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Abstract 
Cellulases and hemicellulases are the main industrial sources from different microorganisms used 
to depolymerise plant biomass to simple sugars that are converted to chemical intermediates and 
biofuels, such as ethanol. Cellulases are formed adaptively, and several positive (xyr1, Ace2, 
HAP2/3/5) and negative (Ace1, Cre1) components involved in this regulation are now known. In 
this review, we summarise current knowledge about how cellulase biosynthesis is regulated, and 
outline recent approaches and suitable strategies for facilitating the targeted improvement of cel-
lulase production by genetic engineering. Trichoderma reesei is the preferred organism for pro-
ducing industrial cellulases. However, a more efficient heterologous expression system for en-
zymes from different organism is needed to further improve its cellulase mixture. In addition 
those optimizations of the promoter and linker for hybrid genes can dramatically improve the ef-
ficiency of heterologous expression of cellulase genes. 
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1. Introduction 
Lignocellulosic materials are widely considered important sources for the production of sugar streams that can 
be fermented to ethanol and other organic chemicals [1]. The chemical composition of poplar wood is characte-
rized by its high polysaccharide content (approximately 80% holocellulose, made up of 50% cellulose and 30% 

 

 

*Corresponding author. 

http://www.scirp.org/journal/nr
http://dx.doi.org/10.4236/nr.2014.514073
http://dx.doi.org/10.4236/nr.2014.514073
http://www.scirp.org/
mailto:nasir.biotech@yahoo.com
http://creativecommons.org/licenses/by/4.0/


N. Ali et al. 
 

 
858 

hemicelluloses) and low lignin content (about 20% or less), making it an attractive biomass for fermentable  
sugar production [2]. The enzymatic hydrolysis of the cellulosic materials has extensively been studied in the 
last few decades in order to obtain more soluble sugars [3]. The most widely investigated source of cellulase is 
Trichoderma reesei [4]. However, the T. reesei cellulase system has a deficient b-glucosidase (BGL) activity, 
which leads to the incomplete hydrolysis of cellobiose, causing serious inhibition of the enzymes [5]. This prob-
lem can be overcome by the addition of extra BGL, e.g. from Aspergillus niger [6]. Research has focused on the 
optimization of the hydrolysis process and the enhancement of the cellulase activity in order to improve the 
yield and rate of the enzymatic hydrolysis [7]. 

Plant biomass is the most abundant renewable bioresource on Earth, and is considered to play the same role in 
coming times. The main constituents of the plant biomass is cellulose and lignocelluloses which further could be 
converted into sugar and other carbohydrates and then might be transferred into ethanol and other several useful 
biochemicals [8]. The major enzyme responsible for the conversion of cellulose and lignocellulosic biomass into 
simple sugars is Cellulase. It is an important industrial enzyme and finds applications in several industrial 
processes [9]. Cellulase is a multi-enzyme complex of three different enzymes: exoglucanase-/Cellobiohydro- 
lases (CBH), endoglucanase (EG) and beta-glucosidase (BGL) which acts synergistically for complete hydroly-
sis of cellulose. Cellulose fibers are firstly cleaved by endoglucanase releasing small cellulose fragments with 
free-reducing and non-reducing ends which are attacked by exoglucanase to release small oligosaccharides, cel-
lobiose, and are finally hydrolysed into glucose monomers by beta-glucosidase. Beta-glucosidase completes the 
final step of hydrolysis by converting the cellobiose (an intermediate product of cellulose hydrolysis) to glucose 
[10]. 

