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Abstract

Thermophiles have several beneficial properties for the conversion of biomass at high tem-
peratures. Thermomyces lanuginosus is a thermophilic filamentous fungus that was shown to
secrete 40 glycoside hydrolases and 25 proteases when grown on different carbon sources.
Among the 13 identified glycoside hydrolases with high expression levels, 9 were reduced
sugar glycosidases (RSGs) belonging to seven GH families, and 7 of the 10 identified
proteases were exopeptidases belonging to six different protease families. High expression
of RSGs and exopeptidases may allow the fungus to efficiently degrade oligosaccharides and
oligopeptides in saprophytic habitats. There were no xylan side chain-degrading enzymes
predicted in the genome of 7. lanuginosus, and only one thermophilic GH11 xylanase
(g4601.t1) and one GH43 xylosidase (g3706.t1) were detected by liquid chromatography-
mass spectrometry/mass spectrometry when 7. lanuginosus grown on xylan, which led to the
accumulation of substituted xylooligosaccharides (SXOS) during corncob xylan degradation
where SXOS output made up more than 8% of the total xylan. The SXOS are beneficial
prebiotics and important inducers for enzymes secretion of microorganisms. Thus,
T lanuginosus exhibits distinct advantages in utilizing cheap raw materials producing one
thermostable xylanase and the high value-added SXOS as well as microbial inoculants to
compost by batch fermentation.
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Introduction

Thermophiles are a large category of microorganisms found ubiquitously in nature that have
optimum growth temperatures of 50 °C or higher. [1, 2] Thermophiles participate in degrading
lignocellulose at high temperatures and play a primary role in both the carbon cycle and
biomass deconstruction. [2] Because high temperatures accelerate lignocellulose deconstruc-
tion and reduce the risk of contamination, [2—5] the fermentation conditions of thermophiles
are ideal for many industrial applications. [2, 6—8]

Thermomyces lanuginosus is a thermophilic filamentous fungus and cellulase-free xylanase
superproducer that was first isolated from potatoes by Tsiklinskaya in 1899. [1, 9, 10]
T lanuginosus is widely distributed in compost and soil environments and has an optimum
growth temperature of 50 °C. [10, 11] A recent research demonstrated that 7. lanuginosus
dominates (>90%) self-heating maize straw compost fungal communities when fermentation
temperatures reach above 60 °C. [12] The extracellular enzymes secreted by 7. lanuginosus
have exceptional properties, such as high thermostability and a wide range of optimal pH
values that allow for extensive industrial application of the enzymes. [11, 13—18] A large
number of these enzymes have been cloned and engineered in previous studies. [19-23]
However, the cost could be decreased when cheap biomass materials are used as substrates
to product these enzymes. Because the composition unit and content of biomass materials are
different, and the effects of different composition units on enzyme secreted by 7. lanuginosus
have not been systematically studied, their industrial application is limited. Proteomics can
provide comprehensive information associated with extracellular enzymes, for example,
species, concentration, modification, and subcellular location. [24] Therefore, functional-
omics studies integrating genomics and proteomics are needed to further explore the potential
industrial applications of this widespread fungus.

The whole genome of 7. lanuginosus was sequenced and its genome size was found to be
19.16 Mb, which is one third less than the genomes of several other lignocellulosic fungi,
such as Aspergillus niger, Trichoderma reesei, and Penicillium oxalicum in Table S1. [25]
Genes annotated as lignocellulolytic enzymes included mainly hemicellulose-degrading
enzymes (Fig. S1, Table S1). [25, 26] In addition to carbon sources, nitrogen sources are
also indispensable for the rapid growth of saprobiotic microorganisms, and the secreted
proteases could degrade the proteins in the environment into small peptides and amino
acids, which could be directly assimilated and utilized as nitrogen sources, so as to maintain
the continuous secretion of more extracellular proteins by the microorganisms. It is neces-
sary for T. lanuginosus SDO1 to efficiently obtain carbon and nitrogen sources from
saprophytic environment to support its rapid growth; thus, the secreted GH enzymes and
peptidases, which could degrade glycan and proteins into absorbable carbon and nitrogen
sources, respectively, by T. lanuginosus SD0O1 under different substrates, were analyzed at
the same time. Whole-genome sequencing of 7. lanuginosus and the rapid development of
proteomics technologies has made it possible to systematically study the physiological and
biochemical characteristics of this fungus and explore the potential of further industrial
applications.

In this study, the species and functions of the proteome expressed by 7. lanuginosus SDO1
(CGMCC 3.15828), a filamentous fungus isolated from self-heating maize straw compost,
were comprehensively assessed. The main goal of this research was to study the growth
specificity and the potential industrial applications of 7. lanuginosus SD01 based on integrated
functional-omics approaches.
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Material and Methods
Material

Glycerol (Gly), glucose (Glc), maltose (Mal), starch (Sta), arabinose (Ara), xylose (Xyl),
xylooligosaccharide (XOS), xylan (XY), mannose, galactose (Gala), galactomannan (Man-
nan), cellobiose (Cello), microcrystalline cellulose (MCC), and NaCNBH; were purchased
from Sangon Biotech Co. (Ltd. Shanghai, China). 7-amino-1, 3-naphthalenedisulfonic acid
monopotassium salt monohydrate, trichloroacetic acid, dithiothreitol (DTT), iodoacetamide,
and trypsin were purchased from Sigma Chemical Co. (St. Louis, MO, USA). All other
chemicals used were of analytical grade.

