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Abstract

Background: Engineering Saccharomyces cerevisiae to produce heterologous cellulases is considered as a promising
strategy for production of bioethanol from lignocellulose. The production of cellulase is usually pursued by one of the
two strategies: displaying enzyme on the cell surface or secreting enzyme into the medium. However, to our knowl-
edge, the combination of the two strategies in a yeast strain has not been employed.

Results: In this study, heterologous endoglucanase (EG) and cellobiohydrolase | (CBHI) were produced in a
B-glucosidase displaying S. cerevisiae strain using cell-surface display, secretion, or a combined strategy. Strains EG-
D-CBHI-D and EG-S-CBHI-S (with both enzymes displayed on the cell surface or with both enzymes secreted to the
surrounding medium) showed higher ethanol production (2.9 and 2.6 g/L from 10 g/L phosphoric acid swollen cel-
lulose, respectively), than strains EG-D-CBHI-S and EG-S-CBHI-D (with EG displayed on cell surface and CBHI secreted,
or vice versa). After 3-cycle repeated-batch fermentation, the cellulose degradation ability of strain EG-D-CBHI-D
remained 60 % of the 1st batch, at a level that was 1.7-fold higher than that of strain EG-S-CBHI-S.

Conclusions: This work demonstrated that placing EG and CBHI in the same space (on the cell surface or in the
medium) was favorable for amorphous cellulose-based ethanol fermentation. In addition, the cellulolytic yeast strain
that produced enzymes by the cell-surface display strategy performed better in cell-recycle batch fermentation com-
pared to strains producing enzymes via the secretion strategy.
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Background

Due to the limitations in fossil fuel supplies and environ-
mental issues, bioethanol derived from lignocellulosic
materials has recently gained increased attention [1, 2].
Saccharomyces cerevisiae is the most commonly used
microorganism for ethanol production, but lacks essen-
tial cellulolytic enzyme activities to degrade cellulose into
glucose [3]. To resolve this problem, the construction of
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recombinant yeast strains capable of producing heter-
ologous cellulases, including S-glucosidase (BGL), endo-
glucanase (EG), and cellobiohydrolase (CBH), has been
pursued over the last two decades [4—6].

Currently, the production of cellulases follows two
major strategies: displaying enzymes on the cell surface
or secreting enzymes into the fermentation broth. The
glycosylphosphatidylinositol (GPI) anchoring system
enables the display of various kinds of enzymes on the
cell surface [7]. The cell-surface display strategy increases
the effective concentration of enzymes, and promotes a
greater degree of synergy [8]. In addition, glucose liber-
ated from cellulose in proximity to the cell surface is
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immediately taken up, thereby minimizing the risk of
contamination or product inhibition [9]. Furthermore,
immobilizing enzymes on the cell surface enables the re-
use of enzymes and cells in multi-batch fermentations,
which reduces the cost of yeast propagation and that of
supplementation with extraneous enzymes [10, 11]. In
contrast, secreting enzymes into the medium recreates
the “free enzyme system’, which is similar to the cellu-
lase system of filamentous fungi. The quantity of secreted
enzymes is limited only by the production capacity of
cells, not by physical restrictions, such as the incorpora-
tion capacity of yeast cell wall associated with cell-surface
display [12]. Moreover, free cellulases can penetrate into
the secondary cell walls of plant biomass [13], increasing
the accessibility of cellulose, which was reported as the
critical factor in enzymatic hydrolysis [14].

Thus, each strategy has both advantages and disadvan-
tages. The selection of an optimal strategy for enzyme
production should be based on the characteristics of a
given enzyme and its reaction mechanism. It has been
reported that cell-surface-displayed BGL exhibited
higher efficiency in cellobiose usage than secreted BGL
because of the improved stability caused by immobili-
zation on the cell wall [15]. However, “display” systems
may suffer from inefficiency of processive enzymes (e.g.,
CBH), leading to decreased hydrolysis efficiency com-
pared to free enzyme systems [12]. Thus the combina-
tion of cell-surface display and secretion strategies into
one recombinant yeast strain was expected to achieve
improved hydrolysis of cellulose compared to either sin-
gle strategy of displaying or secreting cellulases. Such
a combined strategy may allow the various kinds of
enzymes to be produced in their most appropriate loca-
tion, assembling the advantages of the two strategies into
one system of enzyme production.

Cellobiohydrolase I (CBHI) is the major component
(~60 %) of the total cellulolytic protein of the cellulase
system of Trichoderma reesei [16]. CBHI acts by hydro-
lyzing from the reducing end of crystalline cellulose fib-
ers in a progressive manner. Recently, CBHI was reported
as the main contributor to overall cellulose degrada-
tion, with other enzymes synergistically enhancing its
hydrolytic efficiency [17]. Although CBHI has been het-
erologously expressed and secreted in S. cerevisiae, the
relatively low titer [18, 19] and low specific activity [20]
of secreted CBHI has limited the study of co-expression
of CBHI with other cellulolytic enzymes. Recently, CBHI
originating from Talaromyces emersonii fused with the T.
reesei C-terminal carbohydrate-binding module (CBM)
was efficiently expressed in S. cerevisiae with a yield of
100-200 mg/L, which is approximately 20-fold higher
than the expression levels of 1. emersonii CBHI reported
elsewhere [21]. In separate work, immobilization of
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enzyme on the cell surface was reported to improve the
stability of the enzyme [15]. However, to our knowledge,
there has been no previous report of displaying CBHI on
the cell surface of yeast strain.

