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1    Introduction

Lignocellulosic bioethanol is increasingly becoming the 
preferred energy source compared to non-renewable fos-
sil resources because of its desirable characteristics. 
These include being the most abundant natural renew-

able organic material and, given the concerns over CO2 
emissions, its high octane value and good combustion 
efficiency compared to fossil fuels [1]. Enhanced efficient 
ethanol production based on the sugar content of ligno-
cellulosic biomass, e.g. the cellulosic portion, and the 
sugars released from the hemicelluloses fraction are key 
for the economic feasibility of this fuel [2]. Plant biomass 
hydrolysates contain cellodextrin, glucose and xylose. 
Pentose is produced by the acid treatment of hemicellu-
lose, which releases xylose and arabinose [3]. Lignocellu-
losic biomass is composed of various components, includ-
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ing cellulose, and its hydrolysis requires multiple sets of 
cellulolytic enzymes [4]. To utilize biomass, conventional 
production of cellulolytic enzymes by cellulolytic microor-
ganisms is usually used, but the saccharification process 
is considered laborious and not cost effective. Perennial 
grasses such as Miscanthus sinensis are considered to be 
promising plants for CO2 conversion as well as substrates 
for hemicellulosic ethanol production [5]. M. sinensis is a 
fast-growing plant, and 95% of its hemicellulosic content 
is xylose. This plant can also be grown on polluted soils 
to reduce soil contamination and can be harvested after-
wards as a fuel source [6].

In nature, some cellulolytic anaerobic bacteria such 
as Clostridium cellulovorans have evolved intricate multi-
enzyme complexes that facilitate the breakdown of com-
plex polymers, such as xylan and cellulose found in plant 
cell walls[3]. The endoglucanases (EC 3.2.1.4) and exo-
glucanases (EC 3.2.1.91) target and degrade cellulose to 
release cellobiose and cello-oligosaccharides, which can 
be converted to glucose by β-glucosidases (EC 3.2.1.21) 
[7]. However, the total yield of ethanol is low. Xylan is 
the major hemicellulose component in woody biomass 
and can be broken down by xylan-degrading enzymes 
such as endoxylanase, β-xylosidase, α-glucuronidase, 
α-arabinofuranosidase and esterase [8]. Xylanases have 
been found in plants, algae, insects, protozoans and 
microorganisms. Due to their potential applications in 
various industries [9], xylanases are the subject of gro-
wing research interest. Various types of xylanase have 
now been cloned and expressed in Pichia pastoris [10]. 
This study uses recombinant yeast for the heterologous 
expression of endo-1,4-β-xylanase genes from C.  cellu-
lovorans [11]. Efficient enzymatic degradation is based 
on the assembly of multiple enzymes that enhance the 
hydrolysis and interaction between the enzymes and 
their substrates [12].

Cellulosomes are multi-enzyme complexes that are 
assembled by high-affinity protein-protein interactions. 
They have been identified and characterized in cellulo-
lytic Clostridia and ruminal bacteria. Cellulolytic comple-
xes contain various enzymes that are tightly bound to a 
large protein called scaffoldin, which itself is devoid of 
enzymatic activity but aids in the effective breakdown 
of crystalline cellulose and related plant cell wall polysac-
charides such as hemicelluloses and pectin [1]. Scaffoldin 
binds to the complementary dockerin domain of the 
catalytic substrate, which is made up of a modular pro-
tein with a carbohydrate-binding module (CBM), two X2 
domains of unknown function and eight cohesin modules 
[13]. Cellulolytic Clostridia species including C. cellulo-
vorans produce and secrete large cellulolytic complexes 
that contain dockerin and hydrophobic cohesin domains 
[14]. Cohesins are repeated nine times in the recombinant 
scaffolding proteins CbpA and CBM, which in turn can 
be used as highly versatile tags for affinity applications 
because of their high and specific affinity for cellulose [15]. 

Previous studies demonstrated that minicellulosomes 
showed greater and enhanced activity against crystalline 
cellulose compared to the cellulosomal free enzyme [16]. 
The use of direct CBM-based purification could greatly 
enhance the cost effectiveness because cellulose is inex-
pensive, has excellent physical properties and has a low 
nonspecific affinity for most proteins, making it conveni-
ent for large-scale affinity purification [1].

