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Abstract: Mitogen-activated protein kinase (MAPK) pathways, such as the high-osmolarity glycerol
mitogen-activated protein kinase (HOG) pathway, are evolutionarily conserved signaling modules
responsible for transmitting environmental stress signals in eukaryotic organisms. Here, we identified
the MAPK homologue in the HOG pathway of Coprinopsis cinerea, which was named CcSakA.
Furthermore, during the development of the fruiting body, CcSakA was phosphorylated in the fast
elongating apical part of the stipe, which meant that CcSakA was activated in the apical elongating
stipe region of the fruiting body. The knockdown of CcSakA resulted in a shorter stipe of the fruiting
body compared to the control strain, and the expression of phosphomimicking mutant CcSakA led
to a longer stipe of the fruiting body compared to the control strain. The chitinase CcChiE1, which
plays a key role during stipe elongation, was downregulated in the CcSakA knockdown strains and
upregulated in the CcSakA phosphomimicking mutant strains. The results indicated that CcSakA
participated in the elongation of stipes in the fruiting body development of C. cinerea by regulating
the expression of CcChiEl. Analysis of the HyO, concentration in different parts of the stipe showed
that the oxidative stress in the elongating part of the stipe was higher than those in the non-elongating
part. The results indicated that CcSakA of the HOG pathway may be activated by oxidative stress.
Our results demonstrated that the HOG pathway transmits stress signals and regulates the expression
of CcChiE1 during fruiting body development in C. cinerea.

Keywords: HOG pathway; mitogen-activated protein kinase; fruiting body development; stipe

elongation

1. Introduction

The development of the fruiting body of basidiomycetes is a highly complex process
controlled by environmental, genetic, and physiological factors [1,2]. Environmental con-
ditions play a crucial role in the formation and morphogenesis of fruiting bodies [3-5].
However, it is still unclear how the fungus senses environmental factors during the devel-
opment of the fruiting body. Coprinopsis cinerea is an edible fungus that is used as a model
fungus to study the fruiting body development mechanism of basidiomycetes [6,7]. The
fruiting body development of C. cinerea can be divided into five stages: (1) the formation of
the primary hyphal knot; (2) the formation of the secondary hyphal knot; (3) the formation
of the primordia; (4) the elongation of the stipe; and (5) the opening and autolysis of the
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pilei and the maturation and release of basidiospores [2,8]. To initiate and continue fruiting
body development, several environmental signals are required, such as light-dark periods,
low nutrition, appropriate temperature, and suitable CO, concentrations [3,4,7,9]. Under
the control of environmental factors, a range of genes are expressed to participate in the
morphogenesis of the fruiting body. For example, Arp9, Pccl, and Ubc2 are involved in
clamp cell formation and are essential for fruiting initiation [10-12]. Cag1 is preferentially
expressed in gill trama tissue cells and is involved in the formation of the pileus during
the development of primordia [13]. Eln2 participates in the development of primordia
and stipe elongation [14]. Transcription of Eln3 is specifically activated in the rapidly
elongating stipe and participates in stipe elongation [15]. The Ichl gene is specifically
expressed in the pileus of the fruiting body and is essential for pileus formation [16]. The
transcription of Exp1 is strongly induced in the pileus before pileus expansion and essential
for pileus expansion and autolysis [17]. Our previous studies show that some glycoside
hydrolases participate in the morphogenesis of the fruiting body [6]. The chitinases ChiE1
and Chilll, chitin deacetylases Cdal and Cda2, glucosidase Bgl2 and glucanase Engl6A are
highly expressed in the stipe and are involved in the elongation of the stipe [18-20]. The
chitinases ChiB1, ChiEnl, and Chilll, glucosidase Bgl1, and glucanases Eng and Exg are
highly expressed in the pileus and participate in the autolysis of the pileus [8,18,21-23].
However, it is still not entirely clear how the above genes are regulated by C. cinerea in
response to environmental factors during fruiting body development. Some studies show
that photoreceptors for blue light, such as Dst1, Dst2, and WC-2, may sense light signals
in the environment and are involved in fruiting body photomorphogenesis of C. cinerea,
but their downstream regulatory genes are not yet known [4,9,24]. MAPK pathways are
evolutionarily conserved signaling modules in eukaryotic organisms [25]. In fungi such
as Saccharomyces cerevisiae and Aspergillus fumigatus, the MAPK pathways respond to a
variety of environmental signals, such as cell wall stress, light, nitrogen, and carbon de-
privation and high osmolarity, and regulate the expression of genes associated with cell
differentiation and development [25-30].

