Zhu et al. Microb Cell Fact (2020) 19:149

https:/doi.org/10.1186/512934-020-01408-y Microbial Cell Factories

: ®
Improving the fermentable sugar Gl

yields of wheat straw by high-temperature
pre-hydrolysis with thermophilic enzymes
of Malbranchea cinnamomea

Ning Zhu'?? Hongmei Jin'#3"®, Xiangping Kong '3, Yanyun Zhu'?3, Xiaomei Ye'*?, Yonglan Xi
Jing Du'%3, Bingging Li*, Menghan Lou* and Ghulam Mustafa Shah®

123

Abstract

Background: Enzymatic hydrolysis is a key step in the conversion of lignocellulosic polysaccharides to fermentable
sugars for the production of biofuels and high-value chemicals. However, current enzyme preparations from meso-
philic fungi are deficient in their thermostability and biomass-hydrolyzing efficiency at high temperatures. Thermo-
philic fungi represent promising sources of thermostable and highly active enzymes for improving the biomass-to-
sugar conversion process. Here we present a comprehensive study on the lignocellulosic biomass-degrading ability
and enzyme system of thermophilic fungus Malbranchea cinnamomea N12 and the application of its enzymes in the
synergistic hydrolysis of lignocellulosic biomass.

Results: Malbranchea cinnamomea N12 was capable of utilizing untreated wheat straw to produce high levels of
xylanases and efficiently degrading lignocellulose under thermophilic conditions. Temporal analysis of the wheat
straw-induced secretome revealed that M. cinnamomea N12 successively degraded the lignocellulosic polysac-
charides through sequential secretion of enzymes targeting xylan and cellulose. Xylanase-enriched cocktail from M.
cinnamomea N12 was more active on native and alkali-pretreated wheat straw than the commercial xylanases from
Trichoderma reesei over temperatures ranging from 40 to 75 °C. Integration of M. cinnamomea N12 enzymes with the
commercial cellulase preparation increased the glucose and xylose yields of alkali-pretreated wheat straw by 32 and
166%, respectively, with pronounced effects at elevated temperature.

Conclusions: This study demonstrated the remarkable xylanase-producing ability and strategy of sequential
lignocellulose breakdown of M. cinnamomea N12. A new process for the hydrolysis of lignocellulosic biomass was
proposed, comprising thermophilic enzymolysis by enzymes of M. cinnamomea N12 followed with mesophilic enzy-
molysis by commercial cellulases. Developing M. cinnamomea N12 as platforms for thermophilic enzyme mixture pro-
duction will provide new perspectives for improved conversion yields for current biomass saccharification schemes.

Keywords: Lignocellulose, Xylanase, Malbranchea cinnamomea, Secretome, Hydrolysis

Background
Lignocellulosic biomass is an abundant resource for the
industrial production of biofuels and high-value chemi-
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exemplified by Trichoderma reesei, are currently the most
common industrial enzyme producers [1]. However,
enzyme formulations derived from strains of mesophiles
have limited thermotolerance. Development of fungal
platforms that produce enzymes capable of working at
high temperatures than the mesophilic conditions ena-
bles thermophilic saccharification, allowing shorter reac-
tion time and less end-product inhibition [2].

Recently, interest in thermophilic fungi has increased
in response to their ability to degrade lignocellulosic sub-
strates at high temperatures. Glycoside hydrolases (GHs)
characterized from thermophilic fungi have tempera-
ture optima between 55 and 80 °C [3, 4], whereas com-
mercial enzyme preparations produced by mesophilic
fungi perform optimally at 50 °C [5]. Consequently, these
thermophilic enzymes break down plant polysaccharides
faster than mesophilic enzymes at elevated temperatures.
A variety of thermophilic fungi have been reported as
potential producers of thermostable enzymes for ligno-
cellulose breakdown [6—-8]. Myceliophthora thermophila
strain BIAMDUS5 grown on rice straw under solid state
fermentation produced high levels of cellulolytic and
xylanolytic enzymes [9]. Secretome analysis of M. ther-
mophila identified a number of carbohydrate-active
enzymes (CAZymes) involved in lignocellulosic bio-
mass degradation, including GHs, lytic polysaccharide
monooxygenases (LPMO), carbohydrate esterases (CE)
and polysaccharide lyases (PL) [9]. It has been shown that
both xylan and xylose can induce significant cellulase
production in thermophilic fungus Thermoascus auran-
tiacus [10]. Proteomic analysis showed that the high
hydrolysis activity of T. aurantiacus enzymes is attrib-
uted to the predominance of proteins from GH families
5,7,10 and 61 in its secretome [11]. Wheat bran induced
xylanolytic filamentous fungus Talaromyces emersonii to
secret thermostable enzyme cocktails containing amylo-
lytic, xylanolytic, glucanolytic, proteolytic and lipolytic
enzymes [12]. To increase the cost-effectiveness of lig-
nocellulosic biomass hydrolysis, sources of enzymes
with improved thermal stability and catalytic efficiency
should be exploited for the development of more efficient
enzyme formulations.

Malbranchea cinnamomea was a saprophytic fungus
frequently found in high temperature environments such
as compost, in which decomposition of organic matter
occurred at elevated temperatures (around 50 °C) [13].
Strains of M. cinnamomea have mostly been studied as
source of enzymes that maintain high activities at tem-
peratures between 60 to 80 °C [14]. Research conducted
thus far on the hydrolytic enzymes of M. cinnamomea
has been focused mainly on the characterization of
enzymatic properties. Several hemicellulases from M.
cinnamomea have been identified and characterized,
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including GH10 and GHI11 xylanases [15, 16] and
B-mannanase [17]. However, only a few attempts have
been made to examine their hydrolysis performance on
lignocellulosic biomass. Partial replacement of the com-
mercial cellulase cocktail Cellic CTec2 with xylanases or
LPMOs from M. cinnamomea resulted in improvement
in the hydrolysis of alkali pretreated rice straw [16, 18].
A promoting effect on the hydrolysis of alkali pretreated
biomass was also observed when secretome fractions
of M. cinnamomea were supplemented to Cellic CTec2
[19]. It should be noted that biomass hydrolysis using M.
cinnamomea enzymes in the published studies was per-
formed at 50 °C, the optimum temperature for current
commercial enzyme cocktails. Considering the thermo-
philic characteristic of enzymes from M. cinnamomea, it
remains to be seen how the hydrolysis-enhancing ability
of M. cinnamomea enzymes can be promoted at elevated
temperatures.