The methylotrophic yeast P. pastoris is widely studied 
for its potential in industrial ethanol production because 
it can utilize and ferment xylose with a high ethanol yield. 
It is also able to ferment glucose and has been proven to 
be a good host for the heterologous expression of soluble 
proteins as well as several different classes of membrane 
proteins, including peptides and glucose transporters 
[17]. M. sinensis is one of the leading cellulosic biofuel 
crops and is gaining in importance. These crops are quite 
widespread, which makes the manufacture of this fuel 
generally available around the world. The biofuel industry 
is still being developed and potential feedstocks have also 
been introduced and adapted as bioenergy species based 
on their high biomass potential [18]. In a previous study 
[1], a synergic effect for cellulose hydrolysis was demon-
strated through the in vivo assembly of minicellulosomes 
in recombinant Saccharomyces cerevisiae strains, result-
ing in an improved ethanol production from lignocellulos-
ic biomass. In this study, we constructed functional mini-
cellulosomes in P. pastoris by the heterologous expression 
of a recombinant scaffolding protein mini-CbpA, xylanase 
XynB from C. cellulovorans and a chimeric endoglucanase 
E from C. thermocellum. 

2    Materials and methods

2.1    Strains and media

The composition of medium in this study was that 
described in the vector instructions of Invitrogen (MA, 
USA). Escherichia coli strain DH5α was maintained on 
Luria-Bertani agar plates, and 12.5  μg/mL zeocin was 
used for determining of integration in genomic DNA. The 
inoculum medium was prepared as follows: 5 g/L yeast 
extract, 10 g/L tryptone, 5 g/L sodium chloride and 15 g/L 
agar with an adjusted pH of 7.5 was sterilized at 120°C 
for 20  min by autoclaving, followed by the addition of  
25  μg/mL zeocin. P. pastoris X-33 was purchased from 
Invitrogen. The yeast was maintained on YPD agar plates 
containing 10 g/L yeast extract, 20 g/L peptone, 20 g/L 
dextrose (d-glucose) and 20  g/L agar. The inoculum 
medium was prepared as follows: 10 g/L yeast extract and  
20 g/L peptone were sterilized at 120°C for 20 min in an 
autoclave. Subsequently, 50 mL 40% w/v d-glucose was 
added after being sterilized using 0.20-μm sterile filters 
(Sartorius AG, Göttingen, Germany). P. pastoris was 
supplemented from YPD agar, YPD-xylan and YPD-CMC 



1914	 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.biotechnology-journal.com www.biotecvisions.com

Biotechnology
Journal

Biotechnol. J. 2015, 10, 1912–1919

plates, which included a total concentration of 2% w/v 
xylan and carboxymethyl cellulose (CMC), respectively. 
The inoculum was grown aerobically on a rotatory shaker 
at 200 rpm and 30°C for 24h. Pretreated M. sinensis com-
prising 68% w/v glucose, 19% w/v xylose and 14% w/v 
lignin was used as the biomass substrate. This compo-
sition information was given by the provider (Changhae 
Ethanol Co., Ltd, Jeonju Republic of Korea). An ammonia 
fiber explosion (AFEX) process, which treats lignocellulo-
se with 15% liquid ammonia v/v under high pressure at  
150°C for 90min, was performed to decrystallize the bio-
mass.

2.2    Construction of the recombinant plasmid

The polymerase chain reaction (PCR) products, such 
as XynB, cCelE and mini-CbpA, were cut by restriction 
enzymes following the instructions of the manufacturer 
(TaKaRa, Otsu, Japan). The cut genes were inserted 
into the pPsADHα vector. The chimeric CelE was fused 
with dockerin and endoglucanase E, and overlap PCR 
for cohesin-dockerin interaction was performed. In the 
pPsADHα1 vector, the alcohol oxygenase (AOX) promoter 
was replaced by the alcohol dehydrogenase 2 (ADH2) pro-
moter, which is activated by O2 limitation. These transfor-
mants were selected on YPD plates containing 25 µg/mL 
zeocin and 2% w/v sorbitol. Single colonies were selected, 
and the sequence of the isolated plasmids was analyzed 
by sequencing to verify the presence of the correct insert. 
The procedures for the small-scale preparation of the plas-
mids, digestion with the restriction enzymes, and ligation 
and transformation all followed standard methods.