Strain Growth Conditions and Protein Extraction

The filamentous fungi 7. lanuginosus SD01 (CGMCC 3.15828) was previously isolated from
maize straw compost by our laboratory and had been deposited in China General Microbio-
logical Culture Collection Center (CGMCC). Conidia (7.0 x 107/mL) were stored in 80% (v/v)
glycerol at — 20 °C. To compare colony diameter, the strain was grown on potato dextrose agar
(PDA) plates at 30, 40, 50, and 60 °C for 5 days. Gly, Glc, Mal, Sta, Ara, Xyl, XOS, XY,
mannose, Gala, Mannan, Cello, and MCC at 1% (w/v) were supplemented into minimal
medium (MM) prepared as described previously. [27] All media were sterilized at 115 °C
for 30 min. Suspensions of 100 pL of fresh ' lanuginosus SDO1 conidia were inoculated into
100 mL medium and incubated at 50 °C with shaking at 200xg for 5 days. Samples were
harvested every day. Substrates and fungal biomass were removed using eight layers of gauze
and centrifugation at 10,000xg at 4 °C for 10 min. The supernatant was further filtered through
a 0.22-um membrane (Dingguo, Beijing, China). The pH of the supernatant was measured
using a pH meter (Sartorius, Beijing, China). The supernatant was stored at 4 °C and used as
the crude enzyme extract in further experiments. The dry weights of the fungal biomass and
substrates were obtained by determining the constant weight at 105 °C for 48 h. The fungal
biomass was obtained by subtracting the dry weights of the substrate at day 0. Three
independent replicates were conducted for each carbon source.

Extracellular Reducing Sugar and Enzyme Activity Assays

The Bradford method [28] was used to determine protein concentrations in the crude enzyme
extract. Briefly, 100 uL of enzyme was mixed with 1 mL of Coomassie Brilliant Blue G-250
dye, after being reacted at room temperature for 10 min; then, a microplate spectrophotometer
(Tecan, Morrisville, NC, USA) was used to measure all mixtures at 595 nm. Protein content
was measured in triplicate by subtracting protein content at day 0. Bovine serum albumin
(0.1 mg/mL) was used to obtain the standard curve.

The dinitrosalicylic acid method was applied to quantitatively measure the concentrations
of extracellular reducing sugars and xylanase activity. [29] XY (1%, w/v) dissolved in sodium
hydrogen phosphate/citric acid buffer (pH 5.5) was used as a substrate to measure xylanase
activity. Four hundred microliters of enzyme and 600 puL of substrate were reacted at 70 °C for
30 min; then, 800 puL of DNS was immediately added to each sample to terminate the reaction
and boiled for 10 min. Water (8.2 mL) was added to the system and mixtures were determined
by ultraviolet spectrophotometer (Puyuan Instruments, Ltd., Shanghai, China) at 550 nm.
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Xylanase activity was defined as the international unit, and one unit (U) of enzyme activity
was defined as the amount of enzyme that released 1 pmol of reducing sugar per minute.
Standard curves were prepared using 0.1 mg/mL xylose or glucose.

Fluorescence-Assisted Carbohydrate Electrophoresis

The Fluorescence-assisted carbohydrate electrophoresis (FACE) method described by Zhang
et al. [30] was used to identify and quantify polysaccharide hydrolysate species and concen-
trations. Electrophoresis was performed on a miniaturized vertical gel system (Bio-Rad,
Hercules, CA, USA). Each enzyme sample or maker (5 uL) was mixed with 5 uL of 0.2 M
7-amino-1, 3-naphthalenedisulfonic acid monopotassium salt monohydrate dissolved in 15%
acetic acid. The reaction was kept in the dark for 1 h to label the samples. Then, 5 uL of 1 M
NaCNBH; was added and the mixture was incubated at 42 °C overnight. For each plate, 7 uL
of each labeled sample was loaded per well and electrophoresis was run at 7 mA. Gels were
scanned using a ChemiDoc™MP System (Bio-Rad). The gray values of bands were measured
using the Quantity One software (Bio-Rad). Cellulose was used to prepare cellodextrins for
using as a glucose marker. [31] XOS mixed xylose was used as xylose marker.

