion of CgShol did not affect appressorium
formation on plant leaves, as abundant appressoria (91.4%) were
produced by the ACgShol strain, which was comparable with that
observed for the WT and ACgSho1/SHO1 strains (Figure 4a,c). These
results indicated that the ACgShol mutant still fully responded to
various cues present on poplar leaf surfaces for appressorium for-
mation. In various fungi, the host surface wax has been shown to
induce appressorium formation (Hwang & Kolattukudy, 1995;
Lanver et al., 2010; Uchiyama & Okuyama, 1990). To test whether
the surface wax of poplar leaves stimulates appressorium forma-
tion, epicuticular waxes were removed by hexane treatment. On
dewaxed leaves, appressorium formation by the WT, ACgSho1, and
complementation strains was essentially blocked, with these strains
forming long germ tubes (Figure 4a,c). However, the lack of surface
waxes did not affect appressorium formation by the ACgMsb2 mu-
tant (Figure 4a,c), indicating that the recognition of surface waxes
was blocked in the ACgMsb2 strain and that CgMsb2 is required for
the recognition of leaf surface waxes. Notably, unlike the ACgMsb2
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FIGURE 3 Plantinfection and western blot assays. (a) Detached poplar leaves were inoculated with wildtype (WT), ACgMsb2, or
ACgMsb2/MSB2 (complemented) strains or mock-inoculated with water. Images were pictured at 4-8 days postinoculation (dpi). (b) Bar chart
showing the lesion size after inoculation with WT, ACgMsb2, and ACgMsb2/MSB2 at 8 dpi. Error bars represent the standard deviations
based on three independent replicates. The values indicated by different letters are significantly different at p < .05, as determined using
Tukey's post hoc test. (c) Detached poplar leaves were inoculated with WT, ACgSho1, and ACgSho1/SHO1. (d) Line chart showing the lesion
size of WT, ACgSho1, and ACgSho1/SHO1 at 4-6 dpi. Error bars represent the standard deviations based on three independent replicates.
The values indicated by different letters are significantly different at p < .05, as determined using Tukey's post hoc test. (e) Detached
poplar leaves were inoculated with WT, ACgMsb2, ACgShol, ACg§Msb25hol, ACgPth11, ACg§Msb2Pth11, and ACgSholPth11. Images were
taken at 8 dpi. (f) Bar chart showing the relative lesion size of each strain, normalized to the WT lesion size (100%). Error bars represent the
standard deviations based on three independent replicates. The values indicated by different letters are significantly different at p < .05,
as determined using Tukey's post hoc test. (g) Western blot analysis of the CgMk1 phosphorylation level in WT, ACgShol, ACgMsb2, and
ACgMsb2Sho1. Anti-MAPK was used to detect the expression levels of CgMk1 (42 kDa) and putative CgSlt2 (46 kDa), and anti-TPEY was
used to detect the phosphorylation level of CgMk1 (42 kDa). (h) Bar chart showing the relative phosphorylation level of CgMk1 in WT,
ACgShol, ACgMsb2, and ACgMsb2Shol compared with that of the overall CgMk1 content in each respective strain. Data were taken from
two biological replicates with similar results. Error bars represent the standard deviations based on two independent replicates. The values
indicated by different letters are significantly different at p < .05, as determined using Tukey's post hoc test. (i) Western blot analysis of the
CgMk1 phosphorylation level in Ste75218E T222E/\WT, ACgMsh2, and Ste75218E T222E/ACgMsh2. Anti-MAPK was used to detect the expression
levels of CgMk1 (42 kDa) and putative CgSlt2 (46 kD), and anti-TPEY was used to detect the phosphorylation level of CgMk1 (42 kDa). (j)
Bar chart showing the relative phosphorylation level of CgMk1 in Ste752*88 T222E )\ T, ACgMsb2, and Ste75%18E 72228 /ACgMsh2 compared
with that of the overall CgMk1 content in each respective strain. Data were taken from two biological replicates with similar results. Error
bars represent the standard deviations based on two independent replicates. The values indicated by different letters are significantly
different at p < .05, as determined using Tukey's post hoc test. (k) Appressorium formation of Ste75288 7222 /\WT, ACgMsb2, and Ste7°?18E
T222E/ACgMsb2 on the hydrophobic side of a GelBond membrane. Bars = 10 um. (I) Bar chart showing the rate of appressorium formation

in (k). Error bars represent the standard deviations based on three independent replicates. The values indicated by different letters are
significantly different at p < .05, as determined using Tukey's post hoc test
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FIGURE 4 Appressorium formation on intact and dewaxed leaves and crude wax-coated surfaces. (a) Equal concentrations of conidial
suspension from wildtype (WT), ACgMsb2, ACgShol, ACgMsb2Shol, and complementation strains were inoculated on intact and dewaxed
poplar leaves. The inoculation site of each strain was cut and stained using 1 pg/ml calcofluor white at 24 hr postinoculation. Images
were acquired using fluorescence microscopy. A red triangle indicates a melanized appressorium. A black triangle indicates a germ tube.
A white triangle indicates a conidium. AP, appressorium; GT, germ tube; C, conidium. Bars = 15 um. (b) Equal concentrations of conidial
suspension from WT, ACgMsb2, ACgShol, ACgMsb25ho1, and complementation strains were inoculated on glass slides coated with crude
wax extracts. Bars = 10 um. (c) Bar chart showing the appressorium formation rate in (a). At least 200 germinated conidia from each strain
were measured to calculate the appressorium formation rate (including melanized and nonmelanized appressorium). Error bars represent
the standard deviations based on three independent replicates. The values indicated by different letters are significantly different between
different treatment groups (intact leaves and dewaxed leaves) at p < .05, as determined using Tukey's post hoc test. (d) Bar chart showing
the appressorium formation rate on crude wax extract-coated surfaces. CK indicates appressorium formation on glass slides. At least

200 germinated conidia from each strain were measured to calculate the appressorium formation rate. Error bars represent the standard
deviations based on three independent replicates. The values indicated by different letters are significantly different between different
treatment groups (CK and wax extracts) at p < .05, as determined using Tukey's post hoc test

mutant, appressorium formation in the ACg§Msb2Shol mutant was
fully blocked on dewaxed leaves, and ACgMsb2Shol developed nor-
mal germ tubes that were similar to those formed by the ACgMsb2
mutant (Figure 4a,c). These results indicated that other host surface
signals, such as hydrophobicity, may contribute to appressorium
formation in the ACgMsb2 mutant on both intact and dewaxed host
surfaces. The fully abrogated ability to recognize hydrophobicity and
wax may have resulted in the inability of the ACgMsb2Shol mutant
to form appressoria on dewaxed leaves.

