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Abstract

Various carbohydrate-active enzymes in Aspergillus are produced in response to physiological inducers, which is regulated at the
transcriptional level. To elucidate the induction mechanisms in Aspergillus, we screened for new regulators involved in cellulose-
responsive induction from approximately 10,000 Aspergillus aculeatus T-DNA-inserted mutants. We constructed the T-DNA-
inserted mutant library using the host strain harboring the orotidine 5’-monophosphate decarboxylase gene (pyrG) under the
control of the Flll-avicelase gene (chhl) promoter. Thus, candidate mutants deficient in cellulose-responsive induction were
positively screened via counter selection against 5-fluoroorotic acid (5-FOA). Among less than two hundred 5-FOA-resistant
mutants, one mutant that the T-DNA inserted into the AasepM locus reduced the cbhl expression in response to cellulose. Since
AaSepM is similar to Schizosaccharomyces pombe Cdcl4p (E-value, 2e-20; identities, 33%), which is a component of the
septation initiation network (SIN)-complex, we constructed an AasepM deletion mutant (AAasepM). We analyzed the expression
of cellulase and xylanase genes in response to cellulose, septation, and conidiation in AAasepM. The AasepM deletion leads to
delayed septation and decreased formation of the conidium chain in A. aculeatus but does not affect hyphal growth on minimal
media. We also confirmed AaSepM’s involvement in multiple cellulose-responsive signaling pathways of cellulase and xylanase
genes under the control of the ManR-dependent, XInR-dependent, and ManR- and XInR-independent signaling pathways.

Key points

* A new regulator for cellulolytic gene expression has been identified.

* AaSepM is involved in septation and conidiation in A. aculeatus.

* AasepM is involved in multiple cellulose-responsive signaling pathways.

Keywords Cellulose-responsive signaling pathway - Septation - Gene regulation - Filamentous fungi

Introduction

Filamentous fungi are extensively used to produce enzymes
that degrade lignocellulose into compounds (Payne et al.
2015). Among filamentous fungi, Trichoderma reesei strains
are important hosts involved in cellulase production (Bischof
et al. 2016). However, the secreted cellulase mix of 7. reesei
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lacks sufficient (3-glucosidase activity (Saloheimo et al.
2002). Murao and Sakamoto (1979) screened and identified
Aspergillus aculeatus no. F-50 [NBRC 108789] produces en-
zymes that synergistically hydrolyze pulp along with a cellu-
lase enzyme mix of 7. reesei. 3-Glucosidase is a key enzyme
of A. aculeatus that synergistically accelerates cellulose hy-
drolysis with the T reesei system (Baba et al. 2015; Nakazawa
et al. 2012). Although A. aculeatus no. F-50 has useful en-
zyme components for lignocellulose degradation, there is little
information about the regulatory mechanisms of the associat-
ed gene expressions.

Multiple pathways regulate cellulase and hemicellulase
genes’ expression in Aspergillus (Kunitake and Kobayashi
2017; Tani et al. 2014). CreA in Aspergillus nidulans plays
a central role in carbon catabolite repression (CCR) (Dowzer
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and Kelly 1989). However, Kunitake et al. (2019) recently
reported that protein kinase A (pkaA) and GanB, which is
one of the trimeric G-protein « subunits, are involved in
CCR in a CreA-independent manner in A. nidulans. The con-
tribution of CreA, PkaA, and GanB in CCR differs depending
on the inducers, repressing carbon sources, and culture
conditions.

In contrast to CCR, various transcriptional activators have
been identified over the past few decades. The first identified
transcriptional activator of cellulolytic and xylanolytic genes
was XInR, a Zn(II),Cysg type transcriptional activator that
coordinates xylanolytic expression in Aspergillus niger (van
Peij et al. 1998b). Further analysis revealed that cellulolytic
gene expression is also controlled by XInR in Aspergillus
(Marui et al. 2002; Noguchi et al. 2009; van Peij et al.
1998a). In Neurospora, the expression of a transcriptional
activator gene, clr-2, is triggered by a transcriptional activator,
CLR-1, which further triggers the expression of many cellu-
lase genes in response to cellulosic carbon sources (Coradetti
et al. 2012). CLR-2 is conserved in the genomes of most
filamentous ascomycete fungi that produce cellulolytic en-
zymes (Coradetti et al. 2012). ClrB, a CLR-2 ortholog in
A. nidulans, regulates cellulolytic gene expression (Coradetti
et al. 2012). ClrB forms a homodimer or heterocomplex with
McmA to regulate cellulosic expression in A. nidulans (Li
et al. 2016). Cellulolytic and mannolytic genes in response
to carbon sources liberated from cellulose and mannan are
also regulated by ManR, which is a ClrB ortholog in
Aspergillus oryzae (Ogawa et al. 2013). The regulation mech-
anisms of cellulolytic enzymes in Aspergillus are complex
(Tani et al. 2014). Therefore, elucidating cellulase genes’ reg-
ulatory mechanisms in each Aspergillus species is necessary
to improve enzyme production by transcription factor
modification.