Analysis of the Product Profiles of Arabinoxylan Arabinofuranohydrolase Degrading
the Hydrolysates of XY

The GH 62 family arabinoxylan arabinofuranohydrolase (AXH, EC:3.2.1.55, GAQ35594.1)
of A. niger An76 was heterologously expressed in Escherichia coli. The plasmids connecting
the AXH gene were transformed into E. coli BL21. About 10 single colonies were picked into
400 mL lysogeny broth (LB) media containing ampicillin, and shock cultured at 37 °C until
the OD600 attained 0.6-0.8. IPTG with a final concentration of 1 mmol/mL was added into
media and cultured at 20 °C for 20 h. Microorganism were collected by centrifuging at 8000xg
for 10 min, and then resuspended by NaH,PO,/NaCl buffer (pH 8.0), and were ultrasonicated
for 30 min. After being centrifuged at 11000xg for 30 min, the supernatant was collected and
filtered through a 0.22-pum membrane (Dingguo) as the crude enzyme. Transferring the crude
enzyme into a Ni2+ affinity column and eluting the column using imidazole buffer, the eluant
was collected in Eppendorf (EP) tubes. Pure proteins were collected and concentrated by 10-
kDa membrane (Dingguo) and the activity of AXH was found to be 1.113+0.001 IU/mg.

AXH was diluted 50-, 20-, 10-, and 5-fold in Tris-HCI buffer (pH 3.0) and used to
hydrolyze the hydrolysates of XY. Then, 5 uL AXH was mixed with 100 pL of each
hydrolysate of XY and the reaction was maintain at 45 °C for 5 min. The reaction was then
terminated by boiling for 10 min. XOS bands were detected by FACE. The gray values of
bands were measured using the Quantity One software (Bio-Rad).

Analysis of Protein Profiles by SDS-PAGE and Native Zymograms

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was used to analyze
changes in protein profiles. [32] The concentration of the separation gel was 12% (w/v) and the
loading volume of the sample was 20 pL/well. The gel was stained with Coomassie brilliant
blue R250 for 30 min and then destained with destaining solution containing 100 mL glacial
acetic acid, 100 mL absolute ethanol, and 800 mL distilled water per liter. The gels were
scanned using a BenQ scanner 7550R (BenQ, Jiangsu, China).
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The native zymogram method modified by Zhang et al. was used to detect differences in
xylanase activity between different carbon sources. [33] XY solution (2%, w/v) in sodium
hydrogen phosphate/citric acid buffer at pH 5.5 was used as the substrate. The concentration of
the separation gel was 10% (w/v) and the volume of the sample was 15 uL/well. The gels were
soaked in xylan solution at 70 °C for 30 min after electrophoresis, then, dyed with 0.5% (w/v)
Congo Red dissolved in 10% (v/v) alcohol for 15 min, and decolored using 1 M NaCl.
Subsequently, the gels were scanned using a BenQ scanner 7550R (BenQ).

The gelatinase zymogram method modified by Pan et al. was used to determine protease
activity. [34] A substrate of 0.1% gelatin was added to a 13.6% (w/v) separation gel. The
loading volume of the samples was 7 pL/well. After electrophoresis, the gels were washed
twice with 2.5% (v/v) Triton X-100 dissolved in Tris-HCI buffer at pH 8.0 for 15 min to
remove the SDS, and then washed twice with Tris-HCI buffer at pH 8.0 for 20 min to remove
Triton X-100. The gels were incubated at Tris-HCI buffer (pH 8.0) at 50 °C for 2 h to recover
the protease activity. The gels were stained and destained according to SDS zymogram and
they were scanned using a BenQ scanner 7550R (BenQ).

T. lanuginosus SD0O1 Secretome Analysis by LC-MS/MS

LC-MS/MS was used to analyze the secretomes of 7" lanuginosus SDO1 on different substrates
as previously described. [12] Extracellular crude enzymes secreted by 7. lanuginosus SDO1 for
4 days were ultrafiltered using a 3-kDa cutoff membrane (Dingguo) and mycelia were further
filtered for extraction of total intracellular protein. Concentrated enzymes were precipitated
using 10% (w/v) trichloroacetic acid and then dissolved in high-performance liquid chroma-
tography (HPLC) grade water. [35] After determining protein concentrations using the Bradford
method, 50 uL of degeneration buffer (0.5 M Tris-HCI, 2.75 mM EDTA, 6 M guanidine-HCI,
and 30 uL 1 M DTT) and 30 uL of 1 M DTT were added to 50 ug of protein and the mixtures
were incubated at 37 °C for 2 h. Samples were alkylated using 50 uL of 1 M iodoacetamide and
the reaction was left in the dark for 1 h. After the MicroconYM-10 membrane (3-kDa cutoff,
Dingguo) was washed with HPLC grade water, 360 pL of 25 mM NH4HCO; was added and
the proteins were washed four times by centrifugation at 14,000xg. The proteins were then
digested with trypsin at a ratio of 1:25 (w/w, trypsin/protein) at 37 °C overnight. After
desalination through a C18 Ziptip (Dingguo), the peptide samples were dissolved in 0.1% (v/
v) trifluoroacetic acid. Eluted peptides were analyzed using a Prominence nano LC system
(Shimadzu, Tokyo, Japan) coupled with an LTQ-Orbitrap Velos Pro ETD mass spectrometer
(Thermo Scientific, MA, Germany). An LC system equipped with a custom silica column
(75 wm x 15 cm) containing Reprosil-Pur 120 C18-AQ (particle size 3 pum; Dr. Maish,
Germany) was used to separate peptides, which were eluted with a stepping gradient of solvent
A (2.0% (v/v) ACN in water with 0.1% (v/v) formic acid) and solvent B (98% (v/v) ACN in
water with 0.1% (v/v) formic acid). A nanospray ion source (2000 V electrospray voltage and
275 °C transfer capillary temperature) was then used to spray the separated peptides into the
mass spectrometer. The LTQ-Orbitrap Velos Pro ETD was run in the data-dependent acquisition
mode using the Xcalibur 2.2.0 software (Thermo Scientific) for tandem MS experiments. Full-
scan MS spectra (from 400 to 1800 m/z) were detected in the orbitrap with a resolution of
60,000 at 400 m/z. The ten most intense precursor ions greater than the threshold of 5000 counts
in the linear ion trap with a normalized collision energy of 35% were selected for MS/MS
fragmentation analysis. In order to avoid selecting repeated peptides, dynamic exclusion was set
to within 60 s. A total of three replicates were performed for each sample.
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Analysis of 7. lanuginosus SDO1 Intracellular Proteins by LC-MS/MS