To further assess the roles of CgMsb2 in the recognition of

leaf surface waxes, crude wax was extracted using hexane. Crude

extracted wax dissolved in chloroform was then coated on the
surface of a glass slide (hydrophilic surface). For the WT and com-
plementation strains, approximately 65% of germ tubes formed
appressoria (Figure 4b,d). However, in the presence of wax extract,
the ACgMsb2 and ACgMsb2Shol mutants completely failed to pro-
duce appressoria, and only 10% of ACgShol formed appressoria
(Figure 4b,d). Collectively, these results indicate that CgMsb2 plays
a crucial role in the recognition of surface wax.

Leaf surface wax extracted with hexane is a mixture that may
contain other chemical cues from the plant to stimulate appressorium

formation. Therefore, in addition to the leaf crude wax, bee wax and
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paraffin wax were used to further assess whether CgMsb2 is involved
in wax recognition. Conidial suspensions (10° spores/ml) of each strain
were inoculated onto glass slides coated with bee or paraffin wax.
Compared to bee wax, paraffin wax induced C. gloeosporioides ap-
pressorium formation more efficiently (Figure 5a,c). In the presence
of paraffin wax, appressorium formation was significantly decreased
in the ACgMsb2 mutant and slightly reduced in the ACgShol mutant
compared with that of the WT and complementation strains, while the
ACgMsbh25hol double mutant exhibited a stronger defect in appresso-
rium formation (Figure 5a,c). Appressorium formation by each strain on
bee wax was highly similar to that observed on intact poplar leaf sur-
faces (Figure 5a,c). Appressorium formation by the ACgMsb2 (8.82%)
and ACgMsb2Sho1 (8.5%) mutants was significantly decreased, while
appressorium formation by the ACgShol mutant was comparable to
that observed for the WT and ACgSho1/SHO1 complementation strains
(Figure 5a,c). Bee wax and paraffin wax render the glass slide surface
hydrophobic. Therefore, there must be differences between bee and
paraffin wax in the chemical components that stimulate appressorium
formation. As described in a previous report, plant surface waxes pri-
marily contain primary alcohols, secondary alcohols, alkanes, and long-
chain fatty acids (Kunst & Samuels, 2003). Bee wax consists of primary
alcohol; paraffin wax mainly consists of long-chain alkanes (Cwiertnia,
2015; Liu et al., 2011). To determine what compounds in wax are pri-
marily responsible for the stimulation of appressorium formation, the
primary alcohol 1-octacosanol (C28) and hentricacontane alkanes (C31)
were used as chemical cues. The WT and complementation strains more
efficiently formed appressoria on hydrophilic surfaces coated with C28
than was observed for the C31 treatment (Figure 5b,d). However, C31
was unable to stimulate appressorium formation in ACgMsb2, and both
C28 and C31 were unable to stimulate appressorium formation in the
ACgMsb2Shol mutant (Figure 5b,d). Collectively, these results showed
that CgMsb2 but not CgShol is required for the recognition of C28 and
C31, and both primary alcohols and alkanes may act as stimulators of
poplar leaves for appressorium formation by C. gloeosporioides.

In addition to hydrophobicity and waxes, cutin monomers are also
known to serve as chemical cues for appressorium formation by various
fungi (Gilbert et al., 1996; Lanver et al., 2010). In the presence of 10 uM
cutin monomer cis-9-octadecen-1-ol, 70% of WT cells formed appres-
soria on glass slides, indicating that cutin monomers efficiently induced
appressorium formation by C. gloeosporioides (Figure 5e,f). However,
the appressorium formation of ACgMsb2, ACgShol, and ACgMsb2Sho1
was not different from that on glass slides (CK) under the exogenous
stimulation of cis-9-octadecen-1-ol (Figure 5e,f), indicating that cis-9-
octadecen-1-ol had no stimulatory effect on ACgMsb2, ACgShol, and
ACgMsb2Shol. Therefore, these results indicate that both CgMsb2 and

CgSho1 are required for the recognition of cutin monomers.
2.7 | Loss of Msb2 and loss of Shol cooperatively
affect oxidant adaptation

In plants, ROS play a crucial role in the defence against infections

by pathogens, and because oxidative bursts are among the earliest

responses at the infection site (Apostol et al., 1989), oxidant adapta-
tion is crucial for the infection of plant-pathogenic fungi. In the present
study, CgShol was determined to be required for oxidant adaptation-
mediated invasive growth (Figure 2c,d). First, to determine whether
CgMsb2, CgShol, and CgPth11 are involved in the oxidative stress
response, each strain was inoculated onto PDA plates containing 5
or 10 mM H,0,. At 4 dpi, the colonies of different strains were com-
parable in size (Figure 6a,b). However, colonies of the ACgMsb2 and
ACgShol strains treated with H,O, were significantly smaller than
WT and complementation strains, and an exacerbated defect was
observed for the ACgMsb2Sho1 strain (Figure 6a,b). However, vegeta-
tive growth of ACgPth11 was comparable with that observed for the
WT and ACgPth11/PTH11 complementation strains in the presence
of H,0, (Figure 6a,b), and deletion of CgPth11 in the ACgShol and
ACgMsb2 strains caused no further defects in the response to H,0,
oxidative stress compared to that of the respective single mutants
(Figure 6a,b). These results indicate that both CgMsb2 and CgSho1l
are required for the oxidative stress response and that they have
overlapping functions. To determine whether deletion of CgMsb2
and CgShol affects the tolerance of C. gloeosporioides to ROS dur-
ing infection, 3,3"-diaminobenzidine (DAB) staining was performed
to detect the accumulation of ROS on onion epidermal cells. At 12
hpi, ROS accumulation was observed around the appressoria, and
the degree of staining for the appressoria of the ACgMsb2, ACgSho1,
and ACgMsb2Sho1 strains was greater than that observed for the WT
and complementation strains (Figure 6c,d). These results indicate that
CgMsb2 and CgShol cooperatively affect oxidant adaptation.

