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ABSTRACT Filamentous fungi are intensively used for producing industrial en-
zymes, including lignocellulases. Employing insoluble cellulose to induce the produc-
tion of lignocellulases causes some drawbacks, e.g., a complex fermentation opera-
tion, which can be overcome by using soluble inducers such as cellobiose. Here, a
triple �-glucosidase mutant of Neurospora crassa, which prevents rapid turnover of
cellobiose and thus allows the disaccharide to induce lignocellulases, was applied to
profile the proteome responses to cellobiose and cellulose (Avicel). Our results re-
vealed a shared proteomic response to cellobiose and Avicel, whose elements in-
cluded lignocellulases and cellulolytic product transporters. While the cellulolytic
proteins showed a correlated increase in protein and mRNA levels, only a moderate
correlation was observed on a proteomic scale between protein and mRNA levels
(R2 � 0.31). Ribosome biogenesis and rRNA processing were significantly overrepre-
sented in the protein set with increased protein but unchanged mRNA abundances
in response to Avicel. Ribosome biogenesis, as well as protein processing and pro-
tein export, was also enriched in the protein set that showed increased abundance
in response to cellobiose. NCU05895, a homolog of yeast CWH43, is potentially in-
volved in transferring a glycosylphosphatidylinositol (GPI) anchor to nascent pro-
teins. This protein showed increased abundance but no significant change in mRNA
levels. Disruption of CWH43 resulted in a significant decrease in cellulase activities
and secreted protein levels in cultures grown on Avicel, suggesting a positive regu-
latory role for CWH43 in cellulase production. The findings should have an impact
on a systems engineering approach for strain improvement for the production of
lignocellulases.

IMPORTANCE Lignocellulases are important industrial enzymes for sustainable pro-
duction of biofuels and bio-products. Insoluble cellulose has been commonly used
to induce the production of lignocellulases in filamentous fungi, which causes a dif-
ficult fermentation operation and enzyme loss due to adsorption to cellulose. The
disadvantages can be overcome by using soluble inducers, such as the disaccharide
cellobiose. Quantitative proteome profiling of the model filamentous fungus Neuro-
spora crassa revealed cellobiose-dependent pathways for cellulase production, in-
cluding protein processing and export. A protein (CWH43) potentially involved in
protein processing was found to be a positive regulator of lignocellulase production.
The cellobiose-dependent mechanisms provide new opportunities to improve the
production of lignocellulases in filamentous fungi.
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Plant cell wall-degrading enzymes, including cellulases, are produced mainly by
filamentous fungi for the production of biofuels and bio-products (1). Insoluble

cellulose has been used to induce cellulases, but its insolubility causes disadvantages
such as difficult fermentation operations and enzyme loss (2–4). These drawbacks can
be overcome by replacing insoluble cellulose with soluble inducers (5–7). Cellobiose, a
soluble major cellulolytic product, can induce the production of cellulases (8, 9).
Understanding the underlying mechanisms is valuable for rational optimization of
filamentous fungi for improved fermentation performance (10).

It is still under investigation how filamentous fungi sense the presence of
cellulose and cellobiose. The cellobiose transporters CDT-1 and CDT-2 in Neurospora
crassa were proposed to have a dual function, transporting cellobiose into fungal
cells and acting as transceptors to activate downstream cellulolytic gene expression
(11, 12). Similar transceptor functions were also proposed for the cellobiose trans-
porters Crt1 and CltB from Trichoderma reesei and Aspergillus nidulans, respectively
(13, 14). The cellobionic acid transporter SUT-12, formerly named CBT-1 and CLP-1,
was also suggested to be involved in cellulase induction and to act to repress cdt-1
expression in N. crassa (15, 16).

