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Abstract
A low-cost and sustainable cellulosic ethanol production is vital for fermentation-based industrial applications. Reducing the 
expenses of cellulose-deconstruction enzymes is one of the significant challenges to economic cellulose-to-ethanol conver-
sion. Here, we report the improved ethanol production from corn stover after dry biorefining using a natural β-glucosidase-
producing strain Clavispora NRRL Y-50464 with a low cellulase dose of 5 mg protein/g glucan under separate enzymatic 
hydrolysis and fermentation (SHF) and simultaneous saccharification and fermentation (SSF) conditions. Strain Clavispora 
NRRL Y-50464 exhibited a superior ethanol fermentation performance over Saccharomyces cerevisiae DQ1 under both 
conditions. It produced an ethanol titer of 38.1 g/L within 96 h at a conversion efficiency of 55.5% with 25% solids loading 
(w/w) via SSF without addition of extra β-glucosidase supplement. Improved performance of Y-50464 on a bioreactor with 
a helical stirring apparatus confirmed its advantage over the conventional bioreactors originally designed for liquid fermenta-
tions in cellulosic ethanol conversion by SSF. The results of this study suggested that the strain Clavispora NRRL Y-50464 
has a potential as a candidate for lower-cost cellulosic ethanol production from lignocellulosic materials.

Keywords β-glucosidase · Cellulosic ethanol · Clavispora NRRL Y-50464 · Corn stover · Simultaneous saccharification 
and fermentation (SSF)

Introduction

Renewable biofuels including cellulosic ethanol are attrac-
tive alternatives as transportation fuels to reduce the use of 
fossil fuels that aid mitigation of greenhouse gas emissions. 
A significant advance has been made in the past decades 
toward commercialization of cellulosic ethanol produc-
tion [1]. However, challenges remain for sustainable and 
economic operations in full commercial scales [2]. The 
extra cost of cellulase cocktails is a major issue, which is 

necessary to deconstruct the cellulose structure and release 
fermentable sugars for ethanol production. For conventional 
corn-based ethanol technology, the expense of a fermenta-
tion cocktail is less than 3% of the total operation cost. In 
contrast, the cellulase cocktails currently used in the cel-
lulosic ethanol production cost more than 30% of the total 
operation [3, 4]. Reduction of the production cost, especially 
for the expenses of the digestive enzyme, is vital for a sus-
tainable and efficient cellulosic ethanol production from 
lignocellulosic materials.

Since most cellulase complexes produced from bacteria 
and fungi have insufficient β-glucosidase activity, a sup-
plement of external β-glucosidase is required during enzy-
matic hydrolysis for cellobiose-to-glucose degradation [5, 
6]. To reduce the cost of cellulase, significant efforts had 
been taken to enable ethanologenic yeast to secrete or tether 
β-glucosidase on the cell surface through genetic engineer-
ing approaches [7, 8]. However, adequate β-glucosidase 
activity and the rapid enzymatic hydrolysis process require 
a massive amount of mutant yeast cells, which is impractical 
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for commonly applied simultaneous saccharification and fer-
mentation (SSF) processes [7].

A recently reported strain Clavispora NRRL Y-50464 is 
a natural β-glucosidase-producing yeast which produces at 
least three forms of β-glucosidases, BGL1, BGL2 and BGL3 
[9]. It has been demonstrated to produce cellulosic etha-
nol from lignocellulosic materials without addition of extra 
β-glucosidase via SSF [10, 11]. However, the previously 
reported process was less efficient in application with a rela-
tively higher cellulase dose at 34 FPU/g corncob residues 
or 15.3 FPU/g corn stover biomass using Celluclast 1.5 L, 
a commercial cellulase without β-glucosidase activity. The 
lower efficiency was partially attributed to the conventional 
bioreactor commonly used for liquid fermentation, which is 
inefficient for cellulosic ethanol production from slurry of 
cellulosic solids. The need of process engineering includ-
ing a different design of a suitable bioreactor for cellulosic 
ethanol production using SSF is realized [11]. After prelimi-
nary evaluations, we found that it was promising to obtain a 
more efficient ethanol fermentation using this β-glucosidase-
producing strain with a low cellulase dose. Here, we applied 
a bioreactor with a helical stirring apparatus that provides 
sufficient mixing power and mass transferring capability 
during enzymatic hydrolysis for higher levels of cellulosic 
solids loading [12]. This process is currently the most suit-
able and more efficient for cellulosic ethanol production 
using SSF. In this study, we characterized ethanol production 
from corn stover using the β-glucosidase-producing strain 
Clavispora NRRL Y-50464 with a lower cellulase input at 
5 mg protein/g glucan. The evaluation was compared using 
an ethanologenic yeast Saccharomyces cerevisiae as a con-
trol under both separated hydrolysis and fermentation (SHF) 
and SSF conditions.

