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Abstract: Kluyveromyces marxianus is a well-known ther-
motolerant yeast. Although Saccharomyces cerevisiae is the
most commonly used yeast species for ethanol production,
the thermotolerant K. marxianus is more suitable for simulta-
neous saccharification and fermentation (SSF) processes.
This is because enzymatic saccharification usually requires a
higher temperature than that needed for the optimum growth
of S. cerevisiae. In this study, we compared the fermentation
patterns of S. cerevisiae and K. marxianus under various tem-
peratures of fermentation. The results show that at a fermenta-
tion temperature of 45°C, K. marxianus exhibited more than
two fold higher growth rate and ethanol production rate in
comparison to S. cerevisiae. For SSF using starch or corn sto-
ver as the sole carbon source by K. marxianus, the high tem-
perature (45°C) fermentations showed higher enzymatic acti-
vities and ethanol production compared to SSF at 30°C. These
results demonstrate the potential of the thermotolerant yeast
K. marxianus for SSF in the industrial production of biofuels.

Keywords: Kluyveromyces marxianus, Thermotolerant, Simul-
taneous saccharification and fermentation, Biofuel

1. INTRODUCTION

Due to increasing environmental concerns and need for energy
security, biofuel production has become an attractive alterna-
tive to the finite fossil fuels [1-3]. The production of biofuels
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from non-edible cellulosic biomass is a cost effective way to
compete with conventional gasoline production, which has
been optimized for over a century [4]. In contrast to starch hy-
drolyzed into only hexose sugars, cellulosic biomass consists
of hexose and pentose, which indicates that both sugars need to
be efficiently utilized for the commercial production of cellu-
losic biofuels. Saccharomyces cerevisiae has been widely used
in the production of cellulosic biofuels due to an efficient glu-
cose fermentation capability. Moreover, S. cerevisiae has been
engineered for the efficient utilization of xylose, which is the
most abundant pentose sugar from cellulosic biomass [5-7]. The
utilization of hexose and pentose sugars has been developed
through several well-defined strategies, including cell surface
display and cellobiose/xylose co-fermentation [8, 9]. In addi-
tion to laboratorial S. cerevisiae strains, an industrial S. cerevi-
siae strain has been engineered for cellulosic biofuel produc-
tion [10-13].

Cellulosic biomass needs to be hydrolyzed into monomeric
sugars before ethanol fermentation. The hydrolysis of cellulo-
sic biomass requires pretreatment with either an acidic or alkali
catalyst, followed by enzymatic hydrolysis usually with cellu-
lases and cellobiases [14, 15]. One of the major problems to
arise during separate hydrolysis and fermentation (SHF), is
feedback inhibition from the production of monomeric sugars.
For commercial production of cellulosic biofuels, simultaneous
saccharification and fermentation (SSF) are required, as well as
the efficient utilization of both hexose and pentose sugars [16].
The overall rate limiting step for SSF is usually the enzymatic
hydrolysis step, which generally have high optimum tempera-
tures [17]. Therefore, SSF is carried out under low tempera-
tures by genetically engineered S. cerevisiae because the high
optimal fermentation temperatures over 35°C are unsuitable
for the growth of the non-thermotolerant S. cerevisiae.

However, the recent use of the thermotolerant yeast, Kluy-
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veromyces marxianus, for the production of biofuels and com-
mercially valuable chemicals from renewable resources provi-
des an alternative to S. cerevisiae [18-20]. The thermotolerant
K. marxianus has several advantages over the mesophilic yeast
S. cerevisiae in a number of practical aspects, for example;
reduced cooling costs, improved enzymatic hydrolysis for SSF,
a high growth rate, the ability to utilize various substrates and
low contamination levels [21, 22]. The genome of K. marxia-
nus KCTC17555 has been completely sequenced, allowing for
the development of several genetic engineering tools, which
have greatly facilitated the metabolic engineering of K. marxi-
anus [23-25].

