Engineering Microbiology 3 (2023) 100105

ENGINEERING

Contents lists available at ScienceDirect _:MIBRUBID%QEY

Engineering Microbiology

journal homepage: www.elsevier.com/locate/engmic

Original Research Article

Investigating the cellular functions of f-Glucosidases for synthesis of N

Check for

lignocellulose-degrading enzymes in Trichoderma reesei e

Ai-Ping Pang? Haiyan Wang?, Yongsheng Luo?, Funing Zhang?, Fu-Gen Wu?, Zhihua Zhou®,
Zuhong Lu®*, Fengming Lin®"
a State Key Laboratory of Bioelectronics, School of Biological Science and Medical Engineering, Southeast University, Nanjing, China

b Key Laboratory of Synthetic Biology, Institute of Plant Physiology and Ecology, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences, Shanghai,
China

ARTICLE INFO ABSTRACT

Keywords:
p-glucosidase

p-glucosidases play an important role in the synthesis of cellulase in fungi, but their molecular functions and
mechanisms remain unknown. We found that the 10 putative p-glucosidases investigated in Trichoderma ree-
cel3j . . sei facilitate cellulase production, with cel3j being the most crucial. Transcriptional analysis revealed that the
Egss;;;‘::izrilﬁscﬁf;on pathway most affected biological processes in A\cel3j strain were cellulase synthesis, ribosome biogenesis, and RNA poly-
Golg merases. Moreover, CEL3J was unconventionally transported through the endoplasmic reticulum, bypassing the

Golgi apparatus, whereas cel3j overexpression altered cellulase secretion from conventional to unconventional,
likely owing to the activated unconventional protein secretion pathway (UPS), as indicated by the upregulation of
genes related to UPS. The mTORC1-GRASPS5S5 signaling axis may modulate the unconventional secretion of CEL3J
and cellulase. The transcriptional levels of genes associated with DNA replication, the cell cycle, and meiosis were
noticeably affected by overexpressing cel3j. These data give new clues for exploring the roles of f-glucosidases

and the molecular mechanisms of their unconventional secretion in fungi.

1. Introduction

Plant biomass, an attractive alternative to fossil reserves, is the most
sustainable and renewable carbon source on Earth and can be converted
into environmentally friendly energy compounds and chemicals [1]. Tri-
choderma reesei is one of the most commonly used fungi for cellulase
production. Cellulase is an enzyme mixture, mainly comprised of en-
doglucanase (EC 3.2.1.4), cellobiohydrolase (CBH; EC 3.2.1.91), and -
glucosidase (EC 3.2.1.21), which act sequentially and synergistically to
degrade biomass [1-5]. Among these three major components of cellu-
lase, p-glucosidase is rate-limiting owning to its low secretive ability in
T. reesei, which largely restricts the total efficiency of biomass degra-
dation. Therefore, considerable efforts have been made to improve the
protein secretion ability of g-glucosidase in T. reesei [1].

In total, 11 pg-glucosidases have been predicted in the T. reesei
genome. These are classified into glycoside hydrolase families 1 (cella
and cel1b) and 3 (cel3a, cel3b, cel3c, cel3d, cel3e, cel3f, cel3g, cel3h, and
cel3j) on the basis of their sequence identities and structural similarities
[6]. p-glucosidases play an important role in the induction and produc-
tion of cellulase. CEL3A, the major extracellular p—glucosidase, func-
tions in rapid cellulase induction in T. reesei [7,8], whose overexpres-

sion can effectively enhance cellulase production [9-12]. The absence
of cellb and cella delays or even abolishes the expression of the major
cellulase gene cbhl in cellulose or lactose, indicating their involvement
in rapid cellulase induction [13,14]. In contrast, the deletion of cellb
does not noticeably affect cellulase production in cellulose, cellobiose,
or lactose, whereas overexpression of cel1b dramatically decreases cellu-
lase synthesis, likely due to dysfunction of the cellular transport process
and the endoplasmic reticulum (ER) [15]. Comprehensive cellular dis-
tribution and secretion analysis identifies eight extracellular (CEL1A,
CEL3A, CEL3B, CEL3E, CEL3F, CEL3G, CEL3H, and CEL3J) and three
intracellular g-glucosidases (CEL1B, CEL3C, and CEL3D) [15-17]. The
extracellular p-glucosidases CEL3A, CEL3B, CEL3E, CEL3F, CEL3H, and
CEL3G are secreted through a tip-directed conventional secretion path-
way, and CEL1A via a vacuole-mediated pathway with no involvement
of a signal peptide. In particular, the leaderless protein CEL3J is secreted
via an unconventional protein pathway, which raised our interest in
studying the molecular functions and secretive mechanisms of CEL3J.
Generally, proteins can reach the extracellular space or plasma mem-
brane by two secretion pathways. The canonical ER-to-Golgi secretory
pathway, which has been known for decades, transports the majority of
secretory proteins [18,19]. These proteins usually carry a signal peptide
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to direct their translocation into the ER lumen for protein folding, from
where they reach the Golgi apparatus via COPII-coated vesicles for fur-
ther protein modification and the plasma membrane for protein release
[16]. However, over the past 20 years, a substantial number of proteins
that are not, or are only partially, dependent on the classical secretion
pathway, which is collectively termed “unconventional protein secre-
tion” (UPS) have been identified [19,20]. Four different UPS pathways
have been described: Type I, self-sustained protein translocation across
the plasma membrane; type II, ATP-binding cassette transporter-based
secretion; Type III, secretion by membrane-bound organelles such as au-
tophagosomes; and Type IV, Golgi bypass pathway to the plasma mem-
brane [21,22]. Leaderless proteins are translocated across the plasma
membrane by Type I, II, and III UPS, whereas proteins with a signal
peptide or transmembrane domain depend on Type IV UPS. Proteins
that traffic through the Golgi bypass pathway can be identified by two
main methods: Brefeldin A (BFA) insensitivity and Endoglycosidase H
(Endo H) sensitivity [23,24]. BFA, a fungal toxin, acts on guanine nu-
cleotide exchange factors and interferes with the recruitment of Arfl, an
enzyme responsible for the formation of COPI-coated vesicles, blocking
anterograde ER-to-Golgi transport [23]. Therefore, proteins that reach
the plasma membrane that are BFA-insensitive are Golgi-independent.
Protein modification occurs in the ER by glycosylation with a high-
mannose-containing, N-linked oligosaccharide core [25] and then in the
Golgi apparatus by trimming and adding sugars to this core, generating
complex N-glycans [26]. Therefore, if a protein is sensitive to Endo H,
an enzyme that only cleaves high-mannose and some hybrid types of N-
linked carbohydrates, its secretion is thought to bypass the Golgi appara-
tus. Many types of cargo have been identified to reach the plasma mem-
brane independent of the Golgi apparatus, including CFTR [20,24,27],
aPS1 [28,29], aPS2 [30], CD45 [31], Smoothened [32], Mpl [33], pen-
drin [34]. Golgi reassembly stacking proteins (GRASPs) [22,24,29,35],
heat shock proteins, cochaperones [36,37], TMED10 [38], and TORC1
[22] have been implicated in the Golgi bypass pathway [24]. However,
the molecular mechanisms of the Golgi bypass pathway remain unclear.