Materials and methods

Corn stover and enzymes

Corn stover was obtained from Bayan Nur League, Inner 
Mongolia Autonomous Region, China. The collected corn 
stover was milled using a beater pulverizer (SF-300, Ketai 
Milling Equipment, Shanghai, China) to pass through a 
mesh with a diameter of 10 mm. The milled corn stover was 
stored under dry conditions in plastic bags until use.

A commercial cellulase enzyme powder Youtell #7 
and a liquid β-glucosidase enzyme Youtell #184 were 
provided by Hunan Youtell Biochemical Co. (Yueyang, 
Hunan, China). The enzyme activity was evaluated using 
an NREL protocol LAP-006 and a method as previously 
described [13, 14]. Youtell #7 had a cellulase activity of 
63.0 FPU/g and a β-glucosidase activity of 99.9 CBU/g. 
Youtell #184 had a β-glucosidase activity of 5678 CBU/

mL. The protein content was determined by the Brad-
ford method with bovine serum albumin (BSA) as a pro-
tein standard for Youtell #7 and #184 as 46.7 mg/g and 
40.0 mg/g, respectively [15].

Strains and culture medium

A β-glucosidase-producing yeast Clavispora NRRL 
Y-50464 was obtained from ARS Patent Culture Collec-
tion, Peoria, IL USA. Cell cultures were maintained and 
precultured on a medium containing 50 g glucose, 3.0 g 
yeast extract, and 5.0 g peptone per liter. The fermentation 
or SSF operation was carried out on a medium with the 
following nutrient supplementations: 3.0 g/L yeast extract, 
5.0 g/L peptone, 2.0 g/L  KH2PO4, 1.0 g/L  (NH4)2SO4, 
0.5 g/L  MgSO4·7H2O, 0.1 g/L NaCl, and 1.0 mL/L of a 
trace element solution. The trace element solution con-
sisted of 0.25 g  CuSO4·5H2O, 0.169 g  MnSO4·H2O, 0.287 
 ZnSO4·7H2O, and 0.238  CoCl2·6H2O per liter [10].

A thermotolerant strain Saccharomyces cerevisiae 
DQ1, also known as CGMCC2528 from China General 
Microorganism Collection Center, was used as a control 
[16]. S. cerevisiae DQ1 is unable to metabolize cellobi-
ose into ethanol. For this stain, a supplement of nutrients, 
including 2.0 g/L  KH2PO4, 1.0 g/L (NH4)2SO4, 1.0 g/L 
 MgSO4·7H2O, and 1.0 g/L yeast extract, was applied into 
the fermentation system for ethanol production [16].

Dry acid pretreatment and biodetoxification

Corn stover was pretreated using a dry acid pretreatment 
method as described previously [17, 18]. Briefly, the 
solid corn stover and the liquid dilute sulfuric acid (7.2%, 
w/w) were concurrently fed into the pretreatment reactor 
(pCF20-1.6, Keli Chemical Equipment, Yantai, China) at 
a ratio of 2:1. The mix was incubated at 175 °C for 5 min 
under mild helical agitation. The pretreated corn stover 
contained 38.0% of glucan and 4.4% of xylan as ana-
lyzed following a two-step dilute sulfuric acid hydrolysis 
procedure [19]. The solid content of the pretreated corn 
stover was about 50%. Then, the pretreated corn stover was 
neutralized to pH 5.0 with 20% (w/w) calcium hydroxide 
slurry and disk milled to remove the long cellulose fib-
ers. It was further incubated in a 15-L bioreactor at 28 °C 
and aeration for 48 h to remove the inhibitory compounds 
generated during the dry acid pretreatment procedures as 
previously described [20, 21]. There was no wastewater 
generated during the process of pretreatment and biode-
toxification treatment. But a substantial amount of mono-
mer xylose was consumed by A. resinae ZN1 after the 
inhibitors were degraded [20].
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Enzyme hydrolysis