However, the physiological function of the MAPK pathways in the fruiting body
development of basidiomycetes has not been elucidated. In this study, the phosphorylation
levels of MAPK during fruiting body development of C. cinerea were analyzed. Among
them, only the kinase of the high-osmolarity glycerol mitogen-activated protein kinase
pathway (HOG pathway) showed different levels of phosphorylation in the stipe of the
fruiting body. Therefore, the kinase of the HOG pathway was further analyzed to expose
its physiological functions during fruiting body development.

2. Materials and Methods
2.1. Strains and Cultures

C. cinerea strain AmutBmut (A43mut B43mut pabl-1) was purchased from the Japan
Collection of Microorganisms (JCM, Ibaraki, Japan). For cultivation of the AmutBmut strain
or transformants of AmutBmut, an agar block with mycelium was inoculated in the center
of PDYA medium agar in Petri dishes, 7 cm in diameter and incubated at 28 °C in constant
darkness in an incubator for 4 days until the mycelia covered the entire medium surface;
then, the mycelia on the Petri dishes were transferred at 28 °C to a 12 h light/12 h dark
rhythm condition (50 pmoles/ m? /s white light from LED lamps, Ruihua, Wuhan, China)
or to constant darkness in the incubator to continuously grow for the indicated number of
days [7,8].

2.2. Construction of Plasmids and DNA Transformation

The plasmids pCcpab-1 and pCcExp were constructed by our laboratory in a previous
study [19]. For construction of the gene silencing plasmid, the antisense fragment (601 to
101 bp) and sense fragment (101 to 601 bp) of CcSakA were amplified by PCR from the
cDNA of C. cinerea and ligated into the Ncol and Kpnl sites of pCcExp, respectively, to
generate plasmid pCC-SakAi. For construction of the phosphomimicking CcSakA mutant
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expression plasmid, the gDNA fragment of CcSakA with mutation sites was amplified
by overlap PCR and ligated into the pCcExp between the Ncol and Kpn! sites to gener-
ate plasmid pCC-SakATI70E+Y172D " DNA transformation experiments were performed
as previously described [19,20]. pCC-SakAi and pCcpab-1 were cotransformed into the
C. cinerea strain AmutBmut to generate the knockdown transformant SakAi. The plasmids
pCC-SakATI70E+Y172D and pCcpab-1 were cotransformed to generate the CcSakA phospho-
mimicking mutant transformant SakAm. pCcExp and pCcpab-1 were cotransformed to
generate mock transformants.

2.3. Protein Extraction and Western Blotting

The apical, median, and basal 1 cm regions of the 6 cm stipe of C. cinerea were harvested
and ground thoroughly in liquid nitrogen. The ground powder was homogenized in
prechilled lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 5mM EDTA, and 1 x protease
and phosphatase inhibitor cocktail for fungal and yeast extracts (Beyotime, China)) with a
Bioprep 24 homogenizer (Allsheng, Hangzhou, China) (5 x 30 s at 3000 rpm) in the presence
of glass beads (o = 0.5 mm). The suspensions were centrifuged at 4 °C and 12,000x g for
10 min. Subsequently, 50 pug protein samples were separated on a 12% SDS-PAGE gel
and transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Darmstadt,
Germany) by using a Trans-Blot semidry transfer unit (Bio-Rad, Hercules, CA, USA), as
described previously [19]. Blots for phosphorylated CcSakA were probed with rabbit
antiphospho-p38 MAPK antibody (Thr180/Tyr182, cat. 9211; Cell Signalling, Danvers, MA,
USA) [31,32]. Bound primary antibodies were revealed using horseradish peroxidase (HRP)-
conjugated goat anti-rabbit antibody (Sangon Biotech, Shanghai, China). Western blots were
developed using the Enhanced ECL Chemiluminescence Detection Kit (Vazyme, Nanjing,
China), and images were collected with the Tanon-5200 chemiluminescent imaging system
(China) [19]. B-tubulin was used as a loading control with anti-B-tubulin monoclonal
antibody (Solarbio, Beijing, China) as the primary antibody and HRP-conjugated goat
anti-mouse antibody (Sangon Biotech, Shanghai, China) as the secondary antibody.

2.4. gRT-PCR Analysis

Total RNA was extracted from the apical region of the stipe using the Spin Column
Fungal Total RNA Purification Kit (Sangon Biotech, Shanghai, China). First-strand cDNA
was synthesized from total RNA using the HiScript Il Q RT Supermix for gPCR Kit (+gDNA
wiper) (Vazyme, Nanjing, China), and quantitative real-time PCR (QRT-PCR) analysis was
conducted using a pair of specific primers for each gene (Table S1) and AceQ qPCR SYBR
Green Master Mix (Vazyme, Nanjing, China). The gene expression levels were normalized
to 3-tubulin, and the fold expression of target genes relative to 3-tubulin was calculated
according to the 2-8ACT method [8].

