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Abstract

Mpyceliophthora thermophila (ATCC 42464) is a thermophilic fungus that produces cellulolytic enzymes with high thermal
stability. Unlike its mesophile counterparts, study on gene expression regulation of cellulolytic enzymes in M. thermophila
is inadequate. This work identified the function of MHR1, a putative transcription regulator of cellulolytic enzymes in M.
thermophila that was found through RNA-Seq based gene expression profile analysis. RNA interference was used to study
the role of MHRI1. A recombinant plasmid, pUC19-Ppdc—mhrI-Tpdc, which contained the RNAi sequence for mhrl was
constructed and transformed into M. thermophila. One of the transformants, MtRS, in which the RNA interference efficiency
was the highest, was used for the following studies. In the mhrI-silenced strain MtR5, the filter paper hydrolyzing activity was
1.33-fold; B-1, 4-endoglucanase activity was 1.65-fold; and xylanase activity was 1.48-fold higher than those of the parental
strain after induction, respectively, by wheat straw powder. qRT-PCR showed that gene expression of cbhl, cbh2, egl3 and
xyrl were 9.56-, 37.36-, 56.14- and 28.30-fold higher in MtRS5 than in wild type, respectively. Our findings suggest that the
transcription factor MHR1 of M. thermophila can repress cellulase and xylanase activities. Silenced mhrI results in increased
expression not only of the main cellulase genes, but also of the positive regulatory gene xyrl. This work is relevant to the
development of M. thermophila as an industrial production host for cellulolytic and hemicellulolytic enzymes, which could
be used to degrade a wide range of different biomass, converting lignocellulosic feedstock into sugar precursors for biofuels.

Keywords Myceliophthora thermophila - Cellulase - Xylanase - RNAi - Transcription factor

Introduction

Myceliophthora thermophila is a thermophilic fungus that
grows optimally at 45 °C. Its extracellular enzymes have
high thermal stability, can degrade cellulose effectively and
be used for the production of biofuels (Maheshwari et al.
2000). The genome of M. thermophila strain ATCC 42464
was sequenced in 2011 (Berka et al. 2011). This strain
secretes a large number of thermostable cellulolytic and
hemicellulolytic enzymes that can degrade a wide range
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of biomass, including cellulose and hemicellulose. These
enzymes have potential industrial applications, turning dif-
ferent kinds of lignocellulosic feedstock into sugar precur-
sors for biofuels and chemicals (Kolbusz et al. 2014). M.
thermophila could be developed as an industrial production
host for cellulolytic and hemicellulolytic enzymes, on the
basis of genomic analysis (Karnaouri et al. 2014).
Numerous recent studies have focused on M. thermophila
ATCC 42464. Xu et al. developed a high efficiency Agro-
bacterium tumefaciens-mediated transformation system
for M. thermophila, including targeted gene deletion using
green fluorescent protein (GFP) as a selectable marker, and
a ku70 deletion mutant was constructed in the ATCC 42464
background population (Xu et al. 2015). Overexpression of
xyrl under the control of the MtPpdc (pyruvate decarboxy-
lase) promoter results in enhanced xylanase activity in M.
thermophila (Wang et al. 2015). CRE1 negatively regulates
cellulase gene expression in M. thermophila, as shown by
an increase in cellulase production using RNA interference
of crel (Yang et al. 2015). This previous work suggested
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that other transcription factors could regulate cellulase and
hemicellulase activity in M. thermophila.

M. thermophila ATCC42464 was cultured using glu-
cose and Avicel as the sole carbon source, respectively. The
gene expression profilings were analyzed based on Sol-
exa sequencing technology of RNA-Seq (Lockhart and
Winzeler 2000; Wang et al. 2009). NOIseq methods (Tara-
zona et al. 2015) were used for screening differen-
tially expressed genes in two groups. Thirty-five potential
transcription factors were found (unpublished data). MHR1
is one of them.

MHRI1 is a hypothetical protein, 733 amino acids long.
The fungal_TF_MHR (fungal transcription factor regula-
tory middle homology region) runs from residue positions
135 to 558. It has 63% amino acid sequence homology with
a putative transcription factor from Chaetomium thermo-
philum var. thermophilum DSM 1495, 48% homology with
a fungal-specific transcription factor from Colletotrichum
higginsianum and 44% homology with a hypothetical pro-
tein M419DRAFT_95750 from Trichoderma reesei RUT
C-30. However, the function of MHR1 and its relationship
with regulation of cellulase genes are still unknown. In the
present study, we designed an RNAi sequence for mhrl and
constructed a recombinant plasmid. Cellulase activities and
gene expression of the main cellulase genes were studied
in both the recombinant and wild-type strains cultured in
the inducing media. Results indicated that RNA interfer-
ence of mhrl resulted in enhanced cellulase production in
M. thermophila.