In the present study, EG and CBHI were produced het-
erologously in a BGL-displaying S. cerevisiae strain using
cell-surface display, secretion, or a combined strategy.
The most suitable strategy for producing EG and CBHI
for cellulose degradation was evaluated. Direct conver-
sion of cellulose into ethanol was conducted by cellulo-
lytic yeast strains and then applied in cell-recycle batch
fermentation for further evaluation. To our knowledge,
the work reported here is the first study on display-
ing CBHI on the yeast cell surface and the first study on
the feasibility of combining the cell-surface display and
secretion strategies in one yeast strain for heterologous
cellulase production. We believe that this work will sig-
nificantly increase our knowledge of how to engineer
optimal yeast strains for biofuel production from cellu-
losic biomass.

Results

Construction of yeast strains

In this study, the haploid yeast strain S. cerevisiae BY4741
was used as the host strain for the heterologous expres-
sion of cellulase genes. The plasmids containing gene
expression cassettes are listed in Table 1. All the gene
expression cassettes included the SEDI1 promoter and
the SAGI terminator. The secretion signal peptide of
BGL1 was derived from Rhizopus oryzae glucoamyl-
ase, while EGII and CBHI were produced with their
native secretion signals. The GPI-anchoring region used
for cell-surface display was constructed using the full
length S. cerevisiae SED1 gene to display cellulases on
the cell surface. It has been reported that the combina-
tion of SEDI promoter and SEDI anchoring region in a
gene cassette enables highly efficient immobilization of
enzyme into the cell wall [22]. Each cellulase gene was
integrated into a separate internal open reading frame
(OREF) region (I2 region for EGII gene and I5 region for
CBHI gene) and confirmed by polymerase chain reaction
(PCR). Figure 1 shows the cellulase production scheme of
the recombinant yeast strains constructed in this study.
Strain BY-BG-SS, which displayed Aspergillus aculeatus
BGL1 on the cell surface, was reported previously [22].
The T. reesei EGII gene expression cassettes, with and
without the SEDI anchoring region, were integrated into
the genome of strain BY-BG-SS to yield strains EG-D
and EG-S, respectively. Next, the expression cassettes of
the T. emersonii CBHI gene, with and without the SEDI
anchoring region, were integrated into the genome of
strain EG-D to yield EG-D-CBHI-D and EG-D-CBHI-S,
or into the genome of strain EG-S to yield EG-S-CBHI-D
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Table 1 Characteristics of the integrative plasmids used
in this study

Plasmid Relevant features References
pRDH225 KanMX, expression of T. reesei EGIl gene This study
pRDH226 ZeoR, expression of T.emersonii CBHI gene  This study
pIL2GA-SS LEU2, display of R. oryzae glucoamylase [50]
plU5GA-SS URA3, display of R. oryzae glucoamylase [50]
pIBG-SS HIS3, display of A. aculeatus BGL1 [22]
plL2-EGy LEU2, display of T. reesei EGII This study
pIL2-EG LEU2, secretion of T. reesei EGII This study
plU5-CBHI,  URAS3, display of T.emersonii CBHI This study
plU5-CBHIg URA3, secretion of T.emersonii CBHI This study

R. oryzae, Rhizopus oryzae; A. aculeatus, Aspergillus aculeatus; T. reesei,
Trichoderma reesei; T. emersonii, Talaromyces emersonii; BGL1, B-glucosidase 1;
EGII, endoglucanase II; CBHI, cellobiohydrolase |

and EG-S-CBHI-S. The engineered yeast strains in this
study are listed in Table 2.

In addition, the transcription levels of cellulase genes
were determined after 72 h of cultivation. The transcrip-
tion levels of the BGLI, EGII, and CBHI genes, each of
which were under the control of a SEDI promoter, were
similar among all transformants (Additional file 1: Figure
S1).

Effect of multiple gene expression on cell growth
Cell growth was profiled to determine the metabolic bur-
den caused by the expression of heterologous cellulase
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genes. Each of the engineered strains was inoculated into
liquid YPD media and cultivated aerobically for 72 h at
30 °C. The host strain S. cerevisiae BY4741 was used as
a reference strain. As shown in Additional file 2: Figure
S2, no apparent difference in cell growth was observed
between the host strain and any of the recombinant yeast
strains.