The trichloracetic acid-acetone method was used to extract total intracellular proteins as
described previously with slight modifications. [36] Simply, 5 g of mycelia powder ground
with liquid nitrogen was added to 50 mL of acetone containing 13.3% (w/v) TCA and 0.093%
(v/v) [B-mercaptoethanol and left overnight at —20 °C. The mixture was centrifuged at
14,000xg at 4 °C for 20 min, the supernatant was discarded, and the pellet was washed twice
with precooled acetone containing 0.07% (v/v) 3-mercaptoethanol. The pellet was resuspend-
ed in 30 mL lysis buffer (7 M urea, 2 M thiourea, 4% (w/v) CHAPS, 0.8% ampholytes, 20 mM
Tris, and 20 mM DTT) and ultrasonicated for 30 min to disrupt cells. The mixture was
centrifuged at 20,000xg at 16 °C for 30 min and the supernatant was collected for intracellular
protein analysis. Protein precipitation and LC-MS/MS analysis were conducted for analysis of
the secretome.

Database Searches

Database searches were conducted using the Proteome Discoverer software 1.4 (Thermo
Scientific) and the SEQUEST search engine. The reference database used for 7. lanuginosus
SDO1 was the detailed annotated genome of 7. lanuginosus SSBP. Parameters for protein
searches were set as follows: (1) trypsin was selected to digest proteins, (2) a precursor mass
tolerance of 10 ppm and a fragment mass tolerance of 0.8 Da were set for mass tolerance, (3)
oxidation of methionine was chosen as the dynamic modification, and (4) carbamidomethyl of
cysteine residues was selected as the fixed modification. The results contained only peptides
with at least six amino acid residues with 95% certainty (¢ <0.05). At least two peptides (g <
0.05) were required to identify proteins and the false discovery rate was set at 1%. The relative
abundance of proteins was determined based on the relative number of peptide spectrum
matches (PSMs). Previous studies have demonstrated a linear correlation between PSMs and
protein abundance. [37] The SignalP 4.1 Server (http://www.cbs.dtu.dk/services/SignalP/) was
used to predict the secretion signals of proteins. ANOVA analysis was used to detect
significant differences with a cutoff value of p <0.05.

Results

Dynamic Changes in Extracellular Reducing Sugar and Protein Concentrations
and Xylanase Activity

T. lanuginosus SDO1 was isolated from thermophilic maize straw composts. The diameter of
the colonies was greatest when they were incubated on PDA solid medium at 50 °C for 5 days,
demonstrating the thermophilic nature of the fungus (Fig. 1a). [11] During the liquid fermen-
tation process, the extracellular pH increased from 5.1 £0.3 to 8.6+0.3 (Fig. 1b, Table S2),
which is consistent with previous reports. [11, 18, 38] 7' lanuginosus SDO1 grew on soluble
sugars (Glc, Mal, Sta, Ara, Xyl, XOS, mannose, Gala, and Cello) rapidly, which corresponded
with a significant decrease in extracellular reducing sugar concentrations after 2—3 days and a
majority of sugars (>90%) was absorbed after the fourth day (Fig. 1c). When 7. lanuginosus
SDO1 grew on polysaccharides (MCC, Mannan, XY) and non-reducing sugars (Gly) for
5 days, the concentrations of reducing sugars in crude enzyme were all lower than 1 mg/ml,
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which made up little proportion in the column chart (Fig. 1¢). Thus, the reducing sugar amount
of Gly, XY, Mannan, and MCC were not visible in Fig. lc. The biomass of 7. lanuginosus
SDO1 was higher when the fungus was grown on soluble sugars compared with insoluble
substrates (XY, Mannan, and MCC; Fig. 1d). This result is consistent with a previous study
that optimal T lanuginosus SSBP growth occurred on readily available carbon sources. [39]
Thus, soluble sugars could be used as substrates to achieve rapid strain rejuvenation in
industrial production. However, XY and MCC induced protein secretion by 7. lanuginosus
SDO01 more efficiently than soluble sugars (Fig. 1e), suggesting a key role for polysaccharides
in protein production. In filamentous fungi, soluble sugars with high concentration in the initial
cultivation period always resulted in carbon catabolite repression, [40] when the soluble sugars
were nearly exhausted; a litte amount of enzymes could be induced because of carbon
starvation, whereas, when filamentous fungi exposed to polysaccharides such as XY and
MCC, only a little amount of available sugars were released from polysaccharides; the carbon
starvation allows low-level expression of a set of enzymes to degrade polysaccharides into
soluble sugars; because of the low release-rate and high absorption-rate high of soluble sugars,
little amount of extracellular sugar remains, which was beneficial for the continuous secretion
and accumulation of enzymes. In addition, the induction mechanism of insoluble polysaccha-
rides recognized by carbohydrate-binding modules (CBM) [41] may be another key reason for
the higher amount of protein secretion in XY and MCC, and they needed further research.