Cellulase can be regulated with three types of stimulants regarding medium, factor affecting medium and 
transcriptional basis. Cellulase production can be positively regulated by using cellulose as a medium while ne-
gatively regulated by using glucose and cellobiose media. On transcriptional basis, Cellulase can be enhanced by 
positive regulatory factor xyr, Ace2 and HAP2/3/5 complexes while repressed by negative regulatory factor 
Cre1 and Ace1 (Figure 1). Enhanced mutant strains have been reported to produce over 35 g/liter extracellular 
protein [11], and nearly all of the secreted protein consists of cellulases and hemicellulases [12]. The synergistic 
activities of cellobiohydrolases (CBHs1), endoglucanases (EGs), and b-glucosidases are necessary for the effi-
cient hydrolysis of cellulose. The hemicellulolytic system of Trichoderma consists of a more complex set of en-
zymes among which are the two endo-b-xylanases, the b-mannanase, and the side chain cleaving enzymes. The 
production of the main cellulases in Trichoderma is regulated at the transcriptional level depending on the car-
bon source available [13], the genes being repressed tightly by glucose and induced up to several thousand folds 
by cellulose or the disaccharide sophorose [14]. Carbon catabolite repression of Cellulase genes has been exten-
sively studied, and the repressor gene Cre1 of Trichoderma has been shown to mediate glucose repression of 
cellulase expression [15]. In the various conditions, studied expression of the main Cellulase genes, cbh1, cbh2, 
egl1, and egl2, has been shown to be coordinate, and expression of the cbh1 gene encoding cellobiohydrolase 
has been shown to be always the strongest [16]. Analysis of relative expression levels of various Cellulase genes 
on different carbon sources and inducing compounds indicate that several regulatory mechanisms operate, some 
of which may be shared by genes encoding cellulases and hemicellulases [17]. However, little information is 
available on the molecular mechanism involved in the strong activation of the Cellulase genes. 
 

 
Figure 1. A sketch of regulatory factors of cellulase.  
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2. Hyper Expression System by cbh1 Promoter 
The promoter cbh1 known to be a strong inducible promoter, and is therefore commonly used to construct high- 
efficient heterologous expression vectors in some fungi [18]. However, three putative carbon catabolite repres-
sor binding sites are present in the region from −685 to −724 nt of the cbh1 promoter (Figure 2). They are con-
sidered to reduce transcripts of cbh1 when glucose is present in the fermentation medium [19] [20]. The deletion 
of these repressor binding sites and introduction of multi-copy activator binding sites in cbh1 promoter not only 
eliminated the glucose repression effect, but also increased promoter activity and production levels of hetero-
logous proteins. Expression of cbh1 is dramatically decreased when repressor CreI is bound to its promoter, es-
pecially in culture media containing glucose. The deletion of the three CreI binding sites and the repetition of 
multi-copy regions with activator binding sites resulted in an increase of cbh1 promoter efficiency and thus a 
higher expression level of heterologous proteins. However, the cbh1 promoter is repressed by glucose and nega-
tively regulated by CreI/CreA [21]. 

3. Glucose Antirepression Promoter ProA 
A novel endogenous glucose antirepression promoter proA from aspartic protease protein encoding the gene, 
proA were obtained by genome walking technology in filamentous fungi Hypocrea orientalis EU7-22 which 
could highly express under both induction and glucose repression condition for cellulase production. This pro-
moter has high activity with the β-glucosidase (Bgl1) enzyme from the same species of Hypocrea orientalis 
Eu7-22. In comparison with the receipt strain EU7-22, the positive transformant (Bgl-2) for cellulase production, 
filter paper activity and β-glucosidase activity increased by 10.8% and 18.2%, respectively. When 2% glucose 
supplemented into the cellulose inducer medium, the filter paper activity and β-glucosidase activity promoted by 
18.3% and 52.0%, respectively. The results showed proA promoter successfully drove Bgl1 gene over-expres- 
sion in H. orientalis and the cellulase activity upgrade. It indicated that the proA promoter has a certain anti- 
glucose repressor effect [22]. 

4. Xylanase Promoter 
It is a zinc binuclear cluster protein binding to a GGCTAA-motif arranged as an inverted repeat, is the general 
main activator of cellulase and hemicellulase gene expression. Deletion of xyr1 eliminates cellulase induction on 
cellulose and sophorose, indicates that’s it proving its essential role in the induction process. Whether an in- 
 