In lignocellulosic biomass hemicellulose is closely
crosslinked with the cellulose fibrils. Hemicellulose
removal contributes to high sugar yields in lignocellu-
lose hydrolysis by increasing the surface area and cellu-
lose accessibility to cellulases [20]. Genome sequencing
revealed that M. cinnamomea possesses a number of GHs
acting on xylan, including GH5, 10, 11, 39, 43, 51 and 67
[21]. Transcriptomic analysis showed that GH10 and
GH11 xylanases were highly upregulated during growth
on wheat bran as compared to growth on glucose [21].
The diversity of xylan-degrading GHs in M. cinnamomea
shows that it is a promising candidate for hemicellulose
degradation. However, proteomic studies on the enzy-
matic system of M. cinnamomea is still needed to employ
its hemicellulose-degrading enzymes in improving the
hydrolysis of lignocellulosic biomass.

In this work, the dynamics of lignocellulosic biomass
degradation by M. cinnamomea N12 over 10 days of solid
state fermentation (SSF) were tracked in terms of changes
in degradation preference, enzyme activity and substrate
digestibility. Temporal alteration of the lignocellulo-
lytic enzyme repertoire of M. cinnamomea N12 grown
on wheat straw was profiled by quantitative secretome
analysis. Furthermore, the synergistic cooperation of M.
cinnamomea N12 enzymes with commercial cellulases in
the hydrolysis of pretreated lignocellulosic materials was
investigated through separate, simultaneous and sequen-
tial strategy.

Methods

Strain isolation and identification

The fungal strains used in this study were isolated from
compost obtained from organic fertilizer plant in Nan-
jing, China. The compost was prepared from chicken
manure mixed with wheat straw. For isolation of fungal
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strains, 1 g of compost sample was suspended in 10 ml
physiological salt solution (8.5 g/l NaCl), plated onto
potato dextrose agar (PDA) plates containing 0.1 g/ chlo-
ramphenicol (for suppression of bacterial growth) and
incubated at 45 °C for 3 days. The single colony of iso-
lated strains was obtained by means of streak plate. Fun-
gal isolates thus obtained were inoculated at 10° spores/
ml into basal medium (tryptone 5.0 g/l, yeast extract
1.0 g/l, (NH,),SO, 2.0 g/l, NaCl 1.0 g/, KH,PO, 3.0 g/l
CaCl,-2H,0 0.3 g/l, MgSO,-7H,0 0.3 g/l, FeSO, 0.3 g/],
pH 7.0) containing 1% wheat straw powder and incubated
at 45 °C with constant agitation (150 rpm). After 5 days of
cultivation culture the supernatant was collected by cen-
trifugation at 6000 g for 15 min at 4 °C and immediately
assayed for enzyme activities.

For species identification, total genomic DNA was
extracted from fungal mycelium grown in potato dex-
trose broth (PDB), using E.ZN.A® Fungal DNA Mini Kit
(Omega Bio-tek, GA, USA) following the manufactur-
er’s protocol. The extracted DNA was used as template
to amplify the internal transcribed spacer (ITS) regions
using the universal primers ITS1 (forward: 5-TCCGTA
GGTGAACCTGCGG-3') and ITS4 (reverse: 5-TCC
TCCGCTTATTGATATGC-3’) [22]. Amplicons were
sequenced and compared to NCBI NR and UNITE
INSD databases using BLAST. The ITS sequence of N12
was deposited in GenBank under the accession number
MN294559. Phylogenetic tree based on aligned ITSI-
5.8S-ITSII sequences was constructed with MEGA7
using the Neighbor-Joining method [23]. The thermo-
philic fungi identified in this study included Mycelioph-
thora thermophila, Myceliophthora fergusii, Malbranchea
cinnamomea, Scytalidium thermophilum, Thermomyces
lanuginosus, Aspergillus fumigatus, Rhizomucor pusillus
and Penicillium dupontii.

The fungal biomass grown in PDB were measured at
temperatures from 35 to 53 °C to determine the growth
of M. cinnamomea N12 under varying temperature
range. The liquid medium (125 mL) was inoculated
with a spore suspension of M. cinnamomea N12 at 10°
spores/ml. Cultures were grown in baffled Erlenmeyer
flasks (500 mL) at 35 to 53 °C for 7 days with shaking at
200 rpm, and harvested by centrifugation at 10,000g for
10 min at 4 °C. The dry weight of fungal mycelia was
measured after freeze-drying.

Solid state fermentation and cellulose digestibility assay

Wheat straw (WS) used in this study was harvested from
a farm field in Nanjing, China during 2018. The straw
sample was ground to pass through 20 mesh sieve. There-
after, ground substrates were washed with distilled water
and oven-dried at 50 °C till constant weight. The SSF was
performed in 250 ml Erlenmeyer flasks containing 5 g
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of sterilized straw powder supplemented with 17.5 ml
of Mandels’ salts solution (pH 6.5, 95 ml of water, 5 ml
20 x nitrate salts, and 0.1 ml 1000 x trace elements) [24].
Conidia of M. cinnamomea N12 grown on PDA plate for
7 days were suspended in physiological salt solution and
inoculated in triplicate into test flasks at 2 x 10° spores
per g dry substrate. All test flasks were incubated at 45 °C
for 10 days. WS powder without fungal inoculation under
the same culture conditions was used as a control.

The WS residues during SSF were collected every
2 days by washing with 300 ml water, vacuum filter-
ing and oven-drying. After collection, the samples were
hydrolyzed by commercial cellulase mixture to evaluate
the effect of M. cinnamomea N12 SSF on WS cellulose
digestibility. In doing so, 1 g of WS sample was incubated
with 40 mg of Celluclast 1.5L (389 FPU/g) supplemented
with 75 mg of Novozyme 188 B-glucosidase (103 U/g) in
50 ml of 50 mM sodium acetate buffer (pH 6.0) at 50 °C.
The concentration of glucose released in the hydrolysate
was determined by Glucose Oxidase Assay [25] until
it reached constant. The cellulose digestibility of the
biotreated WS was calculated as the ratio of cellulose
hydrolyzed (0.9 x glucose) to the theoretical cellulose
available in the biotreated substrate. Control was also
included which consist of WS without fungal inoculation.
All experiments were conducted in triplicate.

Extracellular protein extraction and enzyme activity assay
The SSF cultures of M. cinnamomea N12 in the test flasks
were harvested at 24 h intervals by incubating with 50 ml
of 50 mM citrate—phosphate buffer (pH 7.0) at 25 °C with
agitation at 200 rpm for 2 h. The supernatants containing
the soluble protein extracts were collected by centrifuga-
tion at 10,000g for 20 min at 4 °C and then vacuum-fil-
tered through 0.22 pm membranes to remove suspended
solid particles. The filtrates were used directly for enzyme
activity assay. The enzyme activities were presented
as units per gram dry substrate (U/gds). The protein
extracts were dialyzed in 0.1 M sodium acetate buffer
(pH 5.0) at 4 °C, concentrated using Amicon Ultra-15
Centrifugal Filter Unit (10-kDa cutoff, Merck Millipore)
and freeze-dried for secretome profiling [24].