Activity of xylanase by T. lanuginosus SDO1 was efficiently and specifically induced by
Xyl, XOS, and XY starting on day 2, especially when XOS and XY were used as the
substrates (Fig. 1f).

Analysis of the Dynamics of Degradation and Uptake of Oligosaccharides

FACE has previously been used to identify and quantify oligosaccharide species and concen-
trations. [42] As shown in Fig. 2, the gray values of reducing sugars decreased significantly on
day 3 and were undetectable on day 4, which corresponds to the reducing sugar concentration
measurements (Fig. 1c). When 7. lanuginosus SDO1 was grown on Mal, the reducing sugar
concentration on day 2 did not change significantly compared with day 0 (Fig. 1b), but the
species of soluble sugars identified did vary significantly, mainly the appearing of trisaccharide
(Fig. 2a). As shown in Fig. 2a, b, c, e, a large number of monosaccharide species were detected
on day 2, indicating that a series of reduced sugar glycosidases (RSGs), such as x-glucosi-
dases, (3-xylosidases, and [3-glucosidases, were secreted. When 7. lanuginosus SD0O1 was
grown on Mal or Cello for 2-3 days, several trisaccharide-related oligosaccharide bands
appeared, suggesting that extracellular RSGs may also have glycosyl transferase activity
(Fig. 2a, e).

Bands indicating the presence of soluble reducing sugars were not visible when
T lanuginosus SDO1 was grown on Mal, Sta, or Cello for 4 days (Fig. 2a), indicating that
soluble sugars produced by RSGs-degrading glycan could be efficiently assimilated and used
for growth. In the genome of 7. lanuginosus, no hydrolytic enzymes predicted to be related to
cellulose degradation were identified. Therefore, it is likely that MCC could not be degraded
and did not release reducing sugars, as shown in Fig. 2f. In Fig. 2c, it displayed that in the
initial 2 days the amount of X3 (band 3), X4 (band 4) decreased and X2 (band 2), X1 (band 1)
increased, which indicated that 7. lanuginosus SD1 was able to secrete glycosidases to degrade
large oligosaccharides into small oligosaccharides or monosaccharides to be utilized. The
similar phenomenon was observed when Mal and cello were used as carbon sources (Figs. 2a
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Fig. 1 Physiological and biochemical characteristics of 7. lanuginosus grown on different carbon sources. a
Colony diameters of 7. lanuginosus SDO1 cultured at different temperatures. b pH of 7. lanuginosus SDO1 crude
enzymes over time. ¢ 7. lanuginosus SD0O1 crude enzymes reducing sugar content over time. d Dry biomass of
T. lanuginosus SDO1 mycelia over 5 days of cultivation. e Total protein concentration of 7. lanuginosus SD0O1
crude enzymes. f Xylanase activity of 7. lanuginosus SDO1 crude enzymes. Gly glycerol, Gilc glucose, Mal
maltose, Sta starch, Ara arabinose, Xy/ xylose, XOS xylooligosaccharide, XY xylan, Gala galactose, Cello
cellobiose, MCC microcrystalline cellulose

and 2e). Endo-1, 4-f3-Xylanase (EC: 3.2.1.8) could degrade corncob XY into
unsubstituted XOS and substituted XOS (SXOS). [43] We respectively utilized 2 mL
crude enzymes of 7. lanuginosus SDO1 grown on xylan for 0-5 days to degrade 0.1 g
xylan substrate for 5 min and detected the product profiles with FACE. The results (Fig.
S3) displayed that the total gray values of bands 4-6 between X1 and X3 were 1-2 times
of the total gray value of the accumulated substituted XOS (SXOS) bands (bands 1-3).
While only three SXOS bands (mainly X4-X6) were significantly accumulated in Fig 2d.
Therefore, X1-X3 released by xylanase from xylan were rapidly assimilated and metab-
olized. Because predicted XY side chain degradation enzymes are absent in the genome
of T. lanuginosus (Table S1), the accumulated oligosaccharide bands were likely SXOS.
In order to identify the side chain of SXOS between X4 and X6, GH62 family AXH,
which has been reported to cleave arabinofuranose from singly substituted xylopyranosyl
backbone residues in wheat arabinoxylan, [44] were heterologously expressed, diluted,
and used to degrade the XOS bands shown in Fig. 2d (Fig. S1). The gray value of band b
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Fig. 2 Quantitative determination of extracellular reducing sugars by FACE. Carbon sources a—f represent
maltose (Mal), starch (Sta), xylooligosaccharide (XOS), xylan (XY), cellobiose (Cello), and microcrystalline
cellulose (MCC), respectively. Lane M represent standard marker. G1-GS represent glucose, cellobiose,
cellotriose, cellotetrose, and cellopentose, respectively. X1-X5 represent xylose, xylobiose, xylotriose,
xylotetraose and xylopentaose, respectively. Numbers represent oligosaccharide bands. Red arrows represent
substituted xylooligosaccharides (SXOS) that cannot be degraded by 7. lanuginosus SD0O1