Major cellulase transcription factors are CLR-1 and CLR-2 (17–19). CLR-3 is a repres-
sor of CLR-1 activity in the absence of an inducer (20). Another cellulase transcript
factor, CLR-4, is found to bind to the promoter region of CLR-1 (21). Hydrolysis of
cellobiose by �-glucosidase produces glucose, which triggers the repression of cellu-
lolytic genes, a mechanism known as carbon catabolite repression (CCR). CCR is partially
mediated by the transcription factor CreA/CRE-1 (22). In N. crassa, CRE-1 is negatively
regulated by the transcription factors VIB1 and COL26 (23). Recent studies suggest that
the expression of cellulase genes is also regulated by the chromatin status, such as
histone methylation (24, 25).

Recent studies suggest a role for transcriptional control as well as for processes
downstream of transcription in controlling the production of cellulolytic enzymes (26).
Deletion of the light-responsive G-protein signaling components GNB1 and GNG1
increased cellulase activities, while transcript abundance of cellulases decreased (27).
The posttranslational pathways, such as protein processing and export, are considered
additional limiting factors for the production of cellulolytic enzymes (28, 29). Recent
studies suggest that the secretion of cellulases occurs mainly through the conventional
endoplasmic reticulum (ER)-Golgi secretory pathway in N. crassa (30). When grown on
cellulose, cellulolytic fungi produce relatively high levels of extracellular cellulases for
cellulose degradation, which increases the demand for protein synthesis and folding,
disulfide bond formation, glycosylation, and sorting in the ER, causing ER stress and
activating the unfolded protein response (UPR) (29, 31, 32). In Saccharomyces cerevisiae
and filamentous fungi, the UPR mainly depends on an evolutionarily conserved signal-
ing cascade mediated by inositol-requiring enzyme-1 (Ire1) and the transcription factor
HAC1 (33).

The morphological state of filamentous fungi is another limiting factor for the
production of cellulolytic enzymes in submerged or solid-state fermentations (34, 35).
A major determinant of cellular morphology is the cell wall, which is regulated by the
cell wall integrity (CWI) signaling pathway (36). Disruption of a nonanchored cell wall
protein Ncw1 has been shown to promote cellulase production in N. crassa (37).

Taken together, current evidence supports the hypothesis of a regulatory network
coordinating transcription and its downstream pathways for lignocellulolytic responses
in filamentous fungi (22, 38). To examine how cellobiose mediates lignocellulolytic
responses, we applied tandem mass tag (TMT)-based proteome quantification with
synchronous precursor selection (SPS)-based MS3 technology for quantitative profiling

Liu et al. Applied and Environmental Microbiology

August 2020 Volume 86 Issue 15 e00653-20 aem.asm.org 2

https://aem.asm.org


of N. crassa proteomes in response to cellobiose and cellulose (Avicel). The SPS-MS3
technology significantly improves the sensitivity, resolution, and dynamic range of
mass spectrometry (MS) analysis (39). A triple deletion mutant of �-glucosidases (Δ3�G)
was employed in this study, as the strain is devoid of rapid turnover of cellobiose (8, 9,
40) and thus allows profiling of the proteomes of this mutant strain in response to the
disaccharide (8). The knowledge deduced is important for a systems-level understand-
ing of cellobiose-mediated lignocellulolytic responses for strain optimization to im-
prove the production of lignocellulases and bio-based products.

RESULTS AND DISCUSSION
Quantitative proteome profiling reveals cellobiose-dependent translational

and posttranslational pathway for lignocellulolytic responses. The proteome anal-
ysis of this study was performed in duplicates 4 h after the Δ3�G strain was switched
from minimal medium to Avicel (AV) or cellobiose (CB)-containing medium. The
workflow for this study is summarized in Fig. S1 in the supplemental material. As
reported previously, the transcriptional response of the Δ3�G mutant to cellobiose is
similar to that of the wild-type N. crassa to Avicel, and the identity and amount of
proteins secreted in the Δ3�G strain on cellobiose mimic the wild-type response to
Avicel (8, 16, 40). Our proteome profiling of the Δ3�G strain revealed differential
abundance of 188, 125, and 581 proteins in the comparisons of CB versus no carbon
(NC), AV versus NC, and NC versus sucrose (P � 0.05), respectively (Fig. 1A). A high
overlap was observed for the proteins induced by cellobiose and Avicel and the targets
of the essential cellulolytic regulators CLR-1 and CLR-2 (Fig. 1B and C) (Table S1).
Correlation coefficient analysis between mRNA and protein abundance was further
performed with the proteome data of this study and the transcriptome data from a