Direct ethanol production from cellulosic materials

Barley B-glucan and phosphoric acid swollen cellu-
lose (PASC) were utilized as fermentation substrates.
B-Glucan is a linear, water-soluble polysaccharide com-
posed of 6 or 7 8-1,4-linked glucose residues [23]. PASC,
which is derived from phosphoric acid treatment of Avi-
cel PH-101, is an insoluble cellulosic material with more
amorphous regions and a lower degree of crystallinity
compared to Avicel [24, 25].

As depicted in Fig. 2a, ethanol production from 10 g/L
B-glucan was performed using strains EG-D and EG-S.
Yeast strains were cultivated in YPD medium for 72 h;
cells then were collected by centrifugation and inoculated
into fermentation medium at an initial cell concentra-
tion of 50 g wet cells/L. The ethanol fermentation was
conducted under oxygen-limited conditions at 37 °C for
24 h. Ethanol production by strain EG-D initiated imme-
diately after the start of fermentation and reached a max-
imum of 4.1 g/L after 6 h of fermentation. In contrast,
strain EG-S exhibited a long lag phase before the start of
ethanol production; no ethanol was detected until 9 h of
fermentation.

EG-D-CBHI-D EG-D-CBHI-S

: BGL
 :EG
: CBHI
| : SEDI Anchor
l BY-BG-SS \
Y
/ EG-S \
Y Y
EG-S-CBHI-D EG-S-CBHI-S

Fig. 1 Schematic description of the recombinant yeasts strains constructed in this study
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Table 2 Characteristics of the Saccharomyces cerevisiae strains used in this study

Strains Description Expressed cellulases Source
BY4741 MATa his3A T leu2 A0 met15A0 ura3A0 - Life Technologies
BY-BG-SS BY4741 (pIBG-SS) Display of BGL [22]
EG-D BY-BG-SS (pIL2-EGp) Display of BGL, EG This study
EG-S BY-BG-SS (pIL2-EGy) Display of BGL, secretion of EG This study
EG-D-CBHI-D EG-D (plU5-CBHIp) Display of BGL, EG, CBHI This study
EG-D-CBHI-S EG-D (plU5-CBHIq) Display of BGL, EG, secretion of CBHI This study
EG-S-CBHI-D EG-S (plU5-CBHIp) Display of BGL, CBHI, secretion of EG This study
EG-S-CBHI-S EG-S (plU5-CBHI¢) Display of BGL, secretion of EG, CBHI This study
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Fig. 2 Time course of direct ethanol production from cellulosic materials by recombinant strains EG-D and EG-S. a Ethanol production from
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The fermentation abilities of EG-D and EG-S also were
evaluated by performing direct ethanol production from
10 g/L PASC (Fig. 2b). The fermentation was conducted
under oxygen-limited conditions at 37 °C for 96 h with
an initial cell concentration of 150 g wet cells/L. Etha-
nol production by strain EG-D peaked at 1.5 g/L ethanol
at 72 h, while the production by strain EG-S peaked at
0.6 g/L at 48 h. These results revealed that locating EG
on the cell surface improved the ethanol production from
both soluble and insoluble cellulosic materials.

To investigate the most suitable strategy for EG and
CBHI production, direct ethanol production from
10 g/L PASC was evaluated using recombinant strains
EG-D-CBHI-D, EG-D-CBHI-S, EG-S-CBHI-D, and
EG-S-CBHI-S. As shown in Fig. 3, ethanol production
by strains EG-D-CBHI-D and EG-S-CBHI-S peaked at
2.9 and 2.6 g/L (respectively) after 96 h of fermentation.

Ethanol production by strain EG-D-CBHI-S peaked
at 2.3 g/L at 96 h while strain EG-S-CBHI-D peaked at
1.2 g/L at 24 h. To further characterize the fermentation
capacity of our constructs, the strains were compared by
evaluating the PASCase and individual cellulase enzyme
activities in PASC fermentation, and by testing the strains
in cell-recycle batch fermentation.

Enzyme activity in direct ethanol production from PASC

The cellulose degradation ability of cellulolytic strains
is considered as one of the critical factors in the con-
version of cellulose into ethanol. In this study, PASCase
activity represents the PASC degradation capability of
the cellulolytic yeast strains. The PASCase activity at 0
and 96 h of ethanol production from 10 g/L PASC was
investigated. As shown in Fig. 4a, b, PASCase activ-
ity was highest (among the four recombinant yeast
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strains) in EG-D-CBHI-D at both 0 h (50.9 mU/mL)
and 96 h (53.6 mU/mL). The PASCase activity of strain
EG-S-CBHI-S increased from 26.9 mU/mL at 0 h to
47.8 mU/mL at 96 h. By contrast, the PASCase activity
of strain EG-S-CBHI-D decreased after 96 h of fermen-
tation, exhibiting the lowest activity (34.1 mU/mL) com-
pared with other recombinant yeast strains.