In M. oryzae, highly regulated ROS homeostasis is important for
MoPth11-mediated appressorium formation and host invasion. MagB
and Pmk1 are also involved in appressorium differentiation in response
to exogenous antioxidants. Intriguingly, antioxidants induce appres-
sorium formation in MoPth11 deletion mutants (Kou et al., 2017).
Although CgPth11 is dispensable for oxidant adaptation, we aimed to
assess the effect of antioxidant treatment on appressorium formation
of the ACgPth11 strain. To assess the effect of antioxidant treatment
of the ACgPth11 strain, the antioxidants L-glutathione (GSH, reduced),
ascorbic acid, and DPI were individually tested (Figure 6e,f). Conidial
suspensions of the WT, ACgPth11, and ACgPth11/PTH11 strains were
mixed with GSH, ascorbic acid, and DPI at final concentrations of
1 mM, 5 mM, and 0.25 pM, respectively. However, different from
the results obtained for the M. oryzae MoPth11 mutant, appressorium
formation was significantly decreased in the ACgPth11 strain under
GSH, ascorbic acid, and DPI treatment (Figure 6e,f), and appressorium
with reduced melanization was observed in ACgPth11 under the treat-
ment of GSH and DPI (Figure 6e). This result indicates that deletion of
CgPth11 resulted in hypersensitivity to antioxidants.

2.8 | Msb2 and Shol are required for vegetative
growth under nitrogen-limiting conditions

On PDA plates, the WT, ACgMsb2, ACgShol, ACgMsb2Shol, and
ACgMk1 showed similar diameters at 4 dpi (Figure 7a), indicating



WANG ET AL.

Molecular Plant Pathology WI LEYJﬂ

that CgMsb2, CgShol, and CgMk1 are not required for growth under under nitrogen-limited conditions (Wang et al., 2021b). In the pre-
nutrient-rich conditions. However, a previous report showed that sent study, each strain was inoculated onto solid minimal medium
Msb2, Shol, and Fmk1 are required for growth under nitrogen- (MM) supplemented with a single nitrogen source. The ACgMsh2,
limiting conditions in F. oxysporum (Perez-Nadales & Di Pietro, 2015). ACgShol, ACgMsb25ho1, and ACgMk1 strains showed reduced veg-
In addition, CgMk1 MAPK is also required for vegetative growth etative growth compared to that of the WT, ACgMsb2/MSB2, and
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FIGURE 5 Appressorium formation on glass slides coated with waxes, 1-octacosanol (C28), hentricacontane (C31), and cutin monomer
cis-9-octadecen-1-ol. (a, b) Equal concentrations of conidial suspension from wildtype (WT), ACgMsb2, ACgShol, ACgMsb25ho1, and
complementation strains were inoculated on glass sides coated with (a) bee waxes and paraffin waxes and (b) 4 mg/ml C28 and C31.

Bars = 10 um. The images were acquired at 12 hr postinoculation (hpi). A red asterisk indicates an appressorium. (c) Bar chart showing

the appressorium formation rate in (a). At least 200 germinated conidia from each strain were measured to calculate the appressorium
formation rate on bee wax and paraffin wax. Error bars represent the standard deviations based on three independent replicates. The
values indicated by different letters are significantly different within the same treatment at p < .05, as determined using Tukey's post hoc
test. (d) Bar chart showing the appressorium formation rate in (b). At least 200 germinated conidia from each strain were measured to
calculate the appressorium formation rate on C28- and C31-coated surfaces. Error bars represent the standard deviations based on three
independent replicates. The values indicated by different letters are significantly different between different treatment groups (CK, C28,
and C31) at p < .05, as determined using Tukey's post hoc test. CK indicates appressorium formation on glass slides. () Appressorium
formation of each strain in the presence of 10 uM cutin monomer cis-9-octadecen-1-ol. Bars = 10 um. The images were acquired at 12 hpi.
(f) Bar chart showing the appressorium formation rate in (e). At least 200 germinated conidia from each strain were measured to calculate
the appressorium formation rate. Error bars represent the standard deviations based on three independent replicates. The values indicated
by different letters are significantly different between different treatment groups (CK and cutin monomer) at p < .05, as determined using
Tukey's post hoc test. CK indicates appressorium formation on glass slides

ACgSho1/SHO1 strains on MM containing 10 mM NO; or NH;r
as nitrogen source, while this defect was not exacerbated in the
ACgMsb25ho1 strain (Figure 7a,b), indicating that both CgMsb2 and
CgShol are involved, with no complementary roles, in growth under
nitrogen-limiting conditions.

3 | DISCUSSION

During the early interaction between pathogens and host plants,
phytopathogens must sense and respond to the various signals as-
sociated with the host's surface, such as plant surface waxes, cutin
monomers, surface hydrophobicity, and nutrient states. This pro-
cess involves the use of cell surface sensors that subsequently ac-
tivate downstream pathways. Herein, we found that two sensors,
CgMsb2 and CgShol, play a cooperative role in the recognition of
various signals and contribute to the activation of CgMk1l MAPK.
In summary, our results support a genetic network of host signal
recognition-downstream pathway activation-appressorium forma-
tion in C. gloeosporioides (Wang et al., 2021b) (Figure 8a,b), and we
determined the conserved and specific functions of CgMsb2 and
CgSho1 (Figure 8c).

3.1 | The activation relationship of CgMsb2 and
downstream CgMk1

The MAPK Pmk1 plays a crucial role in infection-related functions
in various pathogenic fungi (Jiang et al.,, 2018; Wilson & Talbot,
2009). In the present study, CgMsb2 was shown to regulate a sub-
set of CgMkl-related functions and contribute to the phospho-
rylation of CgMk1. Thus, we suggest that CgMsb2 functions as a
sensor upstream of CgMKk1. Intriguingly, expression of Ste7°218 T222E
in ACgMsb2 did not fully rescue the defect in appressorium forma-
tion (Figure 3k,l). In M. oryzae, constitutively active Ste7 also failed
to fully rescue the defect of Mst11 and Mst7 deletion mutants; a
possible reason is that constitutively active Ste7 may perturb the