The pretreated corn stover was enzymatically hydrolyzed at 
25%, 30%, and 35% solids loading (w/w) separately in a heli-
cal stirring bioreactor at 50 °C for 48 h with Youtell #7 at a 
dose of 5 mg protein/g glucan (equal to 6.7 FPU/g glucan). 
The pH was maintained automatically at 4.8 with 20% (w/w) 
sodium hydroxide. No antibiotics were incorporated in any 
phase of this study. The slurry of the hydrolyzed corn stover 
was centrifuged at 10,000 rpm for 10 min to obtain a clear corn 
stover hydrolysate to be used for the following fermentation 
experiments. Such obtained corn stover hydrolysate (CSH) at 
25% solids loading (25% CSH) contained 57.8 g/L glucose, 
15.6 g/L xylose, 13.4 g/L cellobiose, and 1.2 g/L acetic acid. 
The 30% CSH contained 66.2 g/L glucose, 15.4 g/L xylose, 
14.1 g/L cellobiose, and 2.5 g/L acetic acid. The 35% CSH 
contained 79.6 g/L glucose, 13.2 g/L xylose, 16.5 g/L cellobi-
ose, and 4.0 g/L acetic acid.

Simultaneous saccharification and fermentation

The SSF operation was carried out in a 5-L bioreactor with 
a helical stirring apparatus as described previously [12]. The 
pretreated and biodetoxified corn stover and the bioreactor 
used during SSF were autoclaved at 121 °C for 20 min. The 
corn stover was first prehydrolyzed to a liquid state at 25% 
(w/w) solids loading with 5 mg protein/g glucan of Youtell 
#7 at 50 °C with agitation at 150 rpm for 12 h at pH 4.8. 
Then, an inoculation was made at a 10% ratio (v/v) using a 
seeding yeast cultivated overnight. The SSF was maintained 
at 37 °C and the pH adjusted at 5.5 by automatic regula-
tion with 5 M NaOH. For the SSF without β-glucosidase 
addition, no extra β-glucosidase was supplemented to the 
system. However, for the SSF with β-glucosidase addition, 
extra β-glucosidase Youtell #184 was added to the system 
at the beginning of prehydrolysis with a dose of 91.1 CBU/g 
glucan. Samples were taken periodically and supernatants 
were obtained by centrifugation at 13,000 rpm for 5 min. 
Fermentation profiles were analyzed using HPLC as previ-
ously described [22].

Analysis

Glucose, xylose, cellobiose, acetic acid, and ethanol in a 
sample were analyzed on HPLC (LC-20AD, Shimadzu, 
Kyoto, Japan) equipped with a Bio-rad Aminex HPX-87H 
column (Bio-rad, Hercules, CA, USA) and RID-10A detec-
tor (Shimadzu, Kyoto, Japan). A solution of 5 mM  H2SO4 
was used as eluent with a flow rate of 0.6 mL/min.

The cellulose conversion efficiency (as ethanol yield) was 
calculated using the method described by Zhang and Bao 
specifically for the high solid SSF process [23]:

where [C1] stands for the ethanol concentration in the culture 
broth (g/L), W is the total water input of SSF (g), f the cel-
lulose fraction of corn stover feedstock, [Biomass] the dry 
corn stover concentration at the beginning of SSF (g/g), m 
the total weight of SSF (g), 0.511 the conversion factor for 
glucose to ethanol based on stoichiometric biochemistry of 
yeast, and 1.111 the conversion factor for cellulose equiva-
lent to glucose.