In this study, we investigated the impact of the individual deletion of
10 p-glucosidases on cellulase production, growth, and mycelium mor-
phology using different carbon sources; we found that the absence of
each p-glucosidase compromised cellulase synthesis, and that cel3j dele-
tion caused the largest decrease in cellulase production. Transcriptional
analysis was performed to explore the molecular mechanisms underly-
ing the severe inhibition in the cel3j knockout. Furthermore, the un-
conventional secretion of CEL3J was found to occur through the Golgi-
bypassing pathway, while cellulase was transported via the unconven-
tional protein pathway in the cel3j-overexpressing strain Rcel3J, as op-
posed to via the conventional secretion mode as in the parental strain
RUT-C30. The mTORC1-GRASP55 signaling axis may participate in the
unconventional secretion of both CEL3J and cellulase. Overexpression
of cel3j upregulates the transcriptional abundance of genes associated
with DNA replication, DNA repair, the cell cycle, and meiosis. Overall,
these findings enhance our understanding on f-glucosidases and the un-
conventional secretion pathway in filamentous fungi.

2. Materials and methods
2.1. Microbial strains, plasmids, and cultivation conditions

Microbial strains (Escherichia coli DH5a, Agrobacterium tumefaciens
AGL-1, T. reesei RUT-C30, and T. reesei KU70), their culture conditions,

and plasmids pXBthg and pDht/sk were adapted from our previous stud-
ies [15,39-41].

2.2. Construction of the p-glucosidase deletion strain (/\BGL)

The upstream and downstream sequences (approximately 1500 bp)
of the nine individual g-glucosidases were separately amplified by PCR
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using the T. reesei KU70 genome as a template, and ligated into the plas-
mid pXBthg at Xhol and at BamHI using the ClonExpress MultiS One Step
Cloning Kit (Vazyme, Nanjing, China), leading to the generation of dif-
ferent pXBthg-/ABGL (#-glucosidases = cella, cel3b, cel3c, cel3d, cel3e,
cel3f, cel3g, cel3h, or cel3j) plasmids. The resulting plasmids pXBthg-
ABGL were individually transformed into T. reesei KU70 via the A.
tumefaciens-mediated transformation (AMT) method using hygromycin
B as a marker [42], yielding the corresponding /ABGL. The primers used
are listed in Table S1, and gene deletions in the recombinant strains were
verified by PCR (Figure S1) and sequencing.

2.3. Shake flask cultivation

Five percent (v/v, 107 /mL) conidia of T. reesei were seeded into
10 mL sabouraud dextrose broth (Glucose, 40 g/L; Tryptone, 10 g/L;
Yeast extract, 10 g/L) at 28 °C and 200 rpm for 2 days. Then, 5 mL
pre-grown mycelia was transferred into 50 mL TMM culture medium
(Tryptone, 0.75 g/L; Yeast extract, 0.25 g/L; Urea, 1.00 g/L; (NH4)5SOy4,
4.00 g/L; KH,PO,, 6.59 g/L; Maleic acid, 11.6 g/L; FeSO, * 7H,0,
0.005 g/1; MnSO, * H,0, 0.0016 g/L; ZnSO, * 7H,0, 0.0014 g/L;
CoCl, * 6H,0, 0.002 g/L; MgSO,, 0.60 g/L; CaCl,, 0.60 g/L; Tween
80, 0.186 ml/L) (pH 6) plus 2% cellulose or other carbon sources as
indicated and incubated at 28 °C for 7 days. For the BFA or rapamycin
experiments, 5.0 mL cultures, which were grown in TMM plus 2% cellu-
lose for 4 days, were transferred into the same fresh TMM plus 2% cel-
lulose supplemented with BFA (10 xg/mL) or rapamycin (0.01, 1, and
10 ymol/L) and cultured for 7 days. Samples were collected at different
time points for the (hemi)cellulase activity assay, confocal microscopy,
RNA-seq, and qRT-PCR analyses.

2.4. Analysis methods

The samples of T. reesei culture were centrifuged at 8000 rcf for
30 min to collect the supernatants for the (hemi)cellulase activity as-
say, as described in our previous studies [9,17,39,40]. The mycelia
of T. reesei were observed under a confocal SP8 microscope (Leica,
Mannheim, Germany) with a 100 x oil immersion objective. The spores
were counted using a hemocytometer under an SP8 confocal microscope
with a 20 x oil immersion objective. The fluorescence intensities of the
supernatant were measured at excitation and emission wavelengths of
540/635 nm, respectively, using a fluorescence spectrophotometer (Hi-
tachi Ltd, Tokyo, Japan).