pattern of Pmk1 activity during appressorium formation (Zhao et al.,

2005). In M. oryzae and U. maydis, Msb2 and Sho1l act upstream of
the MAPK Pmk1 (Kpp2 Kppé), and a constitutively active version of
the MEK Mst7/fuz7 was shown to induce appressorium formation
in a Msb2 deletion mutant. The UmSho1 protein was also identified
to interact with the MAPK Kppé in a yeast two-hybrid assay, pri-
marily through the Shol SH3 domain (Lanver et al., 2010; Liu et al.,
2011). Most studies also claim that Msb2 and Shol are conserved
sensors of the MAPK Pmk1 (Figure 8c). In F. graminearum, a mutant
deleted for FgShol was defective in conidiation, pathogenicity, and
deoxynivalenol biosynthesis, which is similar to the defect observed
in the FgSte50, FgStel1, and FgSte7 mutants. In addition, FgSho1l also
physically interacts with the MAPK module FgSte50-Stel11-Ste7 via
its SH3 domain, and the level of FgGpmk1 phosphorylation exhib-
ited a significant decrease in the AFgSho1 strain (Gu et al., 2014). In
the soilborne vascular wilt fungus F. oxysporum, deletion of FoMsb2
and FoShol resulted in the characteristic defects of the Fmk1 mu-
tant with respect to vegetative growth under nitrogen-limiting con-
ditions, penetration, and pathogenicity, and FoMsb2 and FoShol
also regulate Fmk1 phosphorylation and the expression of Fmk1-
regulated effector genes (Gu et al., 2014; Perez-Nadales & Di Pietro,
2011). In the present study, CgMsb2, CgShol, and CgMk1 were also
shown to contribute to vegetative growth under nitrogen-limiting
conditions (Figure 7). In S. cerevisiae, Verticillium dahliae, Aspergillus
fumigatus, and Candida albicans, Shol homologues are involved in
the oxidative stress response (Ma et al., 2008; Qi et al., 2016; Roman
et al., 2006; Singh, 2000). In the present study, we showed that both
CgMsb2 and CgShol play significant roles in oxidant adaptation
and that CgMsb2 cooperates with CgShol to promote this function
(Figure 6). CgMk1 MAPKs are also involved in oxidant adaptation in
C. gloeosporioides. CgSte50-CgSte11-CgSte7 deletion mutants were
tested under H,0, oxidative stress, and the results showed that the
three MAPK mutants are hypersensitive to H,O, oxidative stress
(Wang et al., 2021b). In V. dahliae, VdShol was shown to be essen-
tial for both membrane penetration and melanin production, with
the Vst50-Vst11-Vst7 module regulating VdShol-mediated plant
penetration and melanin production, while VdSho1 interacts physi-
cally with the central conserved region of Vst50 through the SH3
domain (Li et al., 2019). In C. albicans, Msb2 cooperates with Sho1 to
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FIGURE 6 Responses to oxidative stress and antioxidants, and 3,3'-diaminobenzidine (DAB) staining assays. (a) Colonies of wildtype
(WT), ACgMsb2, ACgShol, ACgPth11, ACgMsb2Shol, ACgMsb2Pth11, ACgSho1Pth11, and complementation strains on potato dextrose agar
(PDA) and PDA supplemented with 5 mM or 10 mM H,0,. Plates were incubated for 4 days at 25 °C. (b) Bar chart showing the colony size
of strains in (a). Error bars represent the standard deviations based on three independent replicates. The values indicated by different letters
are significantly different within the same treatment at p < .05, as determined using Tukey's post hoc test. N/S = difference not significant.
(c) Accumulated reactive oxygen species (ROS) during infection of each strain were stained using 1 mg/ml DAB for 12 hr in darkness. DAB

is converted to dark brown polymers in the presence of ROS. Images were captured by light microscopy. CK = image of appressorium on
onion epidermal cells. A white arrow indicates an unstained appressorium. A red arrow indicates a site of ROS deposition. Bars = 10 um. (d)
The deposition of dark brown polymers was analysed using ImagelJ. Data from at least 15 appressoria were collected from each strain in
each replicate. Bar chart showing the grey value of each strain. Error bars represent the standard deviations based on three independent
replicates. The values indicated by different letters are significantly different at p < .05, as determined using Tukey's post hoc test. (e)
Conidial suspensions of WT, ACgPth11, and ACgPth11/PTH11 complementation strain were mixed with antioxidants L-glutathione (GSH),
ascorbic acid, and diphenyleneiodonium chloride (DPI) at final concentrations of 1 mM, 5 mM, and 0.25 pM, respectively, and inoculated on
the hydrophobic side of a GelBond membrane. Images were photographed at 12 hr postinoculation. A black arrow indicates an appressorium
with reduced melanization. Bars = 10 um. (f) Bar chart showing the appressorium formation rate of each strain in (e). At least 200 germinated
conidia from each strain were measured to calculate the appressorium formation rate. Error bars represent the standard deviations based

on three independent replicates. The values indicated by different letters are significantly different within the same treatment at p < .05, as
determined using Tukey's post hoc test. N/S = difference not significant

activate the MAPK Cek1 (a Pmk1 homologue) (Roman et al., 2009).
In B. cinerea, Msb2 regulates surface sensing and host penetration
via BMP1-MAPK signalling (Leroch et al., 2015). In the present
study, CgMsb2 alone or in cooperation with CgShol promoted the
phosphorylation of CgMk1. However, determining whether CgSho1l

acts as an upstream sensor of CgMk1 requires physical interaction
assays between CgShol and the MAPK CgMKk1, for example coim-
munoprecipitation assays. Collectively, the results of these studies
indicate a conserved function of Msb2 as an upstream sensor of the
MAPK Pmk1 in various fungi.
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FIGURE 7 Vegetative growth under nitrogen-limiting conditions. (a) Colonies of wildtype (WT), ACgMsb2, ACgShol, ACgMsb25ho1,
ACgMk1, and complementation strains on potato dextrose agar (PDA) and minimal medium (MM) supplemented with 10 mM NO, and NHF,
respectively. Plates were incubated for 4 days at 25 °C. (b) Bar chart showing the colony size of strains grown under different nitrogen
sources. Error bars represent the standard deviations based on three independent replicates. The values indicated by different letters are
significantly different within the same treatment at p < .05, as determined using Tukey's post hoc test. N/S = difference not significant