In this study, we have verified the thermotolerance of K.
marxianus strains, using spotting growth assays and flask fer-
mentation. Due to the advantages of thermotolerant growth, K.
marxianus strain exhibited higher fermentation rates in SSF
when compared to S. cerevisiae grown at high fermentation
temperatures. High temperature fermentation is a significant
benefit of the K. marxianus strains, which can be exploited for
the production of biofuels and commercially valuable chemi-
cals from cellulosic biomass.

2. MATERIALS AND METHODS

2.1. Strains and culture conditions

The strains used in this study included three K. marxianus strains
(CBS1555, CBS712, and ATCC36907), four S. cerevisiae lab-
oratory strains (CEN.PK 2-1D, L2612, BY4742, and D452-2)
and one S. cerevisiae industrial strain (JAY270). To prepare ino-
culums for fermentation, yeast cultures were routinely grown
in YP medium (10 g/L yeast extract, 20 g/L. Bacto peptone),
containing 20 g/L of glucose. Cultures were shaken at 200 rpm
and incubated at 30°C. Cells were then harvested at mid-
exponential phase, washed twice with sterilized water and used
for inoculations.

2.2. Fermentation experiments

Fermentation experiments were performed using 50 mL of YP
medium, containing 80 g/L of glucose in 250 mL, with an ini-
tial optical density at 600 nm (ODyy) of 1 under oxygen-
limited conditions. For SSF with starch and glucoamylase, 80
g/L of starch was added as a substrate and 1200 U of amylo-
glucosidase was added. For fermentation with corn stover
hydrolyzate, the enzyme treated corn stover hydrolyzate was
used as the sole medium. For SSF with pretreated corn stover,
310 U of cellulase, and 70 U of cellobiase were added to pre-
treated corn stover. All of the flask fermentation experiments
were repeated three times independently.

2.3. Spotting growth assay

Yeast cells were grown to saturation (~ 2x10® cells/ml) at 30°C
with shaking at 200 rpm. Ten-fold serial dilutions were prepa-
red for each strain, ranging from 107 cells/mL to 10° cells/mL.
A 5 pL volume of each dilution was spotted onto YPD agar
plates, containing 20 g/L of glucose. The plates were then
incubated at either 30°C or 45°C for 2 days.

2.4. Preparation of corn stover hydrolyzate

The corn stover hydrolyzate was prepared by the following
procedure;: 1) The corn stover was washed with tap water,
chopped (20-30 cm strips), air-dried and milled to particle size
smaller than 1 mm. 2) Corn stover particles were then im-
mersed in 1% NaOH (w/v), at a solid-liquid ratio of 1:10 and at
50°C for 48 h. The corn stover particles were then washed with
water and adjusted to pH 5.0 using 50 mM citrate buffer (pH
4.8). 3) The pretreated corn stover particles were dried in an
oven at 60°C until they reached constant weight. 4) The pre-
treated corn stover particles were then soaked in 50 mM citrate
buffer (pH 4.8), with a solid content of 10% (w/v). The diluted
cellulase (Celluclast Conc BG,, Daejung, Seoul, Korea), and
cellobiase (Novozyme 188, Sigma) enzymes were added to a
final concentration of 310 endo-glucanase unit (EGU)/g-dry
substrate and 70 cellobiase units (CBU)/ g-dry substrate, res-
pectively. Enzyme hydrolysis was performed at 50°C and 180
rpm for 48 h.

2.5. Enzymatic assay of amyloglucosidase

The enzymatic activity of amyloglucosidase from Aspergillus
niger (Sigma), was assayed using a reaction mixture containing
0.5 mL of 5% soluble starch solution prepared in sodium ace-
tate buffer (pH 4.0) with 0.5 mL of appropriately diluted amy-
loglucosidase. The enzyme substrate mixture was incubated at
various temperatures, from 30°C to 85°C for 5 min. The reduc-
ing sugars liberated were determined using HPLC analysis. All
experiments were carried out in triplicate and the mean data
are presented.