Results and discussion

Cellobiose assimilation of Clavispora NRRL Y‑50464

The cellobiose assimilation capacity of Clavispora NRRL 
Y-50464 was evaluated in comparison with S. cerevisiae 
strain DQ1 using either glucose or cellobiose as a sole 
carbon source. On a medium using glucose as the sole 
carbon source, both strains were able to grow a cell mass, 
consume the sugar and produce ethanol. However, Clavis-
pora NRRL Y-50464 showed a significantly faster rate of 
cell growth and glucose consumption and produced almost 
the same amount of ethanol compared with S. cerevisiae 
DQ1 (Fig. 1a). Under cellobiose as the sole carbon source 
conditions, S. cerevisiae showed a minimum cell growth 
likely from the trace amount of glucose that existed in the 
yeast extract (Fig. 1b). It did not produce any ethanol and 
the cellobiose remained intact in the medium unutilized. 
In contrast, Clavispora NRREL Y-50464 displayed nor-
mal cell growth and depleted cellobiose in no more than 
12 h for ethanol conversion (Fig. 1b). According to our 
previous studies, a large amount of β-glucosidase activ-
ity (specific activity of 1.20 U/mg/mL) was observed in 
crude cell protein extracts by in vitro assay when the strain 
Y-50464 was grown on cellobiose [10]. Thus, Clavispora 
NRRL Y-50464 was capable of transforming cellobiose 
into ethanol directly, which has a potential in reducing the 
use of additional β-glucosidase, a significant component 
of cellulase, for lower-cost cellulosic ethanol production.

Ethanol production from corn stover hydrolysate

The corn stover hydrolysate (CSH) was prepared at 25%, 
30%, and 35% solid loading (w/w) separately. Following a 
previously reported process economic analysis [3], a cel-
lulase dose of 5 mg protein/g glucan was applied in this 
study. Since Youtell #7 was observed to possess a low 

Cellulose conversion efficiency =
[C1 ×W]

976.9 − 0.804 × [C1]

×
1

0.511 × f × [biomass] × m × 1.111
× 100%,
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β-glucosidase activity (99 CBU/g), the product inhibition 
of glucose on cellulase was more serious at higher solids 
loading of corn stover. As a result, cellobiose accumula-
tion in the CSH increased with the increase in the solids 
loading. The final cellobiose concentration of the CSH 
samples was 13.4, 14.1, and 16.5 g/L for solids loading of 
25%, 30% and 35%, respectively.

The cell growth of Clavispora NRRL Y-50464 was sig-
nificantly higher than that of S. cerevisiae DQ1 as measured 
by  OD600 for all three solids loading levels (Fig. 2a). Both 
strains showed a decreased trend of cell density with the 
increased levels of solids loading in CSH. Acetic acid was 
observed at 1.2, 2.5, and 4.0 g/L for the solids loading in 
CSH of 25%, 30%, and 35%, respectively. The decreased cell 
growth under higher levels of solids loading was possibly 

due to the higher acetic acid and phenolic acid concentra-
tions accumulated in the CSH. Clavispora NRRL Y-50464 
produced significantly higher levels of ethanol for all sol-
ids loading CSH compared with those fermented by S. cer-
evisiae DQ1 (Fig. 2b). The ethanol production increased 
with the increase of the solids loading levels at 26 g/L for 
25% CSH and the with highest at 38 g/L for 35% CSH. The 
increased portion of ethanol production was attributed to 
the cellobiose in the CSH, since strain Y-50464 is able to 
directly convert cellobiose into ethanol. Clavispora NRRL 
Y-50464 showed about 80% of cellobiose consumption and, 
as anticipated, S. cerevisiae strain DQ1 did not utilize any 
cellobiose at all (Fig. 2c). For SHF at 25% (w/w) solids load-
ing, the cellulose conversion efficiency was about 51% dur-
ing the enzymatic hydrolysis step. The ethanol metabolic 
yield was 80% and 65% in the fermentation step for strain 
Y-50464 and strain DQ1, respectively. Thus, the net ethanol 
production was less than 41% for strain Y-50464 and 33% 
for strain DQ1 from cellulose in the corn stover. The lower 
efficiency of enzymatic hydrolysis was partially attributed to 
the lower input of cellulase at 5 mg protein/g glucan and the 
product inhibition in the presence of high glucose concentra-
tion. In addition, a residue amount of xylitol as a by-product 
was observed from cellobiose conversion by strain Y-50454 
[11]. Thus, the cellobiose-to-ethanol pathway in Y-50464 
also needs to be optimized in the future for more efficient 
cellobiose conversion.