FIG 1 Venn diagram analysis comparing proteins affected by alternate carbon sources. (A) Comparison
of proteins that increased in abundance upon exposure to cellobiose (CB) versus no carbon (NC), upon
exposure to Avicel (AV) versus NC, and under carbon starvation (NC versus Suc). (B to E) Comparison of
proteins that increased in abundance by exposure to cellobiose or Avicel with the targets of the CLR-1
direct regulon (B), the CLR-2 direct regulon (C), the XLR-1 direct regulon (D), or the Ire-1/HAC-1 regulon
(E). Quantification of proteins was performed with a P value of �0.05.
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previous study with a similar experimental setup (18). The derived correlation coeffi-
cient (R2) value was approximately 0.31 (Fig. 2A), indicating a moderate correlation
between changes in protein and mRNA levels in N. crassa under cellulolytic conditions.
This is consistent with previous reports on the correlation between protein and mRNA
levels in various species (16, 41). The discrepancy between mRNA and protein levels is
probably due to several factors, including differences in posttranscriptional, transla-
tional, and posttranslational pathways (42). Improved prediction of protein abundance
from mRNA abundance was achieved recently by incorporating posttranscriptional
processes and protein synthesis (43, 44).

To examine if specific functional categories are associated with the identified
correlated and uncorrelated protein/gene lists (Data Sets S10, S11, and S12), functional
enrichment analysis was performed, which revealed that in the list with increased
abundance of both proteins (fold changes of �1.3, P � 0.05) and mRNAs (fold changes
of �2.0, P � 0.05) (Data Set S10), the significantly enriched functional groups were
cellulose catabolism, polysaccharide metabolism, and sugar transmembrane transport
(Fig. 2B) (Table S1). However, in the list that showed increased protein but not mRNA
levels (P � 0.05) (Data Set S11), the enriched functional groups were ribosome biogen-
esis and rRNA processing (Fig. 2B). The results corroborate the idea that cellulose
degradation and utilization is controlled primarily at the transcriptional level (see Fig.
4) (22), but that the processes after transcription also play a role in controlling
lignocellulolytic responses. This is consistent with the observation that the processes of
ribosome biogenesis, protein processing, and protein export were also enriched in the
identified proteome showing increased abundance in response to 0.2% cellobiose
(Table 1). Uncorrelated levels of proteins and mRNAs have also been observed in
previous studies of filamentous fungi under cellulolytic conditions (27). In the
Trichoderma reesei deletion mutants of the G-protein signaling components gnb1 and
gng1, increased cellulase activities were observed while transcript abundance of major
cellulases was significantly decreased, suggesting the importance of additional mech-
anisms downstream of transcription in lignocellulase production in filamentous fungi.