decreased from 94.6 £16.2 to 36.4+3.4 as the AXH concentration increased, indicating
that band b was degraded by AXH. Therefore, band b likely represents ara-substituted
XOS. However, the intensity of band a did not change significantly as the concentration
of AXH increased, suggesting that band a represented XOS species with more compli-
cated side chains, such as acetyl and ferulic acid. These SXOS cannot be used by
T. lanuginosus SDO1 but they do have the potential for using as prebiotics and as
inducers of enzyme secretion by other microorganisms such as Paenibacillus spp. and
Prevotella spp.. [45, 46]

Analysis of Glycoside Hydrolases Secreted by 7. lanuginosus SD01 Using Zymogram
and LC-MS/MS

The genome of 7' lanuginosus contains 61 glycoside hydrolase genes and five lytic polysac-
charide monooxygenase (LPMO) genes, which is fewer than in Aspergillus niger,
Trichoderma reesei, or Penicillium oxlicum (Tables S1, S2, and S3). Protein content measure-
ments revealed that 7. lanuginosus SDO1 secreted few proteins and that the highest protein
concentration was only 0.103+0.003 mg/mL for XY (Fig. le). The protein species were
relatively simple, and only six distinct protein bands were detected using SDS-PAGE (Fig. 3a).
This is far fewer than in A. niger, T. reesei, or P. oxalicum [25].
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PAGE. b Xylanase zymograms showing that xylanase was induced by different carbon sources. ¢ Gelatin
zymograms showing that metalloprotease was induced by different carbon sources

At least five protein bands including four bands with MWs above 45 kDa and one band with a
MW of ~ 18 kDa were detected when 7. lanuginosus SDO1 was grown on almost all carbon
sources. However, the type and concentration of proteins varied with the carbon source (Fig. 3a).
Consistently, the highly expressed proteins (>3%) in the secretome identified by liquid
chromatography-mass spectrometry/mass spectrometry (LC-MS/MS) included four proteins with
MWs between 45 and 120 kDa, one protein with a MW of approximately 25 kDa, and one protein
with a MW of approximately 18 kDa (Fig. 4a). Classification of proteins involved in biomass
degradation (Table 1) suggested that 13 proteins had a relative expression level above 1%, and 9
RSGs belonging to GH1, GH3, GH17, GH20, GH31, GH36, GH38, and GH64 families were
highly expressed, including o-glucosidase (g5655.t1), (3-hexosaminidase (g3593.t1), endo-3-1,
3-glucosidase (g4265.t1), -1, 3-glucosidase (g330.t1), glucan endo-f3-1, 3-glucosidase
(g4137.t1), a-mannosidase (g2600.t1), x-galactosidase (g2448.t1), and (3-Glucosidase (g2281.t1
and g850.t1). These results indicate that 7" lanuginosus SD01 degrades soluble oligosaccharides
into monosaccharides by secreting large numbers of RSGs, which may help the fungus to
efficiently utilize oligosaccharides and oligopeptides in saprophytic habitats for their growth.

In contrast to the direct assimilation of monosaccharides, diverse enzymes were required for
the degradation of Sta, mannan, and MCC. The relative expression level of amylases, including
GHIS5 family glucoamylase (g1543.t1) and GH31 family o-glucosidase (g5655.t1), was generally
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Correlation analysis of xylanase relative expression and xylanase activity. d Relative expression of proteases
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high (Fig. 4b) (Table 1). The highest expression of «-glucosidase (13.40 +0.64%) was detected
on Sta (Table 1), indicating that T lanuginosus SDO1 could quickly utilize Sta. Similarly,
chitinases and (-(1, 3; 1, 4)-D-glucanases were detected on all carbon sources (Fig. 3b), which
may be related to the presence of yeast cell walls in the media. Chitinase and 3-(1, 3; 1, 4)-D-
glucanases belonged to GH18 and GH17 families, respectively. (3-1, 3-glucosidases (g4265.t1
and g330.t1) were also annotated as glycosyltransferases (Table 1).

Mannan induced GH38 o-mannosidase (g2600.t1) and GH36 «-galactosidase (g2448.t1)
but not main chain-degrading enzymes, indicating that 7. lanuginosus SDO1 was able to utilize
mannan-oligosaccharides for growth but could not efficiently degrade complete mannan. In the
genome of 7. lanuginosus, no genes encoding cellulolytic enzymes are predicted but five
LPMOs and eight (3-glucosidase genes are annotated (Table S3). However, the relative expres-
sion of LPMOs was very low under all conditions and Cello mainly induced GH1 (3-glucosidase
(g2281.t1). These results indicate that 7. lanuginosus SDO1 can rapidly utilize Cello.