3.2 | Functional cooperation between
CgMsb2 and CgShol

In C. gloeosporioides, after adhesion of conidia to the cuticle of
leaves, germ tubes germinate and subsequently form appressoria.
During this process, various host surface signals are perceived by the
cell membrane sensors of the pathogen and lead to the activation
of downstream pathways, including MAPK pathways. It is important
to better understand the molecular mechanisms associated with
signal perception, the identification of sensors, their functions, and
the clarification of the complementary relationship. In the present
study, our results indicated that CgMsb2 and CgShol have multiple
overlapping or cooperative functions in C. gloeosporioides. The evi-
dence for a cooperative relationship between sensors is ubiquitous
in fungi. In M. oryzae, MoMsb2 and MoSho1l have overlapping func-
tions in the perception of various host surface signals, with MoMsb2
playing a major role in sensing surface hydrophobicity and cutin
monomers, while MoSho1l has a more important role in wax recog-

nition (Liu et al., 2011). In U. maydis, UmSho1 cooperates with the

mucin UmMsb2 to regulate invasive growth and plant infection, and
UmShol and UmMsb2 cooperatively regulate appressorium devel-
opment (Lanver et al., 2010). In M. oryzae, F. graminearum, S. cerevi-
siae, and B. cinerea, there are also cooperative interactions between
Shol and SIn1 homologues (Gu et al., 2014; O'Rourke et al., 2002;
Ren et al.,, 2019; Zhang et al., 2010). Notably, in these studies, similar
to the results observed for CgMsb2 and CgSho1l, a mutant with a
double deletion of Msb2 and Sho1 typically retained reduced abili-
ties for surface signal recognition, appressorium formation, patho-
genicity, and activation of CgMk1. Therefore, there must be other
sensors required for host signal perception and an upstream sensor
of CgMk1. For example, Wang et al. identified another mucin pro-
tein, MoCbp1, in M. oryzae, and a AMoMsb2Cbp1 mutant fully lost
the ability to form appressoria on artificial hydrophobic surfaces and
rarely formed appressoria on host surfaces. A MoMsb2S5ho1Cbp1 tri-
ple mutant produced no appressoria on the host surface, and Pmk1
activation in the AMoMsb2Cbp1 mutant was fully blocked (Wang
et al., 2015). These results indicated that host surface signal recog-

nition involves several sensors on the fungal cell surface and that
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FIGURE 8 A proposed schematic model of the CgMsb2, CgSho1l, and CgMk1 cascades in Colletotrichum gloeosporioides and the reported
functions of Msb2 and Shol homologues. (a) Conidia of C. gloeosporioides germinate on a host cuticle and subsequently go through surface

recognition, downstream pathway activation, appressorium formation, and penetration and invasive growth. PC, plant cell; C, conidium;

GT, germ tube; AP, appressorium; IH, infection hypha. (b) The putative cell surface sensors CgMsb2 and CgSho1 recognize a variety of

host signals and activate the downstream CgMk1 MAPK pathway; CgSte50, CgStel1, and CgSte7 subsequently activate CgMk1 through
phosphorylation to regulate growth under nitrogen-limiting conditions, cellophane membrane penetration, appressorium formation, invasive
growth, and pathogenicity. Moreover, CgSte50-Ste11-Ste7 may activate unidentified component(s) of the oxidative stress response in a
CgMk1-independent manner (Wang et al., 2021b). Solid and dashed arrows indicate the verified and putative connections, respectively. (c)
The conserved and species-specific functions of reported Msb2 and Shol homologues in pathogenicity, vegetative growth, appressorium
formation, conidiation, oxidant adaptation, growth under nitrogen-limiting conditions, penetration, cellophane membrane penetration, and
Pmk1 activation. v and x indicate the homologues that are important or dispensable for specific functions, respectively. NA, not applicable;

N/S, not significant

sensors typically cooperate with each other for specific functions or
for the activation of downstream pathways. Thus, the identification
and characterization of other sensors in C. gloeosporioides is needed.

In the present study, we showed that CgMsb2 and CgShol play
a cooperative role in the recognition of various signals, and CgMsb2
plays a major role in the recognition of hydrophobicity, leaf surface
waxes, bee waxes, and paraffin waxes. On the plant surface, sur-
face hydrophobicity and waxes are the primary physical and chem-
ical cues, respectively, that are recognized by pathogens. Cuticular
waxes are mainly composed of primary and secondary alcohols,
ketones, fatty acids, and aldehydes (Jetter et al., 2000; Kunst &
Samuels, 2003). Intriguingly, CgMsb2 acts as the receptor of both
hydrophobicity and leaf surface waxes in C. gloeosporioides. Our re-
sults showed that CgMsb2 is responsible for the recognition of both
a primary C28 alcohol and a C31 alkane. In grass powdery mildew
(Blumeria graminis), it has been reported that n-hexacosanal (a C26
aldehyde) and n-triacontanal (a C30 aldehyde), chemical constitu-
ents of the epicuticular wax layer of barley, are capable of effectively

stimulating appressorium formation (Hansjakob et al., 2010). In M.

oryzae, which shares a similar infection strategy with C. gloeospori-
oides, MoMsb2 is dispensable for the recognition of primary alco-
hols, which are the major components of surface waxes in grasses,
and the formation of appressorium in MoMsb2 deletion mutants is
fully rescued in the presence of leaf surface waxes (Liu et al., 2011).
Hydrophobicity and waxes are two distinct signals of the host sur-
face, and recognition of the major components of surface waxes is a
prerequisite for the recognition of surface waxes in C. gloeosporioi-
des and M. oryzae.

3.3 | CgPthi1is dispensable for appressorium
formation and pathogenicity

In various phytopathogens, including those that do or do not form
appressoria, a great deal of research has focused on fungal sensor
genes. The first identified sensor in a plant-pathogenic fungus was
MoPth11. In M. oryzae, Pth11 plays an important role in pathogenic-

