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Abstract Contamination of Lactobacillus sp. in the fer-
mentation broth of bioethanol production decreases ethanol
production efficiency. Although the addition of lactate to
the broth can effectively inhibit the growth of Lactobacillus
sp., it also greatly reduces the fermentation ability of Sac-
charomyces cerevisiae. To overcome this conflict, lactate-
tolerant yeast strains were screened. Candida glabrata
strain NFRI 3164 was found to exhibit both higher levels of
lactate tolerance and fermentation ability. Co-cultivation of
C. glabrata was performed with Lactobacillus brevis and
Lb. fermentum, which were reported as major contaminating
bacteria during bioethanol production, in culture medium
containing 2% lactate. Under these culture conditions, the
growth of Lactobacillus strains was greatly inhibited, but
the ethanol production of C. glabrata was not significantly
affected. Our data show the possibility of designing an
effective fuel ethanol production process that eliminates
contamination by Lactobacillus strains through the com-
bined use of lactate addition and C. glabrata.
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Introduction

The production and utilization of bioethanol as an alternative
fossil fuel have attracted attention in the effort to combat glo-
bal warming and improve energy reserves [1, 8, 13, 41]. Bio-
ethanol production generally utilizes derivatives from food
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crops such as corn grain and sugar cane [6, 12, 29, 31, 36,
38, 42]. Bacterial contamination is known as a major cause
of the reduction in ethanol yield during ethanol production
from such feedstock by yeast, Saccharomyces cerevisiae [26,
35]. These bacterial contaminants grow under conditions
suitable for the growth of yeast and reduce ethanol yields by
consuming sugars such as glucose. Among bacteria that con-
taminate corn mash and cane juice, lactic acid bacteria
(LAB) may be the most serious because of their rapid
growth [37]. It is reported that Lactobacillus strains, such as
Lb. brevis and Lb. fermentum, among LAB are the most
abundant isolates from commercial plants [35]. Lactate pro-
duced by contaminated LAB has been reported as a strong
inhibitor of ethanol production of yeast strains [19].

To avoid the reduction of ethanol yields by LAB con-
tamination, various agents have been examined to control
LAB. It has been reported that hydrogen peroxide, potas-
sium metabisulfite, 3,4,4’-trichlorocarbanilide, and anti-
biotics effectively inhibit LAB [2, 4, 5, 11, 23, 27, 43]. In
fact, antibiotics such as penicillin and virginiamycin are
used in commercial bioethanol production today [4, 11].
However, the addition of antibiotics to the broth may not be
preferable from an ecological viewpoint, because the waste
generated during bioethanol production should be recycled
as useful products including forage or fertilizer. The
remaining antibiotics in the waste can lead to the emer-
gence and spread of mutants resistant to antibiotics, which
would threaten the safety of food and human health. There-
fore, it is important to develop a method to control LAB
during bioethanol production without the use of antibiotics.

To design a bioethanol production process that elimi-
nates LAB contamination, in this study we focused on lac-
tate as an agent to control LAB strains. It is known that
elevated lactate levels strongly inhibit LAB growth and
viability, although LAB stoichiometrically produces lactate
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from sugars. In general, the ability of Lactobacillus strains
to grow was inhibited in culture medium containing ele-
vated lactate levels [39]. However, the addition of high
concentrations of lactate may also reduce the fermentation
ability of S. cerevisiae [18]. To overcome the conflict aris-
ing from the addition of lactate, we attempted to screen lac-
tate-tolerant yeast strains whose fermentation abilities were
not affected by the addition of lactate. In this study, we
show the results of the screening of lactate-tolerant yeast
belonging to Candida glabrata. 1t is known that several
strains of Candida are not able to sufficiently grow and pro-
duce ethanol under anaerobic condition [40]. However,
C. glabrata show higher abilities of ethanol production and
growth under anaerobic conditions and the characteristics
of C. glabrata in ethanol production were similar with
those of S. cerevisiae [20]. It is considered that the condi-
tion of conventional ethanol production using S. cerevisiae
can be applied to ethanol production using C. glabrata. We
also show the yeast strain’s ability to produce ethanol under
conditions including artificially infection by LAB. Our
study shows the possibility of designing a novel bioethanol
production system using lactate-tolerant yeast.