FIG 2 Functional enrichment analysis of the gene/protein sets with correlated or uncorrelated abun-
dance of proteins and mRNAs. (A) Correlation between changes in mRNA levels and protein abundances
upon exposure to Avicel (AV) versus no carbon (NC). (B) Functional enrichment analysis of the gene/
protein sets whose protein levels correlated with mRNA levels (correlated) and those regulated differ-
entially only at the protein level but not at the mRNA level (uncorrelated).
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Cellobiose-dependent protein processing and export for lignocellulolytic re-
sponses. When grown on cellulose, filamentous fungi produce relatively high levels of
extracellular cellulases for cellulose degradation and utilization, which causes ER stress
and activates the UPR response (29, 32). It is still not clear how the ER stress response
is controlled under cellulolytic conditions. Previous studies suggest that the major
cellulolytic product, cellobiose or a modified version of cellobiose, functions as an
inducer of cellulolytic gene expression (8, 40). It is possible that cellobiose, or a
modified version of cellobiose, acts as not only the inducer of cellulolytic gene
expression but also a messenger to mediate the feedback cross talk between the levels
of extracellular cellulases and the intracellular processes involved in cellulase produc-
tion. This is consistent with the finding that exposure to 0.2% cellobiose increased the
abundance of 23 identified targets of the Ire-1/HAC-1 regulon (29) (Fig. 1E, Table 2). The
identified ER stress-responsive proteins are involved in different stages of protein
export, including translocation, folding, glycosylation, degradation, and transport of
proteins. During early adaptation to cellulose, cellobiose concentrations were relatively
low in the cultures of wild-type and �-glucosidase deletion strains (8, 9, 40), which may
explain the observation that exposure to Avicel increased only four of the targets of the
Ire-1/HAC-1 regulon (Fig. 1E, Table 2).

The first step in biogenesis of secretory proteins is signal sequence-directed trans-
location of a nascent polypeptide into the ER (45). Exposure to cellobiose increased the
abundance of Sec61 (NCU04127), Sec62 (NCU06333), Sec63 (NCU00169), Sec66/Sec71
(NCU02681), and SPC2 (NCU00965) (Table 2, see Fig. 4). In S. cerevisiae, efficient
posttranslational translocation requires the assembly of Sec61 with the Sec63 complex,
consisting of Sec62, Sec63, Sec71, and Sec72 (46–48). A component of the signal
sequence receptor (SSR), SR� (NCU08217), also increased in abundance in CB-treated
cultures (Table 2). The SSR facilitates delivery of the ribosome-nascent chain complex
(RNC) to the protein translocation channel. As proteins are transferred into the ER, the
signal peptidase complex (SPC) cleaves the signal peptide sequence (49). Two potential
signal peptidases, SPC2 and NCU04519, also increased in abundance in response to
cellobiose (Table 2).

Some proteins that increased in abundance are potentially involved in the later
stages of protein secretion, including Sec16 (NCU03819), the coat protein complex II
(COP II)-coated vesicle cargo adapter protein Erv29 (NCU03319) (28), and a SNARE
docking complex subunit (NCU04252) (Table 2, see Fig. 4). Protein transport from the
ER to the Golgi apparatus has been shown to be dependent on COP II (50). Cargo
adaptor proteins, such as Erv29/SurF4, are essential for maintaining the architecture of
endoplasmic reticulum-Golgi intermediate compartment (ERGIC) and Golgi by control-
ling COP I recruitment in mammalian cells (51). In particular, Erv29/SurF4 was identified
as a primary mediator of the secretion of protein convertase subtilisin/kexin type 9 (52).
In N. crassa, ERV-29 functions as a cargo adaptor that mediates efficient trafficking of
cellobiohydrolase II (NCU9680) under Avicel conditions (28). The Sec16 protein defines
ER exit sites and is required for secretory cargo export (53). Moderate overexpression of

TABLE 1 Gene ontology terms enriched in the set of proteins with increased abundance in response to cellobiosea

