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Abstract 

Background:  Trichoderma reesei is widely used for cellulase production and accepted as an example for cellulase 
research. Cre1-mediated carbon catabolite repression (CCR) can significantly inhibit the transcription of cellulase 
genes during cellulase fermentation in T. reesei. Early efforts have been undertaken to modify Cre1 for the release of 
CCR; however, this approach leads to arrested hyphal growth and decreased biomass accumulation, which negatively 
affects cellulase production.

Results:  In this study, novel fusion transcription factors (fTFs) were designed to release or attenuate CCR inhibi-
tion in cellulase transcription, while Cre1 was left intact to maintain normal hyphal growth. Four designed fTFs were 
introduced into the T. reesei genome, which generated several transformants, named Kuace3, Kuclr2, Kuace2, and 
Kuxyr1. No obvious differences in growth were observed between the parent and transformant strains. However, the 
transcription levels of cel7a, a major cellulase gene, were significantly elevated in all the transformants, particularly in 
Kuace2 and Kuxyr1, when grown on lactose as a carbon source. This suggested that CCR inhibition was released or 
attenuated in the transformant strains. The growth of Kuace2 and Kuxyr1 was approximately equivalent to that of the 
parent strain in fed-batch fermentation process. However, we observed a 3.2- and 2.1-fold increase in the pNPCase 
titers of the Kuace2 and Kuxyr1 strains, respectively, compared with that of the parent strain. Moreover, we observed 
a 6.1- and 3.9-fold increase in the pNPCase titers of the Kuace2 and Kuxyr1 strains, respectively, compared with that of 
Δcre1 strain.

Conclusions:  A new strategy based on fTFs was successfully established in T. reesei to improve cellulase titers with-
out impairing fungal growth. This study will be valuable for lignocellulosic biorefining and for guiding the develop-
ment of engineering strategies for producing other important biochemical compounds in fungal species.
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Background
Despite being the most abundant natural material, ligno-
cellulose is a considerably under-utilized biomass [1, 2]. 
Lignocellulosic biorefining processes producing biofu-
els have attracted considerable attention in the past few 
decades owing to the global energy crisis caused by the 
extensive depletion of fossil fuels. In addition, large quan-
tities of high-value chemical intermediates can be gener-
ated during the process [1–4]. One of the most important 
steps in lignocellulosic biorefining is the use of cellu-
lases to release fermentable sugar from lignocellulose [5, 
6]. However, a considerable limiting factor in industrial 
lignocellulosic biorefining is the high cost of the vast 
amounts of cellulases that are required for the degrada-
tion of lignocellulose (40- to 100-fold higher than that 
required for starch hydrolysis) [7–9].

One promising strategy for decreasing enzyme costs 
is to increase cellulase production by filamentous fungi 
[10]. However, the presence of d-glucose or d-xylose 
during cellulase fermentation triggers carbon catabo-
lite repression (CCR), which significantly decreases cel-
lulase transcription in filamentous fungi [11]. Therefore, 
the release or attenuation of CCR is a prerequisite for 
high-yield cellulase production [12–14]. In filamentous 
fungi, CCR is mediated by the conserved transcrip-
tion factor Cre1. Long et  al. [15] reported that the cel-
lulase activity of Δcre1 strain was 1.45-fold higher than 
that of its parent strain of Trichoderma orientalis EU7-
22. Furthermore, Sun and Glass [16] demonstrated that 
the knockout of cre1 in Neurospora crassa improved the 
expression of most cellulases and increased endocellulase 
activity by approximately 50%. Therefore, the deletion of 
cre1 is widely accepted as an effective strategy for releas-
ing CCR. However, several studies have revealed that 
cre1 deletion impairs filamentous fungal growth, which 
leads to decreased final product titers. For example, the 
deletion of cre1 in T. reesei or its replacement with a 
cre1 mutant inhibited hyphal growth and affected final 
biomass accumulation, which led to decreased cellulase 
production [11, 17, 18]. In addition, Δcre1 strain exhib-
ited slower growth than its parent strain [16]. However, 
Rassinger et al. found that Cre1-96, a truncated from of 
Cre1, could bind to the cellulase promoter regions in T. 
reesei Rut-C30 and contributed to a partial release from 
CCR [19]. Furthermore, the constitutive expression of 
cre1-96 could improve cellulase activity without impair-
ing strain growth [20]. However, its deletion signifi-
cantly decreased cellulase activity and resulted in serious 
growth defects [20]. These observations suggested that 
the truncation caused Cre1-96 to become an activator of 
cellulase expression rather than a repressor and that the 
functions of Cre1 exhibited a degree of plasticity. How-
ever, a structure-based approach for the rational design 

of Cre1 mutants is not feasible owing to the absence of 
crystal structure information.