Materials and methods
Strains and media

Yeast strains (383 strains) used for screening lactate-toler-
ant yeasts were obtained from the Microbiological Bank of
the National Food Research Institute (NFRI). These strains
consisted of strains isolated from fermented foods, products
of baker’s yeast, and strains purchased from other culture
collections. S. cerevisiae NBRC 0224, reportedly suitable
for bioethanol production [15, 32], was used as a control
strain. Lb. brevis IFO 3960 and Lb. fermentum 1AM 1083
were used as models of contaminated LAB.

Synthetic dextrose complete (SC) medium [33] was used
for cultivation of yeast strains. MRS medium (Difco Labo-
ratory, Detroit, MI, USA) was used for the cultivation of
LAB and the co-cultivation of yeast and LAB strains. The
pH of culture medium containing lactate was determined
using a pH meter. The concentration of undissociated forms
of lactate in the medium was calculated by using the Hen-
derson—Hasselbach equation [22].

Screening of lactate-tolerant yeast

Yeast strains from the NFRI Microbiological Bank were
inoculated into 100 pl of SC medium in microtiter plates
(Corning Inc., Corning, NY, USA) and incubated at 30 °C
for 48 h (pre-culture). Portions (1.2 pl) of the pre-culture
were transferred into 100 pl of SC media containing 0-5%
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(v/v) of lactate, and then the cultures were incubated for
48 h at 30 °C. The optical density at 630 nm (ODg;,) of the
cultures was measured using a microtiter plate reader
(EIx800; BioTek Instruments, Winooski, VT, USA).

Taxonomic identification of screened yeast strain

The screened yeast strain was taxonomically identified by
26S rDNA sequencing and the assimilation ability of sug-
ars. The partial 26S rDNA of the strain was amplified by
PCR and directly sequenced using the method described by
Kurtzman and Robnett [16]. The homology of the sequence
was determined using the BLAST system in the DNA Data
Bank of Japan (DDBJ). The assimilation abilities of sugars
were assessed by the method described previously [25].

Characteristics of growth and ethanol production
of screened yeast strain

The lactate tolerance of the screened yeast strain was
assessed based on the growth and ethanol production abili-
ties in SC medium containing lactate. The yeast strain was
inoculated into SC medium containing 1% (v/v) lactate at
the cell density of 4 x 10° and cultivated for 48 h at 30 °C
without shaking. The optical density at 600 nm (ODg,) and
the amounts of ethanol production in culture medium were
monitored during cultivation.

Lactate sensitivity of Lactobacillus strains

To assess the lactate sensitivity of Lactobacillus strains, the
growth in MRS medium containing lactate was assessed.
Lb. brevis or Lb. fermentum was inoculated into MRS
medium containing either no lactate or 1% lactate at a cell
density of 1 x 10° cells ml~!. The growth of the strains was
monitored as ODgy,.

Co-cultivation of yeast and LAB strains

To assess the effects of bacterial contamination on ethanol
production, yeast and LAB strains were co-cultivated. The
yeast and LAB strains were inoculated into MRS medium
containing 2% (v/v) lactate at cell densities of 4 x 10° and
1.6-2.3 x 10° cells ml~', respectively, and cultivated for
48 h at 30 °C without shaking. The amounts of ethanol in
the supernatants during co-cultivation were monitored.