2.5. Osmolality Analysis

The osmolality of the different regions of the stipe was analyzed according to the
method reported by Paljakka et al. [33,34], with appropriate modifications. The apical,
median, and basal 1 cm regions of the 6 cm stipe of C. cinerea were harvested, weighed
as fresh weight (FW), and frozen in a sealed cryotube under liquid nitrogen. After being
frozen for 24 h, the samples were removed and dried to a constant weight in an oven at
70 °C for 72 h to obtain the dry weight (DW). To measure the turgid weight (TW), fresh
samples were saturated in closed tubes with Milli-Q water at 4 °C for 48 h, and then the
samples were weighed as TW after the water on the surface of the samples was wiped
carefully. The relative water content (RWC) was calculated as

RWC = (FW — DW)/(TW — DW) )

To measure the in-situ osmolality (0sMolin, sity), the frozen samples were thawed inside
the closed tubes at 25 °C for 1 h. T samples were then set in silica-based membrane col-
lection tubes (Sangon Biotech, Shanghai, China) and centrifuged at 4 °C and 12,000 g for
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15 min. The extracted liquid was immediately measured with a freezing point osmometer
(Fiske Model 110, Washington, DC, USA) as osMoljj, sity. The osmolality at full saturation
0sMol¢ 1 saturation Was calculated as

OSMOIfull saturation — OSMOIin situ X RWC (2)

2.6. H,O, and ROS Measures

To analyze the H,O, concentrations of the different regions of the stipe, the tissue
fluid was extracted according to the method described previously. The H,O, concentra-
tion of the extracted liquid was analyzed using a hydrogen peroxide assay kit (Jiancheng,
Nanjing, China) [35]. The protein concentration was analyzed using a total protein as-
say kit (Jiancheng, Nanjing, China), according to the method described in the instruc-
tion. For the fluorescence assay, the different regions of the stipe were stained with 2/,
7'-dichlorodihydrofluorescein diacetate (DCFH-DA, Beyotime, Shanghai, China) to investi-
gate intracellular reactive oxygen species (ROS) [36,37]. Briefly, the different regions of the
stipe were sliced and incubated with DCFH-DA for 20 min at 37 °C, and then washed with
Tris-HC1 buffer (50 mM, pH 7.5). The stained tissues were observed using fluorescence
microscopy (Olympus) and measured at 488 nm excitation and 525 nm emission. Nine
random sights were selected to analyze the fluorescence intensity by using Image] 1.51 [36].

2.7. Chitinase Activity Analysis

To analyze the chitinase activity of stipe, the protein was extracted according to the
growing apical region of stipe to the method described previously. The chitinase activity of
the supernate was determined as described by Zhou et al. [19]. One unit of chitinase activity
was defined as the amount of enzyme that liberates the reducing sugar, corresponding to
1 pmol of N-acetylglucosamine per min [19].

To analyze the chitinase activity of stipe, the protein was extracted according to the
growing apical region of stipe to the method described previously. The chitinase activity of
the supernate was determined as described by Zhou et al. [19]. One unit of chitinase activity
was defined as the amount of enzyme that liberates the reducing sugar, corresponding to
1 pmol of N-acetylglucosamine per min [19].

2.8. Statistical Analysis

Tests for significant differences were carried out by performing paired t-tests in Mi-
crosoft Excel 2010 or Duncan’s multiple range test (significance set at 0.05) in SPSS Statis-
tics 17.0.

3. Results
3.1. Identification of the MAPK of the HOG Pathway in C. cinerea and Its Phosphorylation in
Stipes during Fruiting Body Development