The construction of synthetic transcription factors 
involves the fusion of transcription factor zinc finger 
domains with the activation domains of well-studied acti-
vators or repressors. They have demonstrated significant 
potential as a tool for creating phenotypic alterations in 
yeast and mammalian cells [21–24]. Replacement of the 
activation domain determines the specific role of a syn-
thetic transcription factor [21]. Therefore, this strategy 
may provide a solution for the rational design of Cre1-
based fusion transcription factors that can release or 
attenuate CCR in filamentous fungi. As previously men-
tioned, the deletion of cre1 led to serious growth defects. 
Furthermore, Cre1 is required, albeit indirectly, for the 
positive regulation of key genes involved in fundamental 
life processes, such as energy biosynthesis and general 
metabolism [18]. Therefore, we proposed that the con-
struction of fusion transcription factors based on Cre1 
is an appropriate alternative for releasing or attenuating 
CCR in filamentous fungi. This would relieve the repres-
sive effect of Cre1 on cellulase production; however, the 
maintenance of fungal growth will not be affected.

The industrial production of cellulase involves the 
fermentation of filamentous fungi, such as T. reesei, 
N. crassa, and Penicillium oxalicum [25–28]. Of these 
strains, T. reesei has the highest potential for the over-
production and secretion of cellulases [29, 30]. For 
example, the cellulase volumetric productivity rate of 
T. reesei CL847 can reach levels of 243 FPU/L/h in a 
3000-L fermenter using lactose as a carbon source [31]. 
Furthermore, the cellulases currently required for global 
cellulosic ethanol production are predominantly derived 
from T. reesei [32].

The cellulase transcriptional regulatory network in T. 
reesei has been extensively explored in the last few years, 
and the functions of cellulase transcriptional repressors 
and activators in T. reesei have been comprehensively 
characterized [2]. Cre1 and Ace1 are cellulase tran-
scriptional repressors that directly bind to the promoter 
regions of cellulase genes [2], and Ace3, Clr2, Ace2, and 
Xyr1 are transcriptional activators that enhance the tran-
scriptional expression of cellulase genes [2, 33]. There-
fore, we proposed that the T. reesei is a suitable system 
for screening novel synthetic transcription factors owing 
to their ability to release or attenuate CCR while retain-
ing intact Cre1 to allow effective fungal growth. Such 
efforts will also accelerate the industrialization of biore-
fining processes.

Here, we proposed a novel strategy to alleviate CCR 
in T. reesei that was based on the construction of 
fusion transcription factors (fTFs). Four fTFs were con-
structed and integrated into the T. reesei genome and 
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the phenotypic characteristics of the transformants were 
investigated in detail. Furthermore, we examined the 
transcription levels of the cellulase transcription fac-
tors and the major cellulase gene cel7a in the fTF trans-
formants to confirm the effectiveness of our strategy for 
activating cellulase transcription. In addition, the cellu-
lase titers of the transformants were compared with those 
of the parent and Δcre1 strains using fed-batch culture in 
3-L fermenters. This approach could also be employed 
in other fungal strains to release CCR while maintaining 
normal strain growth.

Results
Construction of fTFs
The fTFs were designed to include four parts: the activa-
tion domain of a cellulase activator protein (Ace3, Clr2, 
Ace2, or Xyr1), the zinc finger regions of Cre1 and Ace1, 
and a peptide used to link each domain (Fig. 1a). These 
fTFs were named Sace3, Sclr2, Sace2, and Sxyr1. Each 
fTF was under the control of the T. reesei cre1 promoter 
and the Aspergillus nidulans trpC terminator (Additional 
file 1: Figure S1A). The zinc finger regions of the fTFs are 
believed to alleviate Cre1-and Ace1-mediated repres-
sion by competing for the Cre1- and Ace1-binding sites 
(Fig. 1b).

The constructed fTF cassettes were introduced into 
a T. reesei Δtku70 strain to obtain the transformants, 
which were named Kuace3, Kuclr2, Kuace2, and Kuxyr1. 
Successful insertion of the cassettes was confirmed by 
Southern blotting (Additional file  1: Figure S1B, C). In 
addition, we constructed a control T. reesei Δcre1 strain 
(Additional file 2: Figure S2).

