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Abstract

Background Induction of cellulase in cellulolytic fungi Trichoderma reesei is strongly activated by cellulosic carbon
sources. The transport of cellulosic inducer and the perception of inducing signal is generally considered as the criti-
cal process for cellulase induction, that the inducing signal would be perceived by a sugar transporter/transceptor
in T. reesei. Several sugar transporters are coexpressed during the induction stage, but which function they serve
and how they work collaboratively are still difficult to elucidate.

Results In this study, we found that the constitutive expression of the cellulose response transporter-like protein
CRT2 (previously identified as putative lactose permease TRE77517) improves cellulase induction on a cellulose, cel-
lobiose or lactose medium. Functional studies indicate that the membrane-bound CRT2 is not a transporter of cel-
lobiose, lactose or glucose in a yeast system, and it also does not affect cellobiose and lactose utilization in T. reesei.
Further study reveals that CRT2 has a slightly similar function to the cellobiose transporter CRT1 in cellulase induction.
Overexpression of CRT2 led to upregulation of CRT1 and the key transcription factor XYR1. Moreover, overexpression
of CRT2 could partially compensate for the function loss of CRT1 on cellulase induction.

Conclusions Our study uncovers the novel function of CRT2 in cellulase induction collaborated with CRT1 and XYR1,
possibly as a signal transductor. These results deepen the understanding of the influence of sugar transporters in cel-

lulase production.

Keywords Trichoderma reesei, Sugar transporter, CRT2, Cellulase induction

Introduction

Lignocellulose is the most abundant renewable resource
in the world. The bioconversion of lignocellulose with
cellulases is cost-effective and environmentally friendly,
which meets the demand for sustainable development
[1]. Over the past decades, the filamentous fungus
Trichoderma reesei has attracted widespread attention
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due to its outstanding performance in cellulase produc-
tion. Cellulase genes in 7. reesei are highly induced when
the mycelia are exposed to cellulose and several soluble
disaccharides, but the cellulase genes are repressed by
glucose through carbon catabolite repression (CCR) [2].
Several studies have been conducted concerning how T.
reesei senses insoluble lignocellulose and activates the
transcription of downstream cellulase genes. It is hypoth-
esized that released soluble disaccharides from lignocel-
lulose would trigger downstream cellulase induction after
their internalization by sugar transporters [3, 4].

Most sugar transporters in eukaryotes belong to the
major facilitator superfamily and consist of 12 trans-
membrane a-helices [3]. These transporters function as
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porters on the cell surface, gating the cross-membrane
transport of sugar and other molecules. Meanwhile, some
membrane-bound transporters play important roles in
signal sensing and transduction, which are indispensable
for the perception of environmental conditions [5]. More
than twenty hexose transporters have been identified in
Saccharomyces cerevisiae and are coordinately regulated.
Among those, SNF3 and RGT2 act as sensors of extra-
cellular glucose concentration [6]. In Neurospora crassa,
the perception of glucose is conducted via the RGT2
homolog RCO3, and the signal could activate the tran-
scription factor COL26 and then regulate the expression
of glucose transporter HGT1/2 and GLT1, which forms
a dual-affinity glucose transporter system [7, 8]. Moreo-
ver, the cellodextrin transporters CDT-1 and CDT-2 in N.
crassa could efficiently transport cellobiose [9]; although
the mutation in CDT-1 or CDT-2 abolishes their cello-
biose transport ability, they could still activate the tran-
scription of cellulase genes at levels indistinguishable
from the levels of the wild type [5]. These results strongly
indicate that the cellodextrin transporters CDT-1 and
CDT-2 also act as transceptors for cellulase induction. In
addition, the transporter-like membrane protein CLP1 in
N. crassa could negatively regulate cellulase production
with the transporters CDT-1 and CDT-2, although CLP1
cannot transport cellobiose [10].

In T reesei, over 50 sugar transporters have been anno-
tated, but only a few of them have been investigated
[11]. The glucose transporter HXT1 is induced at lower
glucose concentrations and is regulated by oxygen con-
ditions, which shares a similar expression pattern to
the mammalian GLUT1 [12]. Two putative lactose per-
meases, TRE77517 and TRE79202, were identified due
to defects in lactose uptake and cellulase production in
knockout mutants [13]. The sugar transporter STP1 is
capable of transporting both cellobiose and glucose, its
deletion affects the glucose transport and improves cel-
lulase induction on Avicel [14]. Importantly, the cellobi-
ose transporter CRT1 in T reesei is critical for cellulase
induction by activating the downstream transcription
factor XYR1, and the deletion of crtl impairs its cellu-
lase production [14, 15]. A recent study indicated that the
function of lactose transport and signal transduction in
CRT1 is independent. A truncated form of CRT1 in the
C-terminus cannot induce cellulase production, whereas
its lactose transport is not affected [16]. These results
further confirm the transceptor role of CRT1 in cellu-
lase production, which is similar to the role of CDT-1
and CDT-2 in N. crassa. Recently, a transport assay for 18
sugar transporters of 7. reesei was conducted in Xenopus
laevis oocytes. These transporters have different prefer-
ences for sugars and different transport kinetics [17], pro-
viding a solid foundation for the thorough investigation
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of sugar transporters in T. reesei. In addition, several
sugar transporters are co-induced in cellulase induction
and are also under the regulation of XYR1 [17-19], indi-
cating that these sugar transporters might work in a simi-
lar manner in cellulase induction. However, how these
transporters regulate cellulase induction collaboratively
and which roles they work still need experimental explo-
ration, which is critical for the thorough understanding
of the cellulase induction networks in 7. reesei.

In our previous study, deletion of vpsi3 or vps2l
improved cellulase production, which might be attrib-
uted to the differentially expressed sugar transport-
ers (Additional file 1: Figure S1) [20]. In this study, the
effect of these sugar transporters on cellulase produc-
tion is investigated, and we found that the constitutive
expression of a previously annotated putative lactose
permease TRE77517 increases cellulase induction. We
designated TRE77517 cellulose response transporter-
like protein CRT2. Then, we characterized the sugar
transport capacity of CRT2 in S. cerevisiae and T. reesei,
and deciphered its role in cellulase induction with main
cellobiose transporter CRT1 and transcription factor
XYR1.