Ethanol production from SSF

The SSF procedure is commonly applied for cellulosic 
ethanol production. It has an advantage in alleviating the 
glucose product inhibition on cellulase by converting the 
glucose into ethanol as it was released to reduce sugar 
accumulation. As a result, a higher ethanol yield often 
can be obtained relative to the operation using a separated 
hydrolysis and fermentation process [24]. In this study, 
we conducted comparative SSF for both strains applying 
25% solids loading (w/w) of corn stover treated with 5 mg 
protein/g glucan using Youtell #7. For S. cerevisiae DQ1, 
ethanol production was lower over time without addition of 
β-glucosidase compared with that of added β-glucosidase 
treatment. In the absence of extra β-glucosidase, an ethanol 
titer of 30.0 g/L was obtained at 96 h after incubation. When 
β-glucosidase was added in the system, the ethanol titer 
was increased to 36.9 g/L for S. cerevisiae DQ1 (Fig. 3a; 
Table 1). This indicated an insufficient β-glucosidase activ-
ity of Youtell #7 applied, which resulted in the inefficient 
synergetic effect among the cellulase components (endo-, 
exo-glucanase, and β-glucosidase) and the poor cellulose 
conversion ratio. Unlike often observed cellobiose accu-
mulation in CSH, no significant cellobiose accumulation 
occurred during SSF stage, even for the treatment without 

Fig. 1  Comparison of ethanol fermentation profiles between S. cer-
evisiae DQ1 and Clavispora NRRL Y-50464 in response to different 
sugar conditions. a Fermentation using glucose as the sole carbon 
source; and b fermentation using cellobiose as the sole carbon source. 
Fermentation conditions: 37  °C for Clavispora NRRL Y-50464 and 
30 °C for S. cerevisiae DQ1 in a shaking incubator with the agitation 
speed of 150 rpm
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extra β-glucosidase supplementation. It reflected the advan-
tage of SSF with a better alleviation of the product inhibi-
tion on cellulase.

On the other hand, addition of extra β-glucosidase did 
not affect the performance of Clavispora NRRL Y-50464 at 
all. There was no significant difference in cellobiose con-
sumption and ethanol conversion between SSF treatments 
with and without β-glucosidase supplementation (Fig. 3b). 
The fermentation treatment without addition of extra 
β-glucosidase produced an ethanol titer of 38.1 g/L with 
a conversion efficiency of 55.5% (Table 1). The treatment 
with added β-glucosidase generated a similar amount of 
ethanol with a titer of 37.7 g/L and conversion efficiency of 
54.9%. Performance of both treatments by strain Y-50464 
surpassed the fermentation by S. cerevisiae DQ1 under the 
same conditions as measured by the above parameters. These 
results suggested that the native β-glucosidase activity from 
strain Y-50464 was not only able to compensate the deficit 
of Youtell #7, but was also sufficient, by its native enzyme 
production, to complete the hydrolysis of cellobiose for etha-
nol conversion.

Ethanol production potential using strain Y‑50464

Using a commercial cellulase Celluclast 1.5 L which lacks 
β-glucosidase activity, at a dose of 34 FPU/g, an ethanol 
production of 23 g/L was obtained previously from corn-
cob residue without addition of β-glucosidase by SSF using 
Clavispora NRRL Y-50464 [10]. Using a similar method, 
only 17.2 g/L ethanol was obtained from conventional corn 
stover from NREL-DOE at 25% solids loading with an effi-
ciency of 32.4% [11]. In this study, using a very low dose of 
5 mg protein/g glucan from Youtell #7 (equal to 6.7 FPU/g 
glucan), we obtained a significantly higher ethanol produc-
tion of 38.1 g/L from 25% solids loading. It also significantly 
improved the conversion efficiency up to 55.5%. Such a sig-
nificant improvement is largely attributed to the bioreactor 
applied in this study, which has a special helical stirring 
apparatus that provides a strong mixing power and efficient 
mass transferring efficiency against the slurry of corn stover 
during the SSF process. Conversion of corn stover to ethanol 
was found to be more efficient at 15% solids loading using 
conventional bioreactors [11]. The efficiency decreased 

Fig. 2  Comparison of ethanol fermentation performance between 
S. cerevisiae DQ1 and Clavispora NRRL Y-50464 from corn stover 
hydrolysate prepared at different solids loading levels at 25%, 30% 
and 35% (w/w). a Cell growth response as measured by  OD600; b 

ethanol production under the same conditions; and c cellobiose con-
sumption ratio from the corn stover hydrolysate. Fermentation condi-
tions: 37  °C, 150  rpm in a shaking incubator using 25%, 30%, and 
35% CSH, respectively
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significantly with the increase in solids loading. For exam-
ple, at 25% solids loading, the conversion efficiency only 
reached 32.4%. In this study, the conversion efficiency was 
55.5% for 25% solids loading, which demonstrated the sig-
nificant advantage of using the bioreactor with a unique 
helical stirring apparatus. Although the available sugar base 
from different corn stover sources varies and is difficult to 
compare, the large margin of the difference demonstrated 
by this study suggested that the helical stirring bioreactors 
used in this study were desirable for cellulosic ethanol pro-
duction by SSF.