2.5. Endo H sensitivity assay

Gene cel3j was amplified from T. reesei RUT-C30 with His-tag se-
quence fused to its 3’-end, and ligated into the plasmid pDht/sk at Xbal
using the ClonExpress One Step Cloning Kit (Vazyme, Nanjing, China).
The resulting vector was subsequently transformed into T. reesei RUT-
C30 using the AMT method with hygromycin B as the marker, result-
ing in generation of the strain OEcel3J. Strain OEcel3J was grown in
TMM medium containing 2% cellulose at 28 °C for 7 days, and the su-
pernatants of the culture were used to purify CEL3J using the Ni-NTA
6FF Sefinose (TM) Resin kit (Sangon Biotech, Shanghai, China). Puri-
fied CEL3J was concentrated and desalted in an Amicon-Ultra-15 cen-
trifuge tube (Millipore Corporation, Billerica, MA, USA) with a molec-
ular weight cutoff of 30 kDa. For digestion of CEL3J by Endo H (New
England Biolabs, Ipswich, Massachusetts, United States), the purified
CEL3J was first denatured by adding Denaturing Buffer (New England
Biolabs, Ipswich, Massachusetts, United States) at 100 °C for 10 min.
Then, the reaction was treated with Endo H and further incubated at
37 °C for 2 h. The (non)-treated CEL3J cells were detected by western
blotting with an Anti-His6 antibody (Bioss, Beijing, China).
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2.6. CEL3J colocalization with ER

The gene encoding geneticin (G418) was obtained by PCR using
plasmid 1cNG as the template [43] and ligated into pDht/sk after di-
gestion with BamHI and Spel to generate the plasmid pDhG418. The
gene encoding green fluorescence protein (GFP) was amplified from the
plasmid EGFP-xyr1, which was provided by Professor Weixin Zhang of
Shandong University, with its N-terminus and C-terminus fused with
the ER-targeting peptide and the ER-retention motif (HDEL) of disulfide
isomerase (PDI1), respectively, and ligated into the plasmid pDhG418,
resulting in generation of the plasmid pEGFP-HDEL. The resulting vec-
tor pEGFP, was subsequently transformed into T. reesei Rcel3J using the
AMT method with hygromycin B and G418 as markers [42], yielding
the strain Rcel3J-GFP. The red fluorescent protein, DsRed, was detected
at 570-700 nm with an excitation wavelength of 552 nm. The green
fluorescence protein GFP was imaged at 500-550 nm with an excitation
wavelength of 488 nm.

2.7. RNA-seq and qRT-PCR analysis

T. reesei samples, which were cultured in TMM + 2% cellulose, were
collected at 72 h for Acel3j and KU70, and 120 h for Rcel3J and
RUT-C30. RNA-sequencing was carried out in duplicate using Novogene
(Beijing, China) following the standard analysis method. RNA extrac-
tion and reverse transcription were performed as previously described
[15,39,41]. Quantitative PCR was performed using the TB Green Premix
Ex Taq II (TaKaRa Bio, Tokyo, Japan), and relative mRNA levels were
normalized to the housekeeping gene sarl [44]. All primers used in this
study are listed in Table S1.

2.8. Statistical analysis

Some of the statistical data presented are the mean + SD from at
least three independent experiments. Two-tailed Student’s t-test was per-
formed to analyze the difference between two groups. *p < 0.05, **p <
0.01, ***p < 0.001.

3. Results

3.1. Cellulase production was compromised by the single deletion of
p-glucosidases

To investigate the role of the 11 putative f-glucosidases on cellu-
lase production in T. reesei, we individually deleted nine p-glucosidase
genes (cella, cel3b, cel3c, cel3d, cel3e, cel3f, cel3g cel3h, and cel3j) in
T. reesei KU70 to obtain the deletion strains /\cella, /\cel3b, /cel3c,
Acel3dd, Acel3e, Acel3f, Acel3g, Acel3h, and /\cel3j, respectively
(Figure S1). The cellb-knockout strain /\cellb was constructed in our
previous study [15], and the severe inhibitory effect of cel3a deletion
on the synthesis of cellulase by fungi has been well studied in our pre-
vious research [8]. When cultured in TMM + 2% cellulose and com-
pared to the parental strain KU70 (Fig. 1A), FPase activity was markedly
decreased in /A\cellb, Acel3b, Acel3e, and Acel3j strains by 48.5%,
42.1%, 32.1%, and 77.1% respectively, but remained almost unchanged
in Acella, /Acel3c, and A\cel3d strains. All the recombinant strains
showed a notably decrease in pNPCase and pNPGase activities. CM-
Case activity was not noticeably affected in all knockout strains, ex-
cept for Acel3c and /\cel3j. pNPXase activity was markedly reduced
in Acel3b, Acel3e, Acel3f, Acel3g, and /Acel3j strains. Secreted pro-
tein levels decreased noticeably in strains /\cella, Acel3b, Acel3c,
Acel3e, Acel3h, and /\cel3j. The absence of each f-glucosidase com-
promised (hemi)cellulase production to varying degrees and with differ-
ent patterns. In particular, the deletion of cel3j led to the largest decrease
in (hemi)cellulase activity.