 
Figure 2. Schematic structure of cbh1 promoter and its mutants. There are three CreI binding sites located at −690, 
−698 and −724 in wild type cbh1 promoter. An ACEII binding site was replaced the CreI binding site at −724 in 
promoter pcbh1m1. Based on pcbh1m1, HAP2/3/5 complex binding sites were substituted for the remaining two 
CreI binding sites in promoter pcbh1m2.                                                              
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crease in constitutive expression of xyr1 would increase enzyme formation is not sufficiently understood. Fusion 
of xyr1 gene under the regulatory signals of the nag1 (N-acetyl-β-D-glucosaminidase) promoter, which resulted 
in a slightly earlier beginning of xylanase formation but did not significantly enhance the final enzyme titre [23]. 
Using promoter deletion analysis, we could previously prove that a 217-bp fragment of the xyn1 5_noncoding 
region bears all information necessary for transcriptional regulation of xyn1 gene expression. Furthermore, we 
could demonstrate that a tight carbon catabolite repression of xyn1 expression is mediated by Cre1 via binding to 
two “SYGGRG” consensus sequences arranged as an inverted repeat in the xyn1 promoter. Additionally, some 
evidence for the involvement of a CCAAT box in transcriptional regulation of xyn1 was given by Zeilinger and 
coworkers. So far, no further cis-acting elements and trans-acting factors of this system have been characterized. 
In Aspergillus niger, the xylanolytic system is mainly under control of the GAL4-type transcriptional regulator 
XlnR which, presumably, is a wide domain regulator governing the expression of more than 10 genes involved 
not only in the degradation of xylan but also in xylose metabolism and cellulose degradation. Lately, the isola-
tion of two transcription factors, Ace1 and Ace2, both being involved in the cellulase expression of Trichoderma 
reesei, was reported. While Ace2 affects regulation of transcription of the xyn2 gene, Ace1 was reported as a 
partial repressor of cellulase and xylanase expression. 

5. Transcriptional Regulation of Cellulase Gene Expression 
Most of the cellulase genes are regulated in a consistent way, although the relative ratio of their expression is 
somewhat different in higher producer mutants [24], probably due to promoter titration effects. The identifica-
tion of genes involved in transcriptional regulation of cellulase gene expression has been a major effort in the 
past 10 years. Today, three positive transcriptional activators (xyr1, Ace2 and the HAP2/3/5 complex) as well as 
two repressors (AceI and the carbon catabolite repressor Cre1) have been demonstrated to be involved in this 
regulation. AceI gene encoding the novel cellulase regulator isolated under the promoter of the main cellulase 
gene, cbh1. Ace1 contains three Cys2His2-type zinc fingers and was shown to bind in vitro to eight sites con-
taining the core sequence 5'-AGGCA scattered along the 1.15-kb cel7a promoter [25]. Deletion of Ace1 resulted 
in an increase in the expression of all the main cellulase genes and two xylanase genes in sophorose- and cellu-
lose-induced cultures, indicating that AceI acts as a repressor of cellulase and xylanase expression. 

The second characterised cellulase activator Ace2 also encodes for a protein belonging to the class of zinc 
binuclear cluster proteins found exclusively in fungi [26]. It has so far been shown to occur only in Trichoderma 
spp. During growth on cellulose, deletion of the Ace2 gene led to lowered induction kinetics of cellulase 
mRNAs and 30% to 70% reduced cellulase activity [27]. Interestingly, cellulase induction by sophorose was not 
affected by Ace2 deletion. The DNA-binding domain of Ace2 was shown to bind in vitro to the 5'-GGCT- 
AATAA site present in the cbh1 promoter. Therefore, both xyr and Ace2 are able to bind the complete motif, 
suggested that phosphorylation as well as dimerisation is prerequisites for binding Ace2 to its target promoter. 