With respect to the degradation of XY, SDS-PAGE results indicated that a visible protein
band (band b) with a MW of approximately 25 kDa was induced when Xyl, XOS, or XY were
used as substrates (Fig. 3a). Similarly, only one xylanase band was detected on the xylanase
zymogram (Fig. 3b). In addition, the MW of the only endo-(3-1, 4-xylanase (g4601.t1)
detected by LC-MS/MS was 24.4 kDa and its expression level was highly correlated with
enzymatic activity on day 4 (R?=0.93) (Fig. 4c). Therefore, the band b, shown in Fig. 2a, is
endo-f3-1, 4-xylanase, which may have good properties, such as thermostability, salt tolerance,
and wide range of pH optima, as reported previously. [11] The expression levels of endo-(3-1,
4-xylanase increased significantly on Xyl, XOS, and XY substrates and was highest on the
XOS and XY substrate (8.19 +2.60% and 7.14 + 1.71%) (Fig. 4b and Table 1), indicating that
xylanase could be specifically induced by XOS and XY.
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Analysis of Proteases Secreted by 7. lanuginosus SD01 by Zymogram and LC-MS/MS

T. lanuginosus SDO1 utilizes organic nitrogen sources in the environment mainly by secreting
proteases. In the genome of 7. lanuginosus, 50 proteases, including 23 exopeptidases (nine
aminopeptidases, seven carboxypeptidases, and seven oligopeptidases) and 27 endopeptidases
(seven aspartic proteases, three serine proteases, five cysteine proteases, and 12
metalloproteases) have been annotated (Table S4). In the secretome of 7. lanuginosus SDO1,
25 proteases were detected, including 15 exopeptidases (seven aminopeptidases, five carboxy-
peptidases, and three oligopeptidases) and 10 endopeptidases (four aspartic proteases, three
serine proteases, and three metal proteases) (Table 2). With regard to relative expression levels
(Fig. 4d), exopeptidase expression was higher than endopeptidases. Most endopeptidases
belonged to neutral or alkaline serine proteases and this was likely due to the neutral or
alkaline saprophytic environment. In addition, the number and relative expression level of
several acidic proteases, including aspartic-type proteases, were generally < 0.5% (except xyl,
XOS, and XY).

Among the total proteases, the expression level of the serine endopeptidase S53 tripeptidyl
peptidase SED3 (g1667.t1) was highest. This enzyme may degrade protein into oligopeptide
fragments but its function requires further research. Although metalloproteinases are able to
degrade gelatin, only one obvious band was detected on the gelatin zymogram (Fig. 3c).
Among the highly expressed proteases, two M1 proteases (g2981.t1 and g194.t1) with similar
molecular weights (99.5 and 98.0 kDa) were detected by LC-MS/MS (Table 2). Thus, it is
possible that the protease band in the gelatin zymogram may represent the Ml
metalloproteases g2981.t1 and gl94.t1. The relative expression levels of 10 proteases were
higher than 0.5%, and seven of these were exopeptidases containing M1, M18, and M28
aminopeptidases; S10 carboxypeptidase; and M49 and S9C oligopeptidases. The high expres-
sion level of exopeptidases suggests that 7 lanuginosus SDO1 is able to degrade oligopeptide
fragments produced by other microorganisms in saprophytic habitats.

Analysis of Proteins Involved in Intracellular Metabolic Pathways by LC-MS/MS

Carbon sources transported intracellularly mainly metabolized via energy metabolic pathways.
Hexoses can be directly metabolized by the glucolysis pathway (EMP), whereas pentoses are
preferentially metabolized by the pentose phosphate pathway (PPP) with its metabolic inter-
mediates being further metabolized by the glucolysis pathway and the tricarboxylic acid cycle
(TCA) (Fig. 5). [47] ANOVA tests indicated that there were no significant differences in the
levels of EMP, TCA, or PPP pathway proteins of 7. lanuginosus SDO1 grown on different
carbon sources (p =0.4080, p=0.5024, and p =0.9890, respectively; Table S5), which may
maintain a stabilized intracellular metabolism for their quick proliferation. Similar results have
been reported from intracellular proteomic analyses of A. niger and T. reesei (Fig. 5). [47-49]

Discussion

Environment-friendly and efficient industrial biotechnology has attracted widespread attention.
Thermophiles have beneficial properties for widespread use in industrial biotechnology. [2,
6-8] Because the genome of 7. lanuginosus is small and the extracellular enzymes are simple,

these conditions are favorable for genetic manipulation. And 7. lanuginosus can utilize XY

@ Springer
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Fig. 5 Schematic diagram representing the degradation properties of different carbon sources and intracellular
metabolism. Solid arrows indicate that the reaction can proceed for 7. lanuginosus SDO1. Dotted arrows indicate
that the reaction could not proceed for T. lanuginosus SDO1. Thick lines indicate the preferential substrates of
1. lanuginosus SDO1

from lignocellulose, thus, 7. lanuginosus has the potential to be used as a new expression host
which utilize cheap biomass materials producing valuable proteins. [11]