Based on the protein sequences of Hogl (NC_001144.5) in S. cerevisiae and SakA (XP_7526
64.1) in A. fumigatus in the National Center for Biotechnology Information (NCBI) database,
a putative homologue of the MAPK of the HOG pathway in C. cinerea (XP_001829398.2)
was identified by BLASTP. The corresponding gene was named CcsakA (C. cinerea stress
activated kinase A; Gene ID: 6005827; Gene symbol: CC1G_00577). CcSakA was described as
a CMGC/MAPK protein kinase in GenBank. Homology analysis showed that the CcSakA
protein sequence consisted of 368 amino acid residues and had 80.22% identity to SakA from
A. fumigatus. Compared to Hogl in S. cerevisiae, Spcl in Schizosaccharomyces pombe, Osm1
in Pyricularia grisea, and SakA in Talaromyces marneffei, similarity among these MAPKs was
extended along the entire polypeptide, including the conserved TGY phosphorylation site
found in the stress Hog1/Spcl/p38 MAPK family (Figure 1A) [38,39]. In the fruiting body
of C. cinerea, the relative mRNA expression level of sakA was not significantly different in
different regions of stipe (Figure 1B). To detect whether the HOG pathway is activated during
the fruiting body development of C. cinerea, protein extracts were obtained from the fast
elongating apical part, the slow elongating median part, and the non-elongating basal part of
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the stipe and analyzed by Western blotting with an anti-phospho-p38 MAPK antibody. When
the anti-phospho-p38 MAPK antibody was used to probe the phosphorylation of CcSakA, a
strong band of approximately 43 kDa was detected in the apical part of the stipe, but the bands
of the same size in the extracts of the median and basal parts were very weak (Figure 1C).
The results showed that the expression levels of sakA in the different regions of stipe were not
different. However, the phosphorylation levels of the protein were significantly higher at the
apical part of stipe than that at the median and basal parts.

A

C. cinerea SakA + 4+« MSEVKLSIFGI SEEVITRYVDICEVGMGAFGLVCSAKDCLIGASVA IKKIMKPEST PVLAKRTYRELKLLKH ICHENTI SESDVE ISELECLYEVT 96
8. cerev Hogl MTTNEEEIRTCIFGIVEE IINRYNDINEVGMGAFGLVCSATOTLTSCFVA IRRIMKPESTAVLARRTYRELKLLRHLRHENLICLCDIELSELELIYEVT 100
8. pombe Spel .. .MREEIRTCIFGICFEITTRYSDLCPIGMGAFGLVCSAKECLTGMNVAVKRIMKPEST FVLARRTYRELKLLEHLRHENTISLSCIE ISEFECIYFVT 97

MAEEVRAQIEGITEEITSRYTDLQEVGHMGAFGLVCSARDCLTGCFVAVRKIMKPEST PVL SKRTYRELKLLRHLREENIISLSDIE ISPLEDIYEVT 97
AEEVRACIFGTTFEITSRYSDLCFVGMGAFGLVCSARDCLTNCNVAIRRIMKPFSTFVLARRTYRELKLLKHLKHENVISLSDIF ISELECIYFVT 97

A. fumigatus SakA
P. grisea Osm1

T. marneffei SakA .MREEVRACIEGITEE ITSRYTDLCPVGMGAEGLVCSARDCLTGCPVAVRKIMKPEST PVL SKRIYRELKLLEHL RHENVI SLSDIE ISELEDIXYEVT 97
C. cinerea SakA ELLGTDLHRLLTSRPLEXCEICYFLYCILRGLR YVHSAGVVHRDLRPSNILVNENCDLRICDFGLARI TRYYRAFEIMLTWCEYCVAVLI 196
8. cerev Hogl ELCGTDLHRLLCTRPLEXQFVCYFLYCIT RGLKYVESAGVIHRDLKPSNIL INENCDLKICDFGLARI STRYYRAFEIMLTWCKYCVEVDI 200
. pombe Spel ELLGTDLHRLLTSRPLETQFIQYFLYQILRGLKFVHSAGVIHRDLEPSNIL INENCDLKICDEGLARIQDPQMIGYVSTRYYRAPEIMLTWORYNVEVDI 197
A. fumigatus SakA ELLGICLHRLLTSRPLEXCFICYFLYCILRGLRYVESAGVVHRDLKESNIL INENCDLKICDFGLARI CMTGY[VSTRYYRAFEIMLTWCKYCVEVDI 197
P. grisea Osm1 ELLGTDLHRLLTSRPLEXQF IQYFLYQIMRGLE YVHSAGVVHARDLEESNILVNERCDLKICDFGLARIQDPQMIGYVSTRYYRAPEIMLTHCKYVEVDT 197
T. marneffei SakA ELLGIDLARLLTSRFLEXQFICYFLYQILRGLRYVESAGVVARDLKESNIL INENCDLRICLEGLARIQDFQMIGYVSTRYYRAFEIMLTWCRYLVEVDT 197