The function of XInR in A. aculeatus seemed to be con-
served among Aspergillus. Therefore, we first screened genes
that were not regulated by XInR (Tani et al. 2012). We found
that cellulosic carbon sources induced the FllI-avicelase gene
(cbhl) via an XInR-independent signaling pathway. To iden-
tify new factors involved in the XInR-independent signaling
pathway in A. aculeatus, we established a positive screening
system using the chil promoter fused to the orotidine 5'-phos-
phate decarboxylase gene. From a random insertional muta-
genesis library generated by Agrobacterium tumefaciens—me-
diated transformation of A. aculeatus, the CIbR transcription
factor and dipeptidyl peptidase IV were identified (DpplV) as
regulators for cellulolytic gene expression in A. aculeatus
(Kunitake et al. 2011, 2013; Tani et al. 2017).

In this study, further screening revealed the involvement of
AaSepM in septation and conidiation, as well as in multiple
cellulose-responsive signaling pathways under the control of
the ManR-dependent, XInR-dependent, and ManR- and
XInR-independent signaling pathways.
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Experimental procedures

Strains, transformation, marker recycling, and T-DNA
insertion

All A. aculeatus strains used in this study were derived from
wild-type A. aculeatus no. F-50 [NBRC 108796]. Unless oth-
erwise stated, all strains were propagated at 30°C in an appro-
priately supplemented minimal medium (MM) or complete
medium (Adachi et al. 2009; Kunitake et al. 2015).
A. aculeatus NCP2 (niaD1::niaD::Pcyp;-pyrG, pyrGI) was
used as a host to construct A. aculeatus strains for T-DNA
insertion by A. tumefaciens—mediated transformation.
Counter selection on 5-FOA and marker recycling were done
as described previously (Kunitake et al. 2011, 2013). We used
A. aculeatus MR12 (pyrG1, Aku80) as a host for the disrup-
tion and complementation of the AasepM gene (Tani et al.
2013). Moreover, we used Escherichia coli DH5«F’
(Takara, Kyoto, Japan) for plasmid construction.

Disruption and complementation of AasepM

The primer pair Fno12/Rno12 was used for the amplification
of an AasepM fragment that possesses a Smal site at the 5" end
of each primer to include 1119 nt before the translation start
site and 267 nt after the stop codon. The amplified DNA
fragment was digested with Smal and subcloned into the
pPTRII Smal site (Takara) to yield pPTRII-sepM. The T-
DNA-inserted mutant, namely, the A. aculeatus no. 12 mu-
tant, was subsequently transformed by pPTRII and pPTRII-
sepM (Kubodera et al. 2000). Pyrithiamine was added at a
final concentration of 0.1 pg/ml to the selection media.

We generated the A. aculeatus sepM-deficient mutant
(pyrGl, Aku80, AAasepM) by replacing the AasepM gene
by the A. nidulans orotidine 5'-phosphate decarboxylase gene
(AnpyrG), followed by marker recycling (Adachi et al. 2009;
Tani et al. 2013). To construct the AasepM deletion cassette,
the 5" and 3' regions of the AasepM gene, which play a key
role in homologous recombination to replace AasepM with
AnpyrG, were amplified from A. aculeatus genomic DNA
using the primer pair nol2 1F/nol2 1R and nol2 2F/
nol2 2R, respectively. The AnpyrG gene was amplified from
the A. nidulans genomic DNA using primer pair no12pyrGF/
nol2pyrGR. Moreover, the flanking region on the 3’ side of
AasepM was amplified using the primer pair nol2 3F/
nol2 3R to eliminate AnpyrG by intramolecular homologous
recombination at the AasepM locus. The 5' region, which is
responsible for marker recycling, AnpyrG, and the 3’ region
were fused by PCR using the primer pair nol2_1F/nol2 2R.
The amplified fragment was introduced into MR12 (pyrGl,
Aku80) by the protoplast-PEG method to yield the
A. aculeatus AsepM plus pyrG strain (pyrG1, Aku80,
AAasepM::AnpyrG). Then, 1 x 10* spores of transformants
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were spread onto the MM, supplemented with 0.01% (w/v)
uridine and 1 mM 5-FOA, to perform marker recycling. After
monospore isolation, A. aculeatus AsepM (pyrG1l, Aku80,
AAasepM) was obtained (Supplementary Fig. S1). The
primers used in this study are summarized in Supplementary
Table S1.

To complement A. aculeatus AsepM, we first amplified the
AasepM promoter, open reading frame, and 3’ untranslated
region using the primer pair CsepM_1F/CsepM_1R.
Subsequently, we amplified AnpyrG and the 3’ region re-
quired for homologous recombination at the AasepM locus
with primer pairs CsepM-pF/CsepM-pR and CsepM_2F/
CsepM_2R, respectively. The three DNA fragments were
fused by PCR using the primer pair CsepM_1F/CsepM_2R.
Finally, we used the amplified DNA fragments to transform
A. aculeatus AsepM into the AasepM-complemented strain
(pyrGl, Aku80, AAasepM::AasepM::AnpyrG)
(Supplementary Fig. S1).