Phenotypic characterization of the transformants
Equivalent amounts of mycelia from the parent strain 
and transformants were inoculated on plates containing 

glucose, lactose, wheat bran, or potato dextrose agar 
(PDA). Phenotypic analysis of each strain was performed 
after incubating the plates for 6  days at 30  °C. Figure  2 
shows the morphological changes observed in each strain 
on various plates. On plates containing lactose as a car-
bon source, the Kuclr2, Kuace2, and T. reesei Δcre1 colo-
nies became denser; in addition, the Kuace2 exhibited an 
annular distribution. Furthermore, significant differences 
in pigment production by the Kuclr2, Kuace2, Δcre1, and 
parent strains were observed on PDA and wheat bran-
containing plates. On plates containing glucose, lactose, 
wheat bran, and PDA, the T. reesei Δcre1 colonies were 
significantly smaller in diameter than those of the par-
ent strain. In contrast, the colony diameters of Kuace3, 
Kuclr2, Kuace2, and Kuxyr1 were equivalent to those 
of the parent strain on PDA and wheat bran-containing 
plates (Additional file 3: Figure S3). We observed a slight 
decrease in the Kuclr2 and Kuace2 colony diameters 
when cultured on lactose-containing plates. Although 
the Kuace2 and Kuxyr1 colonies exhibited smaller diam-
eters when cultured on plates containing glucose, their 
diameters were still higher than those of T. reesei Δcre1. 
Microscopic observation showed no hyphal differences 
among the Kuace3, Kuclr2, Kuace2, Kuxyr1, and par-
ent strains. However, the hyphae of T. reesei Δcre1 were 
notably shorter and thicker (Additional file 4: Figure S4). 
Next, the sporulation ability of all the strains was tested. 
The number of spores produced by all the transformants 
was found to drastically reduce. In particular, compared 
with the parent strain, the Δcre1 strain produced five or 
sixfold lower numbers of spores on plates containing 
PDA or wheat bran, respectively (Additional file  5: Fig-
ure S5). Based on these observations, we concluded that 
the fTFs caused fewer morphological changes in T. reesei 
in comparison with cre1 deletion. There were no appar-
ent differences in hyphal growth between the parent and 

Fig. 1  Schematic diagram and hypothetical working mechanism of fTFs in T. reesei. a 1: the Cre1 zinc finger region; 2: peptide linker: GSGGSGTS; 
3: the activation domain of Ace3, Clr2, Ace2, or Xyr1; 4: the Ace1 zinc finger region. b − represents repression; + represents activation, and cel7a 
represents cellobiohydrolase 1
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fTF-containing transformant strains, with the exception 
of Kuace2 and Kuxyr1 cultured on glucose-containing 
plates (Fig. 2 and Additional file 3: Figure S3).

Transcriptional levels of xyr1 and cel7a 
following the homologous integration of fTFs into the T. 
reesei genome
The growth of Kuace3, Kuclr2, Kuace2, or Kuxyr1 was 
not obviously impaired on plates containing lactose. Lac-
tose is considered to be an economically feasible carbon 
source for inducing cellulase expression in T. reesei [34–
37]. Therefore, we decided to use lactose as the carbon 
source for all our subsequent investigations in this study.

Next, we used qRT-PCR to investigate the expression 
levels of genes encoding cellulase transcription factors in 
the Kuace3, Kuclr2, Kuace2, Kuxyr1, and parent strains 
following their incubation in media containing 2% lactose 
for 1, 6, 8, and 12  h. The transcriptional levels of most 
cellulase transcription factors were unaltered (data not 
shown). However, xyr1, which encodes the main cellulase 
activator in T. reesei [11], was significantly upregulated in 
the Kuace3, Kuclr2, Kuace2, and Kuxyr1 strains (Fig. 3).

When T. reesei Rut-C30 was cultured in a two-stage 
system with lactose as a carbon source and a controlled 
pH of 4.8, the major secreted cellulase was cellobiohy-
drolase 1, which can account for approximately 50% of 

the total extracellular protein [38]. Cellobiohydrolase 1 is 
encoded by the cel7a gene. Therefore, we examined the 
transcriptional level of cel7a in all our strains. As shown 
in Fig.  4, the transcriptional levels of cel7a in Kuace3, 
Kuclr2, Kuace2, and Kuxyr1 were all significantly upreg-
ulated at 6 (Fig. 4b), 8 (Fig. 4c), and 12 h (Fig. 4d) after 

Fig. 2  Morphologies of the parent strain and transformants on plates containing different carbon sources

Fig. 3  xyr1 transcriptional levels in the parent strain and 
fTF-containing transformants. The left slash represents the parent 
strain, dark gray represents Kuace3, white represents Kuclr2, 
black represents Kuace2, and light gray represents Kuxyr1. The 
transcriptional level of xyr1 was normalized to that of actin (data 
presented are mean ± SEM; *p < 0.05, **p < 0.01, n = 3; two-tailed 
Student’s t tests)
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transferring to media containing lactose. The expres-
sion of cel7a in the Kuace2 strain was upregulated by 
approximately 100-fold at 6 or 8 h following its transfer 
to lactose-containing media. Furthermore, the expres-
sion of cel7a was upregulated by approximately 77-fold in 
the Kuxyr1 strain at 8 h and approximately tenfold in the 
Kuace2 and Kuxyr1 strains at 12 h. Although the expres-
sion of cel7a was significantly enhanced in the Kuace3 
or Kuclr2 strains at 6, 8, or 12  h, the extent of upregu-
lation was much lower than that of Kuace2 and Kuxyr1. 