The activity of BGL, EG, and CBHI from yeast strains
at 0 and 96 h of PASC fermentation also was determined,
as illustrated in Fig. 4c, d. BGL activity was similar among
the four recombinant strains and remained similar
(within a given strain and among different strains) during
the fermentation. EG activity at 96 h was highest in strain
EG-D-CBHI-D (24.2 U/mL) when compared with that
in the other cellulolytic yeast strains. Initial (0 h) CBHI
activity was highest in strain EG-D-CBHI-D (4.7 U/mL),
and lowest in strain EG-S-CBHI-S. After 96 h of fermen-
tation, CBHI levels appeared to rise similarly in the four
strains, achieving activities of ~7—10 U/mL.
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Cell-recycle batch fermentation

To investigate the efficiency of strains EG-D-CBHI-D
and EG-S-CBHI-S in a continuous process, cell-recycle
fermentation was conducted under anaerobic condi-
tions (Fig. 5). Recombinant yeast cells were collected for
recycling and 10 g/L PASC was added into the fermen-
tation medium at the beginning of each run. In the first
batch, 69.3 and 55.9 % of PASC (corresponding to 6.9 and
5.6 g/L PASC) was converted into 2.9 and 2.5 g/L etha-
nol by strain EG-D-CBHI-D and strain EG-S-CBHI-S,
respectively. In the 3rd batch, 41.8 % of PASC was con-
sumed by strain EG-D-CBHI-D, corresponding to ~60 %
of the consumption in the 1st batch. In contrast, the
consumption of PASC in strain EG-S-CBHI-S decreased
from 55.9 to 19.4 % after 3-cycle repeated fermentation.
Correspondingly, the final ethanol titer generated by
strain EG-D-CBHI-D was 1.7-fold higher than that gen-
erated by strain EG-S-CBHI-S in the 3rd batch. These
results suggested that associating EG and CBHI with
cells facilitated retention of cellulolytic activity even after
three cell-recycles.

Discussion

In this study, we integrated heterologous EG and CBHI
genes into the genome of a BGL-displaying S. cerevisiae,
permitting the production of EG and CBHI via cell-
surface display, secretion, or a combined strategy. The
recombinant strains that produced EG and CBHI in the
same space (on the cell surface or in the medium) showed
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superior performance in the production of cellulosic eth-
anol. To our knowledge, this is the first report on com-
bining cell-surface display and secretion strategies in a
single yeast strain for heterologous cellulase production.
The benefits of attaching BGL to the yeast cell wall
have been reported previously [15]. However, suitable
strategies for EG and CBH production by cells remained
obscure. In the present study, direct ethanol production
from B-glucan and PASC was performed using cellulo-
lytic yeast strains. Specifically, the production of etha-
nol was compared to investigate the suitable strategy for
producing various kinds of cellulases. When g-glucan
was used as the fermentation substrate, the ethanol pro-
duction rate of strain EG-D was apparently higher than
that of EG-S. Notably, strain EG-D was able to con-
vert B-glucan into ethanol immediately after the start
of fermentation, indicating that the displayed BGL and
EG were successfully transferred into the fermentation
medium with the cell inoculum. In contrast, strain EG-S
converted S-glucan into ethanol after a 9-h lag, consistent
with the need for this strain to accumulate (via secretion)
EG in the medium following inoculation. This phenom-
enon demonstrated the advantage of an EG-display sys-
tem to the cellulose fermentation process, since display
permitted early onset of the production of ethanol. Com-
pared with g-glucan, PASC contains a higher degree of
polymerization and crystallization, rendering this sub-
strate more difficult to degrade by BGL and EG. Indeed,
fermentation with PASC yielded apparently lower rates

Ethanol (g/L)

PASC (%)

—8— EG-D-CBHI-D ethanol
—O— EG-D-CBHI-D PASC

0 24 48 72 96 120 144
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Fig.5 Three cycles of CRBF using recombinant S. cerevisiae strains EG-D-CBHI-D and EG-S-CBHI-S. PASC (%) indicates the percentage of residual
PASC normalized to the initial concentration in the respective cycle. The initial amount of PASC in each cycle was defined as 100 %. For each strain
and time point, data are presented as the mean = SD from three independent experiments
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of ethanol production than those seen upon fermentation
with B-glucan. The decline of ethanol observed in PASC
fermentation is probably due to the consumption via
yeast cells when cellulases could not hydrolyze sufficient
glucose from PASC. Notably, the rate of ethanol produc-
tion from PASC by EG-D appeared higher than that by
EG-S.