ity and appressorium formation in response to both cutin monomers
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and hydrophobic surface cues (DeZwaan et al., 1999), with further
studies revealing that the CFEM domain of Pth11 is required for
proper development of appressoria and appressoria-like structures
and pathogenicity (Kou et al., 2017). The subclass of Pth11 containing
the CFEM domain is highly represented in M. oryzae (Kulkarni et al.,
2005). Li et al. reported that MoEnd3 regulates the internalization of
MoShol and MoPth11 by mediating endocytosis (Li et al., 2017). As
the first identified sensor, and due to the significant role of MoPth11
in M. oryzae, few studies have characterized Pth11 in other patho-
genic fungi, with the exception of BcBtpl in B. cinerea. However,
the deletion of CgPth11 in the WT, ACgShol, and ACgMsb2 strains
resulted in essentially no defects in appressorium formation and
virulence. Furthermore, previous evidence showed that exogenous
cAMP treatment can fully rescue the appressorium formation de-
fect of a AMoPth11 mutant, suggesting that MoPth11 functions up-
stream of the cAMP pathway (Kou et al., 2017). In the present study,
exogenous cAMP treatment also failed to restore the appressorium
formation defects of the ACgPth11 mutant at the early stage (5 hpi)
(Figure 1e), indicating that the function of CgPth11 is not conserved
compared with that of MoPth11. In M. oryzae and C. gloeosporioides,
a high level of endogenous ROS accumulates during appressorium
differentiation (Egan et al., 2007; Wang et al., 2021b). The ROS in-
termediates have been suggested to be superoxides. Therefore, an-
tioxidants such as the oxygen radical scavenger ascorbic acid and
the superoxide dismutase MnTMPyP affect appressorium forma-
tion in M. oryzae efficiently. Appressoria formed in the presence of
antioxidants are defective in their morphology (Egan et al., 2007).
Intriguingly, constitutive expression of the CFEM domain of MoPth11
also results in defects in appressorial morphology, and antioxidants
GSH, N-acetyl-L-cysteine, and ascorbic acid induce appressorium for-
mation in AMoPth11 efficiently, indicating that MoPth11 is required
for appressorium formation under exogenous antioxidant treatment
in M. oryzae (Kou et al., 2017). However, exogenous antioxidant treat-
ment resulted in defects in appressorial morphology, but failed to in-
duce appressorium formation in ACgPth11 (Figure 6e), indicating that
the role of CgPth11 in ROS-mediated appressorium formation is not
conserved compared with that of MoPth11.

In B. cinerea, the first cloned putative receptor was the GPCR
BcBtpl, which shows similarity with MoPth11. However, the dele-
tion of BcBtpl does not result in a significant defect in pathogenicity,
and the sequence similarity to BcBtpl and MoPth11 is restricted to
the N-terminal TM regions (Gronover et al., 2005). These results in-
dicate that the functional difference between BcBtpl and MoPth11
may result from sequence diversity. In M. oryzae, the CFEM domain
of Pth11 is crucial to the surface-sensing function of MoPth11, and
the CFEM domain of C. albicans Csal fails to complement the loss of
the CFEM function in MoPth11, indicating that the CFEM domain in
MoPth11 serves a specific function (Kou et al., 2017). Interestingly,
the CFEM domains from different proteins show remarkable sequence
diversity (Kulkarni et al., 2003). Sequence alignment of the CFEM do-
mains from CgPth11 and MoPth11 also showed low (25.8%) sequence
identity (Table 1), leading us to presume that the differences in func-

tion between CgPth11 and MoPth11 may be caused by the sequence

diversity of the CFEM domain. Jiang et al. reported a functional anal-
ysis of 105 GPCRs from F. graminearum. They identified and analysed
12 CFEM domain-containing GPCRs from 105 GPCRs. However, dele-
tion of each CFEM domain-containing GPCR causes no obvious defect
in growth, colony morphology, and pathogenicity (Jiang et al., 2019).
In F. graminearum, there is an expanded subfamily of 22 pathogenicity-
related GPCRs. Among them, Giv1 is required for infection cushion
formation, and Giv2 and Giv3 are required for infectious growth.
Comparative analysis showed that most GPCRs in this subfamily are
unique in F. graminearum (Jiang et al., 2019). Collectively, these results
indicate that the functions of GPCRs or CFEM domain-containing
GPCRs are probably not conserved among different species.

Based upon the current and previously published data, this study
revealed novel functions of CgMsb2 in the recognition of leaf surface
waxes and illustrated the significant role of CgMsb2 in the recognition
of both primary alcohol and alkanes, which are important components
of leaf surface waxes. We also determined the novel function of CgShol
in invasive growth. The CFEM domain-containing GPCR CgPth11 was
shown to play only a minor role in the early stage of appressorium for-
mation, which is significantly different from the functions of Pth11l in
the rice blast fungus. Further study of other putative sensors such as
Cbp1 and SIn1 is needed to elucidate the cooperative relationships that

occur during the early stage of signal perception in C. gloeosporioides.

4 | EXPERIMENTAL PROCEDURES
4.1 | Fungal strains and culture conditions

The C. gloeosporioides strain CFCC80308, which served as the WT
strain throughout this work, was isolated from Populus x beijingen-
sis in Beijing, China. Strains were grown on PDA for routine main-
tenance. TB3 liquid and solid media were used to prepare fresh
mycelia for transformation and the selection of transformants, re-
spectively. The liquid complete medium (CM) was used to culture
mycelia for DNA extraction. Strains were also grown on Cove's glu-
cose MM (GMM) with 1% (wt/vol) glucose as the sole carbon source,
containing 0.52 g/L KCI, 0.52 g/L MgSO,.7H,0, 1.52 g/L KH,PO,
(Fernandez & Wilson, 2012). Various nitrogen sources were added
to GMM as sole nitrogen sources at a final concentration of 10 mM

for the test of nitrogen-limiting conditions.

4.2 | lIsolation and phylogenetic analysis of CgMsb2,
CgShol, and CgPth11

The sequences of CgMsb2, CgShol, and CgPthl1l were obtained
from the genome database of C. gloeosporioides (http://genome.
jgi.doe.gov/Glocil/Glocil.home.html) after the use of the BlastP
tool. CgMsb2, CgShol, and CgPthl1l amino acid sequences were
aligned with other homologues using ClustalX v. 2.1. Phylogenetic
analysis of Msb2, Shol, and Pth1l homologues was conducted
using MEGA v. 6.0 as previously described (Tamura et al., 2013). The
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domains in CgMsb2, CgShol, and CgPth11 were predicted using the
InterProScan tool (https://www.ebi.ac.uk/interpro).

4.3 | Construction of single and double mutants and
complementation strains

Gene functional analysis was achieved by the split marker method
described in (Wilson et al., 2010). To generate the single deletion of
CgMsb2, the upstream (c.1.5 kb) and downstream (c.1.5 kb) flanking
sequences of CgMsb2 were amplified with primer pairs CgMsbh2-
5Ffor/CgMsb2-5Frev and CgMsb2-3Ffor/CgMsb2-3Frev, respec-
tively. The hygromycin B resistance cassette was amplified with
primer pair hygromycinfor and hygromycinrev, which include approxi-
mately 20 bp that overlap (M13F or M13R) with the 5’ and 3’ flank-
ing sequences, respectively. The resulting upstream and downstream
fragments were fused with two-thirds of the hygromycin B resistance
cassette amplified using primers CgMsb2-5Ffor/HY-R and YG-F/
CgMsb2-3Frev, respectively, by using overlap PCR. The two fusion
fragments were directly transformed into the protoplasts of the WT
strain using the PEG-mediated transformation, and the transformants
were selected on TB3 medium (3 g/L yeast extract, 3 g/L casamino
acids, 20% sucrose, and 0.7% agar) with 300 pg/ml hygromycin B.
The putative CgMsb2 deletion mutants were screened by PCR assays
with the primer pairs External-CgMsb2for/External-CgMsb2rev and
Internal-CgMsb2for/Internal-CgMsb2rev, respectively. Targeted mu-
tants of CgShol and CgPth11 were generated using a similar approach.