When using 2% lactose as the sole carbon source, cellulase produc-
tion was also affected by the deletion of different -glucosidases to vary-
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ing degrees, of which the most affected was pNPCase activity (Fig. 1B).
pNPXase activity was decreased in the Acella, Acellb, Acel3c,
A\cel3d, Acel3e, Acel3g, and /\cel3j strains, but only slightly al-
tered in /A\cel3b, Acel3f, or /\cel3h strains. Secreted protein levels
were not impaired in Acel3e and /\cel3f strains, whereas they were
decreased in the other recombinant strains. Similar to what was ob-
served on cellulose, the Acel3j strain was inhibited the most severely
regarding (hemi)cellulase activities, including FPase, pNPCase, CMCase,
PNPGase, pNPXase, and protein secretion. These results suggest that all
10 p-glucosidases play positive and likely varied roles in (hemi)cellulase
production.

Cellulase production on both cellulose and lactose was dramati-
cally affected by the deletion of cel3j, indicating that the cellulase-
inhibiting effect of the cel3j knockout might be independent of the car-
bon source. To further confirm this, we measured the cellulase activity
of Acel3j strain cultured on other carbon sources. As shown in Fig. 1C,
the (hemi)cellulase activities of Acel3j strain severely declined when
cultured on 2% glucose, galactose, or glycerol, while protein secretion
remained constant in Acel3j strain. Overall, these findings imply that
cel3j plays a crucial role in cellulase production, regardless of the car-
bon source.

3.2. Influence of p-glucosidase deletion on growth, sporulation, and
morphology of T. reesei

The effect of p-glucosidase deletion on cell growth, spore ability,
and morphology of T. reesei under cellulase-producing conditions was
investigated. The colony diameters of all the ABGL tested, with the ex-
ception of /Acel3b strain, were not significantly different compared to
those of the parental strain KU70 (Fig. 2A). Their spore levels were simi-
lar to those of KU70, with the exception of those of /\cella strain, which
exhibited a moderate reduction in spore levels (Fig. 2B). Moreover, con-
focal imaging of all the mutant strains showed that their mycelial mor-
phologies were not significantly altered (Fig. 2C). Taken together, the
individual deletion of f-glucosidases in T. reesei did not markedly influ-
ence the phenotype of T. reesei, including cell growth, spore ability, and
morphology.

3.3. Transcriptional analysis of strain /\cel3j

Given that /Acel3j strain had the greatest effect on cellulase activ-
ity, RNA-seq analysis was performed to understand how cel3j deletion
influenced T. reesei at the transcriptional level. Genes were considered
to be differentially expressed (DEG) between Acel3j and KU70 strains
cultivated in TMM + 2% cellulose for 72 h when the average reads of
the corresponding transcripts differed with |log,Ratio| > 1 and p value
< 0.05. Based on this analysis, 2 435 of the 9 595 identified genes were
DEGs, among which 1186 were upregulated and 1249 were downregu-
lated (Table S2). The most enriched biological process was carbohydrate
metabolism (Fig. 3). Unexpectedly, “ribosome biogenesis,” “ribonucleo-
protein complex biogenesis,” “rRNA processing,” and “ncRNA process-
ing” were also enriched and all genes in these processes, except two,
were upregulated (Table S3), indicating that cel3j deletion promoted
ribosome biogenesis and rRNA process at the transcriptional level. Con-
sistently, the categories “ribosome biogenesis in eukaryotes” and “RNA
polymerase” in the Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway were also enriched (Fig. 3). All 15 DEGs in “RNA polymerase”
were upregulated (Table S3).

Transcriptome analysis revealed 51 DEGs related to cellulase syn-
thesis, including 6 upregulated and 45 downregulated genes (Table S4).
All DEGs encoding (hemi)cellulase, except two genes, were decreased
at the mRNA level, in agreement with the significantly decreased cellu-
lase activities of /\cel3j strain. The non-enzymatic cellulose-attacking
enzymes swollenin [45], Cipl, and Cip2 [46], which act in synergy with
(hemi)cellulases to enhance the hydrolytic efficiency of cellulose, were
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Fig. 1. Cellulase activities and protein secretion for T. reesei KU70 and Acella, Acellb, Acel3b, Acel3c, Acel3d, Acel3e, Acel3f, Acel3g, Acel3h, and Acel3j

recombinant strains cultured in TMM using different carbon sources. (A) 2% cellulose for 120 h; (B) 2% lactose for 72 h; (C) 2% glucose, 2% galactose, and 2%
glycerol for 120 h. Data are represented as the mean of three independent experiments, and error bars denote the standard deviations. Asterisks indicate significant

differences (*p < 0.05, **p < 0.01, and ***p < 0.001) as assessed by the Student’s t-test.
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Fig. 2. (A) The colony diameter, (B) sporulation ability, and (C) morphology of T. reesei KU70, Acella, Acellb, Acel3b, Acel3c, Acel3d, Acel3e, Acel3f,
Acel3g, Acel3h, and A\cel3j strains. All strains were cultured on TMM liquid or agar plates with 2% cellulose. The spores were counted at 120 h and cell
morphology observation was performed at 72 h using a confocal microscope. Data are represented as the mean of three independent experiments, and error bars
denote the standard deviations. Asterisks indicate significant differences (*p < 0.05, **p < 0.01, and ***p < 0.001) as assessed by the Student’s t-test. Scale bar = 10 ym.
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significantly downregulated. In addition, nine transcription factors in-
volved in cellulase production were identified as DEGs. Among them, the
transcription activator Xyrl [47], Azfl [48], and vibl [49,50], mitogen-
activated protein kinase Tmk2 [51], and protein disulfide isomerase
PDI1 [1] were downregulated, while the sugar transporter Stp1 [52,53],
nuclear importer KAP8 [54], and transcription regulators VEL1 [55] and
ctfl [56] were upregulated.