2.3    Transformation and selection of P. pastoris

P. pastoris X-33 was cultured in YPD medium for12  h 
according to the manufacturer’s instruction (Invitrogen). 
The plasmids containing the target genes were linea-
rized by BstXI. Electrocompetent P.  pastoris cells were 
prepared according to instructions (Bio-Rad, CA, USA). 
This competent cell was used for transformation of each 
gene. Plasmid residues and competent cells were pulsed 
five times for each transformation. Pulses of 2000 V for an 
average of 5.90 ms electrophoresis time in a 0.2-cm gap 
cuvette were used. The protocol in this section followed 
the instructions and operation manual for P. pastoris 
electrophoresis transformation (Bio-Rad and Invitrogen). 
Transformation was confirmed by colony PCR to ensure 
that the genes were of correct size. Colony PCR condi-
tions were as described previously [19]. Electrophoresis 
results were analyzed on a 1.0% agarosegel.

2.4    Cultivation conditions of P. pastoris

Before main culture, P. pastoris was pre-cultured at 30°C 
with shaking at 200 rpm for 48 h in 5 mL YPD. The main 

cultures of transformants for protein expression were 
grown to an OD value of 5 measured at 600 nm. P. pastoris 
was cultured 300 mL YPD medium in 500-mL baffled flask 
at 30°C with 200 rpm shaking. Full-grown P. pastoris was 
harvested by ultracentrifugation and washed twice with 
distilled water to remove residues. This P. pastoris was 
cultured into 20  mL medium with substrates, such as 
xylan, CMC and M. sinensis as carbon source, in closed 
50-mL bottles. Inoculum volume was adjusted to an OD 
value of 20 at 600 nm. Transformed P. pastoris were cultu-
red at 30°C with 100 rpm shaking.

2.5    Expression and harvest of recombinant protein

The P. pastoris strains cultured for 20  h in baffled flask 
containing 50  mL YPD medium were collected by cen-
trifugation and resolved in 50  mL YPD medium. Yeast 
transformants containing xylanase XynB and the chi-
meric endoglucanase CelE were added. We used YPD 
plates containing 1  g/L xylan and CMC for analysis of 
enzyme activity. One drop of medium of recombinant 
P. pastoris was dropped on plates and washed after 1 h. 
Congo red (1 g/L) was used for staining CMC and Xylan 
and destained using1 g/L NaCl. A halo proving substra-
te degrading activity was detected on YPD-Xylan and  
YPD-CMC.

2.6    ��Minicellulosome assembly  
by zymogram analysis

Native PAGE and zymogram, as described previously [1], 
were performed to identify the cohesin-dockerin interac-
tion. Native PAGE for the secreted and high-expression 
XynB and cCelE was performed. The culture filtrates of 
the transformants were run on a native gel and stained 
with Coomassie Blue R250. The zymogram analysis was 
performed on a native PAGE gel that contained 0.2% 
xylan and CMC. The compositions of solutions A, B and C 
were as described [1]. Gels were washed consecutively in 
solutions A and B at room temperature for 1 h. The native 
PAGE gel was renatured in solution C at 4°C overnight, 
and then dyed with 0.25% Congo red for 5 min and deco-
lored in 1 M NaCl for 1 h.

2.7    Enzyme activity assay

The analysis conditions for enzyme complexes and the 
measurement of released sugars were as described pre-
viously [20]. Following incubation of the enzyme solution 
at 60°C for 2 h with the same volume of substrate mixture 
containing 1% w/v xylan and 1% w/v CMC in 50  mM 
sodium acetate buffer (pH 5.0), the hydrolytic activity of 
the enzyme was measured. The 3,5-dinitrosalicylic acid 
(DNS) assay method was used to determine content of 
released sugars from xylan and CMC. The DNS reagent 
was added in the same ratio to the enzyme reaction mix-
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ture. The DNS and enzyme mixture was heated at 95°C for 
5 min to develop the DNS reagent. Absorbance at 540 nm 
was measured to calculate the amount of released sugars 
in the mixture.