2.6. Analytical methods

Cell growth was monitored by optical density (OD) at 600 nm
using a UV-visible spectrophotometer (Biomate 5, Thermo,
Rochester, NY). Glucose, xylose, xylitol, glycerol, acetate and
ethanol concentrations were determined by high performance
liquid chromatography (HPLC 1200 Series, Agilent Technolo-
gies, Santa Clara, CA), equipped with a refractive index det-
ector, using a Rezex ROA-Organic Acid H+ (8%) column (Phe-
nomenex Inc., Torrance, CA). The column was eluted with
0.005 N of H,SO, at a flow rate of 0.6 mL/min at 50°C.
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Fig. 1. Spotting growth assays of the four S. cerevisiae laboratory
strains (CEN-PK 2-1D, L.2612, BY4742, and D452-2), the S. cere-
visiae industrial strain (JAY270), and three K. marxianus (CBS1555,
CBS712, and ATCC36907) strains on YPD agar plate containing
20 g/L of glucose at 30°C(A) or 45°C (B). Yeast cells were five-
fold serially diluted (from left to right) and spotted onto plates.

3. RESULTS AND DISCUSSION

3.1. Comparison of K. marxianus and S. cerevisiae growth
rates at 30°C and 45°C

In comparison to S. cerevisiae, K. marxianus is a thermotole-
rant yeast. To verify the thermotolerant growth characteristics
of K. marxianus strains, spotting growth assays were perfor-
med at 30°C or 45°C with the four S. cerevisiae laboratory
strains (CEN.PK 2-1D, L2612, BY4742, and D452-2), the S.
cerevisiae industrial strain (JAY270), and the three K. marxia-
nus strains (CBS1555, CBS712, and ATCC36907). As expec-
ted, there were no significant differences in the growth rates
when grown at 30°C (Fig. 1A). However, at 45°C the growth
of the two K. marxianus strains (CBS1555 and ATCC36907)
were comparable to their growth at 30°C, with the exception of
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the K. marxianus strain CBS712, which grew poorly at 45°C.
The five S. cerevisiae strains did not grow at 45°C (Fig. 1B).
For flask fermentations carried out in YPD80 medium (YPD
medium supplemented with 80 g/L of glucose) at 30°C, the
three K. marxianus strains consumed all the glucose within 12
h, producing around ~32-33 g/L of ethanol, which correspon-
ded to ~0.40-0.41 g/g ethanol yield (Fig. 2A). In the case of the
five S. cerevisiae strains, only the industrial S. cerevisiae
JAY270 consumed all glucose within 12 h, producing 34 g/L
of ethanol. The four S. cerevisiae laboratory strains did not
consume all the glucose within the 12 h period, producing
slightly less ethanol (~22-30 g/L) compared to the industrial
and thermotolerant yeast strains. The S. cerevisiae CEN.PK 2-
ID showed the lowest ethanol production (22 g/L) together
with the lowest glucose consumption rate. Interestingly, the
ethanol yields for the five S. cerevisiae strains (0.43~0.45 g/g)
were higher than those from three K. marxianus strains (0.41~
0.43 g/g) at 30°C. However, at the fermentation temperature of
45°C (Fig. 2B), the five S. cerevisiae strains demonstrated a
much reduced rate of glucose consumption and ethanol
production. Only the S. cerevisiae L2612 and JAY270 showed
relatively high production of ethanol among the five S. cere-
visiae strains at 45°C. However, the three K. marxianus strains
showed almost comparable ethanol production at 45°C when
compared to ethanol production at 30°C (Fig. 2). The spotting
growth assays and high temperature flask fermentation results
demonstrate that that the three K. marxianus strains maintain
fermentation capabilities up to 45°C in contrast to the S. cere-
visiae strains. When the fermentation temperature was increa-
sed to 50°C, fermentation rates of the three K. marxianus strains
were significantly reduced (data not shown). The thermotole-
rant advantage of K. marxianus strains at 45°C can potentially
be applied to SSF, as hydrolytic enzymatic activities (amylases
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Fig. 2. Fermentation results of the four S. cerevisiae laboratory strains (CEN-PK 2-1D, L2612, BY4742, and D452-2), the S. cerevisiae
industrial strain (JAY270), and the three K. marxianus strains (CBS1555, CBS712, and ATCC36907) on YPD medium containing 80 g/L
of glucose at 30°C (A), or 45°C (B) for 12 h. Symbols: OD (black bar) and ethanol (gray bar).
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Fig. 3. Relative enzymatic activities of the amyloglucosidase from
Aspergillus niger at various reaction temperatures between 30°C
and 90°C.

or cellulases) are enhanced at higher temperatures.