There were no significant changes in the transcriptional 
levels of the fTFs (Sace3, Sclr2, Sace2, and Sxyr1) among 
the transformants (Additional file 6: Figure S6). Conclu-
sively, although all fTFs were able to significantly improve 
the transcription of both xyr1 and cel7a in T. reesei, the 
augmentations exhibited by strains containing Sace2 or 
Sxyr1 were much higher than those containing Sace3 or 
Sclr2. Therefore, we concluded that the fTFs must have 
different functions that led to these observed changes in 
expression levels.

Fig. 4  Transcriptional levels of cel7a in the parent strain and fTF-containing transformants. a Cultivation for 1 h; b cultivation for 6 h; c cultivation 
for 8 h; d cultivation for 12 h. The transcriptional level of the cel7a gene was normalized to that of actin (data presented are mean ± SEM; *p < 0.05, 
**p < 0.01, ***p < 0.001, n = 3; two-tailed Student’s t tests)
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Determination of cellulase activity in shake‑flask cultures
As Kuace2 and Kuxyr1 exhibited the highest cel7a tran-
scription levels (Fig. 4), we compared the pNPCase (cel-
lobiohydrolase 1) activities of Kuace2, Kuxyr1, and the 
parent strain. For each of these strains, pNPCase activi-
ties were determined, and the results were expressed 
as enzyme unit per dry mycelium weight. Although the 
pNPCase activities in Kuace2 and Kuxyr1 were signifi-
cantly increased compared with that of the parent strain 
(p < 0.05, n = 3) (Fig.  5a), the biomass accumulations 
of these strains were not significantly altered (Fig.  5b). 
These findings indicate that both Sace2 and Sxyr1 are 
able to significantly enhance pNPCase activities in T. ree-
sei without affecting biomass accumulation.

Cellulase production in 3‑L fermenters
As cellobiohydrolase 1 expression in the Kuace2 or 
Kuxyr1 strains was significantly elevated in shake-flask 
cultures (Figs. 4 and 5), we scaled up the fed-batch cul-
tures to assess cellobiohydrolase 1 production by the 
Kuace2, Kuxyr1, Δcre1, and parent strains in 3-L fer-
menters. Supplementary medium containing lactose as a 
carbon source and (NH4)2SO4 as a nitrogen source was 
added after 66 h of cultivation. The intracellular protein 

concentration was measured to determine the biomass 
concentration in each culture [39, 40]. In addition, the 
pH was controlled at 4.0–5.0, and no significant changes 
in pH values were observed during the whole fermenta-
tion processes for any of the strains (data not shown).

As shown in Fig. 6, the pNPCase activities were signifi-
cantly increased in the Kuace2 and Kuxyr1 strains com-
pared with those in the parent and Δcre1 strains after 
feeding was complete (p < 0.05, n = 3). The biomass accu-
mulation of the Kuace2, Kuxyr1, and parent strains signif-
icantly increased after 108 h of cultivation and was noted 
to be maximum at 180 h. In contrast, the biomass con-
centration of the Δcre1 strain slowly increased through-
out its cultivation (Fig.  6b). We observed no significant 
differences in biomass accumulation among the Kuace2, 
Kuxyr1, and parent strains. However, the Δcre1 strain 
biomass was approximately one-quarter or one-third 
of the concentration reached by the Kuace2 or Kuxyr1 
strains, respectively. Furthermore, the pNPCase titers of 
Kuace2 and Kuxyr1 were strongly increased following the 
completion of feeding compared with those of the parent 
and Δcre1 strains (Fig. 6a). After 180 h of fermentation, 
the pNPCase titers of Kuace2 and Kuxyr1 were 3.2- and 
2.1-fold higher, respectively, than that of the parent strain 

Fig. 5  Comparison of pNPCase activity and biomass concentration among strains in shake-flask cultures. The white symbol represents the parent 
strain, black represents Kuace2, and gray represents Kuxyr1. a pNPCase activity; b biomass concentration (data presented are mean ± SEM; *p < 0.05, 
**p < 0.01, n = 3; two-tailed Student’s t tests)
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and 6.1- and 3.9-fold higher, respectively, than that of 
Δcre1 strain. To summarize, these results indicated that 
Kuace2 and Kuxyr1 produced much higher pNPCase 
titers than the parent and Δcre1 strains, and maintained a 
similar growth profile to that of the parent strain.