3.4. CEL3J is secreted through the Golgi bypass pathway, overexpression of
which activated the unconventional secretion of cellulase-

Our previous study indicated that the protein CEL3J is likely se-
creted via an unconventional protein pathway bypassing the ER and
Golgi [16]. To confirm that the secretion of CEL3J bypasses the Golgi

apparatus, the sensitivity of extracellular CEL3J to Endo H was mea-
sured. Since Endo H can only cleave high mannose and some hybrid
types of N-linked carbohydrates produced in the ER, but cannot cleave
complex N-glycans generated in the Golgi apparatus, proteins that were
sensitive to Endo H were considered to bypass the Golgi [24]. The gene
cel3j, with its His-tag fused to the C-terminus of the encoding protein,
was overexpressed in RUT-C30, yielding the recombinant strain OEcel3J
for purifying CEL3J-Hisby nickel-affinity chromatography. Western blot
analysis showed that incubation of purified CEL3J cells with Endo H
led to a lower band intensity than that of the untreated cells (Fig. 4A).
This demonstrated that CEL3J was Endo H-sensitive, strongly support-
ing our hypothesis that CEL3J was not transported through the Golgi
apparatus, as indicated by the insensitivity of CEL3J secretion to BFA in
our previous study [16]. This also indicated that CEL3J likely undergoes
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Fig. 4. (A) Endo H sensitivity assay of CEL3J. Western blot was performed using an Anti-His antibody to detect CEL3J-His, which was purified from the supernatant
of OEcel3J and treated with Endo H (+). The untreated protein CEL3J-His (-) was used as a control. (B) Confocal images of the strain Rcel3J-GFP. Rcel3J-GFP was
cultured on TMM + 2% cellulose for 168 h and 240 h. Scale bar = 10 ym. (C) The impact of BFA on cellulase activities and protein secretion of T. reesei RUT-C30,
Rcel3J, KU70, and Acel3j at 120 h on TMM + 2% cellulose. Data are represented as the mean of three independent experiments, and error bars denote the standard
deviations. Asterisks indicate significant differences (*p < 0.05, **p < 0.01, and ***p < 0.001) as assessed by the Student’s t-test.

coreglycosylation in the ER, which is in conflict with our previous find-
ing that CEL3J did not enter the ER, as indicated by the lack of overlap
between CEL3J tagged with red fluorescent protein and green-emitting
ER-tracker [16]. To determine whether CEL3J was distributed in the
ER, the degree of colocalization of CEL3J with the ER was determined.
Instead of using an ER tracker, the N-and C-termini of GFPwere fused
with the ER-targeting peptide and the ER-retention motif (HDEL) of
the ER-resident protein PDI1, respectively, as markers for visualization
of the ER [57,58]. This fusion protein marker was named GFP-HDEL.
The plasmid pEGFP-HDEL (Figure S2) for the expression of GFP-HDEL
was transformed into the Rcel3J strain, which expressed CEL3J labeled
with the red fluorescent protein DsRed, yielding the recombinant strain
Rcel3J-GFP. In Rcel3J-GFP strain, a large area of yellow fluorescence

was observed owing to the overlap of green fluorescence with red flu-
orescence (Fig. 4B), demonstrating that CEL3J was localized in the ER.
These findings demonstrate that CEL3J is transported via the ER, by-
passing the Golgi (i.e., the type IV unconventional secretion pathway).

Our previous study showed that the levels of secreted CEL3J and the
PNPGase activity of Rcel3J strain were not sensitive to BFA, a protein
inhibitor of vesicle trafficking between the ER and Golgi in fungi [16].
Therefore, we investigated whether the secretion of all cellulase com-
ponents in Rcel3J was BFA-resistant. The cellulase activities of RUT-
C30 and Rcel3J cells treated with and without BFA were measured
(Fig. 4C). The addition of BFA partially inhibited the FPase, pNPCase,
and pNPGase activities and total protein secretion of RUT-C30, but did
not affect those of Reel3J. Interestingly, the inhibition of CMCase activ-
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ity in RUT-C30 was not as significant as that of other cellulase compo-
nents, which was consistent with a previous finding that CMCase activity
in RCMC strain overexpressing CMC was not very sensitive to BFA [17].
The insensitivity of cellulase components and protein secretion in Rcel3J
to BFA was not colony-specific, as another three random selected trans-
formants displayed the same results as Rcel3J (Figure S3). Furthermore,
SDS-PAGE analysis showed that the protein secretion level of CEL7A
(the main cellobiohydrolase) in Rcel3J did not change in the presence
of BFA (Figure S4), in agreement with the unchanged pNPCase activity
(Fig. 4C), while in the RUT-C30 it decreased with BFA treatment (Fig-
ure S4). Contrary to that of Rcel3J, the cellulase secretion of the /A cel3j
strain was sensitive to BFA, as shown by decreases of 41.8%, 41.7%,
26.1%, and 28.6% in FPase, pNPCase, CMCase, and pNPGase activities,
respectively, of BFA-treated /\cel3j in comparison with those of un-
treated /\cel3j. In the presence of BFA, hemicellulase pNPXase activity
was slightly increased in Rcel3J and unchanged in Acel3j. These find-
ings suggest that cellulase is mainly secreted through an unconventional
protein secretion pathway in strain Rcel3J, differing from in RUT-C30,
where cellulase is secreted mainly via the conventional protein secre-
tion pathway [17]. Overexpression of the unconventional secretion pro-
tein CEL3J altered cellulase secretion in T. reesei from conventional to
unconventional. It is possible that cel3j overexpression activates an un-
conventional secretion pathway that is harnessed for cellulase secretion,
endowing T. reesei with resistance to BFA.