2.8    Direct CBM-based purification

CBM-based purification using Sigmacell Type 50 (Sigma 
Aldrich, MO, USA) was performed as previously descri-
bed [1]. Crystalline cellulose (10 μg/mL) was bound to the 
resulting enzymes at room temperature for 1 h with conti-
nuous shaking. The samples were centrifuged at 1600 ×g 
to separate the cellulose-bound proteins. Nonspecific 
proteins that did not bind to cellulose were removed by 
washing the samples three times. Proteins specifically 
bound by CBM were analyzed by SDS-PAGE after elution 
with 50 mM Tris, pH 12.5.

2.9    �Yeast fermentation and analysis  
of ethanol concentration

The fermentation method for ethanol production was 
performed as described previously [1]. The P. pastoris cells 
were grown to exponential phase at 30°C and 200 rpm in 
500 mL YPD medium in 1-L Erlenmeyer flasks for 48 h. 
P.  pastoris cells were collected by centrifugation and 
washed twice with sterile distilled water to remove any 
residues. The washed cells were inoculated into 20 mL 
YPD medium in closed 50-mL bottles. Fermentation was 
performed at 30°C with shaking at 100 rpm. Ethanol was 
analyzed as described [1]. The culture medium was centri-
fuged, and the supernatant was filtered before measuring 
the ethanol composition. Gas chromatography (model 
GC7890; Agilent, CA, USA) with aDB-WAXetr column 
(50.0 m × 0.32 mm) was performed to determine ethanol 
concentrations as described [1], using commercial-grade 
ethanol for standards.

2.10    Monosaccharide assay using HPLC

An HPLC system (Waters, MA, USA) with a refractive index 
detector and an HPX-87H column (300 mm × 7.8 mm) was 
used for the monosaccharide assay following the protocol 
of the manufacturer. The temperatures of the detector 

and column were 40°C and 50°C, respectively; flow rate 
was set to 0.6 mL, with an injection volume of 10 μL. The 
mobile phase was 0.005 M H2SO4. All analytical samples 
and solutions were filtered through a 0.2-μm cellulose 
acetate filter before injection.

3    Results

3.1    �Heterologous expression of xylanase XynB  
for the hydrolysis and fermentation of xylan

To assemble the minicellulosome via the mini-CbpA 
scaffolding protein from C. cellulovorans, we constructed 
a xylanase XynB expressing strain. The gene encoding 
XynB was fused to the gene coding for the secretion sig-
nal sequence factor from P.pastoris (Fig. 1). To confirm the 
secretion of xylanase, a plate assay was performed using 
1g/L xylan as a substrate, followed by Congo red stain-
ing. A clear yellow halo was observed when recombinant 

Figure 1.  Diagram illustrates the const-
ruction of the plasmids used in this stu-
dy. Construction of the Pichia pastoris 
expression vector containing Clostridium 
cellulovorans xylanase XynB, recombinant 
scaffolding protein mini-CbpA and 
Clostridium thermocellum chimeric endo-
glucanase CelE. The plasmids used for 
constructing the strains are depicted:  
(A) pPsADHa-XynB, xylanase B;  
(B) pPsADHa-cCelE, chimeric CelE;  
and (C) pPsADHa-M, mini-CbpA. 

Figure 2.  Heterologous expression of xylanase and the production of 
ethanol from the xylan substrate. (A) Congo red-stained YPD agar plates 
containing 1g/L xylan. Each plate was incubated for 48h at 30°C. The diffe-
rent colonies on the plate were incubated with the following cells: upper, 
P. pastoris-pPsADHa-XynB; and lower, P. pastoris-pPsADHa (control).  
(B) The preculture of the strains was inoculated into 20 mL YPD-xylan 
medium in a closed 50-mL bottle. These cultures were anaerobically 
cultivated at 30°C with shaking at 100 rpm. Error bars represent standard 
deviation of triplicate experiments. Closed squares, P. pastoris (control); 
closed diamonds, P. pastoris-pPsADHa-M; closed triangles,  
P. pastoris-pPsADHa-XynB; closed circles, P. pastoris-pPsADHa-M  
and pPsADHa-XynB.
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yeast with the plasmid for XynB grew on the xylan plates 
(Fig. 2A). No halo was observed for the control plasmid 
pPsADHα-containing colony. A positive result indicated 
that XynB was expressed in an active form and that the 
fusion of the dockerin domain at the Cterminus of the cat-
alytic domain was successfully enhanced [1]. To produce 
ethanol from xylan efficiently, P.pastoris was transformed 
with a plasmid containing the mini-CbpA and xylanase 
XynB genes. In the time course of xylan fermentation, val-
ues were consistently higher for strains expressing mini-
CbpA and XynB in xylan medium at 30°C. The experi-
ments were performed in triplicate (Fig. 2B). The results 
demonstrated that scaffolding proteins function and the 
resultant dockerin-fused enzymes acted on lignocellu-
losic substrates via the assembly of the minicellulosome. 
The highest ethanol concentration was approximately 
1.18  g/L from xylan after 72  h of fermentation. The cell 
growth and ethanol concentration were consistent over 
the time course of the fermentation.