GO term Count % P value Fold enrichment FDR

Protein processing in endoplasmic reticulum 13 6.91 1.04E�05 4.59 0.01
Protein export 6 3.19 1.92E�04 9.88 0.19
Ribosome biogenesis in eukaryotes 7 3.72 3.40E�02 2.79 28.45
Cell wall organization 4 2.13 5.13E�03 10.77 5.89
Cellulose catabolic process 4 2.13 5.13E�03 10.77 5.89
Conidium formation 3 1.60 3.08E�02 10.51 30.86
Sporulation resulting in formation of a cellular spore 3 1.60 4.35E�02 8.75 40.85
Endoplasmic reticulum membrane 8 4.26 9.83E�03 3.29 9.46
Endoplasmic reticulum 5 2.66 3.44E�02 4.00 29.69
Extracellular region 7 3.72 1.60E�02 3.38 15.00
Small-subunit processome 4 2.13 3.96E�02 5.20 33.38
aGO, gene ontology; FDR, false-discovery rate.
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Sec16 was shown to improve the secretion of T. reesei endoglucanase I and Rhizopus
oryzae glucan-1,4-�-glucosidase in S. cerevisiae, suggesting a common role of Sec16 in
protein secretion in fungi.

Once in the ER, a series of folding and maturation events accompany secretory
protein biogenesis, including disulfide bond formation, primary glycosylation, and
folding and quality control (45). Exposure to cellobiose increased the abundance of the
homologs of the protein disulfide isomerases Pdi1 (NCU09223) and Mpd11 (NCU00813)
and the ER chaperones Grp78 (NCU03982), calreticulin (NCU09265), and Hsp70-6
(NCU09485) (Table 2, see Fig. 4). Transcription levels of pdi-1 in the T. reesei hyper-
secretion RUT-C30 strain were also found to be significantly elevated in response to
increased production of cellulases (54), suggesting a conserved role of Pdi-1 in protein
secretion in filamentous fungi during lignocellulolytic responses (32). Two major chap-
erone systems in the ER, the calnexin/calreticulin system and the BiP system, recognize
unfolded proteins and promote their folding by cycles of substrate binding and release
(55).

In addition to disulfide bond formation and chaperone folding machinery, our study
also demonstrated increased abundance of potential glycosylation enzymes in re-
sponse to cellobiose, including two mannosyltransferases (Alg2, NCU03503; Gim1,
NCU06057), a UDP-glucose glycoprotein glucosyltransferase (NCU02349), and the pu-

TABLE 2 Overlapped elements of the Ire-1/Hac-1 pathway and the proteomes upregulated by cellobiose and/or Avicela

NCU no. Locus Annotation or domain
Target of the Ire-1/
Hac-1 pathway

Upregulation
condition

Protein translocation
NCU04127 sec61g Probable protein transport protein Sec61

subunit gamma Sss1
yes CB vs. NC

NCU06333 sec62 Translocation protein SEC62 yes CB vs. NC
NCU00169 sec63 Translocation protein SEC63 yes CB vs. NC
NCU02681 sec66 Translocation protein SEC66 yes CB vs. NC
NCU08217 sr� SRP receptor � subunit yes CB vs. NC
NCU00965 spc2 Signal peptidase complex subunit Spc2 yes CB vs. NC, AV vs. NC
NCU04519 Microsomal signal peptidase 18 kDa subunit yes CB vs. NC, AV vs. NC

Protein folding
NCU03982 grp-78 Glucose regulated protein 78 yes CB vs. NC
NCU09265 Calreticulin yes CB vs. NC
NCU09485 HSP70-6 chaperone dnaK yes CB vs. NC
NCU09223 pdi-1 Protein disulfide isomerase yes CB vs. NC
NCU00813 mpd-1 Disulfide isomerase yes CB vs. NC, AV vs. NC

Protein glycosylation
NCU05895 cwh43 Putative ceramide-conjugation protein no CB vs. NC, AV vs. NC
NCU03503 alg-2 �-1,3/1,6-Mannosyltransferase yes CB vs. NC, AV vs. NC
NCU06057 gim-1 GPI mannosyltransferase 1 yes CB vs. NC
NCU00924 gpit-2 Glycosylphosphatidylinositol transamidase-2 No AV vs. NC
NCU02349 UDP-glucose:glycoprotein glucosyltransferase yes CB vs. NC