Results

The effect of sugar transporter dysfunction on cellulase
production

In our previous study, the expression of the sugar
transporter genes tre65493, tre77517, tre69026, str2,
tre106556, and tre46819 was upregulated in the sin-
gle mutant Avpsi3 or Avps2l. In addition, tre62380,
tre55077 and hxtl were downregulated in the same
period, which probably resulted in increased cellulase
production (Additional file 1: Figure S1) [20]. To fur-
ther understand the function of these sugar transport-
ers in cellulase production, we used a copper-repressed
promoter Ptcu to endogenously express these sugar
transporters in the parent Rut-C30 (Fig. la) [21]. The
strains with Ptcu expressed CRT1 or STP1, whose func-
tions have been characterized, were used as controls.
The constitutive expression or repression of these sugar
transporters were verified by RT-qPCR (Additional file 1:
Figure S2). When copper was added in Avicel inducing
medium, cellulase production was significantly repressed
in the strains ptcucrtl and ptcul06556, consistent with
a previous study showing that cellulase production was
impeded when crtl was disrupted [14]. When copper was
not involved, we found a rapid increase in cellulase pro-
duction in the strain ptcu77517 only in the initial stage
after being transferred to the Avicel-inducing medium,
which is a promising candidate for further investigation
(Fig. 1b).
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Fig. 1 Evaluating the effect on the dysfunction of sugar transporters for cellulase production. a Diagram of the promoter replace cassette. The
native promoter of each sugar transporter was replaced by the copper-controlled Ptcu promoter. b Analysis of cellulase production of Rut-C30,
ptcucrtl, ptcustp1, ptcu46819, ptcu69026, ptcu77517, ptcu106556, ptcustr2, ptcu55077, ptcu62380, ptcub5493 in Avicel inducing medium. 20 uM
CuSO, was added to repress the expression of the desired sugar transporters. All the transformants and parent strain were precultured in SDB

for mycelia accumulation and transferred to Avicel inducing medium for 96 h. The filter paper activity (FPase) was used to represent the cellulase
production and normalized to the intracellular protein content, which referred to the mycelia accumulation on Avicel medium. Values are presented
as the mean with the standard deviation from three biological replicates (three flasks). Statistical significance was calculated through Student’s t

test. p>0.5 was indicated as n.s. ** represents p < 0.01

Membrane-bound protein TRE77517 cannot transport
mono-/disaccharides

TRE77517 contains 522 amino acids, which form 12
transmembrane regions predicted by DeepTMHMM
version 1.0.13 (https://dtu.biolib.com/DeepTMHMM)
(Fig. 2a). TRE77517 was first identified as a putative
lactose permease, because lactose consumption and

cellulase production on lactose were decreased when
tre77517 was disrupted [13]. A phylogenetic analysis
with other characterized lactose/cellobiose transport-
ers indicated that TRE77517 is very close to the cello-
dextrin transporter CDT-2 in N. crassa [5] (Fig. 2b), as
well as the cellobiose transporter CItA in Aspergillus
nidulans [22]. TRE77517 also shows similarity to those
lactose transporter LacpB in A. nidulans and CRT1 in
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Fig. 2 Analysis of sugar transport of TRE77517 in S. cerevisiae. a Prediction of the transmembrane region of TRE77517 through DeepTMHMM version
1.0.13 (https://dtu.biolib.com/DeepTMHMM). b Phylogenetic analysis of TRE77517 and selected sugar transporters. Alignments were conducted

by ClustalW, and a phylogenetic tree was generated via MEGA-X software (Version 10.2.5) using the neighbor-joining method with 1000 bootstrap
replications. ¢ Subcellular location of TRE77517GFP in S. cerevisiae. Yeast strains expressing GFP-tagged TRE77517 under strong constitutive promoter
Ptpi were cultured in SC medium with 2% maltose as carbon source for 16 h before microscopy analysis. Images was captured with a 63 X oil
objective, and the scale bar represents 5 um. d Analysis of sugar transport in S. cerevisiae. The yeast EBY.VW4000 coexpressing the 3-glucosidases
ghl1-1and TRE77517 were precultured on SC medium with maltose as the carbon source. Cells were harvested and washed twice, tenfold serial
dilution was applied, and 5 pL suspension was dropped on the SC plate with maltose, glucose, cellobiose or lactose as the carbon source. The
strains on maltose plate were incubated at 30 °C for 3 days. 5 days were applied for strains on glucose, cellobiose and lactose SC plate. The empty
plasmid pYX212 was used as a negative control, and a strain harboring the cellobiose transporter CRT1 was used as a positive control. e Equal
amounts of yeast strains (OD4, = 30) were mixed with 200 uM sugar and incubated at 30 °C at 200 rpm for 40 min. The residual sugar in yeast

with empty plasmid was normalized as 100%. Residual sugar was analyzed by HPAEC. n.d. for not detected

T. reesei [23] (Fig. 2b), indicating that TRE77517 might  ghl-1 (NCUO00130) from N. crassa. The expression of
transport lactose and cellobiose. B-glucosidase permits S. cerevisiae growth on some disac-

The ability of TRE77517 to transport sugar was tested  charides when disaccharide transporter was co-expressed
in EBY/gh1-1, which is the hexose transport null S. cer-  [9]. Meanwhile, a GFP fused TRE77517 was used to
evisiae EBY.VW4000 transformed with a B-glucosidase visualize the subcellular distribution in S. cerevisiae,
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and the results indicated the cortical localization of
TRE77517GFP, which is consistent with its transmem-
brane prediction as a membrane protein (Fig. 2c). The S.
cerevisiae transformant harboring TRE77517 could not
grow either on glucose, cellobiose or lactose plates after
5 day culturation compared to the transformant with
the empty plasmid pYX212 (Fig. 2d). The sugar uptake
assay also indicated that TRE77517 could not transport
cellobiose and lactose, which is consistent with the plate
growth (Fig. 2e). However, the strain co-expressed with
cellobiose transporter CRT1 could successfully transport
glucose, cellobiose and lactose [15, 17] (Fig. 2d, e). Other
sugars were also tested, but the result indicated that
TRE77517 cannot support growth on galactose, man-
nose, fructose, or sucrose (Additional file 1: Figure S3).
Meanwhile, we also noticed that the most closed protein
CLP1 from N. crassa [10], is reannotated as a cellobionic
acid transporter CBT1 [24]. However, in our cellobionic
acid uptake test, the yeasts either expressing TRE77517
or CRT1 could not transport cellobionic acid (Fig. 2e).