3.2    �Heterologous expression of chimeric 
endoglucanase for the hydrolysis and 
fermentation of CMC

To confirm the endoglucanase production potential, a 
plate assay was performed using 1g/L CMC as a sub-
strate, followed by Congo red staining. Yeast cells har-
boring the plasmid pPsADHa-cCelE, which encodes the 
chimeric cCelE, hydrolyzed the substrate and a clear 
halo was observed (Fig. 3A). However, with the control 
plasmid pPsADHα, no halo appeared around the colony. 
The chimeric cCelE did not interfere with the dockerin 
domain and was expressed in an active form [1]. Wild-
type P. pastoris was unable to hydrolyze cellulose to 
cellobiose. We previously demonstrated direct ethanol 
fermentation using yeast cells expressing a plasmid con-
taining mini-CbpA and chimeric endoglucanase cCelE. 
This suggested that CMC was hydrolyzed to glucose by 
the sequential reactions of cCelE. Figure3B shows that 
the time course of CMC fermentation was consistently 
longer for P. pastoris expressing mini-CbpA and cCelE in 
the CMC medium at 30°C. The highest ethanol concen-
tration was approximately 1.07 g/L from CMC after 72 h 
of fermentation (Fig. 3B). These results indicate that the 
P.pastoris strain transformed with the pPsADHα plasmid 
as a control did not produce ethanol, and that ethanol pro-
duction was higher for cells expressing mini-CbpA and 
chimeric cCelE. The results demonstrate the practicabil-
ity of using a cellulosic material medium for the synergis-
tic effect of minicellulosomes and its use in fermentation.

3.3    �Confirmation of enzyme complexes  
and monosaccharide analysis

The assembly of the recombinant cellulosome of mini-
CbpA and cellulosomal enzymes XynB and cCelE was 

confirmed by native PAGE and zymogram analysis. The 
purified XynB and cCelE were shown to be bound to the 
mini-CbpA in vitro (Fig. 4A). The purified mini-CbpA and 
cellulosomal enzymes units were mixed at a molar ratio of 
1:2. As the mini-CbpA was designed to contain a CBM at 
its Nterminus, the purification of intact mini-CbpA using 
the cellulose purification method was achieved ina single 
step and was analyzed with nativePAGE. The calculated 
molecular mass of the mini-CbpA was 58.2 kDa (57 208 Da 
mini-CbpA plus 1012Da His-tag residues), which is in 
good agreement with the calculated molecular mass 
(Fig. 4B). The composition of degraded polysaccharides in 
the culture medium was analyzed by HPLC to determine 
the feeding ratio of P. pastoris and the ethanol production. 
No glucose or xylose was detected from CMC, and xylose 
hydrolysis occurred during the 72-h anaerobic fermenta-
tion in the culture broth. In addition, no xylobiose or cello-
biose was detected in some of the fermentation samples. 
Therefore, the process of utilization of monosaccharides 
by P. pastoris uptake requires clarification. 