C. cinerea SakA WSTGCIFAEMLEGKPLFPGKDHVNCFSIITELLGTEPECCVIETICSENTLRFVCSLEKRCRVEFSCKLRTTCPCALDLLERMLVFCERKRINASESLARA 296
S. cerev Hogl WSAGCIEAEMIEGKPLEPGKDHVHQESITITDLLG SPEXDVINTICSENTLKEVISLEHRDPIEF SERFKTVERDAVDLLE 'KKRITAADALAEP 300
8. pombe Spel WSAGCIFAEMIEGKFLFFGRDEVNQESIITELLGTPEMEVIETICSKNTLREVCSLECKEKVEFAEKFKNACECAIDLLEXML ISAACALABRN 297
A. fumigatus SakA WSAGCIFAEMLEGKPLEPFGKDEVNQESIITELLGTPECDVICTICSENTLREVKSLEKRERCELANKFKNADPEAVDLLERMLVEDEKKRIRAGEALARE 297

NKEKNADESA LDLLERMI ITATEALABE 297

P. grisea Osm1 WSAGCIFAEMLEGKELE NQESIITELLGTPECCVINTIASENTLREVKSLEKRERCE
T. marneffei SakA WSAGCIFREMLCGKPLEPCGXDHVHCESIITELLGTPECCVIETICSENTLREVCSLPKRERCELARKFKNACPAAIDLLERMEVEDPKKRIRAGCALARE 297
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S. cerev Hogl ¥SAPYHDPTDEEVACAKEDWHENDADLEVDTWRVMMY SE1LDFHKIGGSDGCIDISATFDDCVARATAAAACACACAGACVCLNMARHSHNGAGTIGNDH 400
8. pombe Spel YLAPYEDPTDEEVACEVEDRSECDNDLEVETWXVMMY SEVLSFHNMONELCS e 349
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C. cinerea SakA 368
S. cerev Hogl 434
8. pombe Spel 349
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Figure 1. (A) The CcsakA gene encodes a putative homologue of the MAPK of the HOG pathway
in C. cinerea. The amino acid sequence of CcSakA is aligned with S. cerevisine Hog1 [40], S. pombe
Spcl [41], A. fumigatus SakA [39], P. grisea Osm1 [42], and T. marneffei SakA [43]. Conserved TGY
phosphorylation sites found in the stress Hog1/Spcl/p38 MAPK family are marked with blue boxes.
(B) The relative mRNA expression level of sakA in the different stipe regions during the development
of C. cinerea fruiting bodies. (C) Western blotting of the phosphorylation of CcSakA in the extracts
from different stipe regions during the development of C. cinerea fruiting bodies. Phosphorylated
CcSakA was detected using anti-phospho-p38 MAPK antibody. Levels of 3-tubulin were used to
demonstrate equal protein loading.

3.2. Effects of dsSRNA-Induced Silencing of CcSakA on the Stipe Elongation of C. cinerea

Because targeted gene disruption is particularly intractable in C. cinerea, a double-
stranded RNA (dsRNA)-mediated gene silencing strategy was used to silence CcSakA
in this study [19,44,45]. The plasmid pCC-SakAi (Figure 2(A3)) was constructed and
cotransformed into the haploid oidia of the C. cinerea homothallic strain AmutBmut with
the marker plasmid pCcpab-1 (Figure 2(A2)) to generate the knockdown transformants
SakAi. The empty plasmids pCcExp (Figure 2(A1)) and pCcpab-1 were cotransformed into
haploid oidia to generate mock transformants. More than 10 SakAi transformants were
confirmed by genomic PCR, and eight of these were randomly selected for phenotype
analysis. qRT-PCR analysis showed that the expression of CcSakA was 76.8% lower in the
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SakAi transformants than in the mock transformants (Figure 2B). When the transformants
were inoculated in the center of the PDYA medium agar in Petri dishes 7 cm in diameter by
using a 5 mm diameter hole punch and incubated at 28 °C in darkness for 96 h, the mycelial
transformants of the mock strains and SakAi strains covered the entire agar medium surface.
The transformants were then incubated under a 12 h light/12 h dark rhythm at 28 °C for an
extra 6-7 days to produce fruiting bodies (Figure 2C). The results showed that the height
of fruiting bodies of SakAi transformants was lower than that of the mock transformants.
The time point at which the last light incubation ended and the dark incubation began
was marked as K + 0. The time points 2 h, 4 h, 6 h, and 12 h after K + 0 were marked as
K+2,K+4,K+6,and K + 12 (Figure 2C). At K+ 0, K + 2, K + 4, and K + 6, the average
heights of fruiting bodies of the mock transformants were 25.72, 33.18, 49.20, and 65.48 mm,
respectively (Figure 2D). However, the average heights of fruiting bodies of the SakAi
strains at the corresponding time points were 23.71, 29.08, 39.86, and 55.35 mm, which were
7.81%, 12.36%, 18.98%, and 15.47% less than those in the mock transformants (Figure 2D).