Disruption and complementation of manR

The A. aculeatus manR-deficient mutant (pyrG1, Aku80,
AmanR) was created with the replacement of the manR gene
by AnpyrG followed by marker recycling. To construct the
manR deletion cassette as described above, we amplified the
5'region of manR, which is the fragment for marker recycling;
the selection marker gene; and the 3’ regions of manR, using
primer pair DmanRSF/DmanRSR, DmanRrecF/DmanRrecR,
Dm-AnpyrGF/Dm-AnpyrGR, and DmanR3F/DmanR3R, re-
spectively (Supplementary Table S1). We simultaneously
subcloned the 5’ region, digested with Bg/Il and Nofl, and
the fragment for marker recycling, digested with Nofl and
EcoRV, into pBluescript I KS (+) (Takara), which was
digested with Bg/Il and EcoRV. This plasmid was digested
with EcoRV and HindlIIl and subsequently ligated with
AnpyrG, which was digested with EcoRV and Pacl, and the
3’ region, which was digested with Pacl and HindIIl. This
process yielded pDmanR. The ligated fragment was amplified
from pDmanR using the primer pair DmanRSF/DmanR3R.
We used the protoplast-PEG method to introduce the ampli-
fied fragment into MR12 (pyrG1, Aku80) to yield the
A. aculeatus AmanR plus pyrG strain (pyrG1, Aku80,
AmanR::AnpyrG). Marker recycling was performed as de-
scribed above. After monospore isolation, A. aculeatus
AmanR (pyrGl, Aku80, AmanR) was obtained
(Supplementary Fig. S2).

To complement A. aculeatus AmanR, we first amplified
the manR promoter, open reading frame, and 3’ untranslated
region using the primer pair CmanR5F/CmanR5R.
Subsequently, we amplified AnpyrG and the 3’ region re-
quired for homologous recombination at the manR locus with
the primer pairs CmanR3F/CmanR3R and Cm-AnpyrGF/
Cm-AnpyrGR, respectively. The three DNA fragments were

fused by PCR using the primer pair CmanR5F/CmanR3R.
Finally, A. aculeatus AmanR was transformed with the am-
plified DNA fragments to yield the manR-complemented
strain (pyrGIl, Aku80, AmanR::manR::AnpyrG)
(Supplementary Fig. S2).

Gene expression analysis by real-time quantitative
reverse transcription PCR

We used real-time quantitative reverse transcription PCR
(qQRT-PCR) to quantify cellulase expression and hemicellulase
gene expression based on a previously described method
(Tani et al. 2017). In this study, 0.1% Bacto Tryptone
(Thermo Fisher Scientific, Tokyo, Japan) was used as a neu-
tral carbon source (noninducing condition). We added the
indicated carbon sources to media supplemented with 0.1%
Bacto Tryptone to investigate test genes’ expression. Total
RNA (500 ng) was used to amplify cDNA with ReverTra
Ace qPCR RT-Master Mix (Toyobo, Tokyo, Japan). qRT-
PCR was performed in a Thermal Cycler Dice Real-Time
System (Takara). As for the amplification reactions, we per-
formed a SYBR Green [ assay using THUNDERBIRD™
SYBR ¢PCR Mix (Toyobo) in a reaction volume of 20 ul.
Supplementary Table S1 lists the primers used for qRT-PCR.
The internal control was set to the expression of the
glyceraldehyde-3-phosphate dehydrogenase A gene (gpdA).
The specificity of the PCR amplification was confirmed by
melting curve analysis. We analyzed each gene’s expression
profile using the delta-delta CT method (Livak and
Schmittgen 2001). More than three biological replicates were
performed for each experiment, and each was tested in a
triplicate.

Yeast two-hybrid assay

We performed a yeast two-hybrid assay (Y2H) using the
Matchmaker GAL4-based Two-Hybrid System 3
(Clonetech, Tokyo, Japan) according to the manufacturer’s
instructions. We amplified the coding sequences of the
AasepM cDNA and the A. aculeatus sepL (AasepL) cDNA
with the primer sets Y2sepMF/Y2sepMR2 and sepL-
cDNAFa/sepLcDNARD, respectively. The amplified DNA
fragments of AasepM and AasepL were digested with Ndel
and Pstl or Ndel and BamHI, respectively. We fused the
digested fragments in-frame with the GAL4 DNA-binding
domain in the pGBKT?7 to yield pGBKT7-sepM and, subse-
quently, the GAL4-activation domain in the pGADT?7 to yield
pGADT7-sepL.

Counting of septa

Conidia (1 x 10%) were grown for 16 to 24 h on coverslips at
30°C in MM supplemented with 0.1% yeast extract. We
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monitored septation based on a previous method that was
lightly modified (Harris et al. 1994). We stained germlings
with a solution containing 0.5 pg/ml calcofluor white
(Sigma-Aldrich, Tokyo, Japan), monitored them using Zeiss
LSM-700 (ZEISS, Tokyo, Japan), and counted the number of
septa that formed in 100 pm of a hypha. We counted more
than 60 hyphae in different areas of the three biological repli-
cates and then calculated the average and standard deviations.