3.5. The mTORC1-GRASP55 signal axis may be involved in the
unconventional secretion of CEL3J and cellulase

Recently, mTORC1-GRASP55 was revealed as a key signaling path-
way for unconventional protein secretion, through which numerous pro-
teins are transported to the extracellular space under cellular stress
[22]. Under normal conditions, GRASP55 is phosphorylated by active
mTORC1 and is localized in the Golgi apparatus. In response to stress sig-
nals, such as the inhibition of mTORCI activity by rapamycin, GRASP55
relocates to autophagosomes and multivesicular bodies, triggering the
unconventional secretion of certain proteins. Therefore, we investigated
whether mTORC1-GRASP55 is involved in the unconventional secre-
tion of CEL3J cells. Rapamycin was added to the TMM +2% cellulose
medium, and the fluorescence intensity of the culture supernatant of
Rcel3J was measured. Fluorescence intensity was stronger in the pres-
ence of 0.01 ymol/L rapamycin (Fig. 5A). This phenomenon was more
evident when Rcel3J cells were treated with 1 or 10 ymol/L rapamycin
(Fig. 5A). At 168 h, the fluorescence intensity of Rcel3J with 1 or 10
pumol/L rapamycin was 2.04- and 2.15-fold, respectively, of that with-
out rapamycin. These results demonstrate that rapamycin treatment
markedly promotes CEL3J secretion in Rcel3J cells. Moreover, the tran-
scriptional levels of typical genes related to the mTORC1-GRASP55 sig-
naling axis for coordinating unconventional protein secretion in Rcel3J
were analyzed by RNA-seq and compared to those in RUT-C30 (Fig. 5B).
The TOR, TSC2, and GRASP55 genes in Rcel3J showed obvious increases
of 60.6, 46.3, and 44.2%, respectively. It is possible that the mTORC1-
GRASP55 signaling pathway participates in the unconventional secre-
tion of CEL3J, which requires further investigation.

In addition, the secretion of other cellulase components in Rcel3J
was not inhibited by rapamycin, as shown by the FPase, pNPCase, CM-
Case, and pNPGase activities, and the total protein secretion levels were
the same as or higher than those untreated with rapamycin during the
entire fermentation process (Fig. 5C). Interestingly, the pNPXase activity
of Rcel3J was inhibited at the early stage (24 h) and did not recover at
the late stage (168 h) in the presence of rapamycin, showing the same
pattern as that of RUT-C30. This result differs from that of RUT-C30,
where cellulase activity was severely impaired by 10 ymol/L rapamycin
during the early fermentation stage [17]. Overexpression of cel3j renders
cellulase secretion from T. reesei resistant to a higher concentration of
rapamycin, indicating that the mTORC1-GRASP55 signaling axis may
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Table 1

Transcriptional levels of UPS genes in T. reesei Rcel3J and RUT-C30.
Name Protein ID log,FC  p value Rcel3J/RUT-C30
HSP90 M419DRAFT 102,206 1.067 3.19E-55 2.095
HSP70 M419DRAFT 121,926 0.830 7.44E-36 1.777
TOR M419DRAFT 24,714 0.684 1.70E-12 1.606
TSC2 M419DRAFT 68,949 0.549 4.32E-06 1.463
GRASP55 M419DRAFT_7104 0.528 0.0009 1.442
Vps23 M419DRAFT 82,444 0.462 0.0381 1.378
TMED10 M419DRAFT 124,198 0.425 1.26E-06 1.343
Vps25 M419DRAFT 83,120 0.338 0.1842 1.264
DNAJC14 M419DRAFT 135,863 0.310 0.0017 1.240
RABSA M419DRAFT_75,875 0.202 0.0910 1.150
Sec5 M419DRAFT 32,578 0.173 0.1989 1.127
Exo70 M419DRAFT 5475 0.066 0.7234 1.047
IREla M419DRAFT_6675 0.050 0.3990 1.035
Snf7 M419DRAFT 38,233 0.032 0.6994 1.022
Ssol M419DRAFT 139,928 0.028 0.8259 1.020
Atg8 M419DRAFT 120,275 -0.157 0.236 0.897

also be involved in the unconventional secretion of cellulase in addition
to CEL3J, but not hemicellulase.

3.6. Transcriptional patterns of strain RCEL3J

RNA-seq analysis was performed to study how cel3j overexpression
influenced T. reesei RUT-C30 at the transcriptional level. Of the 9 522
genes identified in the genome of T. reesei, 1205 were DEG in the Rcel3J
strain. Among these, 554 were upregulated, and 651 were downreg-
ulated (Table S5). Gene ontology (GO) functional enrichment analy-
sis of these DEGs showed that the most enriched molecular function
was mainly related to “hydrolase activity acting on glycosyl bonds”
(Fig. 6), which comprised 36 DEGs. Among them, nine DEGs were up-
regulated and 27 were downregulated (Table S5). For the enriched cel-
lular components, 14 DEGs were under the “extracellular region” cat-
egory, demonstrating that overexpression of cel3j impacts extracellular
enzymes (Fig. 6). The enriched biological processes included “DNA repli-
cation,” “DNA metabolic process,” “Carbohydrate metabolic process,”
and “Oxidation-reduction process.” In line with the enriched biologi-
cal processes, the most enriched KEGG pathways were “DNA replica-
tion”, “cell cycle”, “meiosis”, “mismatch repair”, “starch and sucrose
metabolism”, and “nucleotide excision repair” (Fig. 6). Specifically, 22
DEGs involved in the enriched KEGG pathway “DNA replication,” in-
cluding the Mini-Chromosome Maintenance (MCM) complex Mcm2-
Mcm7, DNA polymerase a-primase, § and e complex, and DNA ligase
Ligl (Figure S5), 12 DEGs involved in “Mismatch repair,” 12 of 13 DEGs
involved in “Nucleotide excision repair,” 33 DEGs involved in “Cell cy-
cle,” and 24 of 26 DEGs involved in “Meiosis”, were upregulated (Table
S6). These results demonstrated that overexpression of cel3j greatly in-
fluenced DNA biosynthesis and repair, the cell cycle, and meiosis, pos-
sibly through evolutionarily conserved TOR, a central controller of cell
growth [59-61].