Secretome analysis suggested that 7. lanuginosus SDO1 secretes mainly GH1, GH3, GH17,
GH20, GH31, GH36, GH38, and GH64 family RSGs and that these RSGs are induced starting
on day 2. In addition, seven exopeptidases, belonging to M1, M18, M28, M49, S9C, and S10
families, were efficiently induced. The high expression levels of RSGs and exopeptidases, as
well as the stability of intracellular metabolism, may help 7. lanuginosus SDO1 effectively
degradate oligosaccharides and oligopeptides and dominate saprophytic habitats at high
temperatures. And these thermophilic RSGs and exopeptidases could be widely applied in
different fields, such as biomass hydrolysis, food processing, and medicine.

When XY was the carbon source, only one thermostable xylanase (g4601.t1) was secreted
by T lanuginosus SDO1. The optimal reaction temperature of this xylanase was 70 °C (Fig.
S2.). Our previous research and other previous studies have demonstrated the thermophilic
nature of GH11 xylanase from 7. lanuginosus. [50-52] This enzyme has widespread applica-
tions in winemaking and biomass degradation. Because 7. lanuginosus SD01 does not secrete
cellulases, crude enzymes could also reduce the pulp fiber loss and application costs of pulp
bleaching. [53]

In the proteome of 7. lanuginosus SD1, only xylan backbone degradation enzymes
including one xylanase and xylosidase were detected and no genes were predicted to encode
«-Arabinfuranosidease; therefore, xylan could just be degraded into SXOS with diverse side
chains decorated xylan backbone, and the molecular weights of SXOS released by
T. lanuginosus SD1 were between tetraose and hexaose. SXOS are functional sugars that
are beneficial for health and can be used as prebiotics. It was previously reported that SXOS
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intake of 2 to10 g per day lowers cholesterol and glucose levels in blood and improves
immunity. Several previous studies have proved the advantage of XOS as an important
prebiotics in promoting the healthy functioning of the intestinal system and regulating the
content of blood cholesterol and glucose. [43, 54, 55] In addition, our research group has
revealed that XOS was responsible for improving xylanase activity and shortening xylanase-
production time in A. niger, [56] thus, we speculated the huge potential of SXOS as probiotics
and enzyme inducers. What is more, XOS is developed as probiotics, mainly because that
XOS cannot be degraded into monosaccharide and absorbed by the human body, and the
SXOS produced by T. lanuginosus SD1 contains diverse side chains, which was more
difficult to be degraded and absorbed by the human body in comparison with XOS without
side chains. Thus, the SXOS produced by 7. lanuginosus SD1 was more competitive as
prebiotics. Moreover, SXOS are important food thickeners and are commonly used as bread
making additives. [57] Inindustry, SXOS are typically prepared by hydrolyzing raw materials
containing abundant XY, such as sugar cane bagasse, corncobs, rice husks, and wheat straw,
with acid, alkaline, or enzymes. [43] However, the large amounts of monosaccharides and
toxic complexes produced by the hydrolysates requires further separation and purification,
which results in the loss of XOS and an increase in cost. When 7. lanuginosus SD01 was
cultured in 1% XY (w/v) medium for 3 days, 0.82+0.01 mg/mL reducing sugars were
detected in the media (Fig. 1c). Because unsubstituted XOS could be rapidly taken up, the
reducing sugars detected in the media were SXOS. Therefore, T. lanuginosus SDO1 could
produce about 8.2% SXOS when cultured in corncob XY for 3 days. In the future, higher
yields of SXOS could be achieved by further optimizing the culture conditions. The XY
content in corncobs is very abundant, reaching up to 35—40%, [58]; thus, it is possible to
prepare SXOS using corncobs by T lanuginosus SDO1.

Conclusions

In this research, an integrated functional-omics technology was established to systemati-
cally analyze the composition of extracellular enzymes when 7. lanuginosus SDO1 was
grown on different carbon sources, and explore the potential for industrial applications.
T. lanuginosus SDO1 secretes abundant RSGs and exopeptidases in order to efficiently
utilize readily available oligosaccharides and oligopeptides, allowing the fungus to quick-
ly dominate saprophytic habitats at high temperatures. Additionally, xylanase secreted by
T lanuginosus SDO1 can degrade the XY backbone into available sugars to support
mycelia growth and xylanase crude enzyme can be directly used for pulp bleaching.
Corncob XY can be converted into SXOS by 7. lanuginosus SD01, and this feature could
be used to produce high-value SXOS using XY-rich corncobs. 7. lanuginosus SDO1 has
the potential to be used to produce thermostable xylanase and SXOS that can be easily
separated by membranes in industrial production, while the mycelia can be used as
microbial inoculants to accelerate maize straw processing. 7. lanuginosus SDO1 demon-
strates clear potential in transforming inexpensive raw materials into high-value products
through batch fermentation for industrial production.
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