Subsequently, the CBHI gene was successfully
expressed along with BGL and EG genes in S. cerevisiae.
The T. emersonii CBHI used in this study was fused with
the CBM of T. reesei CBH1 [21]; use of the CBM has been
shown to enhance the adsorption of enzyme to its sub-
strate and modify substrate surfaces to facilitate enzy-
matic hydrolysis [26]. We observed that co-production
of CBHI with displayed EG enhanced ethanol produc-
tion by up to twofold, demonstrating that the heterolo-
gous CBHI that was present assisted in the degradation
of PASC. In the display strategy, the CBHI gene was
expressed via the SED1 expression cassette and anchored
on the cell surface of S. cerevisiae using the SED1 anchor-
ing domain [22]. It has been reported that the expres-
sion level of the SEDI gene was highly induced in the
stationary phase by various environmental stresses, such
as ethanol [27]. In the present work, expression of both
CBHI and EG gene by cell-surface expression cassettes
(in strain EG-D-CBHI-D) permitted a doubling of CBHI
activity at 96 vs. 0 h of fermentation, confirming the util-
ity of the stress-induced SEDI expression cassette. How-
ever, we note that the SED1 anchoring domain was fused
to the C-terminus of the CBHI-CBM chimera protein;
N- and C-terminal of CBM were fused with CBHI and
SED1 anchoring domain, respectively, which may hinder
the function of the CBM. Alternatively, an N-terminal
anchoring domain, such as the N terminus flocculation
functional domain of Flolp, may be more suitable for dis-
playing the chimeric CBHI containing a C-terminal CBM
[7]. Nonetheless, to our knowledge, the present work
represents the first report on displaying a CBHI on the
cell surface of yeast strain.

In a previous report, a yeast strain displaying BGL,
EG, and cellobiohydrolase II (CBHII) on the cell surface
yielded higher ethanol production than a strain secreting
the corresponding enzymes in free form [28]. Immobi-
lized BGL on the cell wall is considered more appropriate
for cellulosic ethanol production compared to free BGL
[15]; our use of cell-surface-displayed BGL is presum-
ably one of the reasons for the elevated ethanol yields
in the present study. Ethanol production by strain EG-
S-CBHI-S was similar to that of strain EG-D-CBHI-D.
To understand this interesting result, the mechanism of
the enzymatic hydrolysis of cellulose should be taken into
account. EG can randomly cleave the amorphous regions
of cellulose to produce oligosaccharides and provide free
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chain ends for CBH activity. Then CBHI can initialize
cleavage from the free chain ends, degrading crystalline
cellulose into cellobioses in a processive manner [29]. The
binding of EG and CBHI onto the cellulose surface, along
with the processive movement of CBHI, are consid-
ered essential steps in the degradation of cellulose [29].
Besides enzymes, the presence of a living microorganism
is also important to the hydrolysis of cellulose. Generally,
the radius of a spherical yeast cell is around 2 pum [30],
which is nearly 400-fold larger than the hydrodynamic
radius of a cellulase protein (>5 nm) [31]. The immo-
bilization of enzymes onto the cell wall may block the
movement of processive enzymes (e.g., CBHI) or cause
steric restriction in the collision with cellulose. As shown
in Fig. 6a, in the case of strain EG-D-CBHI-D, three dif-
ferent cellulases were displayed on the cell surface in
relatively close proximity (e.g, CBHI-BGL distance)
compared to the strains constructed by other strategies.
Such co-localization is expected to increase the occur-
rence of synergistic interactions among cellulases [8]
and to facilitate the transportation of glucose into cells.
However, due to the size of the cell-enzyme complex, the
penetration of EG and CBHI into the internal space of
cellulose is expected to be limited; such penetration has
been reported as an important determinant of hydrolytic
rate [14, 32]. Additionally, the processive movement of
CBHI may be retarded due to its immobilization on the
cell. In previous pre-steady-state analyses of CBHI activ-
ity on cellulose, stalling of the processive movement of
CBHI was reported to lead to lower specific activity [33,
34]. By contrast, EG and CBHI in strain EG-S-CBHI-S
were produced as free forms (Fig. 6d), a strategy that was
expected to decrease steric hindrance and to increase the
chance of collision with the substrate. Although the cel-
lulases appeared to accumulate in fermentation with EG-
S-CBHI-S (rising from 27 mU/mL at O h to 48 mU/mL
at 96 h), the cellulolytic enzyme activity was still lower
than that of EG-D-CBHI-D. Additionally, the diffusion
efficiency of enzymes might affect the ability to degrade
cellulose, especially in a substrate with higher viscosity
(e.g., PASC). Thus, co-locating EG and CBHI in the same
space (on the cell surface or in the medium) is favorable
for amorphous cellulose-based ethanol fermentation.