Materials and methods
Strains, plasmids and cultivation conditions

Escherichia coli IM107 (Thermo Fisher Scientific Fermen-
tas, Canada) was used as the host strain for recombinant
plasmid construction. M. thermophila (ATCC 42464) was
purchased from the American Type Culture Collection
center and used as the parent strain throughout this study.
The E. coli strain was cultivated in LB medium supple-
mented with 100 pg/mL ampicillin (Applied Biosystems,
USA) at 37 °C. M. thermophila was maintained on potato
dextrose agar (PDA) at 45 °C. Transformants (MtR(n)) were
selected on PDA with 50 pg/mL hygromycin B (AMRESCO,
USA). Spores were washed and suspended in a 0.1% Tween-
80 solution. For liquid culture, M. thermophila was grown
in Mandel’s medium with 2% glucose at 45 °C, in 250-ml
Erlenmeyer flasks, shaking at 250 rpm. M. thermophila
produces cellulase when 3% wheat straw powder (Solarbio,
China) is used as inducer (Van den Brink et al. 2013). The
pUCI19-Mtpdc plasmid contains the promoter and terminator
of the pyruvate decarboxylase gene of M. thermophila (Ppdc
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and Tpdc, respectively) and was previously constructed in
our laboratory (Wang et al. 2015). Plasmid pAN7-1, which
contains the hygromycin B-resistance cassette, was used as
an assisting plasmid for the transformation of M. thermoph-
ila (Punt et al. 1987).

Construction of the RNAi plasmid

The mhrl gene sequence was obtained from GenBank
(accession AEO57591.1). Small interfering RNA (siRNA)
sequences of the mhrl gene were designed using a siRNA
design program (http://rnaidesigner.lifetechnologies.com/
rnaiexpress/) (Table 1). siRNA sequences were synthe-
sized by Sangon (Shanghai, China). A stable stem-loop
structure 5S'“"TTCAAGAGA-3' connected complementary
oligonucleotides (underlined in Table 1; Brummelkamp
et al. 2002). The restriction site at the 5’ end of the sense
strand is Notl, while Xball is at the 5' end of the antisense
strand. Double-stranded siRNA-mhrl was obtained using
PCR, with the following reaction conditions: 40% nuclease-
free water, 20% annealing buffer for DNA oligos (5X), 20%
DNA oligo S (50 uM), and 20% DNA oligo A (50 uM) (San-
gon, China); initial denaturation at 95 °C for 2 min, falling
0.1 °C per second to 25 °C (Yang et al. 2015). The result-
ing double-stranded siRNA-mhrl with a cohesive terminus
was inserted into the pUC19—pdc plasmid containing the
MPpdc—mhrl-MTpdc cassette (Wang et al. 2015). Sequence
analysis was performed (Sangon, China) to verify the inser-
tion of siRNA-mhrl in the recombinant plasmid.

Protoplast preparation and transformation of M.
thermophila

Protoplast preparation and transformation was modified from
our previous study (Wang et al. 2015). For a better rate of
germination, spores were cultured at 45 °C and 160 rpm for
9 h. A few spores of single colonies of candidate transforma-
tions were maintained on PDA plates at 2 days, for picking

Table 1 The siRNA oligonucleotide sequences of target gene mhrl

Name Sequence (5'-3")

mhrl g GGCC GCAAGGCTTCTT
GCGAAATTTCAAGAG
AATTTCGCAAGAAGC
CTTGC

CTAG GCAAGGCTTCTT
GCGAAATTCTCTTGA
AATTTCGCAAGAAGC
CTTGC

mhrl

anti

The 5’ end of the sense and antisense siRNA sequences are Not I and
Xba 1 restriction sites, respectively (shown in italics). Underlined and
double underlined sequences are complementary oligonucleotides.
The bold sequences are stem-loop structures


http://rnaidesigner.lifetechnologies.com/rnaiexpress/)
http://rnaidesigner.lifetechnologies.com/rnaiexpress/)

3 Biotech (2018) 8:160

Page3of6 160

Table 2 Primer sequences used for verifying the recombinant vector,
and for qRT-PCR

Primer name Sequence (5'-3")