Proteolytic degradation
NCU11102 scj1 DnaJ-related protein yes CB vs. NC
NCU10789 Ubiquitin-protein ligase Sel1/Ubx2 yes CB vs. NC
NCU04193 Uncharacterized protein yes CB vs. NC
NCU07672 Uncharacterized protein no CB vs. NC

Protein transport
NCU03819 sec16 COP II coat assembly protein sec-16 yes CB vs. NC
NCU03319 erv29 COP II-coated vesicle protein SurF4/Erv29 yes CB vs. NC
NCU04252 sly1 SNARE docking complex subunit yes CB vs. NC

Unknown function in protein
processing/secretion

NCU02153 Uncharacterized protein yes CB vs. NC
NCU10546 4-Coumarate-CoA ligase yes CB vs. NC

aCB, cellobiose; AV, Avicel; NC, no carbon.
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tative ceramide conjugation protein CWH43 (Table 2). Gim1/Yke2 is a subunit of the
heterohexameric Gim/prefoldin protein complex, which acts as a molecular chaperone
present in both eukaryotes and archaea for maintaining native protein conformation
and preventing nonspecific aggregation (46). Alg2 is a bifunctional enzyme required for
the transfer of the �-1,3- and the �-1,6-mannose-linked residue on the cytosolic side of
the ER (47). ER-localized mannosidases play an important role in the glycosylation of
eukaryotic secretory and membrane-bound proteins (48), which affects protein folding
or serves as ligands for other proteins that modulate the folding (56).

CWH43, a putative ceramide conjugation protein, is positively involved in
cellulase production. cwh43 encodes a transmembrane protein that localizes in the ER
(57). In budding yeast, CWH43 incorporates the sphingolipid ceramide into a lipid
moiety of GPI-anchored proteins in the ER (58–60). GPI anchoring is an evolutionarily
conserved posttranslational modification that anchors proteins in the outer leaflet of
the plasma membrane. GPI-anchored proteins can function as coreceptors to modulate
signaling pathways through interactions with membrane receptors. It is possible that
upregulation of CWH43 by cellobiose or Avicel may modulate cellobiose-mediated
signaling events under cellulolytic conditions. To examine if CWH43 plays a role in
lignocellulolytic responses, a cwh43 deletion strain was compared with a wild-type
strain with respect to hyphal growth, cellulase activity, and protein secretion. Growth
on minimal medium supplemented with sucrose resulted in a comparable growth rate
to the wild-type control (Fig. 3A). However, growth on the medium supplemented with
Avicel resulted in significantly reduced levels of endoglucanase activities, as well as
secreted proteins (Fig. 3B and C), suggesting a positive role of CWH43 in cellulase
production. GPI-anchored proteins, such as the anchored cell wall protein Acw10 and
the cell wall glucanosyltransferase Mwg1, also showed increased abundance in re-
sponse to cellobiose and/or Avicel (Data Set S3). To examine if the observed effects of
CWH43 are related to Acw10 and Mwg1, the deletion mutants were examined for the
two proteins (Fig. 3). The derived results suggest that disruption of Acw10 and Mwg1
had no significant effects on hyphal growth, protein secretion, or endoglucanase
activities (Fig. 3). It is still under investigation how CWH43 modulates cellulase produc-
tion. CWH43 in N. crassa is 43% identical to the homolog in yeast (Fig. S2). As observed
in yeast (57, 61), GPI-anchored proteins in N. crassa are also required for cell wall
integrity and, furthermore, cell growth and morphology (62). Therefore, we cannot rule
out the possibility that the observed effects of CWH43 on cellulase production is related
to cell wall integrity, which has been shown to affect cellulase secretion in N. crassa in
previous studies (63, 64).