The cellulase, hemicellulase and ligninolytic activities
in the cultures of M. cinnamomea N12 were analyzed as
previously described [24]. Activities of endoglucanase
and xylanase were measured by the dinitrosalicylic acid
(DNS) method [26], with low-viscosity carboxymethyl-
cellulose (CMC) and beechwood xylan as the substrates,
respectively. For this purpose, the reaction mixture con-
taining 50 pl of culture filtrate and 150 pl of 1.0% (w/v)
substrate in 50 mM sodium acetate buffer (pH 5.0) was
incubated at 50 °C for 10 min. The reaction was termi-
nated by adding 50 pl of 1 M NaOH. After boiling with
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150 pl DNS at 100 °C for 5 min, the amount of reduc-
ing sugar released was measured at 540 nm. One unit of
enzyme activity was defined as the amount of enzyme
that released 1 pmol of reducing sugars in 1 min from the
substrate under the aforementioned conditions of assay.
The activities of cellobiohydrolase, [B-glucosidase and
B-xylosidase were measured using p-nitrophenyl-3-p-
cellobioside (pNPC), p-nitrophenyl-p-p-glucopyranoside
(pPNPG) and p-nitrophenyl-p-p-xylopyranoside (pNPX)
as substrates, respectively. In the reaction system, 50 pl of
culture filtrate was mixed with 50 pl of 200 mM sodium
acetate buffer (pH 5.0) and 100 pl of 5 mM substrate.
After incubation at 50 °C for 10 min, the reaction was ter-
minated by adding 100 pl of 1 M Na,CO;. The amount
of released p-nitrophenol was measured at 405 nm. One
unit of enzyme activity was defined as the amount of
enzyme that produced 1 pmol of p-nitrophenol in 1 min
under the assay conditions.

Among the ligninase enzymes, lignin peroxidase (LiP)
activity was measured using veratryl alcohol as the sub-
strate in 100 mM sodium tartrate (pH 3.0). The culture
filtrate (100 pl) was mixed with 40 mM veratryl alcohol
before 10 mM H,0O, was added to start the reaction in
a working volume of 1000 pl. The reaction was moni-
tored by measuring changes in absorbance at 310 nm
for 3 min at 30 °C. The extinction coefficient of verat-
ryl alcohol was 9300 M~! cm™'. Manganese peroxidase
(MnP) activity was determined by monitoring oxidative
dimerization of 2,6-dimethoxyphenol (2,6-DMP). The
reaction mixture (1000 ul) consisted of 100 ul culture
filtrate, 1 mM 2,6-DMP and 1 mM MnSO, in 50 mM
sodium tartrate buffer (pH 4.5). After the initiation of the
reaction by adding H,O, (100 uM), changes in absorb-
ance at 469 nm were measured for 3 min at 30 °C. The
extinction coefficient of 27,500 M~! cm™! was used for
oxidized 2,6-DMP. Laccase (Lac) activity was determined
with 2,2’-azonodi-3-ethylbenzothiazoline-6-sulfuric acid
(ABTS) as the substrate in a total volume of 1000 pl.
The reaction mixture contained 20 pl culture filtrate and
1 mM ABTS in 100 mM sodium acetate buffer (pH 4.5).
Changes in absorbance at 436 nm within 3 min were
monitored. The extinction coefficient of oxidized ABTS
was 29,300 M~! cm™. One unit of ligninolytic activity
was defined as the amount of enzyme that catalyzed the
formation of 1 umol of corresponding products in 1 min
under the tested conditions.

Time-course secretome analysis

The extracellular proteins of M. cinnamomea N12 culti-
vated on WS for 1, 6 and 10 days were used for secretome
analysis. Lyophilized protein extracts were reconsti-
tuted with deionized water, and protein concentrations
were determined using the Bradford Protein Assay Kit
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(GenStar, China) following the manufacturer’s instruc-
tions. For each secretome, 25 pg protein samples were
reduced with 10 mM dithiothreitol at 56 °C for 45 min
and alkylated with 55 mM iodoacetamide at room tem-
perature for 30 min. The obtained protein samples were
digested thoroughly using trypsin at 37 °C overnight.
The peptides in the digest mixture were extracted with
30% acetonitrile in 0.1% formic acid for 30 min and 60%
acetonitrile for 30 min. Peptide extracts in 0.1% formic
acid were separated on a nanoAcquity UPLC (Waters,
Milford, MA, USA) and subsequently analyzed by a
Q-Exactive high-resolution mass spectrometer (Thermo
Scientific, Waltham, MA, USA) as previously described
[24]. Raw data were processed with Mascot Distiller 2.5
for peak picking. Mass spectrometry data were searched
against the UniProt database for the order of Onygenales
using the Mascot search algorithm. At least two unique
peptides were required for each identified protein. False
discovery rate (FDR) was set at 1% at the peptide and
protein level. MaxQuant [27] with Andromeda as the
search engine was used for label-free quantification of
extracellular proteins. A minimum of two ratio counts
were required for valid protein quantification. Calcula-
tion of the protein LFQ intensity was based on MS peak
area intensity of unique peptides using the built-in label-
free quantification algorithm [28].

Enzymatic hydrolysis of lignocellulosic biomass

The lignocellulosic substrates used in enzymatic hydroly-
sis included native WS and dilute alkali pretreated wheat
straw (DA-WS). Native WS was ground to pass 60 mesh
screen. DA-WS was prepared by pretreating WS using
1.0% NaOH at 121 °C for 1 h, with a solids loading of 5%
(w/v) [29]. After the pretreatment, DA-WS was washed
with distilled water to remove residual alkali and pos-
sible degradation byproducts followed by oven-drying.
The lignocellulosic composition of WS and DA-WS was
determined according to the analytical procedure for-
mulated by NREL [30]. Briefly, 0.5 g of dry straw sample
was extracted with 200 ml of ethanol at 95 °C to remove
resin and pigment. Thereafter, the sample was subjected
to two-step hydrolysis: firstly incubated in 3 ml 72%
H,SO, at 30 °C for 1 h, followed by a second hydrolysis
with 87 ml of 4% H,SO, at 121 °C for 45 min. The hydro-
lysates were filtered through porcelain filter crucibles.
The concentrations of glucose and xylose in the liquid
filtrates were measured by HPLC and used for the calcu-
lation of cellulose and xylan contents. Ash content was
obtained by loss-in-ignition method where the oven-
dried solid residues were combusted in muffle furnace at
575 °C for 3 h. The Klason lignin content was calculated
by subtracting the ash content from the dried solid resi-
dues. The composition of native WS was 39, 32 and 10%
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of cellulose, xylan and lignin, respectively. The respective
fraction in case of DA-WS were 62, 34 and 2%.