Many proteins involved in unconventional protein secretion have
been identified. For example, GRASP55 has been implicated in the UPS
pathway of proteins including Acbl, IL-14, Sod1, «PS1, CFTR, and Mpl
[22,24,35,62,63]. TMED10 mediates the translocation of UPS cargo into
vesicles, which is enhanced by HSP90s [38]. The TSC-mTORC1 signal-
ing axis regulates the phosphorylation and relocalization of GRASP55
under stress, triggering the UPS of selected cargo [22]. Vps23, Vps25,
and Snf7 are required for Golgi bypass of Acb1 secretion [63]. DNAJC14
and IREl« are involved in H723R-pendrin secretion [37]. The cytoplas-
mic effectors of the rice blast fungus Magnaporthe oryzae require the ex-
ocyst components Exo70 and Sec5 for efficient secretion [64]. Atg8 has
also been implicated in unconventional AF508-CFTR trafficking [35].
The transcript levels of these genes in T. reesei Rcel3J and RUT-C30 at
120 h, as determined by RNA sequencing, are listed in Table 1. Although
only HSP90 belonged to the DEG based on our strict standard, the ex-
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Fig. 5. (A) The impact of rapamycin on the fluorescence intensity of strain Rcel3J cultured on TMM + 2% cellulose. (B) The mRNA levels of the representative
genes associated with mTORC1-GRASP55 in RUT-C30 and Rcel3J cultured on TMM + 2% cellulose for 120 h. (C) The cellulase activities and protein secretion of T.
reesei Rcel3J cultured on TMM + 2% cellulose with the addition of different concentrations of rapamycin. Data are represented as the mean of three independent
experiments, and error bars denote the standard deviations. Asterisks indicate significant differences (*p < 0.05, **p < 0.01, and ***p < 0.001) as assessed by the

Student’s t-test.

pression of none of the genes related to the UPS was decreased, except
for Atg8. In particular, the expression of HSP70, TOR, TSC2, GRASP55,
and TMED10 were notably increased with p < 0.001, indicating an ac-
tive UPS in Rcel3J, which is consistent with the fact that both cellulase
and CEL3J are secreted predominantly through the UPS in Rcel3J.

4. Discussion

In this study, we, for the first time, evaluated the effect of differ-
ent p-glucosidases on cellulase activities and protein secretion in T. ree-
sei using a single gene knockout. We found that the secretion of cel-
lulase components (CBH, CMC, and g-glucosidases) was compromised
to varying degrees in the deletion strains. The productions of CBH and
p-glucosidases were significantly reduced in each /AABGL grown on cel-
lulose or lactose. In contrast, the production of CMC in the majority
of ABGL was barely affected, with the exception of CMC, which was
notably reduced in Acel3c and /Acel3j strains cultivated on cellulose,
and /\cella, Acel3d, and Acel3j strains cultivated on lactose. This in-
dicated that these f-glucosidases are more important for CBH and glu-
cosidase production than for CMC. Moreover, the expression and secre-

tion of cellulase components possess distinct regulatory mechanisms, as
previously proposed [16,17]. In previous studies, deletion of the major
extracellular g-glucosidase cel3a in T. reesei RL-P37 led to a lag in the
extracellular protein level and CMC production on 1% cellulose, lac-
tose, or cellobiose [8]. Deletion of intracellular g-glucosidase cellb in
T. reesei KU70 did not noticeably affect the cellulase activities on 1%
lactose or cellobiose, but resulted in FPase and pNPCase activities be-
ing decreased by 48.6% and 30.0%, respectively, on 2% cellulose [15].
The double deletion of two f-glucosidases cel3a and cellb also reduced
cellulase production while using cellulose as the carbon source [13].
Distinct effects of fp-glucosidase deletion on the three major cellulase
components were observed. All the 11 p-glucosidases may contribute to
cellulase synthesis in T. reesei.

Among the p-glucosidases tested, deletion of cel3f had the minimum
inhibitory effect on cellulase production. However, endogenous overex-
pression of cel3f promoted pNPGase activity by 93% at 168 h in T. reesei
cultivated on cellulose [16]. The substrate specific activities of CEL3F on
PNPG, cellobiose, cellotriose, cellobiose, sophorose, and laminaribiose
were lower than those of other f-glucosidases in T. reesei [65]. CEL3F
was confirmed to be extracellular and distributed as separate secretory
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vesicles in the cytoplasm, similar to CEL3A, CEL3B, CEL3E, and CEL3G
[16]. In addition, the mRNA levels of cel3f were the lowest among all
the p-glucosidases in T. reesei [16]. Thus, CEL3F may be functionally re-
dundant, acting as an insurance mechanism for CEL3A to ensure main-
tenance of extracellular p-glucosidase activity in T. reesei for biomass
degradation.

In contrast, the deletion of cel3j inhibited cellulase production the
most severely when cultivated on both cellulose and lactose. This no-
table inhibitory effect resulting from cel3j deletion was also found
on glucose, galactose, and glycerol, and showed no dependence on
carbon sources, suggesting that cel3j has an essential role in cellu-
lase production. Overexpression of cel3j did not affect pNPGase activ-
ity [16]. The mRNA levels of cel3j were not notably changed under
cellulase-repressing conditions such as T. reesei RUT-C30 treated with
100 ymol/L rapamycin [40] or 20 mmol/L glutamine [41], and in the
cellb-overexpressing T. reesei strain, Rcellb [15], where the mRNA lev-
els of most p-glucosidase genes were significantly changed. Thus, cel3j
was required for effective cellulase production by T. reesei. Interestingly,
in our study, deletion of cel3g reduced cellulase productivity, whereas
it has been previously reported that knockout of cel3g increased cellu-
lase productivity [6]. This discrepancy may be due to the varied exper-
imental conditions of the parental strains and culture media. In a pre-
vious study, T. reesei uridine auxotrophic ura5-negative strain QmU2-
3, screened from mutants of QM9414 (ATCC 26,921) by UV mutage-
nesis, was employed as the parental strain for cel3g deletion and the
/\cel3g strain were cultivated in minimal medium with 1% cellulose,
different from RUT-C30 in TMM + 2% cellulose, as performed in this
research.