Additional methods

We performed genomic DNA preparation and Southern blot
analysis, as previously described (Kunitake et al. 2013). We
used an in-house A. aculeatus NBRC 108789] draft genome
database to obtain the genomic sequence of the AasepM gene
and analyzed two independently amplified cDNA fragments
to determine the AasepM cDNA sequence. Conidia in the
A. aculeatus strains were collected with 0.1% Tween 80/
0.8% NaCl solution and counted with a hemocytometer. We
normalized the number of conidia by the colony area.
Supplementary Table S2 lists the genes studied in this manu-
script. A scanning electron microscope (SEM) SU-1510
(Hitachi, Tokyo, Japan) was used to observe the conidium
formation.

Nucleotide sequence data

The nucleotide sequence data studied in this manuscript have
been deposited in Japan’s DNA Data Bank (DDBJ)
Nucleotide Sequence Data Libraries. Supplementary
Table S2 lists the genes and their accession numbers.

Results

A. aculeatus SepM is a new factor controlling
the cellulose-responsive induction of cbh/

To isolate a new factor controlling the cellulose-responsive
expression of cellulase genes, we screened the T-DNA-
inserted mutant library in A. aculeatus to identify cellulose-
responsive expression-deficient mutants. The T-DNA-
inserted mutant library was constructed by A. aculeatus
NCP2 harboring the orotidine 5’-phosphate decarboxylase
gene (pyrG) under the control of the promoter of chhl, which
is induced in response to cellulose. Therefore, we assumed
that only cellulose-utilization-deficient mutants could grow
on 5-FOA media supplemented with wheat bran as a cellulos-
ic carbon source (Kunitake et al. 2011, 2013). After counter
selection on the 5-FOA, fewer than two hundred mutants out
of an estimated number of 10,000 T-DNA-inserted mutants
were observed to grow on the media. Afterward, we selected
five isolated mutants with poor growth on cellulose media but
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normal growth on D-glucose, D-xylose, and beechwood xylan
media from the total pool. We assessed the cbhl expression in
response to Avicel in the isolated five mutants for the last
screening step. The chhl transcripts were quantified using
RNA extracted from mycelia grown for 9 h under
Avicel-inducing or noninducing conditions. Only one
mutant, namely, no. 12, significantly reduced the cbhl
expression under the Avicel-inducing condition to ap-
proximately 50% in A. aculeatus NCP2 (Fig. 1a). At the same
time, there was no difference under the noninducing condi-
tion. These data suggest that the T-DNA disrupted a gene
required for the cellulose-responsive expression of cbhl in
the no. 12 strain.

To identify the gene disrupted by T-DNA insertion, we
recovered the T-DNA flanking sequences by an inverse
PCR. Since the T-DNA was inserted into the genome of the
no. 12 strain as a single copy (Supplementary Fig. S3), we
used the genomic DNA of the no. 12 strain, digested with only
EcoRl, to amplify the T-DNA-flanking sequences, which re-
covered the right border sequence of the T-DNA. The geno-
mic DNA digested with Xbal and Spel was used to recover the
left border sequence (Fig. 1b). Sequence analyses of the am-
plified DNA segments revealed that the right border of the T-
DNA was inserted into 510 bp upstream of the gene
orthologous to the septation initiation network (SIN) compo-
nent (sepM in A. nidulans, AN0655) in the recipient genome,
namely, A. aculeatus sepM (AasepM). The flanking sequence
of the left border was not determined, which was likely due to
the vector backbone. Based on our previous analyses, T-DNA
tends to be inserted with an average 1.4-kb deletion of the
recipient genome at the T-DNA-inserted locus (Kunitake
et al. 2011). Therefore, we selected AasepM as the first can-
didate gene for a factor involved in the cellulose-responsive
expression of cbhl.

The no. 12 strain was transformed with pPTRII and
pPTRII-sepM. The insertion of the AasepM gene
complemented the cellulose-responsive induction-deficient
phenotype of the no. 12 strain, but not pPTRII. This finding
suggests that AaSepM is involved in the cellulose-responsive
expression of cbhl in A. aculeatus (Fig. 1c). Therefore, the
deletion mutant of AasepM (AAasepM) and its complement
strain (AasepM") were newly constructed (Supplementary
Fig. S1). We quantified the cbhhl transcripts in MR12,
AAasepM, and AasepM" strains, respectively. The Avicel-
induced expression of cbhl in AAasepM was reduced to
16% compared to that of the control strain. The reduced ex-
pression of chhl in AAasepM recovered in AasepM*, which
confirms that AaSepM is involved in the cellulose-responsive
induction of chhl in A. aculeatus (Fig. 2).