To generate the ACgMsb2Shol double mutant in the ACgMsb2
background, the sulphonylurea resistance-conferring gene (Sur) car-
ried by PCB1523 was applied (Sweigard et al., 1997; Wilson et al.,
2010). Upstream and downstream fragments of CgShol were fused
with two-thirds of the Sur gene using the split marker method, the
CgSho1 replacement construct was transformed into the CgMsb2 dele-
tion mutants using PEG-mediated protoplast transformation, and the
putative CgMsb25ho1 double mutants with both sulphonylurea and hy-
gromycin B resistance were screened by PCR analysis. ACgMsb2Pth11
and ACgSholPth11l double mutants were generated using a similar
approach (Figure S5). For the complementation assay, the phleomycin
resistance cassette was used as a selective marker and the entire cod-
ing sequence of CgMsb2, CgShol, or CgPth11 with c.1.5-kb upstream
region was transformed into each single deletion mutant. The comple-
mentation mutant was selected by primer pairs that bind to the cod-
ing sequence of target gene, and the complementation mutants were
referred to as ACgMsb2/MSB2, ACgSho1/SHO1, and ACgPth11/PTH11,

respectively. All primers used in this study are listed in Table 3.

4.4 | Appressorium formation and
penetration assays

Conidia were collected from colonies cultured on PDA at 5 dpi, and
conidial suspensions of each strain were adjusted to 10° conidia/ml

using distilled water. The hydrophobic side of a GelBond membrane
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(Lonza)/onion epidermal cell was coated on glass slides, 30 pl co-
nidial suspension from each strain was inoculated on the GelBond
membrane/onion epidermal cell, and glass slides were fixed onto
filter paper and placed into 94-mm Petri dishes containing 8 ml
sterile water at 25 °C. The conidial germination and appressorium
development at 12 hpi on GelBond membranes and penetration
(formation and expansion of infection hyphae) of onion epidermal
cells were monitored at 12 and 24 hpi using a light microscope.
The ratio of appressorium formation was calculated based on the
conidia that germinated. The penetration rate was calculated based
on the conidia that formed an appressorium. This experiment was
performed with three biological replicates and four technical rep-
licates for each treatment. At least 200 conidia/appressoria from
each strain were measured to calculate the appressorium formation

and penetration rates, respectively.

4.5 | Cellophane membrane penetration assays

To determine the penetration ability of each strain, cellophane mem-
branes were cut into 3 x 3 cm squares and autoclaved at 120 °C for
20 min. PDA plates were used as culture medium; sterile cellophane
membranes were placed in the centre of the medium, and hyphal blocks
of each strain were inoculated on the cellophane membranes for 3 days
at 25 °C. The colony on the membrane was then removed, and new col-
onies that developed on PDA were imaged and evaluated 2 days after

removal. All penetration experiments were performed three times.

4.6 | Pathogenicity tests

Conidial suspensions of the WT, mutant, and complementation strains
were prepared using sterilized deionized water (2 x 10° conidia/ml).
Thirty microlitres of conidial suspension of each strain was inoculated
on the detached leaves of Populus x beijingensis. Leaves were all de-
tached from 2-week-old water-cultivated poplar branches. Inoculated
leaves were fixed on filter paper and placed into a 94-mm Petri dish
containing 8 ml sterile water. Symptoms were photographed at 5-9

dpi. All pathogenicity experiments were performed three times.

4.7 | Western blot analysis and the
construction of the dominant active allele of Ste7

Protein isolation and CgMkl MAPK activation assays were per-
formed following the protocol in Zhang et al. (2018a). Vegetative
hyphae were harvested from 2-day-old cultures in 5x YEG liquid me-
dium (5 g yeast extract and 10 g glucose in 1 L double distilled water)
grown at 150 rpm at 25 °C. About 200 mg of mycelia was ground
into powder in liquid nitrogen and resuspended in 1 ml of extraction
buffer (10 mM Tris-HCI pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 0.5%
Triton X-100) with freshly added 1 mM phenylmethylsulfonyl fluoride
(PMSF) and 10 ul protease inhibitor cocktail (Sigma). Total proteins
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TABLE 3 Primers used in this study

Primer name

CgMsb2-5Ffor (1F)
CgMsb2-5Frev (2R)
CgMsb2-3Ffor (2F)
CgMsb2-3Frev (3R)
External-CgMsb2for
External-CgMsb2rev
Internal-CgMsb2for
Internal-CgMsb2rev
CgMsb2-Compfor
CgMsb2-Comprev

Hygromycinfor (HYG-F)

Hygromycinrev (HYG-R)

YG-F
HY-R
SUR-5'-M13F

SUR-3'-M13R

SU-SPLIT

UR-SPLIT
CgSho1-5Ffor (1F)
CgSho1l-5Frev (2R)
CgSho1-3Ffor (2F)
CgSho1-3Frev (3R)
External-CgSholfor
External-CgSholrev
Internal-CgSho1lfor
Internal-CgSholrev
CgShol-Compfor
CgShol-Comprev
CgPth11-5Ffor (1F)
CgPth11-5Frev (2R)
CgPth11-3Ffor (2F)
CgPth11-3Frev (3R)
External-CgPthl1for
External-CgPthllrev
Internal-CgPth11 for
Internal-CgPthllrev
CgPth11-Compfor
CgPth11-Comprev

CgSte75218E T222E for

CgSte75218E T222E rev

Sequence

TCAACTGAGGCGGTTATTCC
GAGCGACTCGACGAGAAATC
TACGCTTCGATACCCTTCGG
CTTGGAGCGACAAGTTGGGA
TTCCTAGCGACCCTGTTGTT
GCCCGGTGAGTAGAATGGTA
GCTATTGGAATCGGTGCTGT
GGCGACTCCACCGTAGTTAG
TCAACTGAGGCGGTTATTCC
GCCCGGTGAGTAGAATGGTA
CGCCAGGGTTTTCCCAGTCACGAC