Transcriptional analysis of /A\cel3j strain showed that the biologi-
cal processes most affected were ribosomal biogenesis and RNA poly-
merase. The genes involved in ribosome biogenesis encode ribosomal
components (Figure S6) and are associated with rRNA processing (Ta-

0.3

ble S7). As ribosomes have long been known to be sites for nascent
proteins that are crucial for cellulase synthesis, it is not surprising that
genes involved in ribosome biogenesis were affected in /\cel3j strain
with significantly reduced cellulase production. Nevertheless, in con-
trast to decreased cellulase production, most genes related to ribosome
biogenesis were significantly upregulated; however, the reason for this is
unknown. Although the mRNA levels of genes involved in ribosome bio-
genesis increased, the mRNA levels of cellulase genes and DEGs related
to ER (Figure S7) were notably reduced upstream and downstream of
nascent protein synthesis in the ribosome, respectively. DEGs involved
in ER-associated degradation were upregulated (Figure S7). These re-
sults may explain why cellulase synthesis was noticeably reduced in the
cel3j strain. Genes associated with ribosome biogenesis in glutamine-
treated T. reesei RUT-C30 with inhibited cellulase production were re-
duced compared to those in untreated RUT-C30 [41]. No direct positive
correlation between the transcript levels of genes related to ribosome
biogenesis and cellulase synthesis was observed.

CEL3J contains transmembrane helices and is located on the cell
membrane [16]. The insensitivity of BFA to CEL3J secretion suggests
that it is secreted via an unconventional protein secretion pathway [16].
In this study, we demonstrated that CEL3J is the only ER core that is gly-
cosylated without Golgi-mediated complex N-glycosylation. Moreover,
CEL3J was found in the ER, as shown by the colocalization of CEL3J-
DsRed and ER-oriented GFP (Fig. 3). Overall, CEL3J was transported
through the ER but not through the Golgi apparatus, demonstrating that
the unconventional secretion of CEL3J was mediated by the Golgi bypass
pathway. Interestingly, the unconventional secretion of CEL3J is associ-
ated with mTORC1-GRASP55. Rapamycin drastically induced CEL3J se-
cretion in Rcel3J, and the transcription levels of TSC2, TOR, GRASP55,
and HSP90 in Rcel3J showed obvious increases of 46.3%, 60.6%, 44.2%,
and 109.5%, respectively, compared to that of those in RUT-C30. Based
on this, we speculated that mTORC1-GRASP55 signaling pathway is
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involved in CEL3J unconventional secretion. The activated mTORC1-
GRASP55 pathway may further trigger the unconventional protein se-
cretion of cellulase components that have been proposed to be capable
of secreting unconventionally, leading to the resistance of cellulase se-
cretion to BFA in strain Rcel3J (Fig. 5). As CEL3J is an unconventional
secretion protein, its overexpression of CEL3J may activate the relevant
unconventional protein secretion pathway, as previously observed [35].
This may explain why cellulase is predominantly secreted by an uncon-
ventional protein pathway in Rcel3J. Furthermore, this could also ex-
plain why cellulase production was improved at a low concentration
of rapamycin (0.01 ymol/L) [40]. Low-dose rapamycin inhibited TOR
and activated an unconventional secretion pathway, which could be ex-
ploited by cellulase for secretion, leading to improved cellulase produc-
tion. It appears that the unconventional protein secretion pathway can
be manipulated to modulate the secretion of cellulase, such as by the ad-
dition of rapamycin or overexpression of unconventional proteins such
as CEL3J.

Two major characteristics were observed in Rcel3J. First, the secre-
tion of cellulase and CEL3J occurred mainly via unconventional protein
secretion, mediated by the mTORC1-GRASP55 signaling axis, which is
different to the conventional protein secretion pathway of the parental
strain RUT-C30. Second, the transcription levels of DEGs related to DNA
replication, DNA repair (nucleotide excision repair and mismatch re-
pair), the cell cycle, and meiosis were noticeably upregulated. Whether
there is a relationship between the transcriptional upregulation of these
DEGs and the switch in protein secretion mode is still unknown.

Notably, the study of p-glucosidases was performed using RUT-C30
as the parental strain, in which carbon catabolite repression was re-
lieved to some extent owing to a truncated form of the crel gene (crel-1)
[66,67]. Despite this, CCR was not completely abolished and still sig-
nificantly expressed in RUT-C30 [12]. RUT-C30 is currently the basis of
industrial cellulase production. Therefore, it is necessary to study the
function of p-glucosidases in the production of cellulase by fungi using
RUT-C30. However, for a better analysis of the role of -glucosidases
in cellulase induction, further experiments on strains QM6a or QM9414
are required.

In conclusion, we found that g-glucosidases facilitate (hemi)cellulase
production with no observable influence on cell growth, sporulation,
and mycelial morphology in T. reesei. In particular, deletion of cel3j
severely inhibited cellulase production regardless of the carbon source,
downregulating the genes known to be involved in cellulase synthesis,
but upregulating genes for ribosome biogenesis and RNA polymerase
activity. Unconventionally secreted CEL3J was shown to be transported
through the ER, bypassing the Golgi apparatus, which is possibly reg-
ulated by the mTORC1-GRASP55 signaling axis. Moreover, the overex-
pression of cel3j altered the secretion of cellulase from conventional to
unconventional and increased the mRNA levels of genes associated with
DNA replication, DNA repair, the cell cycle, and meiosis. These findings
deepen our knowledge of f-glucosidases and the unconventional secre-
tion pathway in filamentous fungi.
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