AasepM comprises 965 bp, with two exons divided by one
intron, which encode a 295 amino acid protein. This protein
has homology with AN0655, A. nidulans SepM, (E-value, 3e-
166; identities, 84%), and Schizosaccharomyces pombe
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<« Fig. 1 Identification of cellulose-responsive induction-deficient mutants.

a qRT-PCR analysis of the chhl expression at 9-h post-induction by 1%
(w/v) Avicel was conducted in the host (NCP2) and the no. 12 strains
(gray bars). The filled bars indicate the chhl expression level under an
uninduced condition. The relative expression corresponds to the mean
expression levels of chhl divided by those of the gpdA, a reference gene.
The relative expression levels are the means of three independent exper-
iments, and the error bars indicate standard deviations. b A schematic
representation of the AasepM locus and the deduced T-DNA integration
pattern. ¢ qRT-PCR analysis of the chhl in the no. 12 strains harboring
pPTRII (-) and pPTRII-sepM (AasepM) was performed as described
above. Letters indicate significant differences between groups (p < 0.05,
Student’s # test)

Cdcl4p (E-value, 2e-20; identities, 33%), which was a com-
ponent of the SIN complex (Kim et al. 2009).

AaSepM is involved in septation and conidiation
in A. aculeatus

Cdc14p is required for septum formation since it interacts with
the carboxyl terminus of Sidlp kinase, which is a group II
p21-activated kinase/germinal center kinase family member,
and is necessary for the Sidlp catalytic activity and intracel-
lular localization to control the cytokinesis in S. pombe
(Guertin et al. 2000; Guertin and McCollum 2001). It has been
reported that the SepL, a Sidlp ortholog in A. nidulans, is
required for septation and conidiation in A. nidulans (de
Souza et al. 2013). In contrast, there are no experimental stud-
ies of SepM’s function in filamentous fungi.

To test whether AaSepM is involved in septum formation
in A. aculeatus, germlings of MR12, AAasepM, and AasepM*
were fixed and stained with calcofluor white for chitin visual-
ization. Septum formation in AAasepM reduced to 4% and
37% of that in the control strain in a MM at 16-h and 24-h

S 0.7
% 0.6 a a
o 05 r .
% 0.4
2 o5 |
3 o o
e 0
MR12 AAasepM AasepM*

Fig. 2 The effect of AasepM deletion on chhl expression. Results of the
qRT-PCR analysis of the cbhl expression at 9-h post-induction with (gray
bars) or without (filled bars) 1% (w/v) Avicel in MR12, AAasepM, and
AasepM". The relative expression corresponds to the ratio of the mean
expression levels of chhl divided by those of gpdA. The relative expres-
sion levels are the means of three independent experiments, and the error
bars indicate standard deviations. Letters indicate significant differences
between groups (p < 0.05, Student’s ¢ test)
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post-inoculation, respectively (Fig. 3a—c). Several putative
immature septa were randomly observed in the hyphae in
AAasepM (Fig. 3a, arrowhead). This septation-deficient phe-
notype was restored in AasepM*. In contrast, there was no
detectable septum-deficient phenotype in AAasepM at 16-h
post-inoculation in the complete medium, probably due to the
rapid hyphal growth and septum formation in complete media
(data not shown). These data confirmed that AaSepM is in-
volved in septum formation but is not strictly necessary.
Subsequently, we investigated the effect of the AasepM dele-
tion on hyphal growth and conidiation on MM. Conidia in

a MR12

AAasepM

AasepM*

16 h

24 h

—— 100 um
b E g

85‘

= 4

5 3

[oX

b 2 .

S 1 .

2 0 -

MR12 AAasepM sepM*

MR12 AAasepM sepM?*

Fig. 3 The effect of the AasepM deletion on septum formation. a MR12,
AAasepM, and AasepM* were grown for 16 or 24 h at 30°C. Hyphae
were fixed, stained with calcofluor white, and analyzed with a confocal
laser scanning microscope. Representative images are shown.
Arrowheads indicate immature septa. We counted the number of septa
formed in 100 um of a hypha. More than 60 hyphae in different areas
were counted in three biological replicates, and the average and standard
deviations were calculated. The number of septa after 16-h and 24-h
incubation is shown in b and c, respectively. Letters indicate significant
differences between groups (p < 0.05, Student’s ¢ test)

No. of septa/100 pm
O-=_NWhMooo
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AAasepM (average 3.2 x 10° conidia/cm?®) was significantly
reduced (n = 3, p < 0.05) to 25% of conidia in the control
strain (average 1.3 x 107 conidia/cm?), which was restored in
AasepM" (average 1.1 x 107 conidia/cm?), although there was
no significant difference in the hyphal growth among test
strains (Fig. 4a). SEM analysis revealed conidium chain in
MR12 and AasepM" but not in AAasepM (Fig. 4b). These
data indicated that AaSepM is involved in septation and for-
mation of the conidium chain. These phenotypes were similar
to those of the A. nidulans sepL-deletion mutant, suggesting
that AaSepM functions cooperatively with AaSepL.
Afterward, we assessed whether AaSepM interacts with
AaSepL by yeast two-hybrid analysis. The only strain ex-
pressing both AaSepM and AaSepL was grown on quadruple
dropout media (Fig. 5). These data demonstrated that AaSepM
interacts with AaSepL, demonstrating that AaSepM and
AaSepL cooperatively regulate septum formation and
conidiation.