Discussion
Designing new strategies is important for the production 
of protein or other biochemicals in fungal species. Recent 
studies to increase cellulase production have primarily 
focused on the manipulation of Cre1/Mig1 (a yeast Cre1 
homolog), for example, the use of gene knockouts or 
replacement of the gene with a non-functional allele [11, 
20, 41, 42]. However, this can affect biomass accumula-
tion, which results in a decreased final product titer. Lac-
tose is an economically feasible soluble carbon source for 
inducing cellulase production in T. reesei [34–37], which 
has been widely used in the enzyme industry [43–45]. 
However, an extracellular β-galactosidase (bga1) pro-
duced by T. reesei hydrolyzes lactose into d-galactose and 
d-glucose, and bga1 overexpression abolishes the expres-
sion of the two prominent cellulase-encoding genes 
cbh1 and cbh2 in T. reesei [46]. Therefore, CCR can be 
triggered when using lactose as a carbon source. In addi-
tion to cel7a, we also observed that the expression of the 
cellulase genes such as cel6a, cel5a, and cel7b in T. reesei 
was significantly elevated in all fTF-containing transfor-
mants cultured on plates containing lactose [38] (Addi-
tional file  7: Figure S7). Recent studies have reported 
that an increased cellulolytic activity occurred as a result 
of the introduction of a truncated form of cre1, cre1-96, 
into T. reesei [19, 20]. Although this approach is different 
from the one described in this study, the overexpression 

of either cre1-96 or fTF has no significant effect on T. 
reesei growth and exerts a positive effect on cellulase pro-
duction by attenuating the effect of CCR.

Xyr1 is a major activator of cellulase production in T. 
reesei [32, 47]. However, lactose-induced xyr1 expres-
sion requires the presence of Cre1 [48]. Therefore, 
despite mediating CCR, Cre1 also exerts positive effects 
on cellulase transcription under inducing conditions. 
Genome-wide analysis has revealed that Cre1 partici-
pates in several morphological events in T. reesei, such as 
hyphal development and sporulation [18]. The deletion of 
another T. reesei cellulase repressor, Ace1, also severely 
impairs fungal growth [39]. Therefore, the deletion of 
cre1 or ace1 is not a good strategy to improve cellulase 
production in T. reesei.

The T. reesei cel7a gene has been proposed to be 
repressed via a Cre1 and Ace1-mediated double lock 
mechanism: Cre1 or Ace1 directly binds to the pro-
moter region of cel7a, followed by the repression of Xyr1 
expression by Cre1 and Ace1 [11, 32, 39, 47–49]. There-
fore, one possible reason for the fTF-mediated elevation 
of cel7a expression is that fTFs can disturb the Cre1-and 
Ace1-mediated double lock by competing for Cre1- and 
Ace1-binding sites after the initiation of CCR during cel-
lulase production. This hypothetical working mechanism 
is illustrated in Fig. 7.

Although the four fTFs possess the same zinc fin-
ger motifs, the cel7a transcription level was higher in 
strains containing Sace2 or Sxyr1 than in those con-
taining Sace3 or Sclr2. The possible reasons for this 
phenomenon include the following: (i) a heterodimer 
composed of Xyr1 and Ace2 has been demonstrated 
to function as an activator of cellulase expression; (ii) 

Fig. 6  Comparison of pNPCase titer and biomass accumulation among strains. The black sphere represents the parent strain, a white triangle 
represents Kuace2, a white diamond represents Kuxyr1, and a white square represents Δcre1. a pNPCase titer; b biomass concentration
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a Xyr1 homodimer has been implicated in the forma-
tion of a cellulase induction-specific complex [50, 51]; 
(iii) there is no report on a homodimer or heterodimer 
composed of Ace3 or Clr2 found in the cellulase pro-
moter regions in T. reesei; and (iv) it is possible that 
Sace2 and Sxyr1 may form more hetero- or homodi-
mers with Xyr1 at the cel7a promoter region than with 
Sace3 or Sclr2. Future studies will involve the introduc-
tion of the four fTFs (Sace3, Sclr2, Sace2, and Sxyr1) 
into T. reesei Δxyr1 (tku70::hph; xyr1::pyr4) or T. reesei 
Δace2 (tku70::hph; ace2::pyr4). The transcriptional lev-
els of cellulase genes will be compared among all the 
transformants to investigate the relationship between 
fTFs and homodimer/heterodimer formation. These 
will be helpful for further understanding the role of 
the Xyr1 and Ace2 activation domains on cellulase 
transcription.