For temperature-dependent hydrolysis by M. cin-
namomea N12 enzymes, each reaction mixture was pre-
pared in 50 mM sodium acetate buffer (pH 6.0) at 2%
(w/v) substrate loading in a working volume of 2 ml. The
enzyme loading was set at 20 mg/g dry substrate. The
hydrolysis temperatures ranged from 40 to 75 °C at an
interval of 5 °C, including 40, 45, 50, 55, 60, 65, 70 and
75 °C. The commercial xylanase preparation Multifect
Xylanase (Genencor, Palo Alto, CA, USA) was used as
control. The reducing sugar released from the lignocellu-
losic biomass was quantified at the saccharification pla-
teau using the DNS method.

For synergetic hydrolysis of DA-WS by the enzyme of
M. cinnamomea N12 and commercial cellulases, three
different strategies of enzyme addition were applied:
separate, simultaneous and sequential hydrolysis. In
separate hydrolysis, DA-WS was hydrolyzed by M. cin-
namomea N12 enzymes (10 mg/g substrate) or Celluclast
1.5L (20 mg/g substrate) (Novozymes, Franklington, NC,
USA) alone with the dry substrate of 2% (w/v) at 50 °C
for 120 h. Enzyme—substrate mixture in 100 mM sodium
acetate buffer (pH 5.0) was incubated in the reaction vol-
ume of 5 ml. In simultaneous hydrolysis (SIH), DA-WS
was simultaneously hydrolyzed by the enzyme of M. cin-
namomea N12 and Celluclast 1.5L (Novozymes) with the
dry substrate of 2% (w/v) at 50 °C for 120 h. The loading
of Celluclast 1.5L and M. cinnamomea N12 enzymes for
simultaneous hydrolysis were 20 mg/g and 10 mg/g sub-
strate, respectively. Both enzymes were added into the
50 mM sodium acetate buffer (pH 6.0) with a final vol-
ume of 5 ml at the same time. In sequential hydrolysis,
DA-WS was firstly hydrolyzed by the enzyme of M. cin-
namomea N12 at 65 °C for 24 h followed by the addition
of Celluclast 1.5L and continuously incubated at 50 °C for
96 h. In the first 24 h of hydrolysis, enzymes of M. cin-
namomea N12 was added at loading of 10 mg/g substrate.
DA-WS loading was set at 2% (w/v) in 100 mM sodium
acetate buffer (pH 5.0) in a working volume of 5 ml. After
24 h of hydrolysis by M. cinnamomea N12 enzymes at
60 °C, Celluclast 1.5L was added into the reaction system
at loading of 20 mg/g substrate and incubated at 50 °C
for 96 h. In all hydrolysis experiments, Novozyme 188
B-glucosidase was supplemented at a protein mass ratio
of 0.034 to alleviate end-product inhibition. All hydroly-
sis experiments were conducted in triplicate.

The hydrolysis reaction was terminated by incubat-
ing the reaction mixture at 100 °C for 10 min. Thereaf-
ter, the hydrolysates were collected by centrifugation at
10,000¢ for 10 min and filtered through a 0.45 um filter.
The total contents of reducing sugars were quantified by
the DNS method. Glucose and xylose concentrations in
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the filtrates were determined on an Agilent 1200 Series
HPLC system equipped with an Aminex HPX-87H col-
umn (Bio-Rad) and Refractive Index Detector. The glu-
cose and xylose yields of DA-WS were calculated as
the ratio of glucan hydrolyzed (0.9 x glucose) and xylan
hydrolyzed (0.89 x xylose) to theoretical glucan and
xylan available in the substrate, respectively. The syner-
gistic effect of M. cinnamomea N12 enzymes with com-
mercial cellulases was evaluated by degree of synergism
(DS), which was defined as the ratio of the glucose yield
achieved with the combination of all enzymes and the
total amount of glucose yield achieved with each enzyme
alone.

Statistical analysis

To compare the fungal biomass, enzyme activity, cel-
lulose digestibility and LFQ intensity of cellulases and
hemicellulases, analysis of variance (ANOVA) was con-
ducted to determine the significant difference (p<0.05)
between the mean values of each parameter at each time
point using SPSS 19.0 (SPSS Inc., Chicago, III, U.S.A.).

Results and discussion

Strain screening and identification

During an extensive screening for thermophilic lignocel-
lulolytic fungi, a total of 20 fungi capable of growing at
45 °C were isolated from composting samples. Among
these fungi, strain N12 outperformed others regard-
ing xylanase and endoglucanase activities (Additional
file 1: Figure S1) and was therefore selected for further
characterization. Sequence analysis of amplified internal
transcribed spacer (ITS) region in NCBI NR and UNITE
INSD databases revealed that the strain N12 shared a
99.85% sequence homology to that of M. cinnamomea
CBS 343.55 (Genbank MHB857506). The phylogenetic
tree, constructed using neighbor-joining method based
on multiple ITSI-5.8S-ITSII sequence alignment, showed
that strain N12 was clustered with M. cinnamomea
CBS 343.55 in the same clade with high bootstrap value
(Fig. 1). Thus, the strain was identified as M. cinnamomea
by its ITSI-5.8S-ITSII sequence. Best growth of M. cin-
namomea N12 was observed at 45 °C, whereas no growth
was found at temperature <35 °C or >53 °C (Additional
file 2: Figure S2).

Degradation of wheat straw by M. cinnamomea N12

Since M. cinnamomea N12 was isolated from the com-
post pile of chicken manure mixed with wheat straw, it
was specialized in producing lignocellulose-degrading
enzymes using WS as the substrate. Results revealed that
about 19% of the cellulose from WS was degraded dur-
ing 10 days of SSF with M. cinnamomea N12 (Fig. 2a).
The hemicellulose content decreased over the incubation
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Fig. 1 Phylogenetic analysis of M. cinnamomea N12 and other fungi based on ITSI-5.85-ITSIl sequence. The Neighbor-Joining (NJ) tree was
constructed based on pairwise and multiple ITSI-5.85-ITSIl sequence alignment by ClustalW. Bootstrap values were obtained from 1000 replications.
GenBank accession numbers of ITSI-5.8S-ITSII sequences are presented in brackets
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Fig. 2 Changes in the composition of WS (a) and extracellular enzyme activities (b) during SSF with M. cinnamomea N12. The lignocellulosic
composition of the WS residue degraded by M. cinnamomea N12 was determined according to the NREL laboratory analytical procedure. Total
weight, cellulose, hemicellulose and lignin loss were referred to the corresponding initial content of WS. The extracellular lignocellulose-degrading
enzyme activities (cellulases, hemicellulases and ligninases) in the solid culture extracts were determined every day of SSF. 8-X 3-xylosidase, £G
endoglucanase, CBH cellobiohydrolase, 3-G B-glucosidase. No lignin-degrading enzyme activities were detected during the 10-day period of SSF.
The enzyme activities were presented as units per gram dry substrate (U/gds). The mean values of three replicates and standard deviations are