By contrast, ethanol production levels were appar-
ently lower in strains EG-D-CBHI-S and EG-S-CBHI-D.
We infer that yeast cells attach to the surface of cellu-
lose to facilitate the collision between immobilized cel-
lulases and cellulose, but that this proximity may block
the access of secreted EG or CBHI to the surface of the
substrate (Fig. 6b, c). For instance, the cellulase activities
of strain EG-D-CBHI-S at 96 h were higher than those
of EG-S-CBHI-S, while PASCase activity was lower than
that of strain EG-S-CBHI-S, effects that may be due to
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(CBHI-BGL distance), the effect of cell-surface display on the processive movement of CBHI (retarded/un-retarded CBHI movement), and the steric

restriction during the binding of cellulases to cellulose surface (enzyme binding path)

the steric hindrance mentioned above. Additionally, the
hydrolysis efficiency of strain EG-S-CBHI-D appeared
to be further decreased, presumably by the retarded
movement of immobilized CBHI on the cell surface, as
evidenced by the lower PASCase activity and ethanol pro-
duction obtained in strain EG-S-CBHI-D. Interestingly,
the individual enzyme activities in strain EG-D-CBHI-D
were raised while PASCase activity kept constant, assum-
ing that only the enzymes located in the contact region
between yeast cell and cellulose could participate in cel-
lulose degradation. Although the individual enzyme
activities in whole cell were raised, the improvement of
cellulolytic activity in “attaching region” is limiting. In
contrast, most of the free cellulases can bind to cellulose
and then participate in hydrolysis; the increase of indi-
vidual enzyme activities could be reflected on improve-
ment of cellulolytic activity. This may also explain why

the overall enzyme activity of strain EG-S-CBHI-S (secre-
tion system) rose observably (about 77 %) along with
the increase of individual enzyme activities. Nonethe-
less, our results do indicate that the involvement of the
microorganism in the synergism of cellulases may affect
their hydrolysis efficiency towards cellulose. Moreover,
the interactions between microbial cells and cellulose
may also affect the cellulose degradation process. For
instance, Francisco et al. reported that the engineered
E. coli with displayed Cex CBH on the surface exhibited
specific adhesion capacity toward cellulose [35], suggest-
ing that the cell-to-cellulose adhesion pattern may lead to
a distinct mechanism from that of free cellulases to break
down cellulose.

From an industrial point of view, the reuse of yeast cells
through various rounds of fermentation may be impor-
tant in the ethanol production process [36]. Cell-recycle
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batch fermentation (CRBF) is a semi-continuous opera-
tion strategy using high densities of recycled cells to pro-
duce ethanol continuously. In previous reports, the CRBF
of lignocelluloses was performed by the addition of large
amount of commercial cellulases, a step that represents
one of the main bottlenecks for commercialization [37,
38]. The application of a cellulolytic yeast strains to CRBF
is expected to decrease the need for the addition of costly
commercial enzymes [4]. Thus, in this study, the direct
ethanol production from PASC using recycled cellulo-
lytic cells was conducted without the addition of com-
mercial cellulases. After a 3-batch recycle fermentation,
our strain EG-D-CBHI-D retained 60 % of the PASC deg-
radation ability that the strain had in the 1st batch. This
retention of activity was 1.7-fold higher than that seen in
strain EG-S-CBHI-S. The apparently lower degradation
ability in strain EG-S-CBHI-S likely can be attributed
to the loss of cellulases in each cycle, as most secreted
enzymes were separated from cells during the cell col-
lection step at the beginning of each batch. Although the
amount of enzyme produced was sufficient for saccharifi-
cation in the first batch, the ability to generate cellulases
in each new cycle apparently declined in subsequent
batches. In contrast, the enzymes immobilized on strain
EG-D-CBHI-D showed more consistent activity than the
activities in strain EG-S-CBHI-S during the recycling.
Khaw et al. reported that the ethanol production rate of
a yeast strain producing displayed a-amylase was main-
tained during a number of repetitions [39]. Consequently,
the construction of cellulolytic yeast by cell-surface dis-
play strategy is more applicable to CRBF compared with
the secretion strategy. Matano et al. even reported that
with the addition of extraneous cellulases (10 FPU/g-bio-
mass), the fermentation ability of a cellulase-displaying
yeast strain remained constant after 5-cycle repeated-
batch fermentation [40]. However, the required amount
of additional cellulase was still too high, precluding eco-
nomic feasibility for an industrial process [40]. In future
work, we propose to further improve the cellulolytic
activity of yeast strains and apply the cell-surface display
strategy to ethanol production from lignocellulosic bio-
mass (e.g., rice straw) with addition of trace amounts of
exogenous cellulases.

Conclusions

In this study, we investigated suitable strategies for het-
erologous production of EG and CBHI production in the
engineering of cellulolytic S. cerevisiae strains. We dem-
onstrated that cell-surface display system enhanced the
production rate of ethanol. Placement of EG and CBHI in
the same space (both on the cell surface or both secreted
into the medium) was favorable for ethanol production
from amorphous cellulose. In addition, a cellulolytic
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yeast strain producing cellulases via cell-surface display
was more effective in the cell-recycle batch fermentation
than a strain producing secreted cellulases.