In addition to using adapted natural isolates, genetic 
engineering efforts have been made to enable S. cerevisiae-
producing β-glucosidase. Ethanol production was evaluated 
from varied sources of cellulose including pure commer-
cial cellulose and raw corn stover with different cellulase 
inputs (Table  2). In general, recombinant S. cerevisiae 
strains expressing cellobiose transporter or β-glucosidase 
did not produce satisfactory levels of cellulosic ethanol even 
with higher levels of cellulase input in the fermentation. It 
needs to be pointed out that we applied only 5 mg protein/g 
glucan of cellulase in this study to achieve a high ethanol 
production close to the minimum industrial standard of 
40 g/L from genuine lignocellulosic materials such as corn 
stover using Clavispora NRRL Y-50464 without addition of 
extra β-glucosidase. Three forms of β-glucosidases, BGL1, 
BGL2 and BGL3, were characterized from Clavispora 
NRRL Y-50464 [9, 25]. Since additional enzyme activity 
was observed, other new forms of the enzyme are expected 
to be discovered in the future. These enzymes demonstrated 
hydrolysis activities toward at least 14 oligosaccharide sub-
strates, including cellotetraose, cellopentaose, laminaritetra-
ose, laminaripentaose, lactose, lichenan and other complex 
oligos with glycosidic bonds [9]. Such a comprehensive 
hydrolysis capability clearly contributed to a broad range of 
the β-glucosidase activity, which is a significant component 
of the cellulase complex for complete deconstruction of cel-
lulosic materials for SSF.

The minimum industrial standard of ethanol production 
is 40 g/L. Clavispora NRRL Y-50464 produced 38.1 g/L 
without addition of extra β-glucosidase via SSF in this study, 

Fig. 3  Sugar conversion performance of simultaneous saccharifica-
tion and fermentation from corn stover at 25% (w/w) solids loading. 
a Strain S. cerevisiae DQ1 performance with or without the addi-
tion of β-glucosidase in the medium; and b strain Clavispora NRRL 
Y-50564 performance with or without the addition of β-glucosidase 
in the medium. Conditions: prehydrolysis stage was maintained at 
50 °C, pH 4.8 for 12 h, while the SSF stage was maintained at 37 °C, 
pH 5.5 for 84 h. The overnight precultured yeast seeds were inocu-
lated at a ratio of 10% (v/v)

Table 1  Comparison of ethanol 
production from corn stover 
at 25% solids loading (w/w) 
between S. cerevisiae DQ1 and 
Clavispora NRRL Y-50464 
using SSF

a Cellulase Youtell #7 was added at 5  mg protein/g glucan to allow positive fermentation, but extra 
β-glucosidase Youtell #184 was not added
b In addition to 5 mg protein/g glucan of Youtell #7 supplemented, extra β-glucosidase Youtell #184 was 
also added at a dose of 91.1 CBU/g glucan to the system at the beginning of prehydrolysis

Strain β-Glucosidase Ethanol titer (g/L) Cellulose conver-
sion efficiency (%)

S. cerevisiae DQ1 Not  addeda 30.3 ± 0.6 44.1 ± 0.1
Addedb 36.9 ± 0.1 53.7 ± 0.1

Clavispora Y-50464 Not  addeda 38.1 ± 1.9 55.5 ± 0.2
Addedb 37.7 ± 0.2 54.9 ± 0.1
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which came short than expected. Further improvement of 
the yeast performance is needed. For example, lignin was 
observed to inhibit cellulose-to-ethanol conversion and a 
delignified cellulose corn stover significantly improved eth-
anol production and conversion efficiency up to 65% [11]. 
Stain Y-50464 was able to produce 40.44 g/L ethanol from 
pure cellulose using low-efficient SSF with bottles [11]. This 
level of the titer is likely to be reached easily by application 
of the more efficient helical stirring bioreactors. In addi-
tion to converting cellobiose into ethanol, a small amount 
of xylitol as a by-product was also produced by strain 
Y-50464 at the end of SSF [10, 11]. Future improvement of 
the cellobiose-to-ethanol conversion pathway for Y-50464 
is apparently needed to efficiently utilize available sugars 
for higher ethanol productivity. In addition, strain Y-50464 
is suitable for ethanol production from cellulosic solids by 
SSF and limited in xylose-to-ethanol conversion. Thus, it 
may be more useful for specific niche applications, but not 
fit for conventional ethanol production from lignocellulosic 
hydrolysates which contain a large portion of xylose. With 
continued improvement of this β-glucosidase-producing 
yeast, it is expected to have applications in a more extended 
scale for cellulosic ethanol production.