In summary, we applied a TMT-based quantification approach with SPS-MS3 analysis
to profile and compare the proteome responses of the N. crassa mutant strain Δ3�G to
cellobiose and Avicel. A detailed analysis suggests a cellobiose-dependent response
network that integrates transcription and its downstream pathways, such as protein
processing and export, for lignocellulase expression and secretion (Fig. 4). The
cellobiose-dependent pathways presented here provide a systems-level understanding
of how the major cellulolytic product, cellobiose, functions as an inducer for the
production of lignocellulases. Given the importance of filamentous fungi for biotech-
nological enzyme production, the findings should have an impact on systems-
engineering approaches to strain improvement for the production of lignocellulases.

MATERIALS AND METHODS
Cell cultures. An N. crassa strain bearing a deletion of a gene encoding an intracellular �-glucosidase

plus two genes encoding extracellular �-glucosidases (Δ3�G) (12) was inoculated onto slants of Vogel’s
minimal medium (MM) with 1.5% agar and 2% sucrose and grown for 3 days at 30°C in the dark followed
by 7 days at 25°C in light. Conidia were inoculated into 100 ml of liquid Vogel’s minimal medium (VMM)
(65) with 2% (wt/vol) sucrose at 106 conidia/ml and grown at 25°C in constant light with shaking
(200 rpm) for 16 h. Mycelia were harvested by filtrating through 3 layers of autoclaved Miracloth
(Calbiochem, La Jolla, CA) and washed 2 to 3 times with VMM without a carbon source, followed by
growth in 100 ml of fresh VMM with either 0.5% sucrose, 0.2% cellobiose, 0.5% Avicel PH-101 (Sigma-
Aldrich, MO), or no carbon source added, as described previously (8).
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Protein digestion and TMT labeling. The Δ3�G strain was grown in VMM with 2% sucrose for 16
h before being washed and resuspended in fresh VMM containing sucrose, cellobiose, or Avicel or
medium lacking any carbon source. Mycelia were harvested at 4 h after medium shifts by filtering
through Miracloth and immediately frozen in liquid nitrogen. Frozen mycelia (�100 mg) were ground
into fine powder with a precooled mortar and pestle. The powder was suspended in 0.5 ml of ice-cold
lysis buffer (250 mM sucrose, 20 mM HEPES, 0.1 mM EGTA, 1 mM EDTA, pH 7.4, adjusted with 1 N KOH,
4°C) with freshly added 1� Roche Complete Protease Inhibitor Cocktail. Cell lysate was centrifuged for
20 min at 20,000 � g at 4°C to remove cell debris. Protein concentration was determined using the
Bradford assay (Bio-Rad Laboratories). Proteins were reduced by adding dithiothreitol (DTT) to a final
concentration of 10 mM and incubating for 30 min at 60°C, and alkylated with iodoacetamide (final
concentration 20 mM) for 30 min in the dark at room temperature. Excess iodoacetamide was quenched
by the addition of DTT to a final concentration of 20 mM. Acetone (5 volumes, precooled at –20°C) was
added to the protein solution, and the solution was incubated at –20°C for 3 h, before being centrifuged
at 8,000 � g for 10 min. Protein pellets were washed with precooled 90% acetone and air-dried.

An aliquot of 25 to 100 �g of acetone-precipitated protein was suspended in 100 mM triethylam-
monium bicarbonate (TEAB), crushed into fine particles, and incubated at 37°C overnight after trypsin

FIG 3 Phenotypic analysis of the deletion mutants of the selected proteins that increased in abundance
in the Δ3�G strain upon exposure to cellobiose (CB versus NC). (A) Growth rates of wild type (WT) and
mutant strains. A suspension of 103 conidia from the strains indicated was inoculated into race tubes
containing VMM and incubated for 3 days. Mycelium length was measured every 24 h. (B and C) Total
secreted protein levels (B) and endoglucanase activities (C) in the supernatant of 96-h cultures in VMM
with 2% Avicel after a shift from a 16-h VMM culture. Shown are the mean values of at least three
replicates. Error bars show the standard deviations between these replicates. The significance of
differences between the mutants and the WT was based on t test analysis. Asterisks indicate significant
differences (*, P � 0.001). Azo-CMC, azo-carboxymethyl cellulose.
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was added at a protein/trypsin ratio of 40:1 (wt/wt). Digested peptides were labeled using TMT 6-plex
isobaric mass tagging reagents (Thermo Scientific) according to the manufacturer’s instructions. The
peptide solution was centrifuged for 10 min at 20,000 � g to remove any insoluble material. Peptides
were concentrated and desalted on a peptide trap column (Michrom) and eluted from the trap with 1
to 2 trap volumes of buffer B (80/20/0.1 acetonitrile/H2O/TFA). The peptide solution was acidified with
10% trifluoroacetic acid (TFA), centrifuged, and dried to about 5 �l by vacuum centrifugation.