Methods

Microbial strains and media

The relevant features and sources of the yeast strains
used in this study are listed in Table 2. Strain Escheri-
chia coli NovaBlue (Novagen, Inc., Madison, WI, USA)
was used for the propagation of the plasmids. Bacterial
cells were grown at 37 °C in Luria—Bertani broth (10 g/L
tryptone, 5 g/L yeast extract, and 5 g/L sodium chloride)
containing 100 mg/L ampicillin. Haploid yeast S. cerevi-
siae BY4741 (Life Technologies, Carlsbad, CA, USA) was
used for cellulase production. Yeast strains were screened
and pre-cultivated in synthetic dextrose (SD) medium
[6.7 g/L of yeast nitrogen base without amino acids (Difco
Laboratories, Detroit, MI, USA) and 20 g/L of glucose]
supplemented with appropriate amino acids in a shaker
incubator (150 rpm) at 30 °C, and then aerobically culti-
vated at 30 °C in YPD medium [20 g/L peptone (Bacto-
Peptone'", Difco Laboratories), 10 g/L yeast extract and
20 g/L glucose]. Ethanol fermentation was performed in
YP medium (10 g/L yeast extract and 20 g/L peptone)
containing either 10 g/L PASC or 10 g/L B-glucan from
barley (Megazyme, Bray, Ireland). PASC was prepared
from Avicel PH-101 (Fluka Chemie GmbH, Buchs, Swit-
zerland), as previously described [6].

Plasmid and strain construction

The plasmids and primers used in this study are summa-
rized in Table 1 and Additional file 3: Table S1, respec-
tively. To construct the plasmid pRDH225, the gene T.
reesei EGII was cloned as a 1277 bp Pacl/Ascl fragment
from pRDH147 [41] into pBZD2 [42] to form pRDH225.
To construct pPRDH226, the 1. emersonii CBHI-encoding
gene containing a domain encoding a carboxy-terminal
CBM originating from the T. reesei CBHI was amplified
using Phusion hi-fidelity polymerase (Thermo Scientific)
as directed by the manufacturer from pMI529 [21] as
template with primers TeCBH1-L and TeCBH1-R. The
resulting 1567 bp fragment was cloned as a Pacl/Ascl
fragment into pBZD2 to form pRDH226.

The integrative plasmids for cell-surface display with
the SEDI anchor were constructed as follows: the DNA
fragment encoding EGII from T reesei was ampli-
fied from plasmid pRDH225 by PCR using the primers
TrEG2-F and TrEG2-R. The cell-surface display cassette,
which includes the I2 region (the 3’ non-coding region
between gene YFLO21W and YFL020C, used for integra-
tion), LEU2, SEDI promoter, SEDI anchoring region, and
SAGI1 terminator was amplified from plasmid pIL2GA-SS
using primers P-EG2 and EG2-A. Two DNA fragments
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were connected by the isothermal assembly method
[43], generating the plasmid pIL2-EGp,. To construct the
secretion expression cassette without the SEDI anchor-
ing region, amplification was performed using the plas-
mid pIL2GA-SS as a template with primers P-EG2 and
EG2-T. Primers TrEG2-F and TrEG2-R2 were used for
amplifying the fragment encoding EG. The resulting plas-
mid from the combination of two DNA fragments was
named pIL2-EGg.

The construction of CBHI integrative plasmids was
performed by a process similar to the above description.
For the cell-surface display plasmid, the DNA fragment
of CBHI from T. emersonii was amplified from plasmid
pRDH226 using primers TeCBHI-F and TeCBHI-R,
and fused with the PCR product amplified from plas-
mid pIUSGA-SS by primers P-CBHI and CBHI-A. The
resulting plasmid, which was named pIU5-CBHI},, can
integrate into I5 region (the 3’ non-coding region of
gene YLLO55W and YLL054C). Plasmid pIU5-CBHIj is
the integrative plasmid with the secretion expression
cassette, connected by the segment of CBHI-encoding
gene (primes TeCBHI-F and TeCBHI-R2) and the PCR
products amplified from plasmid pIU5GA-SS (primers
P-CBHI and CBHI-T for secretion expression cassette).

Plasmids were transformed into S. cerevisiae BY4741
using lithium acetate as described [44]. The transfor-
mants were identified using colony PCR to check the
integration of the cellulase gene expression cassettes
(primers I12-F and I2-R for 12 insertion of EG-encoding
cassette, and primers I5-F and I5-R for I5 insertion of
CBHI-encoding cassette). Transformants with one copy
of the cassette were selected for subsequent experiments.

Quantification of the transcription level

of cellulase-encoding genes by real-time PCR

The transcription levels of the cellulase-encoding genes
were quantified by real-time PCR as described previously
[45]. The PCR primers BGL 761F and BGL 858R [46]
were used to determine the transcription level of gene
BGLI. Primers rt-EG-F and rt-EG-R were used for the
EGII gene and primers rt-CBHI-F and rt-CBHI-R were
used for the CBHI gene. Transcription levels of the target
genes were normalized to the housekeeping gene ACT1
(primers rt-ACT1-R and rt-ACT1-F).