Conclusions

The β-glucosidase-producing yeast strain Clavispora NRRL 
Y-50464 exhibited a superior ethanol fermentation perfor-
mance over the control strain S. cerevisiae DQ1 in both 

SHF and SSF processes. An ethanol titer of 38.1 g/L and 
conversion efficiency of 55.5% were obtained from 25% 
solids loading (w/w) with a low cellulase dose of 5 mg 
protein/g glucan without addition of extra β-glucosidase. 
The strong native β-glucosidase activity generated from 
Clavispora NRRL Y-50464 provided sufficient comple-
mentary hydrolysis capability to reduce the enzyme cost 
for cellulosic ethanol production by SSF. This work also 
demonstrated that a bioreactor with a helical stirring appa-
ratus is more suitable than the conventional bioreactor 
originally designed for liquid fermentation for improved 
cellulosic ethanol production by SSF. Clavispora NRRL 
Y-50464 demonstrated a potential as a candidate, with 
future improvement, for a lower-cost cellulosic ethanol 
production from lignocellulosic materials.

Acknowledgements This research was supported by the Natural Sci-
ence Foundation of China (21306048) and sponsored by Shanghai 
Pujiang Program. Mention of trade names or commercial products in 
this publication is solely for the purpose of providing specific informa-
tion and does not imply recommendation or endorsement by the US 
Department of Agriculture. USDA is an equal opportunity provider 
and employer.

Compliance with ethical standards 

Conflict of interest The authors declare that they have no conflict of 
interest.

Table 2  A summary of cellulosic ethanol production using β-glucosidase-producing strains without the addition of extra β-glucosidase

a Cellulase used here was JU-A10, containing 4.3 IU/mL of filter paper activity and 0.8 IU/mL of β-glucosidase
b Cellulase used here was Celluclast 1.5 L
c Cellulase used here was T. reesei culture supernatant
d Cellulase used here was Celluclast

Strain Substrate/condition Cellulase dosage Ethanol titer (g/L) Reference

S. cerevisiae NAN-227 Corncobs/bottle/96 h 20 IU/g  solidsa 20.0 [26]
S. cerevisiae D-56 Crystalline cellulose/bottle/96 h 25 FPU/g  celluloseb 26.37 [7]
S. cerevisiae INVSc1 Japanase cedar/bottle/72 h 15 mg protein/g  solidsc ~ 18.0 [27]
S. cerevisiae SyBE001603 Avicel/bottle/144 h 10 FPU/g  glucand ~ 16.0 [28]
Strain Y-50464 Corncob residue/fleaker /48 h 0.2 mL/g  solidsb 22.7 [10]
Strain Y-50464 Rice straw/bottle/36 h 9 FPU/g  solidsb 25 [29]
Strain Y-50464 Avicel/bottle/72 h 15.3 FPU/g  celluloseb 40.44 [11]
Strain Y-50464 SigmaCell/bottle/72 h 15.3 FPU/g  celluloseb 39.64 [11]
Strain Y-50464 Conventional NREL corn stover/bottle/72 h 15.3 FPU/g  celluloseb 17.2 [11]
Strain Y-50464 Dilignified NREL corn stover/bottle/72 h 15.3 FPU/g  celluloseb 28.2 [11]
Strain Y-50464 Conventional NREL corn stover/bioreactor/48 h 15.3 FPU/g  celluloseb 32 [11]
Strain Y-50464 Rice straw/bottle/36 h 12 FPU Cellic CTec2 36.7 [30]
Strain Y-50464 Corn stover/ helical stirring bioreactor/96 h 5 mg protein/g glucan 

(6.7 FPU/g glucan)
38.1 This study
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