pCCExp
PCC-ckI-F - PCC-ck2-F -
— Mol e, £ 209 P=1.55x10"<0.05
—{ ke nirpC —— = t i
AZ CC-ckl-R CC-ck2-R 2
PCC-ckl- BCCia: 2 1.5
pCCpabl g .
pabl-ck1-F pabl-ck2-F E el.0°
= | ¢ Lo Seese® aat
L= 1 = e e
A3 pablckl-R pabl-ck2-F = 4 Ngaaa
PCC-SakAi ¢ 0.5 ala
pCC-SakAil-F Ncol pCC-SakAi2-F Kpnl ; AAAL AAAAA
[saka-n AnirpC Z 00 T g
Lk ki E Mock SakAi
— —
pCC-SakAil-R pCC-SakAi2-R
C D1 K+0
A 00 P=4.94x10°<0.05
Mock SakAi i
= 80
£
Z 60
a
; 40 .
5] Gl i
K+0 a3
C
K+2
" "R AW ITerimE PR OOy | uEeEs
K+4
K+6
K+12 R g
¥ H
= :

Mock SakaAi

Figure 2. Construction and phenotypes of CcSakA gene-silenced strains. (A) Schematic representation
of plasmids pCcExp (A1), pCcpab-1 (A2), and pCC-SakAi (A3). The arrows below the plasmids
indicate the primers for genomic PCR. (B) The relative mRNA expression level of sakA in mock
transformants (circle) and SakAi transformants (triangle). (C) Growing fruiting bodies of the three
representatives of the mock transformants and SakAi transformants at different time points. (D) The
stipe lengths of the fruiting bodies of four mock transformants (circle, n = 109 fruiting bodies)
and eight SakAi transformants (square, n = 124 fruiting bodies) with at least three repeats of each
transformant at K + 0 (D1), K + 2 (D2), K + 4 (D3), and K + 6 (D4).
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3.3. Effects of Expression of a Phosphomimicking Mutant CcSakA on the Stipe Elongation of
C. cinerea

The activation of CcSakA, which is the MAPK in the HOG pathway, was dependent
on its phosphorylation on the threonine residue and tyrosine residue in the conserved
TGY phosphorylation site [39,46]. To further analyze the role of CcSakA in the mycelium
growth and stipe elongation of C. cinerea, the phosphomimicking mutant of CcSakA bear-
ing a T170E/Y172D substitution within the TGY dual phosphorylation motif was con-
structed [47]. The plasmid pCC-SakATI70E+Y172D (Figure 3(A3)) for the expression of the
phosphomimicking mutant of the CcSakA mutant was constructed and cotransformed into
the haploid oidia of the C. cinerea homothallic strain AmutBmut with the marker plasmid
pCcpab-1 (Figure 3(A2)) to generate the CcSakA phosphomimicking mutant transformant
SakAm. More than 10 SakAm transformants were confirmed by genomic PCR, and eight of
these were randomly selected for phenotype analysis. When the SakAm transformants and
mock transformants were inoculated in the center of the PDYA medium agar in Petri dishes
7 cm in diameter by using a 5 mm diameter hole punch and incubated at 28 °C in darkness
for 96 h, the transformants were incubated under a 12 h light/12 h dark rhythm at 28 °C for
an extra 67 days to produce fruiting bodies (Figure 3C). At K+ 0, K +2, K+ 4, and K + 6,
the average heights of fruiting bodies of the mock transformants were 21.43, 27.81, 38.56,
and 56.90 mm, respectively (Figure 3D). Furthermore, the average heights of fruiting bodies
of the SakAm strains were 23.98, 31.73, 44.08, and 62.92 mm at K + 0, K + 2, K + 4, and
K + 6, which were 11.90%, 14.20%, 14.32%, and 10.58% higher than those in the mock
transformants at the corresponding time points (Figure 3D).

3.4. Gene Silencing or Point Mutation of CcSakA Affected the Expression of Chitinase CcChiE1 in
C. cinerea

In this study, the expression of a series of enzymes with cell wall synthesis and re-
modelling in C. cinerea were analyzed by qRT-PCR of CcSakA gene silencing (SakAi)
transformants and CcSakA phosphomimicking mutant (SakAm) transformants, including
chitin synthetases, glucan synthases, chitinases, and glucanases. The experimental results
showed that only the expression of chitinase CcChiE1 differed significantly in different
transformants. In the SakAi transformants, the expression level of CcChiE1 was 65.54%
lower than that in the mock transformants (Figure 4A). In contrast, the expression level
of CcChiE1 in the SakAm transformants was 71.42% higher than that in the mock trans-
formants (Figure 4B). The chitinase activity in the apical region stipe of CcSakA gene
silencing (SakAi) transformants was 4.00 x 10~2 U/mg, which was 16.31% lower than
that of mock transformants. The chitinase activity of CcSakA phosphomimicking mutant
(SakAm) transformants was 5.13 x 10~2 U/mg, which was 7.44% higher than that of mock
transformants (Figure S1).