Yeast cell growth assay

To measure cell growth, the parent strain and the engi-
neered strains were cultivated individually in SD medium
at 150 rpm for 24 h at 30 °C. The pre-cultured medium
was inoculated into 5 mL YPD medium in a L-shaped vit-
reous tube at the initial ODgg, of 0.05 and cultivated at
30 °C. The value of the ODg4, was measured once hourly
using a TVS062CA Bio-photorecorder (Advantec Toyo,
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Tokyo, Japan). The value of the ODg, was taken as an
indicator of cell growth.

Ethanolic fermentation

Recombinant yeast strains were pre-cultivated in SD
medium for 24 h, then inoculated into YPD medium and
aerobically cultured in YPD medium at 30 °C for 72 h.
Cells were harvested by centrifugation at 3000xg for
10 min at 4 °C, and then washed twice with sterile dis-
tilled water. The wet cell pellet was weighed and then
resuspended in 20 mL YP medium containing 10 g/L
PASC or B-glucan from barley at an initial cell concen-
tration of 150 g wet cells/L (PASC) or 50 g wet cells/L
(B-glucan). Ethanol fermentation was performed at 37 °C
for 96 h with 200 rpm agitation in 100 mL closed bottles,
each equipped with a siliconized tube and check valve
(Sanplatec Corp., Osaka, Japan) as a CO, outlet under
the oxygen-limited conditions. The ethanol concentra-
tion in the fermentation medium was determined using
a gas chromatograph (model GC-2010; Shimadzu, Kyoto,
Japan), as described previously [47].

In the cell-recycle batch fermentation, after the 96-h
batch fermentation described above, cells were collected
by centrifugation at 8000xg for 10 min at 4 °C. The pel-
leted cells were inoculated into fresh YP medium sup-
plemented with 10 g/L PASC. The fermentation was
repeated three times sequentially under the oxygen-lim-
ited conditions.

To measure PASC amount in fermentation, the fer-
mentation broth (including the cells and residual PASC)
was sterilized at 121 °C, 20 min (to terminate glucose
consumption by yeast cells) and then cooled to room
temperature. Sterilized medium was incubated with 3
FPU/g PASC commercial cellulase (Cellic CTec2; Novo-
zymes Inc., Bagsvaerd, Denmark) for 2 h at 50 °C. After
the hydrolysis reaction, the supernatant was obtained by
centrifugation at 8000xg, 10 min, 4 °C. Glucose concen-
tration in the supernatant was measured by the Glucose
CII kit (Wako Pure Chemical Industries, Ltd., Osaka,
Japan) and taken as the amount of PASC remnant.

Enzyme assay

At the 0 and 96-h time points of ethanol fermentation,
fermentation medium was assayed for PASCase, and
individual cellulase activities. PASCase activity represents
the PASC degradation ability of all enzymes present. Fer-
mentation broth was added into a final concentration
of 5 g/L PASC in 50 mM sodium citrate buffer (pH 5.0)
and 100 mM methyl glyoxal (Nacalai Tesque, Inc., Kyoto,
Japan); the methyl glyoxal prevents the assimilation of
glucose by yeast cells [48]. The reaction was performed
at 50 °C for 4 h using a heat block (Thermo Block Rotator
SN-06BN; Nissin, Tokyo, Japan) with shaking at 35 rpm,
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and the supernatant was collected by centrifugation for
10 min at 8000xg at 4 °C to remove cells and debris. The
amount of glucose in the supernatant was measured by
the Glucose CII kit. One unit of PASCase activity was
defined as the amount of enzyme needed to produce
1 pmoL of glucose per minute at 50 °C, pH 5.0 (U/mL).

The medium of PASC fermentation was used for the
BGL, EG, and CBHI activity assays. The BGL and EG
activities were determined as previously described [22].
One unit of the BGL activity was defined as the enzyme
amount required for production of 1 wmoL p-nitro-
phenol (pNP) in 1 min at 30 °C (U/mL). One unit of
EG activity was defined as the absorption at 590 nm of
released blue dye in 1 h at 38 °C (U/mL). p-Nitrophenyl-
B-lactopyranoside (pNPL, Sigma Co. Ltd, St. Louis, MO,
USA) was used for the measurement of CBHI activity as
previously described [49]. One unit of CBHI activity was
defined as the enzyme amount required for production of
1 pmoL pNP in 1 min at 50 °C (U/mL).

Additional files

Additional file 1: Figure S1. Relative transcription levels of cellulolytic
enzyme-encoding genes in recombinant yeast strains. Gene ACT1 was
used as the internal standard. The relative transcription levels were shown
normalized to the level observed in strain EG-D-CBHI-D, whose relative
transcription level was defined as 1. For each strain, data are presented as
the mean = SD from three independent experiments.

Additional file 2: Figure S2. Time-course profiles of cell growth using
host strain BY4741 and recombinant yeast strains in YPD medium. Each
strain was inoculated in YPD medium to an initial ODgg, of 0.05 and then
cultured aerobically at 30 °C, 150 rpm for 72 h. For each strain, data are
presented as the mean = SD from three independent experiments.

Additional file 3: Table S1. PCR primers used in this study.
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