Synthetic or fusion transcription factors have been 
prepared for exploring the transcriptional regulation 
network and phenotypic engineering in yeast and mam-
malian cells [21, 22]. However, these studies do not 
address the delicate balance between product titer and 
strain growth. In this study, we designed four fusion or 
synthetic transcription factors in T. reesei, and found 
that two fTFs, Sace2 and Sxyr1, significantly improve the 
expression of a major cellulase gene without decreas-
ing biomass accumulation and resulted in significantly 
enhanced cellulase activities. It is possible that the strat-
egies described in this study could be applied in other 
fungal species, as phenomena related to Cre1-mediated 
CCR have been observed. For example, in the oleagi-
nous yeast Yarrowia lipolytica, the growth rate and bio-
mass accumulation of Δmig1 (a homologous gene of cre1) 
were found to be lower than those of the wild type strain; 

Fig. 7  Schematic diagrams showing cel7a transcriptional regulation in the parent and transformant strains. a parent strain; b transformants (Kuace3, 
Kuclr2, Kuace2, or Kuxyr1)
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however, a 1.35-fold lipid increase in lipid content was 
observed [41].

Conclusions
Here, we developed a new strategy for increasing T. reesei 
cellulase titers. Four fTFs (Sace3, Sclr2, Sace2, and Sxyr1) 
were designed to release or attenuate the CCR inhibition 
of cellulase genes, and Cre1 was left intact to maintain 
strain growth. The Kuace3, Kuclr2, Kuace2, and Kuxyr1 
strains were produced by transforming Sace3, Sclr2, 
Sace2, and Sxyr1, respectively, into the T. reesei genome. 
The growth of these transformants was roughly equiva-
lent to that of the parent strain. However, the transcrip-
tion levels of cel7a, which encodes the major cellulase 
protein cellobiohydrolase 1, were significantly elevated 
in all transformants, particularly those in Kuace2 and 
Kuxyr1, when lactose was used as the carbon source. 
This suggests that a complete or partial release from CCR 
occurred. Furthermore, the use of fed-batch fermentation 
resulted in a significant increase in the pNPCase titers of 
the Kuace2 or Kuxyr1 strains compared with those of the 
parent and Δcre1 strains.

To summarize, a new strategy based on fTFs was suc-
cessfully established to improve cellulase titers in T. ree-
sei. In addition, this study provides valuable information 
for designing new fTFs for biochemical compounds pro-
duction in other fungal species.

Methods
Strains and reagents
Trichoderma reesei Δtku70 (ATCC MYA-256), a nonho-
mologous end joining pathway-deficient strain, was used 
as the parent strain in this study [52]. All the other strains 
constructed in this study are listed in Additional file  8: 
Table  S1. The E. coli strain GB05-dir was used for con-
structing all the plasmids [53].

Wheat bran was kindly provided by Longlive Bio-
Technology Co., Ltd. (Yucheng, Shandong, China). The 
p-nitrophenyl-β-d-cellobioside (pNPC) was purchased 
from Sigma-Aldrich (St. Louis, MO, USA). Uridine, 
PEG6000, sorbitol, and lactose were purchased from San-
gon Biotech Co., Ltd. (Shanghai, China). KOD FX DNA 
polymerase (Toyobo Co., Ltd., Osaka, Japan) was used for 
all polymerase chain reaction amplifications. RNAiso™ 
reagent, PrimeScript® RT reagent Kit With gDNA 
Eraser (Perfect Real Time) and SYBR® Premix Ex Tag™ 
(Tli RNase H Plus) were purchased from Takara Bio Inc. 
(Shiga, Japan). The DIG High Prime DNA Labeling and 
Detection Starter Kit I (Roche Diagnostics, Mannheim, 
Germany) was used for Southern blotting analysis. The 
restriction enzymes Ase I and Xho I used for genome 
digestion were purchased from Thermo Fisher Scien-
tific Inc. (Waltham, MA, USA). All other chemicals were 

purchased from Sinopharm Chemical Reagent Co., Ltd. 
(Shanghai, China).

Construction of fTF replacement cassettes and the cre1 
deletion cassette
All plasmids were constructed by linear–linear homolo-
gous recombination, which was mediated by full-length 
RecET in E. coli GB05-dir [53, 54]. The construction and 
composition of the pSxyr1 plasmid containing the Sxyr1 
replacement cassette are as follows: 2 kb of sequence up- 
and downstream of the ku70 gene, the promoter and zinc 
finger regions of cre1 (comprising nucleotides − 1364 to 
417 bp), the activation domain of xyr1 (445 to 2947 bp), 
and the zinc finger region of ace1 (1276 to 1716 bp) were 
each amplified from the T. reesei genome. A GSGGSGTS 
peptide was then used to link each domain. The pyr4 
selective marker was obtained as previously described 
[55], and the trpC terminator was cloned from pSilent-1. 
The pUG6 plasmid was used as the accepter plasmid. 
A similar strategy was used to construct the pSace3, 
pSclr2, and pSace2 plasmids. The activation domains of 
ace3 (comprising nucleotides 220–2035  bp), clr2 (100–
2003  bp), and ace2 (118–1023  bp) were inserted into 
pSace3, pSclr2, and pSace2, respectively. A schematic 
diagram of the Sace3, Sclr2, Sace2, and Sxyr1 replace-
ment cassettes is shown in Additional file 1: Figure S1A. 
The composition of the pCre1 plasmid containing the 
cre1 deletion cassette included the 2  kb up- and down-
stream of the ku70 gene, the pyr4 selective marker, and 
the pUG6 plasmid. A schematic diagram of the cre1 dele-
tion cassette is shown in Additional file 2: Figure S2A.