3.5. Oxidative Stress Was Higher in the Apical Part of the Stipe Than in the Median and Basal
Parts

The HOG pathway of fungi is activated in the event of high osmotic stress or oxidative
stress, and MAPKSs (such as Hogl in S. cerevisize and SakA in A. nidulans) in the HOG
pathway are phosphorylated [39,48]. Our results showed that the phosphorylation level of
CcSakA of C. cinerea in the apical part of the stipe was significantly higher than that in the
middle and basal parts of the stipe. Therefore, the levels of osmotic stress and oxidative
stress in different parts of the stipe were analyzed by detecting the osmolality and H,O,
concentration in the fast elongating apical part, the slow elongating median part, and the
nonelongating basal part of the stipe of C. cinerea. The results showed that the osmolality
in the apical part of the stipe was 553.3 mOsm/kg, and the osmolality in the median part
was 556.3 mOsm/kg, which was not significantly different from the apical part (Figure 5A).
However, the osmolality in the basal part of the stipe was 672.9 mOsm/kg, which was
21.62% higher than that in the apical part and 18.78% higher than that in the median
part (Figure 5A). The concentration of H,O; in the apical part was 33.70 mmol/gprot, the
concentration of HyO; in the median part was 18.44 mmol/gprot, and the concentration
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of HyO, in the basal part was 16.52 mmol/gprot (Figure 5B). The concentration of H,O,
in the apical part was 82.75% higher than that in the median part and 104.0% higher than
that in the basal part (Figure 5B). Furthermore, DCFH-DA, an intracellular ROS fluorescent
probe, was used, and the fluorescence was analyzed (Figure 5C). The results showed that
the fluorescence intensity of the apical part was 302.3% higher than that of the median part
and 371.6% higher than that of the basal part (Figure 5D), indicating a higher level of ROS
in the apical part of stipe than in the median part and basal part.
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Figure 3. Construction and phenotypes of CcSakA phosphomimicking mutant strains. (A) Schematic
representation of plasmids pCcExp (A1), pCcpab-1 (A2), and pCC-SakAT70E+Y172D (A3) The arrows
below the plasmids indicate the primers for genomic PCR. (B) Schematic diagram of SakA phos-
phorylation site mutations. (C) Growing fruiting bodies of the three representatives of the mock
transformants and SakAm transformants at different time points. (D) The stipe lengths of the fruiting
bodies of four mock transformants (circle, n = 123 fruiting bodies) and eight SakAm transformants
(square, n = 131 fruiting bodies) with at least three repeats of each transformant at K + 0 (D1), K + 2
(D2), K + 4 (D3), and K + 6 (D4).
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Figure 4. qRT-PCR analysis of the expression level of chitinase CcChiE1 in CcSakA gene silencing
(SakAi) transformants (A) and CcSakA phosphomimicking mutant (SakAm) transformants (B) com-
pared with mock transformants. A 3-tubulin gene was used to standardize the mRNA level. Four
mock transformants (circle), eight SakAi transformants (square in (A)), and eight SakAm trans-
formants (square in (B)) were analyzed with at least three repeats of each transformant. Data are
presented as the mean and standard error. Tests for significance were performed by a t-test in
Microsoft Excel 2010.
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Figure 5. The osmolality (A) and HyO, concentration (B) in the fast elongating apical part, the slow
elongating median part, and the nonelongating basal part of the stipe of C. cinerea. Data are presented
as the mean and standard error of three biological replicates (1 = 6). The same letters indicate no
significant difference (p > 0.05), and different letters indicate significant differences (p < 0.05) by
Duncan’s test. The intracellular ROS imaging of the different regions of the stipe (C). The fluorescence
signals of the fluorescent intracellular ROS probe DCFH-DA were observed and Bar = 50 um. The
fluorescence intensity (D) was analyzed by using Image] 1.51 (n = 9). The same letters indicate no
significant difference (p > 0.05), and different letters indicate significant differences (p < 0.05) by
Duncan’s test.
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4. Discussion