Subcellular distribution of TRE77517 in T. reesei and its
effect on cellulase induction

To further study the function of TRE77517 in T. ree-
sei, a tre77517 disrupted strain A77517 was gener-
ated from Rut-C30. Besides, the constitutive promoter
Ptef was used to control the expression of tre77517 in

a

Glucose

Lactose

Avicel
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Rut-C30, resulting in two transformants, ptef77517a
and ptef77517b. To study its subcellular location in T.
reesei, TRE77517GFP which is TRE77517 fused with
GFP was expressed in situ; meanwhile, another copy
of TRE777517GFP was expressed using its native pro-
moter in T. reesei. However, no obvious fluorescence was
detected in either transformant even in Avicel medium,
which might be attributed to their low-level expression.
Then, we successfully found a membrane location of
TRE77517GEP using the strong constitutive promoter
Ptef on glucose MM medium, which is consistent with its
transmembrane region prediction as a membrane protein
(Fig. 3a). Unexpectedly, a large part of TRE77517GFP
accumulated intracellularly in the vacuoles and endo-
some compartments. We found that the dual-distribution
is still observed when lactose or Avicel was used as car-
bon source, indicating that this phenomenon is carbon
source independent (Fig. 3a). The strains overexpress-
ing TRE77517GEP could improve cellulase induction as
that in ptef77517b (Additional file 1: Figure S4), indicated
that GFP fusion did not affect the function of TRE77517.
The intracellular accumulation of TRE77517GFP in T.
reesei might be attributed to its high-level expression,
which is prone to recycle from membrane and degra-
dation [16]. We also extracted the membrane protein
from the strain ptef77517GFP and detected the band
of TRE77517GFP in the extraction (Fig. 3b). Although

b Membrane protein extraction

Fig. 3 Subcellular distribution of TRE77517GFP in T. reesei. a C-terminal GFP fused TRE77517 was expressed under the control of strong constitutive
promoter Ptef in Rut-C30, resulting in strain ptef77517GFP. ptef77517GFP was cultured in MM medium plus 2 g/L tryptone for 18 h when glucose
and lactose was used as carbon source, and for 24 h in Avicel medium. Images were taken under a 63 X oil objective. Scale bar represents

5 um. b Membrane protein extraction from strain Rut-C30, ptef77517, ptef77517GFP and QM6aptef77517GFP were applied for Western blot

using an anti-GFP antibody with 1:2000 dilution. Strains were cultured for 18 h in glucose MM medium before membrane protein extraction.
Membrane protein extraction was applied as described in methods section. The blot signal of TRE77517GFP was indicated by the arrow. The
calculated molecular weight for TRE77517GFP is 522 amino acid + GFP, while the blot signal is higher than expected which might be attributed

to post-translational modification
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the band of TRE77517GFP is beyond 130 kDa and is
largely exceed its expected molecular weight (522 amino
acid + GFP), this might attributed to some post-transla-
tional modification.

The biological function of TRE77517 on fungal growth
and cellulase induction was further investigated. The
hyphal spread on PDA plate was significantly slower
in the tre77517-overexpression strains ptef77517a and
ptef77517b, while the disruption of tre77517 did not
result in growth defects during the plate assay. A simi-
lar phenotype was observed in the strain ptcu77517, in
which compact mycelium was observed only in PDA, but
it turned to the wild-type-like phenotype when copper

a Rut-C30 ptef77517a ptef77517b

A77517
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was added (Fig. 4a). These results indicated that slower
growth in the PDA plate was generated through constitu-
tive expression of tre77517.

When cultured on Avicel MM medium, the strains
ptef77517a, ptef77517b and ptcu77517 all showed sig-
nificant improvement in cellulase production in the
early stage after the mycelia were transferred to Avicel
medium (Fig. 4b, c¢). However, we found that the dis-
ruption of tre77517 does not affect its cellulase induc-
tion (Fig. 4b). The analysis of transcription levels shows
a similar pattern. The transcription of cel7a was signifi-
cantly improved in three tre77517-overexpression trans-
formants before 12 h, while it returned to the wild-type

ptcu77517

PDA = Rut-C30
= ptef77517a
= ptef77517b
PDA+Cu? P
: = A77517
= ptcu77517
b 1% Avicel
=5 3 300¢ : tre77517
= —_ ns cel7a 6r N
£ - < 250f 5L
35 I L
~ o2t @ 200F 3 ar
® neldl 2 L 3t
8 . s 3 O e % | I
Z o1t hss 3 1f {'4— ; % ns"f %{» ‘I‘- | {:« $ ES ‘1‘% Y
S c  sof " 01F
m s 2 0 + 1 ool > T ¥ - +
0.0 [oi] 2 6 12 24 ) 6 12 24
24 48 ) 72 96 8 Time (h) Time (h)
C~ Time (h) -
TEJ o
?E» il § * xyr1 80 rt1
= i y N T 20} ¥ I ¢ ¢
% //Av—f‘—/i % " ‘Ezﬁ 60 AIT
o X 1sf {» * I :
g —o—Rut-C30 %{’ ‘I‘%% w0l ns
. o ptef77517a 1.0b ¥+ + T
K| A ptef77517b P {» Foe
= A77517 05f 2 20¢
8 ptcu77517 -
£ 00 6 12 24 0 6 12 24
= 0 24 48 72 9% Time (h)

Time (h)

Time (h)

Fig.4 Sugar transporter-like protein TRE77517 regulates cellulase induction. a Plate assay of the effect of TRE77517 dysfunction on polarized
growth on PDA plates. Approximately 10* conidia of Rut-C30, ptef77517a, ptef77517b, A77517 and ptcu77517 were inoculated on the PDA

plate and cultured at 30 °C for 5 days before images were taken. 20 uM CuSO, was added as needed. b Cellulase production on MM medium

with 1% Avicel as the carbon source. Strains were precultured on glucose MM medium plus 2 g/L tryptone for mycelia accumulation, then