period and the content of xylan in WS was 38% lower
than the untreated sample, indicating the strong ability
of M. cinnamomea N12 for breaking down the hemi-
cellulose component of WS. During the SSF, 29% of the
hemicellulose in WS was degraded during the first 4 days
as compared to only 9% during the remainder period of
6 days. In contrast, the respective fractions of cellulose
degradation was 7 and 12% which employed accelera-
tion in cellulose degradation in the later stage of incuba-
tion. This might be attributed to increased accessibility of
cellulose to cellulases secreted by M. cinnamomea N12

as a result of hemicellulosic polymer decomposition. It
reflected that M. cinnamomea N12 utilized high xylan-
degrading capacity to enable the diffusion of cellulases
through the lignocellulosic matrix to interior cellulose.
In comparison to polysaccharide components, lignin was
hardly degraded by M. cinnamomea N12 as evident from
Fig. 2a. The WS degradation profile revealed successive
process of lignocellulose breakdown, in which hemicel-
lulose was mainly degraded during the early stage, lead-
ing to progressively greater exposure of cellulose and
increased access for secreted cellulases in the later stage.
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Secretion of lignocellulose-degrading enzymes by M.
cinnamomea N12

In this study xylanase and cellulase activities were also
detected in the solid culture extracts of M. cinnamomea
N12 grown on WS (Fig. 2b). This corroborated with
earlier studies where strains of M. cinnamomea have
secreted high cellulolytic and hemicellulolytic activi-
ties when cultivated on a wide variety of lignocellulosic
substrates, such as rice straw [29], sorghum straw [19]
and wheat bran [21]. The xylanase activity in the culture
extract steadily increased since incubation, reached the
highest level of 19,739.0 units/g dry substrate (U/gds) on
day 6 and then declined markedly thereafter. The activ-
ity of pB-xylosidase remained at a low level during the
first 4 days and increased to peak (4.8 U/gds) on day 7.
As for cellulases, both endoglucanase and cellobiohydro-
lase activities increased to their maximum levels towards
the end of incubation, reaching 43.9 and 19.7 U/gds,
respectively. The activity of p-glucosidase increased to
the peak value of 29.7 U/gds on day 8 and declined after-
wards. However, the ligninolytic enzyme activities were
under detectable level, which was in line with the low
lignin degradation. Since M. cinnamomea N12 produced
mainly xylanases on WS and showed the highest xylanase
activity on day 6, the extracellular enzymes after 6 days
of cultivation were collected and used in the following
experiments.

The enzyme secretion profile showed that M. cin-
namomea N12 had an enhanced ability to produce extra-
cellular xylanases in the presence of WS. The level of
xylanase produced by M. cinnamomea N12 was in line
with previous reports of 27,193 (U/gds) on rice straw
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[31] and 24,000 U/gds on sorghum straw [19]. The high
levels of xylanase activity supported M. cinnamomea as
potent xylanase producers. Interestingly, the activity of
main xylanolytic enzymes peaked on day 6 and main cel-
lulase activities increased over the SSE, suggesting that
M. cinnamomea N12 produced hemicellulases earlier
than cellulases. The observed different patterns in the
enzyme production, along with the straw degradation
results revealed that M. cinnamomea N12 may regulate
its enzyme production in response to the accessibility of
polysaccharides in lignocellulosic biomass.

Enzymatic digestibility of biotreated wheat straw

The WS degradation results showed that M. cinnamomea
N12 had a strong ability of degrading hemicellulose,
which could be exploited for lignocellulosic biomass
pretreatment. In order to evaluate the feasibility of pre-
treating WS with M. cinnamomea N12 to increase its
enzymatic hydrolysis, the residual WS after SSF was
hydrolyzed by commercial cellulase cocktail. The result-
ing WS residue after different fungal incubation time
was incubated with commercial cellulase mixture at a
high enzyme loading of 40 mg/g substrate at 50 °C until
the glucose yields reached constant. Compared to the
uninoculated WS, the cellulose digestibility of WS incu-
bated with M. cinnamomea N12 was increased, which
was correlated with incubation time (Fig. 3a). The maxi-
mum extent of cellulose digestibility was obtained from
the straw samples after 6 days of incubation. Elongation
of incubation time beyond this period could not result
in further increase in glucose yield, probably due to the
simultaneous degradation of cellulose component.

o

(5] (] -~ n (=N}
= =] > = >
! ! ! ! J
(g}

Q

Cellulose digestibility (%)

p—
>
!

0 T T T T T ]
Control 2days 4days 6days 8days 10 days

ANOVA at p<0.05

Fig. 3 Cellulose digestibility of wheat straw degraded by M. cinnamomea N12 (a) and the correlation between cellulose digestibility and
degradation extent of WS component during SSF (b). The cellulose digestibility of the biotreated WS was calculated as the ratio of cellulose
hydrolyzed (0.9 x glucose) to the theoretical cellulose in the biotreated WS. WS without fungal inoculation was used as the control. Error bars
indicate standard errors of the mean value of three replicates. Significant difference was indicated by different lowercase letters as evaluated by

b
55 4
y = 1.0925x + 31.016

_ y=4.1114x + 29.666 R2=0.8668 y=0.563x +27.307
X 50 R2=0.757 R?=0.9577
- V' [}

z; A ®

= A °

2 45 |

Rl

g

20 A ®

=

o 40 -

§ ©® Xylan

= -

= 35 . o Lignin

o A Cellulose

30 T T T )
0 10 20 30 40
Wheat straw degradation (%)




Zhu et al. Microb Cell Fact (2020) 19:149

It was found that the hydrolysis yields of cellulose
in the WS decayed by M. cinnamomea N12 increased
nearly linearly with the xylan removal extent during SSF
(Fig. 3b). A relatively higher extent of xylan solubilized
in WS yielded a more pronounced increase of cellulose
hydrolysis by commercial cellulases. There was no lin-
ear relationship between glucose release from the WS
residues and the lignin or cellulose removal extent. The
results indicated that xylanolytic enzymes secreted by M.
cinnamomea N12 during SSF enhanced cellulose acces-
sibility and digestibility by solubilizing xylan, presumably
coating on the surface of cellulose fibers, as reported pre-
viously [32].

Temporal dynamics of wheat straw-induced secretome

In WS degradation assay, we observed successive stages
of lignocellulosic biomass breakdown by M. cinnamomea
N12, suggesting that the enzyme profiles may evolve
in response to the changes in the chemical and struc-
tural nature of the biomass as degradation proceeded.
To better understand the enzymatic machinery driving
the sequential WS breakdown by M. cinnamomea N12,
proteomic approach was employed to track the temporal
alterations in the secretome of M. cinnamomea N12 dur-
ing growth on WS. The extracellular proteins on day 1, 6
and 10 were identified using liquid chromatograph—mass
spectrometry (LC-MS), and protein abundances were
determined with label-free quantification by normalized
label-free quantification (LFQ) intensity.