Strain construction
The transformation of Sace3, Sclr2, Sace2, and Sxyr1 
replacement cassettes and the cre1 deletion cassette 
into T. reesei Δtku70 was performed using previously 
described methods [52]. The transformants were cultured 
on plates containing minimal medium (MM) + 2% glu-
cose. The composition of MM is described in the litera-
ture [55]. Following two rounds of single-spore isolations, 
correct transformants with homologous integration were 
confirmed using PCR and Southern blotting.

Growth and sporulation assays
Approximately 1 cm3 of agar containing parent or mutant 
mycelia was inoculated on a solid plate containing PDA, 
wheat bran, MM with 2% glucose, or MM with 2% lac-
tose. All media used for T. reesei Δtku70 culture were 
supplemented with 0.001% uridine. Plates were incubated 
at 30 °C for 6 days, and colony diameters were measured 
from the 2nd day. All experiments were performed in 
triplicates. Microscopic observation of hyphal morphol-
ogy was based on a previously described method [56]. 
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Approximately, 1 × 103 spores were inoculated on cov-
erslips with solidified medium containing PDA, wheat 
bran, MM with 2% glucose, or MM with 2% lactose at 
30  °C for 48  h. Microscopic images of hyphae (Nikon 
Eclipse E100, 400× magnification) were then captured 
using a Nikon D5000 camera.

Approximately, 1 × 106 spores of parent strain and 
transformants were inoculated on PDA and wheat bran 
plates and incubated at 30 °C for 6 days. Spores were then 
harvested from the plates using a solution containing 
0.9% NaCl and 0.5% Tween-80 and enumerated with a 
hemocytometer. Colony diameters were measured on the 
6th day of incubation. The number of spores produced 
was normalized to the colony area.

Identification of fTFs that improve cellulase transcription 
in T. reesei
Approximately, 1 × 107 spores of the parent strain and 
transformants containing fTFs were inoculated into liq-
uid medium containing MM + 2% glucose + 0.001% 
tryptone and cultured at 30  °C and 200  rpm for 48  h. 
The mycelia were filtered and washed with MM solu-
tion. Equal amounts of mycelia were transferred into 
submerged medium containing MM + 105  mM glycerol 
and the samples were incubated at 30  °C and 200  rpm 
for 24 h. The mycelia were harvested, and approximately 
0.1 g of harvested mycelia was transferred to 100 mL liq-
uid medium containing MM + 2  g lactose. The mycelia 
were cultured at 30 °C and 200 rpm. Samples were taken 
at 1, 6, 8, and 12 h after inoculation and immediately fro-
zen at − 80 °C. These samples were used for determining 
the transcriptional levels of cellulase transcription factors 
and cellulase genes.

The extraction of total RNA and subsequent synthesis 
of cDNA were performed as previously described [57]. 
Real-time PCR reactions were performed using a Light-
Cycler 96 Real-Time PCR system (Roche Applied Science, 
Mannheim, Germany). The real-time PCR reactions were 
performed according to the manufacturer’s instructions 
for SYBR Premix Ex Taq™ (Ti RNaseH Plus) (Takara Bio 
Inc., Shiga, Japan). The relative transcription levels of cel-
lulase genes and transcription factors were calculated 
using the 2−ΔΔCT method [58]. The primers used for real-
time PCR are listed in Additional file 9: Table S2.

Assessment of pNPCase activity
To determine pNPCase activities, mycelia were pre-
cultured as described above. Approximately 0.2  g of 
mycelia was inoculated in 200  mL submerged medium 
containing MM solution + 4  g lactose and incubated at 
30  °C and 200  rpm. Culture samples (30  mL) were col-
lected on days 4, 5, and 6 after inoculation and centri-
fuged at 12,000 rpm for 10 min. The solid sediment was 

extracted and dried at 100  °C for 24  h [39]. The super-
natant (25 mL) was extracted and concentrated to a final 
volume of 1  mL using Vivaspin 15R centrifugal devices 
with a 3 kDa molecular weight cutoff (Sartorius, Goettin-
gen, Germany). The concentrated supernatant was then 
mixed with 20 mL of 50 mM acetic acid buffer (pH 4.8) 
and concentrated again to a final volume of 1  mL. The 
pNPCase activity was measured as previously described 
[55] and normalized using the dry mycelium weight.