equal amounts of mycelia were transferred to a fresh MM medium with 10 g/L Avicel as sole carbon source. The pNPCase activity was analyzed
during fermentation. ¢ Mycelia in Avicel medium are represented as intracellular protein content. d Mycelia were transferred to Avicel medium,
and samples were taken at 6 h, 12 h and 24 h. The transcription level of the major cellulase gene cel7a, transcription factor xyr1, cellulase response
transporter crt1 and tre77517 was measured and normalized to the transcription of sarl. Values are presented as the mean with the standard
deviation from three biological replicates. Statistical significance was calculated through Student’s t test. The p>0.05 means no significant. p <0.05
was considered as statistical significance and was indicated as *. p<0.01 was indicated as **. p <0.001 was indicated as ***. p<0.0001 was indicated
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level at 24 h despite the high-level expression of tre77517
(Fig. 4d), which might be the reason for the compara-
tive cellulase production from 72 h. Consistent with the
cellulase activity in A77517, the transcription of cel7a
in A77517 was similar to the level in the parent strain,
which further confirmed that the deletion of tre77517
does not affect cellulase induction on Avicel. Moreover,
tre77517 is lied adjacent to a cellulase activator gene ace3
(tre77513) and an intracellular glucosidase gene cellb
(tre22197). However, we found that the overexpression of
TRE77517 did not improves the expression of these two
adjacent genes, while its deletion lead to a slight upreg-
ulation under Avicel induction (Additional file 1: Figure
S5).

In addition, we also noticed that the transcription
of transporter crtl and transcription factor xyrl in
ptef77517a and ptef77517b transformants was improved
when the mycelia were exposed to Avicel. However, the
transcription of xyrl remained at the wild-type level
from 12 h, and a similar phenomenon was observed for
crtl from 24 h (Fig. 4d), consistent with the transcrip-
tion of cel7a, in which the upregulation of crt1 and xyrl
in the early induction stage boosted the transcription of
the cellulase gene cel7a. However, the upregulation of
these genes was only observed at the initial stage when
mycelia were exposed to Avicel. Surprisingly, we found
that the transcription of crt1 was still upregulated at an
early stage in A77517 when the mycelia were transferred
to Avicel MM medium (Fig. 4d). These data collectively
reveal that TRE77517 only affects the gene expression
in the early stage of cellulase induction. Then, we specu-
lated that TRE77517 might function in initiating cellulase
induction and designated it cellulase response trans-
porter-like protein 2 (CRT2).

Dysfunction of CRT2 (TRE77517) improves cellulase
production without affecting sugar utilization

Although CRT2 did not exhibit the ability to transport
sugar in S. cerevisiae, we found that either overexpres-
sion or deletion of crt2 (ptefcrt2, Acrt2) highly activated
the expression of crtl at the early stage when the myce-
lia were exposed to Avicel. Meanwhile, a previous study
indicated that lactose uptake was impaired in a crt2
knockout strain [13]; thus, we examined sugar utiliza-
tion in these strains to understand the role of CRT2 in
T. reesei. We then used ptef77517b to represent the crt2
constitutively expressed strain (ptefcrt2) and conducted
the following experiments. Equal amounts of pregrown
mycelia of ptefcrt2, Acrt2 and the parent strain were
transferred to MM medium with lactose or cellobiose
as the sole carbon source; however, these strains did
not show significant differences in the utilization of cel-
lobiose or lactose, as well as their biomass accumulation
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(Fig. 5a, b). Notably, a significant improvement in cellu-
lase production was observed in the strain ptefcrt2, either
in the cellobiose or lactose medium (Fig. 5a, b). Deletion
of crt2 does not affect cellulase production on cellobiose
and lactose, which was inconsistent with a previous study
showing that deletion of cr¢2 impaired lactose uptake and
cellulase production [13].

To further explore the cellulase response to lactose and
cellobiose in ptefcrt2 and Acrt2, the transcription lev-
els of the cellulase and lactose transporter CRT1 were
analyzed in these strains. The transcription of cel7a was
highly induced in strain ptefcrt2 both in the cellobiose
and lactose medium (Fig. 5¢), and the transcription of
the major regulator xyrl and transporter crtl were also
upregulated when mycelia were exposed to cellobiose
and lactose, similar to the phenotype in Avicel medium
(Fig. 4d). Following the comparable cellulase production
in Acrt2, the transcription of cel7a in Acrt2 was similar
to that in the parent (Fig. 5c). These results indicated
that the deletion of crt2 did not affect cellulase produc-
tion either in cellobiose or lactose medium. Moreover, we
also found that the transcription of the major cellobiose
transporter crtl was significantly upregulated at the early
stage when the mycelia of Acrt2 were transferred to a lac-
tose or cellobiose medium (Fig. 5¢), it turns to the wild-
type level after 6 h (Fig. 5c). This might be a feedback
activation by deletion of crt2, the upregulation of crtI at
such a short time might not be sufficient to increase the
cellobiose uptake. Besides, deletion of the transceptor
clpl in N. crassa A3BG background did not affect cello-
biose consumption, but activated the expression of cdt-1
and cdt-2 [10]. Besides, the upregulated /gt1/2 and xyt-1
could compensate for the functional loss of GLT-1 in N.
crassa [7]. These results suggested that sugar transporters
are coordinately regulated.

CRT2 functions in a CRT1-like manner in cellulase
induction by activating CRT1 and XYR1

As previously indicated, the overexpression of crt2
could activate the expression of the transporter crtl, as
well as the transcription factor xyrl, thus resulting in
the upregulation of cellulase. To further characterize
the relationship between CRT2, CRT1 and XYRI1, we
generated crtl- and xyrl-disrupted strains in the crt2-
overexpression background. As anticipated, cellulase
production was impaired in Acrtl and AxyrI cultured on
Avicel medium (Fig. 6a), consistent with previous stud-
ies [14, 25]. Importantly, we found that the constitutive
expression of crt2 in Acrtl background (ptefcrt2Acrtl)
partially rescues the cellulase induction on Avicel. The
transcriptional analysis confirmed that the expression of
cel7a is activated in ptefcrt2Acrtl (Fig. 6a), although it
was slightly weaker than that in Rut-C30. In addition, the
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Fig. 5 Dysfunction of CRT2 (TRE77517) did not affect cellobiose/lactose consumption. Parent strain Rut-C30, ptefcrt2 and Acrt2 were precultured
on glucose MM medium plus 2 g/L tryptone for 48 h. Equal amounts of pre-grown mycelia were transferred to MM medium with 10 g/L lactose (a)
or cellobiose (b) as sole carbon sources. Samples were taken at indicated time, the residual sugar, dry biomass and cellulase activity were measured.
c Transcription analysis of cellulase gene cel7a, cellobiose/lactose transporter crt1 and transcription factor xyr1 in lactose and cellobiose medium.
Samples were taken at 3 h and 6 h after mycelia were transferred to the MM medium with lactose or cellobiose as the sole carbon source. All