LC-MS analysis revealed the differences in the com-
position of the secreted enzyme pools produced on WS
over time (Fig. 4). On the first day of cultivation, 14 car-
bohydrate-active enzymes (CAZymes) were detected in
the secretome of M. cinnamomea N12. A GHI11 xyla-
nase (G3FAR1) and a GH6 cellobiohydrolase with CBM1
(carbohydrate-active module family 1) (A1CCN4) were
the two most abundant enzymes. Two GH5 endoglu-
canase (P23548 and Q12622) and a GH3 p-glucosidase
(QOCTD7) were also detected but in relatively low abun-
dance, consistent with the comparatively low level of
endoglucanase and B-glucosidase activities. Three acces-
sory xylanolytic enzymes, feruloyl esterase (G4XKNS5),
acetyl xylan esterase (F2X2F9), a-glucuronidase
(Q5AQZ4) were also present in the secretome on day
1. The predominance of xylan-degrading enzymes in
diversity and abundance combined with the induction
of high xylanolytic activity on day 1, supported that the
xylan component of WS was preferentially degraded by
M. cinnamomea N12. By day 6, a total of 21 CAZymes
were represented in the secretome, including 3 endoglu-
canases, 2 cellobiohydrolases, 2 B-glucosidases, 1 lytic
polysaccharide monooxygenase (LPMO), 3 xylanases and
5 accessory hemicellulases. GH11 xylanase (G3FARI)
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remained the most abundant enzyme, followed by a
GH?7 endoglucanase (Q12622). By day 10, 19 CAZymes
were identified in the secretome of M. cinnamomea
N12 grown on wheat straw. The GH7 endoglucanase
(Q12622) displaced GH11 xylanase (G3FAQ1) as the
most abundant protein. In addition, GH7 endoglucanase
(S6EAPS), AA9 LPMO (M5DEQ1) and GH6 cellobiohy-
drolase (A1CCN4) appeared as abundant proteins, indi-
cating that the diversity of highly expressed cellulases
may increase over time. In contrast, the abundances of
all the three xylanases detected on day 6 were decreased.
Figure 5 showed an obvious shift in the dominance of
abundant enzymes, from xylanolytic enzymes to cellu-
lases. Such alteration in secreted enzyme abundance was
in agreement with the changes of enzyme activities in the
cultures, correlating with early removal of xylan followed
by attack on the consequently “unwrapped” cellulose as
degradation progressed.

Fungal degradation of lignocellulosic biomass required
the action of many different enzymes, which were finely
orchestrated in response to the type and complexity of
the encountered plant cell wall polymers [33, 34]. The
sequential secretion of enzymes observed in this study
unveiled the strategy employed by M. cinnamomea N12
to efficiently and successively break down the polysac-
charides in lignocellulosic matrix. In the early stage of
degradation, M. cinnamomea N12 mainly secreted xyla-
nases and accessory xylanolytic enzymes to attack xylan,
which was readily accessible and degradable compared to
cellulose. Meanwhile, the cleavage of crystalline cellulose
was initiated by secretion of cellobiohydrolases. After
extensive removal of xylan, the interior cellulose chains
were thereby progressively more uncovered and endoglu-
canases were produced in high abundance to cleave inter-
nal bonds in the cellulose chain. Xylanolytic enzymes
could play a key role in initiating and potentiating lig-
nocellulose breakdown, not only by degrading xylan, but
more importantly, by creating action sites on cellulose
fibers that could subsequently facilitate the action of cel-
lobiohydrolases and endoglucanases [20]. The strategy of
sequential lignocellulose breakdown by M. cinnamomea
N12 revealed in this study inspired a new process for the
hydrolysis of lignocellulosic biomass comprising enzy-
matic removal of xylan followed by hydrolysis with com-
mercial cellulase preparations.

Specific activities of different enzyme preparations

on model substrates

The secretome profiling showed that the extracellular
enzyme pool of M. cinnamomea N12 was abundant in
xylanases after 6 days of cultivation on WS. Specific
activities of the crude enzymes derived from M. cin-
namomea N12 on day 6 were measured using model
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Target polysaccharide Accession Domain Putative function SignalP Dayl Day6 Dayl10
Cellulose P23548 GH5 Endoglucanase N
S6DXG7 GH6 Endoglucanase Y
S6EAP8 GH7 Endoglucanase Y
Q12622 GH7 Endoglucanase Y —
A1CCN4 GH6-CBMI  Cellobiohydrolase y N
Q5B2Q4 GH7 Cellobiohydrolase Y -
Q25BW4 GHI B-glucosidase N -
QOCTD7 GH3 B-glucosidase Y
MS5DEQI AA9 LPMO Y -
Hemicellulose AOA088BC14 GH10-CBMI  Endo-1,4-B-xylanase Y -
G3FAQ9 CBM1-GH10 Xylanase Y
G3FARI GH11 Endo-1,4-B-xylanase Y _
G4XKNS5 CEl Feruloyl esterase Y
F2X2F9 CES Acetyl xylan esterase Y -
P77989 GH2 B-galactosidase Y
Q0C8J3 GHS5 Endo-1,4-B-mannosidase Y _
A1CPO8 GH47 a-1,2-mannosidase Y 1
Q5AQZ4 GH67 a-glucuronidase Y _
Pectin A2QV36 PL1 Pectate lyase Y
Q9C2Z0 PLI Pectate lyase Y -
QSATC7 PL3 Pectate lyase Y
Starch K9LSF3 GH13 a-amylase Y q
Chitin P0980S GHI8-CBMI8 Chitinase Y | |
C5P230 GHI18 Chitinase N
Other polysaccharides AIDGNO CE5 Cutinase Y -
P43077 GH20 B-hexosaminidase Y _
D4AZ24 GHS81 Endo-1,3(4)-B-glucanase Y e
| |
32 8.4
1g(LFQ intensity)
Fig. 4 Time-course abundance of carbohydrate-active enzymes (CAZymes) in the secretome of M. cinnamomea N12 during growth on WS. Target
polysaccharide indicated the carbohydrate substrate that CAZymes acted on. The Accession numbers and putative functions were obtained
from the best hit in BLASTP against Uniprot database. Domains of CAZymes were annotated with dbCAN. Signal peptides were predicted by
SignalP analysis. The abundances of CAZymes were determined by normalized label-free quantification (LFQ) intensity. The scale bar indicated
lg-transformed LFQ intensities of CAZymes. Undetected CAZymes were shown in white

substrates and compared with those of commercial
xylanase preparation Multifect Xylanase and commer-
cial cellulase preparation Celluclast 1.5L, both from T.
reesei (Table 1). Three enzyme preparations showed
obvious differences in their specific activities towards
model cellulosic and xylanolytic substrates. The M.
cinnamomea N12 enzyme cocktail displayed the high-
est xylanase activity, indicating its high hydrolytic
activity towards xylan. The xylanase activity of M. cin-
namomea was 1.3 times higher as compared to Multi-
fect Xylanase. In contrast, very low cellulase activities
were present in the M. cinnamomea N12 preparation.