Cellulase production using a fed‑batch culture in a 3‑L 
fermenter
Trichoderma reesei was cultured using a protocol based 
on a previously published method [43]. Briefly, samples 
of the parent and mutant strains (approximately 1 × 107 
spores) were inoculated in 100  mL liquid medium con-
taining MM solution + 2% glucose + 0.001% tryptone and 
incubated at 30 °C and 200 rpm. After 48 h of cultivation, 
the samples were used as seed cultures for fermentation. 
The seed culture (200 mL) was used to inoculate a liquid 
medium containing 1.8  L of MM solution, 6  g glucose, 
10 g Avicel, and 2 g tryptone in a 3-L fermenter (Model 
BLB10-3GJG, Bailun Bio-Technology Co., Ltd., Shang-
hai, China). The feeding solutions contained 400  mL of 
carbon source (150 g lactose/L) and 400 mL of nitrogen 
source (160  g (NH4)2SO4/L). The initial pH value was 
regulated at pH 4.5 and maintained at pH 4.0–5.0 by the 
automatic addition of 3 M H3PO4 and 3 M KOH during 
the entire fermentation process. The airflow was 1.5  L/
min and the agitation rate was adjusted to maintain the 
dissolved oxygen level above 30%. The media were fed 
following 66  h of cultivation. The injection rates of the 
carbon and nitrogen solutions were 0.72 g/h and 0.23 g/h, 
respectively. Samples were periodically collected to 
measure the pNPCase titer and intracellular protein 
concentration. The measurements of intracellular pro-
tein concentration to determine the biomass concentra-
tion were performed according to a previously described 
method [56].

Statistical analysis
All experiments were performed in triplicates. Statisti-
cal analyses were performed using two-tailed Student’s t 
tests, and p values of < 0.05 were considered statistically 
significant.

Supplementary information
Supplementary information accompanies this paper at https​://doi.
org/10.1186/s1306​8-019-1589-2.

Additional file 1: Figure S1. Southern blotting analysis of parent and 
fTF-containing transformants. A) Schematic diagram of Southern blotting. 
B) Southern blot of the parent, Kuace3, and Kuclr2 strains. C) Southern blot 
of the parent, Kuace2, and Kuxyr1 strains. 1: 2 kb upstream of ku70; 2: cre1 
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promoter; 3: Sace3; 4: trpC terminator; 5: pyr4; 6: 2 kb downstream of ku70; 
7: Sclr2; 8: Sace2; 9: Sxyr1. Lane M: 1 kb molecular weight marker, Lane 1: 
parent strain, Lane 2: Kuace3 strain, Lane 3: Kuclr2 strain, Lane 4: Kuace2 
strain, Lane 5: Kuxyr1 strain. The arrows indicate the predicted size of each 
band.

Additional file 2: Figure S2. Southern blotting analysis of the Δcre1 
strain. A) Schematic diagram of Southern blotting. B) Southern blot of 
parent and Δcre1 strains. 1: 2 kb upstream of cre1 gene; 2: pyr4; 3: 2 kb 
downstream of cre1. Lane M: 1 kb molecular weight marker, Lane 1: parent 
strain, Lane 2: Δcre1 strain. The arrows indicate the predicted size of each 
strain.

Additional file 3: Figure S3. Colony diameters of parent strain and trans-
formants on plates containing different carbon sources. Black represents 
cultivation for 2 days, white represents cultivation for 3 days, dark gray 
represents cultivation for 4 days, and light gray represents cultivation for 
5 days.

Additional file 4: Figure S4. Microscopic observation of the hyphae of 
the parent strain and transformants. Scale: 100 μm.

Additional file 5: Figure S5. Sporulation of the parent strain and 
transformants. Black represents wheat bran as the culture medium; white 
represents PDA as the culture medium.

Additional file 6: Figure S6. Transcriptional levels of fTFs among the 
transformants. The transcriptional level of fTFs was normalized to that of 
actin. Dark gray represents Kuace3, white represents Kuclr2, black repre-
sents Kuace2, and light gray represents Kuxyr1.

Additional file 7: Figure S7. Transcriptional levels of cel6a, cel5a, and 
cel7b among the transformants. The transcriptional levels of cel6a, 
cel5a, and cel7b were normalized to that of actin (data presented are 
mean ± SEM; * p < 0.05, ** p < 0.01, *** p < 0.001, n = 3; two-tailed Student’s 
t tests). A left slash represents the parent strain, dark gray represents 
Kuace3, white represents Kuclr2, black represents Kuace2, and light gray 
represents Kuxyr1.

Additional file 8: Table S1. T. reesei strains used in this study.

Additional file 9: Table S2. Primers used for real-time PCR.
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CCR​: Carbon catabolite repression; fTF: Fusion transcription factor; pNPC: 
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