the values represent the mean = S.D. of three individual experiments. n.s. not significant (p >0.05), *p <0.05, **p <0.01, Student’s t test

transcription of xyrl was upregulated in ptefcrt2Acrtl  the expression of xyrl even when the cellulase response
compared to the transcription of xyrl in Acrtl, sug- transporter CRT1 is disrupted (Fig. 6a). Similarly,
gesting that the overexpression of Crt2 could activate we found that CRT2-overexpression upregulates the
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Fig. 6 CRT2 functionsin a CRT1-like manner in cellulase induction by activating CRT1 and XYR1. a Analysis of pNPCase activity in Rut-C30,
Acrtl, Axyr1, ptefcrt2, ptefcrt2Acrt1 and ptefcrt2Axyr1 cultured with 1% Avicel for indicated time. Mycelia were collected for transcription
analysis after being transferred to Avicel MM medium for 6 h, 12 h. The transcription of cel7a, crt1 and xyr1 were normalized to the transcription
of endogenous sarl. b Effect of deletion of crt1 or xyr1 on crt2 expression on Avicel medium. ¢ Transcription of ¢rt2 and crt1 when the major
activator XYR1 is overexpressed on Avicel medium. Samples were taken at indicated time and the transcription of sar! was set as 1. All the values
represent the mean+ S.D. of three individual experiments. *p <0.05, **p < 0.01, ***p < 0.001, ****p <0.0001, Student’s t test

transcription of crtl in a XYRI-disrupted background
(ptefcrt2Axyr1), but failed to rescue the cel7a expression
(Fig. 6a).

Moreover, we found that the expression of crt2 was
downregulated in crzI and xyrl disruption strains on Avi-
cel medium (Fig. 6b). Besides, the expression of crt2 on
Avicel shows a similar trend to the expression of crt1, and
xyrl-overexpression could activate the expression of crz2
and crtl in the early stage of cellulase induction (Fig. 6c).
These data collectively indicated that the function of
CRT?2 in cellulase induction is similar to that of CRT1,
which induce the cellulase expression through activating

XYR1, as well as CRT1. However, the induction mediated
by CRT2 is less pronounced than CRT1, we speculated
that CRT?2 only has an auxiliary role by facilitating CRT1
in cellulase induction.

Activated cellulase production through constitutive
expression of crt2 is still repressed by carbon catabolite
repression

A previous study indicated that overexpression of the
cellobiose transporter CRT1 could slightly relieve
the carbon catabolite repression of cellulase produc-
tion [16]. In our study, the dysfunction of CRT2 could
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activate the transcription of crtl. To study whether
the constitutive expression of crt2 could relieve CCR,
we used QM6a as a background, whose cellulase pro-
duction was fully repressed through CRE1-mediated
CCR. When transformants were cultured in glucose
MM medium, we found that cellulase production was
repressed in QM6aptefcrt2 and QM6aAcrt2, while the
strain QM6aAcrel could relieve the repression when
glucose was present (Fig. 7a). Likewise, membrane-
bound CRT2GFP was observed through microscopy
analysis in the QMo6a background (Additional file 1:
Figure S6), and the constitutive expression of crt2
could activate the expression of cel7a, crtl and xyrl

Page 10 of 16

on Avicel (Additional file 1: Figure S7), indicating that
CRT2 works in a similar manner in QM#6a. In addition,
we found that the expression of the CCR regulator crel
was not affected in crt2 misexpressed strains cultured
on Avicel (Fig. 7b), indicating that dysfunction of CRT2
can not affect carbon catabolite repression. Notably, in
the Rut-C30 background, which was released from CCR
due to the truncated CRE], the constitutive expression
of crt2 efficiently promoted cellulase production on
glucose MM medium (Fig. 7c, d). These results collec-
tively suggested that the activated cellulase production
through dysfunction of CRT2 was still repressed by
CCR.
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production in QM6a background on glucose medium. Equal amount of precultured QM6a, QM6éaptefcrt2, QM6aAcrt2 and QM6aAcrel were
transferred to fresh MM medium with 10 g/L glucose as carbon source. pNPCase activity was measured after mycelia were transferred for 24 h.
n.d. not detected. b Transcription of CCR regulator crel on Avicel medium. Precultured mycelia were transferred to Avicel MM medium, samples
at 6 h, and 12 h were taken and analyzed for transcription level. ¢ Cellulase production by constitutive expression of crt2 on glucose MM medium
in CCR-negative strain Rut-C30. Samples were taken at indicated time and analyzed for pNPCase activity (c) and transcription level (d). All the data
were presented as the mean value from three biological replicates. p > 0.05 means no significant. p <0.05 was considered as statistical significance
and was indicated as *. p<0.01 was indicated as **. p<0.001 was indicated as ***. p <0.0001 was indicated as ****
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Discussion

Cellulase induction is highly activated by cellulosic sub-
strate in filamentous fungus 7. reesei. Successive efforts
have been made to clarify the mechanism of cellulase
induction, including the discovery of the key transcrip-
tion activators XYR1 [25] and ACE3 [26, 27]. Moreover,
some repressors, including CRE1 [28], ACE1 [29] and
CTF1 [30], are also involved in the efficient regulation
of cellulase production. These transcription factors col-
lectively regulate cellulase expression at the transcription
level. Meanwhile, sugar transporters are indispensable for
substrate exchange between the cytoplasm and environ-
ment and can regulate cellulase induction, probably by
transporting inducers or working as signal transceptors
[14]. Although 55 sugar transporters have been anno-
tated in the T reesei genome [31], only a few of them have
been characterized [16, 19, 32-34]. Among these sugar
transporters, the cellobiose/lactose transporter CRT1 is
critical for cellulase induction in T. reesei, and the dis-
ruption of CRT1 impaired cellulase induction either on
cellulose or soluble lactose [14—16]. Meanwhile, several
major facilitator superfamily permease encoding genes
(including CRT1) are highly upregulated in the presence
of cellulose-based substrates [18], suggesting that these
sugar transporters are collaboratively involved in the
perception of cellulose and cellulase synthesis. However,
which sugar transporters work in parallel and how these
transporters regulate cellulase induction need further
exploration. In this study, we characterized a novel cellu-
lose response transporter-like protein CRT2, which is not
capable for sugar transport, but shares slight similarity to
CRT1 which transduce inducing signal through activat-
ing the major cellobiose transporter CRT1 and the tran-
scription factor XYR1.