The expression profile of AasepM

To investigate the expression of AasepM under the inducing,
noninducing, or repressing conditions of the cellulase and
xylanase genes, we quantified transcripts of AasepM under
1% (w/v) D-glucose, 1% (w/v) D-xylose, 1% (w/v) beechwood
xylan, 1% (w/v) cellobiose with 50 g/l deoxy-nojirimycin
(DNJ), 1% (w/v) Avicel, and no-carbon conditions. We added
DNIJ to investigate the direct effect of cellobiose on the gene
expression since A. aculeatus secretes (3-glucosidase effec-
tively hydrolyze cello-oligosaccharides (Baba et al. 2015).
The wild-type A. aculeatus was grown for the best duration
to repress or induce the expression of cellulase and xylanase
genes; e.g., D-glucose (3 h), D-xylose (3 h), beechwood xylan
(6 h), cellobiose with DNJ (3 h), and Avicel (6 h), respectively
(Fig. 6). Although the expression of AasepM was significantly
lower in the presence of D-glucose and beechwood xylan in

M1 2 AAasepM

Aas,oM+

Fig. 4 The effect of AasepM deletion on hyphal growth and conidiation
on the MM. a Representative images of MR12, AAasepM, and AasepM*,
which were grown for 4 days at 30°C. b Representative images of MR12,
AAasepM, and AasepM"* observed by SEM, showing a deficiency in the
formation of the conidium chain in AAasepM. Bar is 50 pm
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+
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Fig. 5 AaSepM and AaSepL interaction by the Y2H system. Growth
tests of yeasts co-transformed with pGBKT7 and pGADT7, pGBKT7
and pGBKT7-AaSepL, pGBKT7-AaSepM and pGADT7, and
pGBKT7-AaSepM and pGADT7-AaSepL were conducted on double-

comparison with that under a carbon-free condition (3 h),
AasepM seemed to be expressed on nearly the same level as
gpdA, which is known to be a highly expressed gene.
Therefore, we concluded that AasepM is abundantly
expressed under all test conditions.

AaSepM is involved in the cellulose-responsive
expression of the cellulase and hemicellulase genes

To elucidate the role of AaSepM on the cellulose-responsive
expressions of cellulase and xylanase genes, we quantified the
expressions of the cellobiohydrolase II gene (cbhll),
hydrocellulase gene (cel7b), Fl-carboxymethyl cellulase gene
(cmcl), Fll-carboxymethyl cellulase gene (cmc?2), Fla-
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Fig.6 qRT-PCR analysis of the AasepM expression in A. aculeatus wild-
type at 9-h incubation under the following conditions: NC noninducing
condition, G 1% glucose, X 1% xylose, BX 1% beechwood xylan, C
0.1% cellobiose with 50 pg/l DNJ, A 1% Avicel. The relative expression
corresponds to the ratio of the mean expression levels of AasepM divided
by those of gpdA. The relative expression levels are the means of three
independent experiments, and the error bars indicate the standard devi-
ations. Letters indicate significant differences between groups (p < 0.05,
one-way ANOVA)

SD-Leu-Trp SD-Leu-Trp-His-Ade

dropout media (SD-Leu-Trp) and quadruple-dropout media (SD-Leu-
Trp-His-Ade), respectively. Representative data from three independent
experiments are shown

xynalase gene (xynla), and Flb-xylanase gene (xyn/b) in re-
sponse to 1% (w/v) Avicel at 9-h post-induction. Since all test
genes’ expression levels in response to Avicel were the same
in MR12 and AasepM", AasepM" was used as a control. The
expression level of each test gene in AAasepM was reduced to
4% (cbhll), 29% (cmcl), 28% (cmc2), 53% (cel7b), 49%
(xynla), and 20% (xynIb) of those in AasepM"* under the
Avicel condition, respectively. These reductions were ob-
served only under the Avicel-inducing condition, but not un-
der the noninducing condition. Therefore, the fold induction
of each test gene (the gene expression level under the inducing
condition divided by that under the noninducing condition) is
reflected by the reduction of the expression level under the
inducing condition (Fig. 7a).

Furthermore, we investigated whether the deletion of
AasepM affected cellulase and xylanase gene expressions in
response to beechwood xylan. Transcripts of cmcl and xynlb
were quantified in the presence of 1% beechwood xylan at 9-h
post-induction, since these genes’ expressions, but not the
other test genes, were induced in response to D-xylose. The
expressions of cmcl and xynIb in response to beechwood
xylan at 9-h post-induction were not affected by the deletion
of AasepM (Fig. 7b). These data demonstrated that AaSepM
was involved in the cellulose-responsive expression in
A. aculeatus.