3.4    �Ethanol fermentation of M. sinensis as 
lignocellulosic biomass by recombinant strains

Direct fermentation of M. sinensis to ethanol was per-
formed using the biomass-utilizing P. pastoris strains 
at 30°C. The recombinant P. pastoris strains containing 
pPsADHα-XynB and pPsADHα-cCelE produced higher 
levels of ethanol than the control P. pastoris strain. The 
final recombinant strain with minicellulosome-producing 
ability exhibited direct fermentation of lignocellulosic 
M.sinensis. The lignocellulosic biomass of M. sinensis 

Figure 3.  Expression of chimeric endoglucanase cCelE and fermentation 
from carboxymethyl cellulose(CMC) as a substrate. (A) Congo red-stained 
YPD agar plates containing 1g/L CMC; 5mL concentrated supernatant har-
vested from the following cells was applied to the different wells: upper,  
P. pastoris-pPsADHa-cCelE; and lower, P. pastoris-pPsADHa (control). 
Clear halos are indicative of CMC hydrolysis. (B) The preculture of strains 
was inoculated into 20 mL YPD-CMC medium in a closed 50-mL bottle. 
These cultures were anaerobically cultivated at 30°C with shaking at  
100 rpm. Error bars represent standard deviation of triplicate experi-
ments. Closed squares, P. pastoris (control); closed diamonds, P.pastoris-
pPsADHa-M; closed triangles, P. pastoris-pPsADHa-cCelE; closed circles, 
P. pastoris-pPsADHa-M and P. pastoris-pPsADHa-cCelE.



© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1917

www.biotecvisions.comwww.biotechnology-journal.com

Biotechnology
Journal

Biotechnol. J. 2015, 10, 1912–1919

was hydrolyzed to fermentable sugars such as xylose 
and glucose by cooperative reactions of XynB and cCelE, 
yielding 1.08 g/L ethanol after 72 h of fermentation, which 
is approximately 1.9-fold higher than that of free-enzyme 
expression strain. The experiments were performed in 
triplicate (Fig.  5). P. pastoris (control) and P. pastoris-
pPsADHα-M (control) showed an ethanol production of 
around 0.4  g/L without any hydrolysis enzymes. This 
result was due to the small amount of glucose released 
from the biomass by the AFEX pretreatment process [21]. 
The small amount of glucose released from the biomass 
was converted to bioethanol by P. pastoris (control) and  
P. pastoris-pPsADHα-M (control).

4    Discussion

In nature, cellulolytic anaerobic bacteria such as C. cellu-
lovorans have evolved intricate multi-enzyme complexes 

that facilitate the breakdown of complex polymers, such 
as xylan and cellulose found in plant cell walls [22]. We 
have previously reported the expression of endoglu-
canase cCelE and BglA of C. thermocellum in S. cerevisiae 
[23]. In another report, cellulosomal xylanase XynB and 
the mini-CbpA scaffolding gene from C. cellulovorans 
were expressed in Bacillus subtilis, forming minicellu-
losomes based on in vivo interactions between cohesin 
and dockerin [14]. In the present study, we successfully 
constructed xylanase XynB and chimeric endoglucanase 
cCelE and assembled a minicellulosome for the enhanced 
production of ethanol from cellulosic biomass in P. pasto-
ris. This is the first report on the use of minicellulosomes 
in vivo using mini-CbpA from C. cellulovorans in recom-
binant P. pastoris with the potential for the assembly of 
a variety of designer cellulosomes. The use of eukaryotic  
P. pastoris as the expression host offers advantages such 
as correct protein processing and folding and easy foreign 
protein isolation combined with the some advantages 
of E.coli, including cost effectiveness and easy scale-up 
potential [1, 24]. Accordingly, this study demonstrated 
the expression of XynB and cCelE in engineered P. pas-
toris as a microbial platform for the efficient conversion 
of biomass to valuable products, and the potential for 
the assembly of functional designer cellulosomes. As the 
microorganism utilizes glucose preferentially, the xylose 
fermentation rate is considerably lower when both glu-
cose and xylose were used as substrates. This phenom-
enon, which is called glucose repression, is regarded as 
a significant barrier to the successful utilization of mixed 
sugars in cellulosic hydrolysates [25]. Previous reports 
demonstrated the use of P. pastoris as the engineered 
host for the co-fermentation of xylose and cellobiose. The 

Figure 4.  The assembly of minicellulosomes containing each subunit. 
(A) Electrophoretic analysis of expression in P. pastoris by nativePAGE 
visualized by zymogram and Congo red staining. Lane 1: pPsADHa-cCelE; 
lane 2: pPsADHa-XynB; lane 3: pPsADHa-M; lane 4: pPsADHa-cCelE and 
pPsADHa-M; and lane 5: pPsADHa-XynB and pPsADHa-M. (B) Direct 
CBM-based purification and electrophoretic analysis. The expression of 
mini-CbpA in P. based on SDS-PAGE visualized by Coomassie blue stai-
ning. Lanes: M, molecular weight standards; 1, wash 1 with 1 M NaCl in 
20 mM Tris, pH 8.0; 2, wash 2 with 20 mM Tris, pH 7.5; and 3, purified 
mini-CbpA after cellulose purification.