Previous study conducted by Porciuncula et al. indi-
cated a delayed lactose uptake when crt2 was disrupted
[13], but our study proved that CRT2 cannot transport
lactose and cellobiose (Fig. 2d, Additional file 1: Figure
S3). Either overexpression or deletion of CRT2 did not
affect the cellobiose and lactose utilization in 7. ree-
sei (Fig. 5a, b). The possible reasons for such conflict-
ing results might be the differences in the inoculation
method (spores by Porciuncula et al. and pre-grown
myecelia in this study) and the strain background.

CRT2GEP locates in the membrane of 1. reesei, which
is consistent with its transmembrane region prediction,
but we still found some parts of CRT2GFP accumulate in
the intracellular compartments, which mainly in vacuoles
and endolytic vesicles (Fig. 3a), and similar results were
obtained in the wild type T. reesei QM6a (Additional
file 1: Figure S6). In addition, the GFP fusion to CRT2 did
not affect the function of CRT2 (Additional file 1: Figure
S4). Several sugar transporters have been found to be
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internalized to transduce cellular signal intracellularly,
such as the N-acetylglucosamine transporter NGT1 in
Candida albicans. NGT1 undergoes continuous internal-
ization when exposed to N-acetylglucosamine (GlcNAc)
and trafficks from membrane towards vacuoles [35].
Besides, the cellobiose transporter CRT1 in T reesei is
localized at the cell membranes as well as at the periph-
ery of the nucleus [16]. In our study, the membrane
CRT2 also locates in vacuoles probably due to overex-
pression of crt2 in the strain ptefcrt2GFP. The expression
of crt2 using the strong promoter Ptef is nearly 30-fold
higher than its expression in the parent strain (Fig. 4d).
The vacuolar distribution of CRT2GFP might be attrib-
uted to its high-level expression that could recycle from
membrane to avoid the permanent membrane occupancy
as indicated previously [16]. Overall, our data confirmed
that CRT2 acts as a membrane protein in 7. reesei, but
whether the intracellular accumulation of CRT2GFP is
functional relevance needs further investigation.

The cellobiose transporter CRT1 is indispensable for
cellulase induction in 7. reesei [14]. In our study, we
found that CRT2 functions in a similar manner as CRT1
in cellulase induction. The speculative model of the role
of CRT2 in the regulation of cellulase induction is as
follows (Fig. 8): (i) both CRT1 and CRT?2 are induced by
Avicel, lactose and cellobiose (Additional file 1: Figure
S8) [13, 17]. (ii) CRT1 acts as a signal transductor and
activates the major transcription factor XYR1, which
further activates the cellulase expression. CRT2 could
also activate XYR1 during cellulase induction. (iii) Both
CRT1 and CRT2 are under the positive regulation of
XYR1 in the early stage of cellulase induction (Figs. 6c,
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Fig. 8 Diagram of the cellulase induction by CRT2, CRT1 and XYR1
in T. reesei. When cellulose, cellobiose or lactose are used as carbon
sources, the expression of crt2 and crt1 is activated. The cellulase
induction signal is transduced by CRT1 and CRT2, and activate

the expression of major transcription activator XYR1, which finally
induce the cellulase production. Whereas the expression of crt2

is also under the tight regulation by XYR1 in the cellulase induction.
However, the activated cellulase production by constitutive
expression of crt2 cannot antagonize glucose-mediated CCR
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8). Meanwhile, it is notable that crt2 is expressed in a
300-fold lower level compared to that of crtl (Fig. 6¢),
and the cellulase activation by CRT2-overexpressing is
moderate compared to CRT1 (Fig. 6a), suggesting that
CRT2 may have an auxiliary role in cellulase induction,
and is less critical than CRT1. A recent study proved
that overexpression of XYR1 fully rescued the defect in
cellulase induction in strain Acrtl [16]. In this study,
the expression of xyrl is upregulated in Acrtl back-
ground when CRT2 is overexpressed, indicating that
CRT2 might transduce the inducing signal to activate
XYR1. The upregulated xyrl in ptefcrt2Acrtl com-
pared to Acrtl further rescued the cellulase production
(Fig. 6a).

In general, fungal sugar transporters take part in sub-
strate exchange and sugar transport, but some are also
involved in signal transduction [3, 5, 10, 14, 15]. Some
post-translational modifications on sugar transport-
ers such as phosphorylation and ubiquitination of their
C-terminal tail are important for their signal transduc-
tion [36, 37]. The glucose sensor RGT2 in S. cerevisiae
has a similar structure to those glucose transporters
HXTs, but is unable to transport glucose. The phospho-
rylation on the 220 amino acid C-terminus of RGT2 is
critical for the interaction with other regulators and suc-
cessive activation of glucose transporters [37, 38]. The
C-terminus of cellobiose transporter CRT1 is evidenced
for its signal transduction, which is separable from the
lactose transport capacity [16]. Although no phosphoryl-
ation sites and ubiquitination consensus were predicted
in the 44-amino acid C-terminal tail of CRT1 [15, 16],
truncation of the C-terminus with only five amino acids
left fully impaired its cellulase induction. This indicates
that other uncharacterized consensus in CRT1 are cru-
cial for its signal transduction. Moreover, expression of
a cellobiose transporter CDT-1 from N. crassa or LacpB
from A. nidulans rescue the cellulase induction defect
in Acrtl background [15], and these sugar transporters
also share similar sequences (Fig. 2b), which is the basis
of highly similar functions. CRT2 has a similar structure
to CRT1 but could not transport cellobiose and lactose.
The C-terminus of CRT2 harbors two phosphoryla-
tion sites at T471 and T506 (https://scansite4.mit.edu/#
home) [39], and a potential ubiquitin site at K514 (http://
gpsuber.biocuckoo.cn/) [40]. Thus, we speculate that
CRT?2 works as a signal transductor for cellulose/cello-
biose perception (Fig. 8), similar to the pattern of RGT2
in S. cerevisiae [37]. The C-terminus of CRT2 might be
engaged in signal transduction through potential phos-
phorylation and ubiquitination, which is consistent with
the oversized band in our western blot assay (Fig. 3b), but
the exact mechanism and other regulators involved still
need further study.
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Conclusion

In this study, we give a detailed functional analysis of a
previously annotated putative lactose permease CRT2
(TRE77517). CRT2 cannot transport lactose and cellobi-
ose, and neither the deletion or overexpression of CRT2
affects the cellobiose and lactose uptake in T. reesei.
CRT?2 is proven to be a membrane protein and is involved
in cellulase induction by activating the major transcrip-
tion factor XYR1 and cellobiose transporter CRT1. CRT2
overexpression improves cellulase induction either on
Avicel, cellobiose or lactose medium, and could par-
tially rescue the cellulase induction defect in crti-deleted
strain. Thus, we speculated that CRT2 acts as a sugar
transporter-like signal transductor to facilitate CRT1
in cellulase induction. This study gives novel insights of
sugar transporters in cellulase induction, expanding the
understanding of the mechanism in cellulase induction.