AaSepM is involved in multiple signaling pathways
in response to the cellulosic substrate

We previously reported that a transcription factor, XInR, con-
trols the induction of cmcl and xynlb in response to both
Avicel and beechwood xylan in A. aculeatus, while the other
test genes were not under the control of XInR (Tani et al.
2012). One candidate regulator for the XInR-independent
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signaling pathway is ClrB/ManR, which controls cellulase
gene expression in response to cellulose in A. nidulans and
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A. oryzae (Coradetti et al. 2012; Ogawa et al. 2012, 2013).
Therefore, the potential genes under the control of ManR in
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<« Fig. 7 The effect of AasepM deletion on the expression of the cellulase
and hemicellulase genes. a qRT-PCR was conducted on each gene in
AAasepM and AasepM" incubated for 9 h under a noninduced condition
(filled bars) and 1% Avicel-inducing condition (gray bars), respectively.
b qRT-PCR of each gene in the strains incubated for 9 h under a
noninduced condition (filled bars) and the 1% beechwood xylan-
inducing condition (gray bars) was conducted. The relative expression
corresponds to the ratio of the mean expression levels of each gene di-
vided by that of gpdA. The relative expression levels are the means of
three independent experiments, and the error bars indicate the standard
deviations. An asterisk indicates a significant difference between test
genes’ expression under the inducing condition in AAasepM and in
AasepM" (p < 0.05, Student’s ¢ test)

the cellulose-responsive expression in A. aculeatus were
assessed. The cellulose-responsive expression levels of chhl,
cbhll, cel7b, and cmc2 were abolished in AmanR, which was
restored in the manR-complemented strain (manR") (Fig. 8).
Furthermore, the cellulose-responsive induction of xynla,
cmel, and xynlb was reduced to 50%, 10%, and 22% com-
pared to that in manR"* (Fig. 8).

The involvement of AaSepM in the gene expression of
known transcription factors such as ManR, CIbR, and XInR,
which are involved in the cellulose-responsive expression in
A. aculeatus, was investigated (Fig. 9). We quantified tran-
scripts of the manR, clbR, and x/nR genes in AAasepM and
AasepM*. The expression of manR under the Avicel condition
in AAasepM was reduced to 24% compared to that in
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Fig. 8 qRT-PCR analysis of the cellulase and hemicellulase genes in the
manR deletion mutant (AmanR) and the manR-complemented strain
(manR*) grown at 9-h post-induction by 1% Avicel. We normalized each
gene’s expression level by that of gpdA. The relative expression corre-
sponds to the ratio of the mean expression levels of each gene in AmanR
divided by those in manR*. The relative expressions are the means of
three independent experiments, and error bars indicate standard devia-
tions. Letters indicate significant differences between groups (p < 0.05,
one-way ANOVA)

AasepM*. In contrast, the deletion of AasepM resulted in a
1.7-fold (clbR) and 1.8-fold (xInR) increase, which indicates
that AaSepM is also involved in the cellulose-responsive in-
duction of manR. These data demonstrated that AaSepM par-
ticipates broadly in cellulose-responsive induction in
A. aculeatus.

Discussion

Expression of the cellulase and xylanase genes is regulated in
response to physiological conditions in filamentous fungi.
Here, we described a novel factor, AaSepM, which is involved
in septation and conidiation and regulates the cellulose-
responsive induction of the cellulase genes, xylanase genes,
and manR gene in A. aculeatus.

Cytokinesis completes the cell cycle and marks the birth of
newly formed daughter cells. In S. pombe, several proteins
intricately control septum formation. These proteins form the
SIN and regulate cytokinesis initiation at the end of the ana-
phase. The SIN consists of nine proteins, including Sid1p and
Cdcl4p (Krapp and Simanis 2008). Cdcl4p is required for
full catalytic activity and localization of Sid1p. Cdc14p regu-
lates the kinase activity of Sidlp by interacting with the C-
terminus of Sidlp in S. pombe (Guertin et al. 2000; Guertin
and McCollum 2001). SIN mutants proceed through addition-
al nuclear division cycles without septation, thus becoming
long and multinucleate before they eventually lyse
(Balasubramanian et al. 1998). In contrast to these ascomyce-
tous yeasts, the sepL-deletion mutant in A. nidulans and its
Sidlp ortholog, showed extremely poor conidiation and a
complete absence of the septa in A. nidulans (de Souza et al.
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Fig. 9 The effect of AasepM deletion on the expression of transcription
factor genes. The expression of selected transcription factor genes in
AAasepM and AasepM" following a 9-h shift to Avicel via qRT-PCR.
The relative expression corresponds to the ratio of the mean expression
levels of each gene in AAasepM divided by those in AasepM*. The
relative expressions are the means of three independent experiments,
and the error bars indicate standard deviations. Student’s 7 test assessed
statistical significance (*p < 0.05)
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2013). However, the sepL-deletion mutant and AAasepM
were not lethal, which is probably due to the general nature
of the multi-nuclear Aspergillus cells. A yeast two-hybrid as-
say showed that AaSepM interacted with AaSepL (Fig. 5),
which showed good correlation between the septation-
deficient and conidiation-deficient phenotypes in AAasepM,
while septa formed gradually in AAasepM, which suggested
that AaSepM is not necessary for septum formation stimulated
by AaSepL in A. aculeatus.