Multifect Xylanase showed highest B-glucosidase and
B-xylosidase activity among three preparations. The
cellulase cocktail Celluclast 1.5L showed high endo-
glucanase and cellobiohydrolase activities relative to
the other two enzyme preparations, while it contained
low levels of [B-glucosidase activity. Xylanase and
B-xylosidase activities present in the Celluclast 1.5L
were low, indicating its overall low hydrolysis activity
towards xylan. Comparison of the enzyme activity pro-
files demonstrated that M. cinnamomea N12 enzyme
preparation and Multifect Xylanase were predominant
in xylanolytic activity while Celluclast 1.5L was highly
active towards the cellulosic substrates.
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Fig. 5 Time-course of LFQ intensity of cellulases and hemicellulases
secreted by M. cinnamomea N12 grown on WS. Accessory
hemicellulases detected in the secretome included feruloyl esterase,
acetyl xylan esterase, B-galactosidase, endo-1,4-3-mannosidase,
a-1,2-mannosidase and a-glucuronidase. Calculation of the protein
LFQ intensity was based on MS peak area intensity of unique
peptides using the MaxQuant built-in label-free quantification
algorithm. Significant difference was indicated by different lowercase

letters as evaluated by ANOVA at p <0.05

Hydrolysis activity of M. cinnamomea N12 enzymes

on lignocellulosic biomass

The enzyme activity profiling and secretome analysis
indicated that the enzyme system of M. cinnamomea
N12 cultivated on WS was featured by a wide diversity
of hydrolytic enzymes, especially the enrichment of xyla-
nase enzymes. To assess the hydrolytic potential of N12
enzymes, the hydrolysis performance of N12 enzymes
harvested after 6 days of incubation was tested in com-
parison to the xylanase cocktail Multifect Xylanase, in
the saccharification of native WS and DA-WS. Alkali
pretreatment retained most of the original xylan and
cellulose while removing most of lignin in the resulting
materials, making it suitable for assessing the hydroly-
sis potential of xylanase-enriched enzyme cocktails and
their synergy with cellulases.

The optimum temperature of hydrolysis for enzymes
from M. cinnamomea N12 occurred at 65 °C, while
Multifect Xylanase from 7. reesei displayed the highest
hydrolysis activity at 50 °C (Fig. 6). For each substrate
tested, appreciably higher amounts of reducing sugars
were released by M. cinnamomea N12 cocktail compared

71 —e—DA-WS ME
6] ——WSME
5

-=2--DA-WS MX
{ ==&--WS MX

Sugar released (g/L)

Temperature ('C)

Fig. 6 Release of reducing sugars from wheat straw by enzyme
cocktail from M. cinnamomea N12. The extracellular enzymes from M.
cinnamomea N12 cultured on WS for 6 days were used for hydrolysis.
The hydrolysis reactions were performed with 2% (w/v) substrate
loading at the temperatures indicated. Enzyme loading was at 20 mg
protein/g substrate. The amount of reducing sugars released was
determined using the DNS method. WS wheat straw, DA-WS dilute
alkali-pretreated wheat straw, ME M. cinnamomea N12 enzymes, MX
Multifest Xylanase. The mean values of three replicates and standard
deviations were presented

to Multifect Xylanase over a range of hydrolysis tempera-
tures from 40 to 75 °C. The M. cinnamomea N12 enzyme
cocktail released about twofold reducing sugar from
DA-WS at 65 °C as much as that by Multifect Xylanase at
50 °C. The data in Fig. 6 indicated that the enzyme inven-
tory of M. cinnamomea N12 contained mainly biomass-
hydrolyzing enzymes with higher temperature optima
than those of mesophilic enzyme producers like 7. reesei.

Synergistic hydrolysis of pretreated lignocellulosic biomass
The comparison of hydrolysis activity between M. cin-
namomea N12 enzymes and Multifest Xylanase showed
that the enzyme system of M. cinnamomea N12 pos-
sessed catalytically efficient and thermophilic xyla-
nase enzymes. To further analyze the ability of M.
cinnamomea N12 enzymes to improve the hydrolysis of
pretreated wheat straw by commercial cellulases, various
time course hydrolysis were performed using separate,
simultaneous, and sequential addition of M. cinnamomea
N12 enzymes and commercial cellulases Celluclast 1.5L

Table 1 Comparison of specific activities (U/mg protein) of enzyme cocktails on model substrates

Enzyme source EG CBH B-glucosidase Xylanase B-xylosidase
M. cinnamomea 0.51+0.13b 0.14+0.03b 0.19+0.04b 7769+431a 0.28+0.05¢
Multifect Xylanase 0.3140.09c 0.07 £0.03c 0.26£0.07a 59.174+3.28b 0.61£0.11a
Celluclast 1.5L 3.85+027a 1.28+0.16a 0.13+0.03b 3.69£0.60c 0.39+0.08b

EG endoglucanase, CBH cellobiohydrolase

The mean value of three replicates are presented. Different lowercase letters indicated the significant difference (p <0.05) between enzyme activities of enzyme

cocktails
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supplemented with [B-glucosidase (Fig. 7). In separate
hydrolysis DA-WS was hydrolyzed at 50 °C by M. cin-
namomea enzymes (ME) or Celluclast 1.5L (CE) alone.
In simultaneous hydrolysis (SIH) DA-WS was co-hydro-
lyzed by the enzyme of M. cinnamomea N12 and Cel-
luclast 1.5L at 50 °C for 120 h. In sequential hydrolysis
(SEH) DA-WS was initially hydrolyzed by the enzymes of
M. cinnamomea N12 at 65 °C for 24 h and continuously
incubated at 50 °C for 96 h after the addition of Celluclast
1.5L.

The addition of cellulases alone left nearly one half of
the original cellulose in DA-WS (Fig. 7a). When M. cin-
namomea N12 enzymes were added alone, only about
7.5% of the original cellulose was hydrolyzed into glu-
cose. When both enzymes were added together into
the hydrolysis reaction, 71% glucose yield was achieved
after 120 h, whereas in the absence of M. cinnamomea
N12 enzymes, the fraction was only 54%. Addition of M.
cinnamomea N12 enzymes to Celluclast 1.5L resulted
in substantial improvements in glucose release rang-
ing between 27 and 38% as compared to hydrolysis with
Celluclast 1.5L only. In fact, the cellulose hydrolysis
yield of the combined enzyme mixture in 48 h already
exceeded that by Celluclast 1.5L alone after 120 h. It was
evident that the simultaneous addition of cellulases and
M. cinnamomea N12 enzymes not only accelerated the
hydrolysis rates but also increased the extent of DA-WS
hydrolysis.