Methods

Strains and culture conditions

Escherichia coli JM109 was cultivated in 37 °C for plasmid
construction. Agrobacterium tumefaciens AGL1 was used
for fungal transformation. 7. reesei Rut-C30 and QMé6a
was used as parent strains and maintained on PDA plate
at 30 °C. For liquid cultivation, 1x 107 conidia were inoc-
ulated into 50 mL MM liquid medium (15 g/L KH,PO,,
5 g/L (NH,),SO,, 0.6 g/L CaCl,, 0.6 g/L MgSO,, 0.005 g/L
FeSO,*7H,0, 0.0012 g/L. MnSO,*H,O, 0.0014 g/L
ZnSO,*7H,0, 0.002 g/L CoCl,*6H,0, pH 5.2) containing
10 g/L glucose and 2 g/L tryptone for better mycelia accu-
mulation. After 48 h cultivation at 28 °C 200 rpm, equal
amounts of mycelia were transferred to a new MM liq-
uid medium with 1% indicated carbon sources. Samples
were taken at indicated time, the mycelia were collected
for RT-qPCR or biomass determination, and the super-
natant was used for biochemistry analysis. For initial test
the effect of sugar transporter for cellulase production in
Fig. 1, 0.5x 10’ conidia was inoculated into 25 mL SDB
broth (40 g/L glucose, 10 g/L yeast extract and 10 g/L
tryptone) for 40 h, and equal amounts of mycelia was
transferred to 50 mL Avicel inducing medium (20 g/L
Avicel, 4 g/L. KH,PO,, 2.8 g/L (NH,),SO,, 3 g/L tryptone,
0.6 g/L Urea, 0.1%(v/v) Tween 80, 0.6 g/L CaCl,, 0.6 g/L
MgSO,, 0.005 g/L FeSO,*7H,0, 0.0012 g/L MnSO,*H,0,
0.0014 g/L ZnSO,*7H,0, 0.002 g/L CoCl,*6H,0, 5 g/L
CaCO,, pH 5.5) with 28 °C 200 rpm for indicated time.
Saccharomyces cerevisiae hexose-transport null mutant
EBY.VW4000 was used as host for analyzing the sugar
transport of Tre77517. Yeast strains were maintained at
30 °C in SC medium (6.7 g/L yeast nitrogen base, 1.85 g/L
drop out mixture without histidine and uracil) with
20 g/L desired carbon sources.
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Plasmid construction and strains transformation

To construct the promoter replacing plasmid, approxi-
mate -2000 bp ~-800 bp of ATG was used as upstream
flank, about 1200 bp from ATG was set as downstream
flank. Recombinant flanks were amplified from genomic
DNA of T reesei. The hyg or ura3 selection marker was
amplified from previous constructed plasmid pCAM-
BIA1301G [41]. Ptcu promoter is cloned from genomic
DNA from Rut-C30. For each promoter replacing plas-
mid, the up/down-stream fragments, Ptcu promoter and
selection marker were assembled into the basic back-
bone of pCAMBIA1301G, which contains necessary
element for Agrobacterium tumefaciens mediated trans-
formation using the MultiF SeamLess Assembly Mix
(Abclonal, Wuhan, China). Briefly, the molecular ratio
for upstream flank: downstream flank: Ptcu promoter:
selection marker: backbone is 3:3:3:3:1, all the frag-
ments were added to a final volume of 5 pL, thereafter
the 5 uL Assembly Mix was added and incubated at 50 °C
for 30 min. The resultant products were used for E. coli
transformation.

The crt2 (tre77517) overexpression cassette was con-
structed using the 800 bp Ptef promoter, which was
amplified from genomic DNA of T. reesei. The coding
region of crt2 was amplified from the cDNA of Rut-C30
exposed to Avicel for 12 h. The amplified fragments
were assembled with the Tcbhl terminator, resulting in
Ptef-crt2-Tcbhl cassette, and fused with the URA3 selec-
tion marker to the backbone of pCAMBIA1301G using
the MultiF SeamLess Assembly Mix. To knockout crt2,
approximate 1200 bp upstream and downstream flank
of crt2 was assembled with URA3 selection marker and
backbone. The knockout cassette for xyri, crtl and crel
were constructed in a similar manner with Ayg selection
marker. For analysis of the subcellular localization of
CRT2 in T. reesei, the strong constitutive promoter Ptef
was used to drive the expression of crt2. gfp fragment
was fused followed by a ‘GGGS’ linker. These fragments
were assembled with /yg selection marker and backbone
from pCAMBIA1301G to form ptefcrt2GFP plasmid.
These plasmids were transformed to Rut-C30 or QM6a
as desired purposes using the Agrobacterium tumefaciens
mediated transformation. The correct transformants
were verified by anchor PCR.

To analyze the sugar transport in S. cerevisiae, the cod-
ing sequence of tre77517 was synthesized according to
the codon usage of S. cerevisiae, and ligated to the EcoR
I and BamH 1 site of pYX212, a commercial available
plasmid contains URA3 selection marker, yeast 2p plas-
mid origin of replication. The expression of Tre77517 in
S. cerevisiae was controlled by its constitutive promoter
Ptpi. GFP-tagged Tre77517 was also constructed to visu-
alize the subcellular location of Tre77517 in S. cerevisiae.
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Moreover, the coding sequence of Crtl was amplified
from the cDNA of T. reesei using the annotation in Rut-
C30. It was also inserted in the EcoR I and BamH I site
of pYX212. All these plasmids were transformed into
EBY/gh1-1 which harbored an intracellular B-glucosidase
gene ghl-1 (NCU00130) from N. crassa. All the strains,
plasmids and primers used in this study were listed in
Additional file 1: Tables S1 and S2.