AGCGGATAACAATTTCACACAGGA
GATGTAGGAGGGCGTGGATATGTCCT
GATGTAGGAGGGCGTGGATATGTCCT

CGCCAGGGTTTTCCCAGTCACGACGTCGAC
GTGCCAACGCCACAG

AGCGGATAACAATTTCACACAGGAGTCGAC
GTGAGAGCATGCAAT

CCAAGCATGTGCAGTGCCTTC
GGAGGCCGACGTCATAGGCATC
AGTCTCCCACCTTCACTGTG
GTAGAATTGGCGAGGCAGTG
GATGGTTTTCGCGCTCAATG
GCGCAACATTCCTCACTCAA
CACCACATTGCTGCTGTCTT
CTCTTGATGTTGCGAGGCTC
TGGATCTTCTACTTCGGCTCA
GCGCCGAAGTGTACATTTGA
AGTCTCCCACCTTCACTGTG
TAACAGGATCAGGTAGTTGC
TGGTCAAGTCTGTGGGTTGT
CAAGAAAAGCCGCTGACCAT
ATATCCCTGGCTTTGGTCGG
CAAGCCATGCCTTCCAGATC
ATTCAACCGCCTCTTCTGGA
TATGTCACTCGATCTGGGGC
TTCTCAGCAACCTACGACGT
AAATCGATCGTCTCAGCGGA
ATTCAACCGCCTCTTCTGGA
CCGACCAAAGCCAGGGATAT

AGAACTTATCAACGAGGTTGCAGAC
GAATTCGTTGGAACAT

ATGTTCCAACGAATTCGTCTGCAACC
TCGTTGATAAGTTCT

Use in this study

5F flanking sequence

3F flanking sequence

External sequence used for validation of mutant

Internal sequence used for validation of mutant

Complementary sequence

Hygromycin cassette contains the region of M13F and
M13R

The second/third portion of the hygromycin cassette

Sur cassette contains the region of M13F and M13R

The second/third portion of the Sur cassette

5F flanking sequence

3F flanking sequence

External sequence used for validation of mutant

Internal sequence used for validation of mutant

Complementary sequence

5F flanking sequence

3F flanking sequence

External sequence used for validation of mutant

Internal sequence used for validation of mutant

Complementary sequence

Constitutively active allele of Ste7
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were separated by 12% sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to nitrocellulose mem-
branes for western blot analysis. Phosphorylation and protein lev-
els of CgMk1l MAPKs were detected with the phopho-p44/42 and
p44/42 MAPK antibodies, respectively (Cell Signaling Technology).
A putative constitutively active Ste7 allele was constructed by
changing Ser-218 to Glu and Thr-222 to Glu using the fast site-
directed mutagenesis kit (TianGen) (Cowley et al., 1994; Zhao et al.,
2005) following the manufacturer's instructions. The resulting vec-
tor was sequenced to confirm the exclusive mutagenesis of S218E

and T222E. Primers used in this experiment are listed in Table 3.

4.8 | CFW staining and microscopic observation

To monitor the germination process of C. gloeosporioides on poplar
leaves, conidial suspensions of each strain were collected and adjusted
to 2 x 10° conidia/ml using distilled water. Thirty microlitres of conidial
suspension of each strain was inoculated on the detached leaves of
Populus x beijingensis. Inoculated leaves were fixed on filter paper and
placed into a 94-mm Petri dish containing 8 ml sterile water. Each in-
oculated area was cut when the melanized appressorium formed at 24
hpi, and samples were stained with 1 pg/ml CFW for 1 min in the dark.
Appressorium formation was observed using fluorescence microscopy
(DM2500; Leica). This experiment was repeated three times, with four
samples from each strain inoculated and analysed in each replicate.

4.9 | Wax extraction and treatments

Nearly all the existing data on the chemical composition of plant waxes
are based on solvent-extracted waxes (Koch et al., 2010). In the pre-
sent study, poplar leaves from a 2-week-old water-cultivated poplar
branch were dipped in hexane for 20 s, and epicuticular wax extracts
dissolved in hexane were dried under a gentle flow of nitrogen (Chen
et al., 2003; Hansjakob et al., 2010). Wax extraction experiments were
performed with three biological replicates and four technical repli-
cates for each treatment. For wax-coated glass slides, 10 mg of the
poplar leaf surface wax was dissolved in 3 ml chloroform. Fifty mi-
crolitres of crude wax extract was then dropped on microscope glass
slides. Bee wax and paraffin wax were directly coated onto the glass
surface. Thirty microlitres of conidial suspension (10° conidia/ml) was
placed on the above wax-coated surfaces and appressorium forma-
tion was assayed. Wax treatment was performed with three biological
replicates and four technical replicates for each treatment. The C28
(1-octacosanol, C,4H:,O) primary alcohol and C31 (hentricacontane,

C,,H,.,) alkane (Sigma) were dissolved to 4 mg/ml in chloroform.

4.10 | H,0, stress response and ROS staining assays

PDA plates were supplemented with H,O, at a final concentration of

5 mM or 10 mM. A hyphal block of each strain was then inoculated on
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the centre of the plates, and colony size was measured at 4 dpi. This
experiment was repeated three times, and four samples from each
strain were inoculated and analysed in each replicate. Conidia of the
WT, mutant, and complementation strains were resuspended in steri-
lized deionized water (10° conidia/ml). Conidial suspensions (30 ul) of
each strain were inoculated on the hydrophobic onion epidermal cell
surface. DAB was used to detect the accumulation of ROS. This ex-
periment was repeated three times, and four samples from each strain
were inoculated and analysed in each replicate. At least 15 appres-
soria from each strain were measured using ImageJ in each replicate.
In the presence of ROS, DAB is converted to dark brown polymers.
ROS were stained with 1 mg/ml DAB (30 pl) for 12 hr in darkness. The
intensities of dark brown polymers were quantified with ImageJ.

4.11 | Statistical analysis

Statistical analysis for phenotypic characterization was performed
with data from at least three independent biological replicates. To
determine the significance of differences, one-way analysis of vari-
ance was conducted using SPSS v. 22.0 software followed by Tukey's

post hoc test (p < .05).
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