Mt-Ppdc-F CCCAAGCTTCCGAGTGTACTCCGTAAGGA
Mt-Tpdc-R CCGGAATTCGGATTACAGCGCAGTGCACG
RTq-tub-F AGGGTATGGATGAGATGGAG

RTq-tub-R AGAAGCAAGCCCTGGAAC

RTq-mhrl-R CGCAGTACGCTACGATGTCT

RTq-cbhl-F GATGGTCCTTCTTGCGCCTCC

RTq-cbhi-R TTACCGCTCGTGGTGATGC

RTq-cbh2-F TTCTCGGGCGTCCGGCTCTTC

RTq-cbh2-R GGAATGGCGAGATTGTGGA

RTq-egll-F TCGGGCAACGGTTACGAGG

RTq-egll-R AGCTCTTGACCTGGTTCTGG

RTq-egl3-F TCCGCCACCAGCACCGCCCCTC

RTq -egl3-R TTGCTGCCGAGCCACTTC

RTq-xyrI-F CCAGATCTTCGGGGGCAGC

RTq-xyrl-R GTACTCGCAGCCCAGTTGGAAC

of mycelium. The picked mycelium was mixed with 15 pL
lysis buffer for direct PCR (Takara, Japan) and lysed at 80 °C
for 15 min. The resultant genomic DNA was used as the tem-
plate for PCR to verify whether the MPpdc—mhri-MTpdc
cassette had integrated into the genome of transformants.
Primers used are listed in Table 2. Sequence analysis was
performed at Sangon (Shanghai, China).

RNA extraction

Mycelia were collected by centrifugation at 5000 rpm and
4 °C for 10 min. Total RNA of each of the samples was iso-
lated from frozen mycelia, using TRIzol (Invitrogen, Carls-
bad, CA, USA) according to the manufacturer’s instructions.
RNA quantity and quality were measured with a NanoDrop
ND-2000 spectrometer (Thermo, USA), and RNA integ-
rity was assessed using standard denaturing agarose gel
electrophoresis.

Quantitative real-time reverse transcription PCR
(qRT-PCR)

The PrimeScript™ RT reagent kit with gDNA FEraser
(Takara, Japan) was used to remove genomic DNA from the
total RNA samples. Complementary DNA (cDNA) was syn-
thesized for each sample from 1.0 pg prepared total RNA.
The qRT-PCR protocol has been described previously (Li
et al. 2012) and was performed on a StepOnePlus™ qPCR
machine (ABI, USA). Gene expression levels were nor-
malized with the B-tubulin gene (GenBank AEO58945.1)
as an endogenous control. The primers used for gqRT-PCR

were designed using the software Prime 5.0 and are listed
in Table 2.

Enzyme activity assays and total extracellular
protein concentration

Supernatants from liquid cultures were collected by cen-
trifuging at 12,000 rpm for 10 min to remove mycelia and
residual medium. For cellulase activity assays, each super-
natant was diluted fivefold with 0.05 M sodium phosphate
(Na,HPO,) citric acid buffer (pH 4.8). Filter paper activity
(FPA) and endoglucanase (EGL) activities were assayed
using filter paper (Whatman, UK) with a 10 mm X 30 mm
standard and 1% sodium carboxymethyl cellulose (CMC-Na)
solution as substrates, respectively (Ghose 1987). Enzyme
reactions were performed in 0.05 M sodium pyrophosphate
(Na,HPO,) citric acid buffer (pH 4.8) at 50 °C for 60 and
30 min, respectively; then the released reducing sugar was
quantified using the DNS method (Sun et al. 2008). Xyla-
nase activity was assayed using 1% xylan from birchwood
(Sigma, USA) as the substrate, according to the method of
Bailey et al. (1992).

The concentration of total extracellular protein was quan-
tified using Modified Bradford Protein Assay Kit (Sangon),
following the manufacturer’s instructions.

Results

Construction of mhr1-silenced strains in M.
thermophila

To silence the expression of the mhrl gene in M. thermoph-
ila, the pUC19-Ppdc—mhri-Tpdc plasmid (Fig. 1) was

EcoR 1

Amp¥ Tpdce

Xbal
siRNA-mhrl
Not I

pUC19-mhrl

3643bp

Ppdc
Hind IIT

Fig.1 Schematic representation of the RNA interference vector.
Ppdc, pdc promoter of M. thermophila; siRNA-mhrl, small interfer-
ing RNA sequences including the mhrl sense sequence, stem-loop,
and mhrl antisense sequence; Tpdc, pdc terminator of M. thermoph-
ila
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Fig.2 gqRT-PCR analysis of mhrl mRNA levels in M. thermophila
transformants under inducing conditions

Fig.3 Conidiation of wild-type and transformant (MtRS5) growth at
45 °C for 7 days on PDA plates without a selective reagent

transformed into M. thermophila with the aid of plasmid
pANT7.1, through co-transformation. Six single mycelial
colonies were screened from the PDA plates. Subsequently,
five colonies named MtR(n) (MtR1, MtR2, MtR3, MtR4,
MtRS) were verified as containing the mhrl-interference
sequence by PCR and DNA sequencing. From these five
transformants, MtR5 was found to have the best RNAI effi-
ciency by qRT-PCR. The transcript level of the target gene
mhrl in transformant MtR(n) was reduced to 72.4, 25.2, 9,
6.1 and 1%, respectively, in MtR1-5, as compared to wild-
type (WT) transcript levels (Fig. 2). As MtR5 showed the
highest RNAI efficiency, it was used for further study.