Enzyme analysis and growth assay

The Filter paper activity (FPase) was measured using
DNS method described previously [41], one unit of
enzyme activity was defined as the amount of enzyme
that release 1 pumol reducing sugar per minute. The cel-
lobiohydrolase activity was determined with 4 mM pNPC
(p-nitrophenyl-p-D-cellobioside) as substrate in a 50 mM
NaAc Buffer, pH 5.0. One unit of enzyme activity was
defined as the amount of enzyme that releases 1 pmol
pNP per minute.

The Intracellular protein concentration was measured
to represent the biomass in Avicel medium according to
our previous study [20]. To measure the biomass accu-
mulation in MM medium with cellobiose and lactose as
carbon sources, 1 mL sample were taken and the mycelia
were washed twice and dried at 80 °C for 48 h.

For yeast growth analysis, yeast transformants were
pre-cultured in SC liquid medium with maltose as carbon
source for 16 h. Cells were harvested through centrifuga-
tion, and diluted to ODgy,=0.5. tenfold serial dilution
was applied for each transformant. 5 pL suspension was
dropped into SC plate with different carbon sources and
cultured at 30 °C for indicated time.

Phylogenetic analysis

The amino acid sequences of characterized sugar trans-
porters were obtained according to the references. The
alignments were conducted by ClustalW, the phyloge-
netic tree was generated via MEGA-X software (Version
10.2.5) using the neighbor-joining method with 1000
bootstrap replications.

Sugar analysis

For analyzing the residue lactose and cellobiose in the
supernatant, samples were collected and boiled, and then
filtered after centrifugation. The sugar concentration was
analyzed through HPLC with Bio-Rad Aminex HPX-87H
column and Agilent 1260 Infinity II equipped with refrac-
tive index detector. 10 uL sample was injected with 5 mM
H,SO, as mobile phase at a flow rate of 0.5 mL/min.

Synthesis of cellobionic acid
The synthesis of cellobionic acid is conducted using a
mild oxidation method as reported previously [42, 43].
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Briefly, 3.8 g cellobiose was dissolved in 20 mL deionized
water. The mixture was then poured into 50 mL metha-
nol. 5.7 g iodine was added in 5 mL methanol and then
added in the cellobiose—methanol solution, following
a constant stir at 40 °C for 15 min. 100 mL of 4% (w/v)
KOH-methanol solution was slowly added to the cellobi-
ose—iodine solution with stir in 15 min, forming a sticky
yellow precipitate. Another 100 mL of 4% (w/v) KOH-
methanol solution was slowly added again and stirred for
another 30 min. The precipitate was dissolved with 5 mL
water and added to another 100 mL methanol. The white
precipitate was collected and washed three times with
methanol, residual methanol was removed from products
by vacuum drying.

Sugar uptake assay and HPAEC analysis

Sugar uptake assay is based on the method by Li et al.
[24]. Yeasts expressing either empty plasmid pYX212,
TRE77517 and CRT1 were cultured in SC medium with
maltose as carbon sources lacking uracil and histidine
to late log phase. Cells were harvested and washed three
times with an assay Buffer (5 mM MES, 100 mM NaCl,
pH 6.0) and resuspended to OD,,=30. Different sugars
were prepared to a concentration of 200 uM in the assay
Buffer. The uptake was initiated by mixed equal volume
of yeast strains and sugar, the reaction thereafter was
incubated at 30 °C at 200 rpm for 40 min. Samples were
centrifuged and filtered before HPAEC analysis.

HPAEC was conducted in ICS5000+ (Thermo Sci-
entific) using a Dionex CarboPac Analytical PA200
(3x250 mm) and a Dionex CarboPac Guard PA200
(3%50 mm) at 30 °C. 10 pl sample was injected in a
200 mM NaOH mobile phase with 0.4 mL/min. The sep-
aration of cellobionic acid is conducted with a sodium
acetate gradients from 0 to 500 mM.

Microscope visualization

S. cerevisiae transformants were cultured in SC medium
with 20 g/L maltose as carbon source for 16 h, cells were
harvested and washed twice, then observed under laser
scanning confocal microscope TCS SP8 (Leica, Germany)
with 63 X oil immersion objective. T. reesei transformants
were cultured in MM medium with 10 g/L glucose and
2 g/L tryptone for 18 h, the mycelia were washed before
Microscope analysis. All the images were processed
through ImageJ 1.53c.

Membrane protein extraction and Western blot

T. reesei strains were cultured in MM medium with
10 g/L glucose and 2 g/L tryptone at 28 °C for 18 h.
Mycelia were collected through filtration, the mem-
brane protein extraction was applied using a Membrane
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Protein Extraction Kit (C500049, Sangon Biotech, Shang
Hai, China). The membrane protein is collected in lower
organic phase, and followed by precipitation with ace-
tone. The pellet was collected through centrifugation
and residual acetone was removed through volatilization
on ice. The membrane protein was dissolved in 1xSDS
loading buffer and boiled for 5 min before SDS—-PAGE.
Western blot was carried out using a 0.45 um PVDF
membrane with standard protocol, the detection of
Tre77517GFP was using Anti-GFP mouse monoclonal
antibody (D191040, Sangon Biotech, Shang Hai, China)
with 1:2000 dilution.

RNA isolation and RT-qPCR

For RNA isolation, 1 mL sample at indicated time were
collected and frozen in liquid nitrogen, stored at —80 °C
before use. RNA isolation was conducted using Trizol
(Sangon Biotech (Shanghai)) as indicated by user’s guide.
HiScript III RT SuperMix for qPCR (+gDNA wiper)
(Vazyme, Nanjing, China) was used for reverse tran-
scription and ChamQ Universal SYBR qPCR Master Mix
(Vazyme, Nanjing, China) was applied for RT-qPCR reac-
tion in this study. The transcription level of endogenous
sarl was set as 1, and the relative transcription level of
desired genes was calculated via AACT method.

Statistics analysis

All the results were shown as the mean value of three
biological replicates (generally three flasks for one strain)
except for other indications. The analysis of variance
was performed by use of ¢ test procedures. A p value of
p<0.05(*), p<0.01(**), p<0.001(***) or p<0.0001(****)
were considered as significant.
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