To induce cellulase gene expression, soluble saccharides
such as cellobiose, a physiological inducer, must first be lib-
erated from the cellulose in A. aculeatus (Tani et al. 2012).
Therefore, reduced production of cellulases, i.e.,
cellobiohydrolase and endoglucanase, could result in an insuf-
ficient supply of physiological inducers and reduced expres-
sion of their genes. In filamentous fungi, exocytosis occurs
mainly at growing hyphal apexes where the Golgi apparatus
and endoplasmic reticulum compartments accumulate abun-
dantly (Shoji et al. 2014; Wosten et al. 1991). However, exo-
cytosis of a-amylase at the septa has been reported in
Aspergillus oryzae (Hayakawa et al. 2011). If the enzymes’
exocytosis is reduced in AAasepM due to a deficiency in
septation, their genes’ reduced expression is necessary.
However, the accumulation of endoglucanase and [3-1,4-
xylanase in submerged MM and complete medium supple-
mented with wheat bran as a carbon source was not affected
by the deletion of AasepM (data not shown). Furthermore, our
results showed that AasepM deletion affected only gene in-
duction in response to cellulosic carbon sources, but not
beechwood xylan. Therefore, the reduced expression of the
cellulase genes is probably caused by the specific function
of AaSepM in the cellulose-responsive signaling pathway.

Factors controlling the expression of the cellulase and
hemicellulase genes are required to adapt to environmental
changes or alterations in physiological conditions, such as
pH, light, and cell wall integrity in filamentous fungi. VELI,
the T. reesei ortholog of A. nidulans VeA, forms the VELVET
protein complex consisting of VeA, LacA, and VelB, regulat-
ing secondary metabolism sexual and asexual reproduction.
VELI1 is also involved in the expression of cellulase and
xylanase genes in response to lactose and sophorose,
governed by the main regulator, Xyrl, in 7. reesei (Karimi
Aghcheh et al. 2014). Interestingly, different signaling path-
ways are crossed via pathway-specific transcription factors,
suggesting that a comprehensive analysis of both ManR and
AaSepM might reveal molecular mechanisms that coopera-
tively regulate morphological development and inducible en-
zyme production.

Of particular interest in the present study was the observa-
tion that AaSepM was involved in three different cellulose-
responsive induction pathways: (i) the gene expressions of
cbhl, cbhil, cmc2, and cel7b, which were regulated via the
ManR-dependent signaling pathway; (ii) the gene expressions
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of cmcl and xynlb, which were regulated via the XInR-
dependent signaling pathway; and (iii) the expression of
xynla, which was regulated via the ManR- and XInR-
independent signaling pathway. Furthermore, among the
genes under the control of the ManR-dependent signaling
pathway, it should be noted that the induced expression of
cbhil was abolished by the AasepM deletion but not the others
(Fig. 7a). We first considered the possibility that AaSepM
directly or indirectly affects the ManR activity in gene expres-
sion, which in response to cellulose is regulated by the homo-
logs, CItB in A. nidulans, ManR in A. oryzae (Coradetti et al.
2013; Ogawa et al. 2013), and ManR in A. aculeatus. Their
function, ClrB/ManR, could be conserved in cellulase-
responsive gene expression. ClrB in A. nidulans positively
regulates the expression of cellulase genes in two different
forms. The first is that ClrB forms a homodimer and binds
to CGGNgCCG. The second is that ClrB forms a
heterocomplex with McmA, which is an SRF-MADS box
protein in A. nidulans that binds to CCGN,CCNgGG, namely,
the cellulose-responsive element (CeRE) (Endo et al. 2008; Li
et al. 2016; Yamakawa et al. 2013). To investigate the possi-
bility of the involvement of AaSepM in switching the com-
plex formation of ClrB/ManR, we mined the ClrB recognition
sites in the promoter region of test genes in A. aculeatus.
Among the genes under the control of ManR, three and one
homodimer recognition sites were discovered within the 1-kb
upstream region of the translation start site of cmc2 and cel7b
in A. aculeatus, respectively. One CeRE site was found in
cbhl, while no conserved sequence was found within the 1-
kb promoter region of ¢bhil in A. aculeatus. There was no
correlation between the dependency of AaSepM on the
cellulose-responsive induction of the test genes and the
DNA-binding mode of ClrB/ManR. This lack of correlation
suggests that AaSepM might not be involved in switching the
dimerization form of ManR, although further analyses are
needed to confirm this.

Our data also indicated that the ManR- and XInR-
independent signaling pathway regulated the expression of
xynla in response to cellulose, which also was under the con-
trol of AaSepM. CIbR, a Zn,(I)Cys, binuclear cluster tran-
scription factor, helped induce cellulase and hemicellulase
genes in response to cellulose in A. aculeatus (Kunitake
et al. 2013). Our previous study revealed that CIbR is a limit-
ing factor for xynla expression in response to cellulosic carbon
sources. clbR overexpression resulted in xynla overexpres-
sion, increasing Xynla protein production (Kunitake et al.
2015). No coactivators were known to bind to Zn,(II)Cysg
binuclear cluster transcription factors and control gene regu-
lation. Therefore, AaSepM should interact with another pro-
tein, such as protein kinase(s), responsible for governing the
cellulose-responsive expression upstream of the transcription
factors. Perhaps, the new roles of AaSepM in A. aculeatus
reflect the evolutionary divergence between fungi. It will be
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an important focus of future studies to identify counterparts of
AaSepM on the cellulose-responsive signaling pathway in
A. aculeatus and determine their function.
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