When the commercial cellulases were added to the
M. cinnamomea N12 enzymes pre-hydrolyzed DA-WS
(Fig. 7a), glucose yield increased sharply from 10% at 24 h
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of hydrolysis to about 57% at 48 h, which was significantly
higher than the glucose yield achieved by the sole addi-
tion of cellulases (47% after 48 h of hydrolysis). The high
temperature pre-digestion resulted in approximately 11
to 16% higher glucose yields than simultaneous hydroly-
sis at time points after 72 h. Besides, the hydrolysis yields
of xylan were also significantly promoted by the pre-
hydrolysis of M. cinnamomea N12 enzymes (48 vs. 39%,
Fig. 7b). High temperature pre-hydrolysis step resulted
in extensive xylan solubilization, which benefited subse-
quent mesothermal cellulose hydrolysis. A clear syner-
gistic effect between commercial cellulases and enzymes
derived from M. cinnamomea N12 was observed when
sequential hydrolysis strategy was applied. Pre-hydrol-
ysis at 65 °C with thermophilic enzymes from M. cin-
namomea N12 increased the degree of synergism of
cellulose and xylan conversions in DA-WS from 1.15 to
1.36 and 0.96 to 1.19, respectively.

The synergistic hydrolysis showed that regardless of the
hydrolysis strategy used, the addition of M. cinnamomea
N12 enzymes to the commercial cellulase preparation
substantially increased the enzymatic digestibility of
pretreated lignocellulose. This finding was consistent
with a previous report that different protein fractions
of M. cinnamomea secretome synergistically enhanced
the hydrolysis of alkali pretreated carrot grass by com-
mercial cellulase Cellic CTec2 at 50 °C [19]. In the pre-
sent study the degree of hydrolysis of cellulose and xylan
was higher in the sequential hydrolysis as compared
to the enzymes used simultaneously. This might be due
to the sub-optimum temperature where the enzyme
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Fig. 7 Glucose yield (a) and xylose yield (b) during hydrolysis of alkali pretreated wheat straw. The hydrolysis reactions were performed with 2%
(w/v) DA-WS for 120 h. M. cinnamomea N12 enzymes and Celluclast 1.5L were added at 10 and 20 mg enzyme/g dry substrate, respectively. In
separate hydrolysis DA-WS was hydrolyzed at 50 °C by M. cinnamomea enzymes (ME) or Celluclast 1.5L (CE) alone. In simultaneous hydrolysis (SIH)
DA-WS was co-hydrolyzed by the enzyme of M. cinnamomea N12 and Celluclast 1.5L at 50 °C for 120 h. In sequential hydrolysis (SEH) DA-WS was
initially hydrolyzed by M. cinnamomea N12 enzymes at 65 °C for 24 h and continuously incubated at 50 °C for 96 h after the addition of Celluclast
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activity of M. cinnamomea N12 was decreased when
incubated simultaneously with Celluclast 1.5L at 50 °C,
whereas the optimum temperature for the enzymes of
M. cinnamomea N12 was 65 °C. Pre-hydrolysis at 65 °C
with M. cinnamomea N12 enzymes resulted in higher
xylan hydrolysis rate than that by mesophilic hydrolysis
at 50 °C, leading to improved cellulose accessibility and
digestibility despite shorter incubation time with Cellu-
clast 1.5L.

The observed improvements in the hydrolysis yields of
sequential hydrolysis were mainly attributed to high cata-
lytic efficiency and thermostability of M. cinnamomea
N12 xylanases that were able to maintain the activity
during high temperature pre-hydrolysis step. Secretome
profiling showed that in addition to thermostable xyla-
nases, the enzyme mixture from M. cinnamomea N12
contained a diverse set of enzymes acting on the side
chains of xylan, such as acetyl xylan esterase, feruloyl
esterase, [-galactosidase and o-glucuronidase. These
accessory enzymes would potentiate the hydrolysis yields
of lignocellulosic biomass containing branched xylan by
enhancing the action of xylanases. For instance, acetyl
xylan esterases were reported to promote xylan solubili-
zation and the subsequent hydrolysis of xylan and cellu-
lose by removing acetyl groups from xylan [35]. Besides,
the cellulases present in the enzyme mixture of M. cin-
namomea N12 would also contribute to the boosting
effect of pre-digestion on glucose yields observed in this
study, as shown in the high temperature pre-hydrolysis
of corn stover with thermostable endoglucanases from
extremely thermophilic bacteria [36]. Secretome profiling
indicated that the dominant proteins in the secretome
fractions boosting the hydrolytic potential of commer-
cial cellulases were metal dependent hydrolases, GH7
endoglucanases, monooxygenases and GH6 cellobiohy-
drolases, in addition to GH10 and GH11 xylanases [19].
Apart from GHs, the presence of LPMOs in the enzyme
mixture of M. cinnamomea N12 would act synergistically
with Cellulcast 1.5L through oxidative cleavage of cellu-
lose to improve the efficiency of cellulose hydrolysis [37].

Conclusions

This study clearly demonstrated that M. cinnamomea
N12 was a promising source of enzymes for thermo-
philic lignocellulose degradation. M. cinnamomea N12
produced high levels of xylanases under SSF using wheat
straw as the sole carbon source. Temporal secretome
profiling revealed that M. cinnamomea N12 efficiently
degraded lignocellulose through sequential secretion
of carbohydrate-active enzymes. M. cinnamomea N12
enzymes performed better in biomass hydrolysis at
high temperatures than commercial xylanases. Thermo-
philic pre-digestion with M. cinnamomea N12 enzymes
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resulted in better improvements in cellulose and xylan
yields compared to conventional hydrolysis. This research
provided a potential approach for enhancing biomass
saccharification by sequential process.
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Supplementary information accompanies this paper at https://doi.
0rg/10.1186/512934-020-01408-y.

Additional file 1: Figure S1. Comparison of xylanase and endoglucanase
activities in the culture supernatants of 20 thermophilic fungi isolated in
this study. Fungal culture supernatants were collected after 5 days of cul-
tivation in basal medium containing 1% WS. Error bars indicate standard
deviations from the mean value of three replicates.

Additional file 2: Figure S2. Growth profile of M. cinnamomea N12 in
PDB at different temperatures. PDB was inoculated with spores of M.
cinnamomea N12 at 10° spores/ml and grown at 35-53 °C for 7 days.
Fungal biomass are expressed as mycelia dry weight per ml of PDB (mg/
ml). Significant difference was indicated by different lowercase letters as
evaluated by ANOVA at p <0.05.
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