Figure 5.  Production of ethanol from biomass (Miscanthus sinensis). The 
preculture of strains was inoculated into YPD medium and further cultu-
red at 30˚C anaerobically. Error bars represent standard deviation of tripli-
cate experiments. Closed diamonds, P. pastoris (control); closed squares, 
P  pastoris-pPsADHa-M; closed triangles, P. pastoris-pPsADHa-XynB and 
P. pastoris-pPsADHa-cCelE; closed circles, P. pastoris-pPsADHa-XynB,  
P. pastoris-pPsADHa-M and P. pastoris-pPsADHa-cCelE.
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hydrolysis of cellobiose was catalyzed by intracellular 
β-glucosidase transported by a high-affinity cellodextrin 
transporter [3]. In previous research [26], the Qs

Max, which 
is volumetric rate of sugar consumption, was 0.5 g/L/h in 
the P. pastoris strain. The engineered P. pastoris in this 
study also showed same substrate consumption rates.

To improve its hydrolytic ability against insoluble 
substrates, xylanase XynB and chimeric endoglucanase 
cCelE were assembled with mini-CbpA from C. cellu-
lovorans. The mini-CbpA was derived from scaffolding 
protein CbpA containing a CBM, which provides the 
proximity of substrates to the cellulosomal enzymes [14]. 
Some previous reports on ethanol-producing ability have 
described the engineering of thermophilic anaerobes 
for utilizing biomass-derived monosaccharides, and the 
optimization of natural bacterial consortia (HPP consorti-
um) for utilizing lignocellulose [27, 28]. In this study, we 
applied not the ethanol-producing ability of P. pastoris, 
but its ability to efficiently express heterologous enzymes 
and use both pentose and hexose as carbon sources. Also, 
for more efficient degradation of lignocellulose, we cons-
tructed complexes of hydrolytic enzymes. Construction 
of enzyme complexes containing of XynB and cCelE aids 
the effective breakdown of polysaccharides because the 
CBM in the scaffolding protein from C. cellulovorans could 
provide an efficient approach to substrates. The recom-
binant yeast strain with the minicellulosome-assembling 
activity exhibits several advantages, including a high 
expression of the mini-CbpA scaffolding protein and the 
XynB and chimeric cCelE fused to the dockerin domain. 
The minicellulosomes could be purified using direct 
CBM-based purification due to the high specificity and 
affinity of the CBM on the scaffolding protein for crystalli-
ne cellulose. To analyze the synergistic actions between 
XynB and cCelE on lignocellulose degradation, recom-
binant cellulosomes were assembled using mini-CbpA, 
and cCelE was shown to contribute to the breakdown of 
soluble cellulose rather than insoluble cellulose from the 
introduction of mini-CbpA [29]. To confirm the synergic 
effect of enzyme complexes, specific enzyme activities 
are measured using of mixed substrate containing of 1% 
xylan w/v and 1% CMC w/v. Specific enzyme activity of 
CelE and XynB were 1.4 U/mg and 1.8 U/mg, respectively. 
The enzyme activity of minicellulosome, which contains 
CelE and XynB, is 6.2  U/mg, demonstrating a 1.9-fold 
increased synergic effect.

In this study, we successfully established a minicellu-
losome-harboring P. pastoris strain for ethanol fermentati-
on using lignocellulose as the substrate [29]. A laboratory 
and commercially available yeast strain was used as the 
host for the expression and assembly of the minicellulo-
some. Ethanol production of the engineered P.  pastoris 
expressing the enzyme complexes increased 1.4-fold 
over that of the wildtype using pretreated M. sinensis as 
cellulosic substrate. The results obtained in this study 
demonstrate the potential for the development of engi-

neered P. pastoris because this strain could efficiently 
express heterologous enzymes and use both of pentose 
and hexose as carbon sources. It is the key for future bio-
ethanol production from lignocellulose.
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