3.2. Improvement of the K. marxianus SSF fermentation
rate with high temperature

Simple SSFs were prepared using starch as a substrate and
amyloglucosidase from Aspergillus niger as the hydrolysis en-
zyme. The K. marxianus strain CBS1555 and the two S. cere-
visiae strains (L2612 and JAY270) were chosen for compari-
sons as these strains exhibited the highest fermentation rates at
45°C (Fig. 2B). Before performing the simple SSF, the enzy-
matic activity of amyloglucosidase at various reaction temp-
eratures was established (Fig. 3). As the reaction temperature
increased from 30°C to 70°C, amyloglucosidase activity inc-
reased, however, the amyloglucosidase activity was signifi-
cantly inhibited at temperature above 70°C. A comparison of
amyloglucosidase activity at 30°C and 45°C, showed that acti-
vities were increased from 65% to 76%. These results sugge-
sted that the fermentation rate of SSF at 45°C might be impro-
ved by at least 17% compared to fermentation arte carried out
at 30°C.

When SSFs using starch and amyloglucosidase were perfor-
med at 30°C with K. marxianus CBS1555 and the S. cerevisiae
strains L2612 and JAY270 (Fig. 4), all the strains showed sim-
ilar starch degrading rates as the same amount of amyloglu-
cosidase was added. However, S. cerevisiae 1L.2612 had a red-
uction in the rate of glucose consumption and ethanol prod-
uction (Fig 2B). At 45°C, the starch degrading rates were en-
hanced compared those from 30°C, due to an increase in enzy-
matic activity of amyloglucosidase. As expected, S. cerevisiae
L2612 was not able to consume glucose with 68 g/L of glucose
remaining after 12 h because S. cerevisiae L2612 is very sensi-
tive to high fermentation temperature. In the case of S. cere-
visiae JAY270, 20 g/L of glucose remained after 8 h, with no
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Fig. 4. SSF fermentation results with YPS medium containing 80
g/L of starch as the sole carbon source and enzymatic hydrolysis
with amyloglucosidase. (A) S. cerevisiae 12612, (B) S. cerevisiae
JAY270, (C) and K. marxianus CBS1555 at 30°C or 45°C for 12 h.
Symbols: OD (square), glucose (circle), and ethanol (diamond).

more glucose consumption a further 4 h. This indicated that
that glucose consumption and ethanol production had been
inhibited, due to the high fermentation temperature of 45°C. K.
marxianus CBS1555 consumed all the glucose and produced
31 g/L of ethanol within 8 h. At 45°C, the ethanol concentra-
tion (31 g/L) and productivity (3.92 g/L-h) of K. marxianus
CBS1555 were higher than those from 30°C (30 g/L and 2.48
g/L-h, respectively), due to lower cell growth and higher amy-
loglucosidase activity at 45°C.

3.3. SSF at 45°C results in efficient ethanol production
from pretreated corn stover

Usually cellulosic biomass hydrolysates possess several fer-
mentation inhibitors such as furfural or 5-hydroxymethylfur-
fural (HMF). Because of these inhibitors, the fermentation rates
were significantly reduced when cellulosic biomass hydroly-
sates were used as a carbon source. In order to compare the
resistance to fermentation inhibitors, fermentation experiments
were performed using corn stover hydrolyzate as a sole med-
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Fig. 5. Fermentation results with corn stover hydrolysates as the
sole medium. (A) S. cerevisiae 12612, (B) S. cerevisiae JAY270,
(C) K. marxianus CBS1555 at 30°C. Symbols: OD (square), glu-
cose (circle), and ethanol (diamond).