6. Carbon Catabolite Repression 
Expression of a large majority of the cellulase genes that have been studied in H. jecorina and other filamentous 
fungi does not occur during growth on glucose. This has been shown to be due to both inducer exclusion (that is, 
inhibition of inducer [sophorose] uptake by D-glucose [28] and glucose repression [29] [30]. The latter specifies 
a transcriptional regulation controlling the preferential use of substrates such as D-glucose or other monosaccha-
rides whose catabolism provides a high yield of ATP and is more generally called carbon catabolite repression 
(CCR). Consequently, one of the earliest attempts for engineering cellulase production was removal of carbon 
catabolite repression. Classical mutagenesis combined with selection for 2-desoxyglucose resistance (an agent 
believed primarily to enrich carbon catabolite-resistant mutants [31]) has led to increased cellulase producers 
such as H. jecorina RUT C30 [32], RL-P37 [33] and CL847 [34]), thus supporting the possible importance of 
CCR in cellulase formation. However, later molecular genetic analyses showed that T. reesei is generally less 
affected by CCR than, for example, Aspergillus and that the cellulase and xylanase genes are mainly affected at 
their low constitutive level, their induction being only partially affected, and consequently these mutants did not 
form much cellulase on D-glucose (see below). In Trichoderma/Hypocrea and other ascomycetous fungi, the 
key player in this glucose repression is the Cys2His2 type transcription factor CreI/CreA [35] [36]. In addition 
to CreA, A. nidulans is known to contain three further genes, CreB, CreC and creD, which participate in CCR 
[37] [38]. Respective orthologues are also present in the H. jecorina genome. 
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CreB encodes a deubiquitinating enzyme and is a functional member of a novel subfamily of the ubp family 
defined by the human homologue UBH1 [39]. It forms a complex with a WD40-repeat protein encoded by CreC 
[40], which is required to prevent the proteolysis of CreB in the absence of CCR. Disruption of the creB homo-
logue Cre2 in H. jecorina led to deregulation of genes normally subject to CCR. Interestingly, the E3 ubiquitin 
ligase LIM1 also responds to cellulase inducing conditions and binds to the cbh2-promotor. Mutations in CreD 
suppress the phenotypic effects of mutations in CreC and CreB [41]. CreD contains arrestin domains and PY 
motifs and is highly similar to Saccharomyces cerevisiae Rod1p and Rog3p, which interact with the ubiquitin 
ligase Rsp5p [42]. Deubiquitinating enzymes are cysteine proteases, and the most common role for ubiquitin is 
to target proteins for degradation by the proteasome. Recently, the activation domains of certain transcription 
factors have been demonstrated to serve as direct targets for ubiquitylation, and it has been hypothesized that 
modulation of activation domains by the ubiquitylation level provides an important mechanism for the regula-
tion of gene transcription [43]. It is tempting to speculate that this explanation may extend to catabolite repres-
sion in H. jecorina. 

The way in which the presence of glucose triggers CCR is still only poorly understood in filamentous fungi. 
In S. cerevisiae, the D-glucose and D-fructose phosphorylating enzymes are also involved in D-glucose and 
carbon catabolite sensing: it has three hexose-6-phosphorylating enzymes including two hexokinases and one 
glucokinase. Each of them enables S. cerevisiae to grow on D-glucose, but the hexokinase Hxk2p is responsible 
for the main enzymatic activity and glucose repression mediated by the carbon catabolite repressor Mig1p 
(whose DNA-binding domain is highly similar to that of Cre1) [44] [45]. The mechanism by which Hxk2p con-
tributes to glucose repression has not yet been fully elucidated, but its catalytic activity seems to be dispensable 
and thus signal transmission may rather depend on substrate bindinginduced conformational changes in the 
Hxk2p protein or a direct regulatory role of the Hxk2p in the nucleus [46]. In A. nidulans only a single glucoki-
nase and a single hexokinase are present. It is showed that only mutations in both kinase genes lead to CreA- 
mediated carbon catabolite derepression [47]. 

Filamentous fungus Trichoderma reesei is one of the most efficient cellulase producers and has a long history 
in producing hydrolytic enzymes. Several mutant strains can produce cellulases (40 g/L) and the major cellulase, 
cellobiohydrolase I (CBH I), accounts for approximately 50% of all secreted proteins. Thus, cbh1 promoter has 
been considered the strongest promoter in T. reesei. 

7. Conclusion 
Our knowledge of how cellulase formation is regulated has considerably advanced throughout the last 10 years, 
and the recently released genome sequence of H. jecorina. In addition, the current understanding of the process, 
as outlined in this review, will form a useful framework for genomic and transcriptomic analyses of various cel-
lulase over-producing mutants, as currently performed in several laboratories worldwide. The next step will be 
the discovery of the regulatory processes altered during mutant isolation. It is also likely that such studies will 
identify additional cellular levels, bottlenecks and regulatory loops for cellulase formation in H. jecorina which 
have not yet been dealt with. 
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