LC-MS analysis. An appropriate volume of 5% acetonitrile (vol/vol) solution with 0.1% (vol/vol)
trifluoroacetic acid was added to the dried peptide samples for liquid chromatography-tandem mass
spectrometry (LC-MS/MS) analysis. Samples were fractionated on an EASY-Spray column (50 cm � 75�m
ID, PepMap RSLC C18, 2 �m) using an EASY-nLC 1200 system (Thermo Scientific) coupled to an Orbitrap
Fusion Tribird mass spectrometer. Mobile phases A and B were water with 0.1% formic acid (phase A) and
acetonitrile with 0.1% formic acid (phase B). A 210-min gradient was used with a flow rate of 200 nl
min�1.

For MS analysis, a data-dependent method of synchronous precursor selection (SPS)-MS3 was used
(Data Set S1). Relative quantification of protein abundance between two different media, i.e., no carbon
versus sucrose (NC versus Suc), cellobiose versus no carbon (CB versus NC), and Avicel versus no carbon
(AV versus NC) conditions, was performed for each replicate.

Data analysis. Proteome Discoverer 1.4 (Thermo Scientific) was used to search MS/MS spectra
against the N. crassa strain OR74A database from NCBI and the resulting peptide hits were filtered for
maximum 1% false-discovery rate (FDR). The TMT sixplex quantification method was used to calculate
the reporter ratios with mass tolerance �10 ppm. Only peptide spectra containing all reporter ions were
designated “quantifiable spectra.” Spectra of the non-TMT, standard peptides were analyzed manually.
For data sets from the MS3 method which contained both MS2 and MS3 spectra, CID (MS2) spectra were
used for identification and HCD (MS3) spectra were used for quantification.

The reporter ion intensities in the spectrum of each TMT-labeled peptide represent the total
quantification signal for that peptide. The statistical significance of results was evaluated with Student’s

FIG 4 Schematic model illustrating cellobiose-elicited action of ER stress and lignocellulase synthesis. Cellobiose,
the major cellulolytic product by endo-glucanases (EG) and exo-glucanases (CBH), is transported by the cellodextrin
transporters/transceptors CDT-1 and CDT-2. Cellobionic acid, derived from catalytic reactions of CDH and LPMO, is
transported into the cell by CBT-1. Signals, derived from cellobiose, a modified version of cellobiose, and/or
cellobiose interaction with CDT-1 and/or CDT-2 (40) or other intracellular proteins results in the activation of
downstream events, including transcriptional activation and gene expression, modulation of intracellular metab-
olism, and translation and secretion of lignocellulases. In particular, cellobiose signaling induces the activation of
the Ire-1/HAC-1-mediated UPR pathway (29), particularly proteins involved in translocation, folding, and protein
glycosylation. Upright arrows indicate increases in protein abundance in response to cellobiose.
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t test and a P value of less than 0.05 was considered as statistically significant. Gene ontology enrichment
was obtained from DAVID Bioinformatics Resources 6.8 (66) and the FungiFun2 tool (67). A Venn diagram
was constructed using the web-based tool (http://bioinformatics.psb.ugent.be/webtools/Venn).

Data availability. The mass spectrometry data have been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository with the data set identifier PXD011598.
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