The morphology of MtR5

The growth and development of WT and MtRS strains were
almost synchronous on PDA plates. When spores matured
after 7 days, the spore layer of the transformant MtR5 was
thinner, and the spores of MtR5 were more mucilaginous,
compared with those of the WT strain. From the same
surface area of the medium, the quantity of MtRS spores
obtained was about half that of the WT spores (Fig. 3).

/
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Obvious hyphae were present on the surface of the MtRS
medium, making it difficult to scrape clean.

Enhancing cellulase and xylanase production
in the mhr1-silenced strain MtR5

WT and MtRS5 strains were cultured in Mandel’s medium
with 0.2% glucose and 3% wheat straw powder. Extracellular
protein concentrations, filter paper activity (FPA), endoglu-
canase (EG) and xylanase activities were determined for the
supernatants of WT and MtRS strains, at 72, 96 and 120 h.
The concentration of extracellular protein in strain MtR5
was 1.17-fold higher than that of WT when cultured for 96 h
(Fig. 4a). Cellulase activity was elevated in MtR5 at each
time point, compared with WT. FPA (Fig. 4b) and EGase
activities of MtR5 (Fig. 4c) were 1.33- and 1.65-fold higher,
respectively, at 96 h, and xylanase activity was 1.48-fold
higher at 72 h, compared with WT (Fig. 4d).

Expression of the main cellulase genes
in the mhr1-silenced transformant under inducing
conditions

To illustrate the relationship between MHR1 and cellulase,
the expressions of the main cellulase genes (cbhl, cbh2,
egll and egl3) and a positive regulator, XYR1, were meas-
ured by qRT-PCR. Compared with WT, expressions of chhl,
cbh2, egl3 and xyrl were increased in MtRS5, being 9.56-,
37.36-, 56.14- and 28.30-fold higher, respectively (Fig. 5).
The expression of egl] was slightly increased in MtRS, being
2.52-fold higher than that of WT (Fig. 5). These results were
concordant with the enzyme activity results.

Discussion

MHRI1 includes the fungal_TF_MHR region, making it
a transcription factor of fungi in the broadest sense. The
present results showed that RNA interference of mhrl can
increase cellulase activities, when the strains are cultured
in inducing medium. Fluorescence quantitative results
showed that the expression of various cellulase-related genes
increased in the recombinant strain MtR5, which indicates
that MHR1 is associated with carbon metabolic repression,
and this transcription factor functions as a repressor. Thus,
silencing of mhrl facilitates the production of cellulase in
the recombinant strain. However, the total extracellular pro-
tein of the recombinant strain was also slightly higher than
that of wild type.

This study demonstrated that the interference of mhrl
can also increase xylanase activity. The results of qRT-
PCR showed that the expression of xyr/ increased in the
recombinant strain MtR5. The transcriptional activator
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Fig.5 Expression of the main cellulase genes and regulator xyr/ in
WT and MtRS5 under inducing conditions

XYRI1 is the central regulator that governs cellulolytic and
xylanolytic gene expression in Trichoderma reesei (Furu-
kawa et al. 2009; Stricker et al. 2008; Mach-Aigner et al.
2008), Aspergillus niger (van Peij et al. 1998; Omony et al.
2016), and Neurospora crassa (Sun et al. 2012). However,
the function of (hemi-) cellulolytic regulator Xyr1 (XInR/
Xlrl) is different in filamentous fungi (Klaubauf et al.
2014; Amore et al. 2013; Brunner et al. 2007). XYRI1 is
an activator of xylanase in Myceliophthora thermophila
ATCC 42464 (Wang et al. 2015). Therefore, interference
with mhrl expression either resulted in a direct increase
of xylanase activity in strain MtRS, or the increase in xyr/
expression resulted in an indirect increase of xylanase
activity.

dramatic increase of transcription levels of several genes
(cbhl, cbh2, egl3 and xyr1). However, the enzyme activity
measured was not increased too much. We also observed
the same phenomena, and the possible reason has been
explained in our previous study (Yang et al. 2015).

There is no published report describing the function of
the MHRI1 protein. Here, we have described the relation-
ship between MHR1 and the regulation of cellulase. How-
ever, it remains unclear whether this transcription factor has
any connection with known cellulase repressors CRE1 and
ACEL; and where MHR1 binds to cellulase genes.

Conclusion

MHRI1 is a regulatory gene, with the generic fungal tran-
scription factor middle homology region. RNA interference
of mhrl resulted in enhanced cellulase and xylanase produc-
tions in M. thermophila. The expression of the regulatory
gene xyrl was also enhanced. This is the first description
of the relationship between MHR1, cellulase and xylanase.
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