The fruiting body of Basidiomycetes is triggered by the induction of environmental
stresses, including low nutrient, low temperature, and light conditions [49]. During the
development of the fruiting body, fungal cells begin to differentiate and form mature
fruiting bodies in response to physical signals (light, temperature, gravity, humidity) and
chemical signals from the environment [50]. However, how Basidiomycetes sense different
environmental stresses during fruiting body development is still unclear [49]. In yeasts
and filamentous fungi, MAPK cascades are important signaling pathways to respond to
environmental stresses and regulate processes, such as the cell cycle, reproduction, cell
differentiation, morphogenesis, and stress response [25,28,30,51-54]. The signal induced
by environmental stresses is transmitted by the sequential phosphorylation of a basic
array of three proteins, often termed MAPKKK, MAPKK, and MAPK, [54,55]. The HOG
pathway is highly conserved in fungi. In the basidiomycete Sporisorium scitamineum, MAPK
SsHogl is involved in the oxidative stress response [56]. In Piriformospora indica, PIHOG1
is involved in the salinity response [57]. In Ganoderma lucidum, the phosphorylation of
Hog1 was enhanced when the mycelium was treated with oxidative stress [58]. However,
the physiological function of the HOG pathway in the fruiting body development of
basidiomycetes has not been elucidated. In this study, we identified the MAPK homologue
in the HOG pathway of C. cinerea, which was named CcSakA. Furthermore, CcSakA was
phosphorylated in the apical part of the stipe of the fruiting body, which meant CcSakA
was activated in the apical elongating stipe region of the fruiting body. The knockdown of
CcSakA resulted in a shorter stipe of the fruiting body compared to the control strain, and
the expression of phosphomimicking mutant CcSakA led to a longer stipe of the fruiting
body compared to the control strain. We presume that CcSakA mainly functions in the
elongation of stipes during fruiting body development.

C. cinerea is one of the model basidiomycetes that has multiple developmental path-
ways [2,3,59]. During stipe elongation of the fruiting body, a series of glycoside hydrolases
are involved in the cell wall remodeling of stipes [6,18,19,60,61]. Among them, chitinase
ChiE1 (XP_001841026.2), which has stipe wall extension activity, plays a key role in stipe
elongation growth during the development of the fruiting body and is highly expressed
in the growing apical stipe region [6,19]. In this study, the expression level of the above
glycoside hydrolases was examined in CcSakA knockdown strains, CcSakA phospho-
mimicking mutant strains, and mock strains (data not shown except CcChiE1l). Of these,
only the expression of CcChiE1 showed significant differences between strains. CcChiE1
was downregulated in the CcSakA knockdown strains and upregulated in the CcSakA
phosphomimicking mutant strains. The results indicated that CcSakA participated in the
elongation of stipes during fruiting body development by regulating the expression of
CcChiEl. However, we presume that the expression of CcChiE1 may be indirectly regu-
lated by CcSakA. In future studies, the downstream regulatory pathway of CcSakA will be
investigated.

In fungi, the HOG pathway is involved not only in the response to osmotic pres-
sure but also in the response to UV, light, heavy metal, heat, citric acid, and oxidative
stresses [25,28,58,62—64]. Since the stipe would not continue to elongate normally after
being dissected from the fruiting body of C. cinerea and because of the presence of a
hydrophobic material layer outside the stipe, it was not possible to treat the stipe with
solutions containing different stresses [7,59]. Therefore, to analyze which stresses the HOG
pathway responds to during the development of the fruiting body, the osmolality and HyO,
concentration in different parts of the stipe were analyzed. However, the osmolarity in the
rapidly elongating apical part was not significantly different from that in the slow elongat-
ing median part, and the osmolarity in the nonelongating basal part was slightly higher
than that in the apical and median part. The relationship between osmolarity, osmotic stress,
and HOG pathway activation in the stipe of fruiting body needs to be further analyzed in
future studies. A higher H,O; concentration in the rapidly elongating apical part meant
higher amounts of ROS and higher oxidative stress in this region than in the median and
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basal part of the stipe [65-67]. As the relationship between the HOG pathway and light
in fungi has been reported [28,29], the fruiting body development of SakA mutants under
different light conditions was also investigated. However, no phenotypic differences were
found between the SakAi, SakAm, and mock transformants. The results indicated that the
HOG pathway of C. cinerea may respond to oxidative stress in the elongating part of the
stipe, and then, the MAPK of the HOG pathway of C. cinerea, CcSakA, was activated to
regulate the expression of CcChiEl.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jof8050534 /51, Table S1: Oligonucleotides used in this study;
Figure S1: The chitinase activity of CcSakA gene silencing (SakAi) transformants, CcSakA phospho-
mimicking mutant (SakAm) transformants, and mock transformants.
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