ium at 30°C. The results show that S. cerevisiae L2612 showed
a reduction in the rate of glucose consumption and ethanol
production. Approximately 5 g/L of glucose was consumed
and 2.5 g/L of ethanol produced at 24 h by S. cerevisiae L2612
(Fig. 5A). These results indicate that S. cerevisiae L2612 is
very sensitive to inhibition from corn stover hydrolyzate. S.
cerevisiae JAY270 consumed 20 g/L. of glucose and produced
6.2 g/L of ethanol at 24 h. This corresponded to a 0.31 g/g
yield (Fig. 5B). The K. marxianus CBS1555 strain consumed
slightly more glucose (23 g/L) but produced less ethanol (5.6
g/L) at 24 h in comparison to S. cerevisiae JAY270 (Fig. 5C).
As shown in the YPD80 fermentation results (Fig. 2), the K.
marxianus CBS1555 exhibited lower ethanol yields than S.

Fig. 6. SSF fermentation results with corn stover as the sole med-
ium and with hydrolysis using an enzyme mixture (cellulase and
cellobiose). (A) S. cerevisiae 12612, (B) S. cerevisiae JAY270, (C)
and K. marxianus CBS1555 at 30°C or 45°C. Symbols: glucose
(circle), xylose (reverse triangle), and ethanol (diamond).

cerevisiae JAY270, as the K. marxianus CBS1555 cell growth
was higher than S. cerevisiae JAY270 (Fig. 1). These results
suggest that the K. marxianus CBS1555 and the S. cerevisiae
JAY270 have equivalent resistance to fermentation inhibitors
found in corn stover hydrolysate.

SSF fermentation using corn stover as the sole medium with
hydrolysis performed by an enzyme mixture of cellulase and
cellobiose was carried out by K. marxianus CBS1555 and S.
cerevisiae 1.2612 and JAY270 at 30°C or 45°C (Fig. 6). The S.
cerevisiae 12612 was not able to efficiently consume glucose
or produce ethanol, regardless of fermentation temperature.
This is because the S. cerevisiae 12612 is not resistant to
fermentation inhibitors found in corn stover hydrolyzate, as
shown in Fig. 5. However, an increase in glucose accumulation
was shown at 45°C in comparison to 30°C, due to higher
hydrolysis activities of the cellulase and cellobiose at 45°C
(Fig. 6A). In addition, faster xylose accumulations were shown
at 45°C compared to xylose accumulation at 30°C, as S. cere-
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visiae 12612 is not able to consume xylose. In the case of S.
cerevisiae JAY270 and K. marxianus CBS1555, a significant
increase in ethanol production were seen at 45°C, in compari-
son to ethanol production at 30°C. This indicates that high eth-
anol production could be achieved at high fermentation temp-
eratures. The K. marxianus CBS1555 and the S. cerevisiae
JAY270 showed similar ethanol productivity at 30°C and 45°C.
This is because K. marxianus CBS1555 and S. cerevisiae JAY
270 both have resistance to fermentation inhibitors found in
corn stover hydrolyzate (Fig. 5). As the fermentations were fin-
ished quickly due to low glucose concentrations in SSF using
corn stover and hydrolysis enzyme mixture, the thermotolerant
advantage of K. marxianus CBS1555 was not shown.

4. CONCLUSION

Thermotolerant yeast are suited for SSF type process, as opti-
mum temperatures for enzymatic saccharification are higher
than the temperature required for the growth of S. cerevisiae.
Results from the spotting growth assay and glucose fermen-
tation, demonstrated that K. marxianus exhibited higher rates
of growth and ethanol production at 45°C, in comparison to S.
cerevisiae. For SSF using starch or corn stover, fermentations
at 45°C showed higher enzymatic activities and ethanol pro-
duction, compared to fermentations performed at 30°C. The
thermotolerant K. marxianus offers a potential advantage for
the industrial production of biofuels using SSF.
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