Measurement of ethanol, glucose, and undissociated lactate

Amounts of ethanol and glucose in the culture medium
were measured using an HPLC system containing a refrac-
tive index detector (Prominence series, Shimadzu, Kyoto,
Japan) equipped with a fermentation monitoring column
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Table 1 Genetic and phenotypic characteristics of strain NFRI 3164

Parameter or test Characteristic

Homology of 26S rDNA partial sequence
Spore formation Not detected
Assimilable sugars

Non-assimilable sugars

99.8% Identity with C. glabrata NRRL Y-65"

p-glucose and p-trehalose

Glycerol, calcium 2-keto-gluconate, L-arabinose, D-xylose, adonitol,

xylitol, p-galactose, inositol, b-sorbitol, p-lactose, methyl-a-p-glucopyranoside,
N-acetyl-glucosamine, p-maltose, D-cellobiose, D-saccharose, p-melezitose and p-raffinose

NFRI National Food Research Institute, Tsukuba, Japan; NRRL National Center for Agricultural Utilization Research, Peoria, IL, USA

(Bio-Rad Laboratories, Hercules, CA, USA). The analy-
sis was carried out under the conditions described by
Narendranath et al. [22]. The ethanol yield (gg~!) was
calculated as grams of ethanol produced per grams of total
glucose consumed, and the ethanol production rate
(27" 1h™") was calculated as grams of ethanol produced per
liter of medium per fermentation hour.

Results and discussion
Screening of lactate-tolerant yeast

To obtain lactate-tolerant yeasts that could grow in medium
containing elevated levels of lactate, we assessed the
growth and ethanol production abilities of 383 yeast strains.
We monitored the growth of each strain in SC medium con-
taining 5% lactate (initial pH: 2.13) and found that four
strains (NFRI 3163, NFRI 3164, NFRI 3165, and NFRI
3309), which were taxonomically unidentified, grew rap-
idly in the medium and that their turbidities exceeded
ODyg;, = 0.3 at 48 h cultivation (data not shown).

Among the screened strains, NFRI 3164 produced the
most ethanol in the medium containing 5% lactate for 48 h.
Based on these results, we decided to use strain NFRI 3164
for further analyses in this study. Strain NFRI 3164 was
first reported by Nikkuni [24] as an isolate from fermented
rice in Southeast Asia.

Taxonomic identification of strain NFRI 3164

Strain NFRI 3164 was taxonomically identified. Identifica-
tion involved 26S rDNA sequencing and the assimilation
potential of various sugars. Table 1 summarizes the identi-
fication results. The sequence of 26S rDNA of strain NFRI
3164 showed 99.8% identity with C. glabrata NRRL
Y-65". The sequence was deposited in DDBJ under acces-
sion no. AB366746. The pattern of the assimilation ability
of sugars in strain NFRI 3164 agreed well with the meta-
bolic characteristics of C. glabrata described by Barnett
et al. [3] and Kreger and Jack [14]. These results strongly
suggest that strain NFRI 3164 belongs to C. glabrata.

Kinetic study of growth and ethanol production of strain
NFRI 3164

To compare the characteristics of NFRI 3164 with those of
S. cerevisiae NBRC 0224 under lactate-containing condi-
tions, we monitored time-dependent changes in ethanol
concentrations and growth in media containing 0 or 1%
(initial pH values of 4.79 and 2.52, respectively) lactate
(Fig. 1). In the lactate-free medium, both strains grew rap-
idly, although the maximum optical density of strain NFRI
3164 was much higher than that of NBRC 0224 (Fig. 1a),
and the ethanol yields of NFRI 3164 and NBRC 0224 were
nearly equal (Fig. 1b). Although the growth ability and etha-
nol yield of NBRC 0224 drastically decreased when 1%
lactate was added, such parameters of NFRI 3164 were not
strongly affected (Fig. lc, d). It is reported that the inhibi-
tory effects of lactate on yeast growth depend on the con-
centration of undissociated lactate in the culture medium
[17, 22, 37]. The addition of 1% lactate to SC medium (pH
2.52) gave 105.2 mM of undissociated forms of lactate.
These data clearly showed that neither the growth nor
the ethanol production of NFRI 3164 was affected by
approximately 100 mM of undissociated forms of lactate,
and that the strain’s lactate tolerance was much higher than
S. cerevisiae’s.

Candida glabrata is considered a close relative of
S. cerevisiae based on genome evolution [7, 10, 21, 28].
However, the mechanisms of stress response in C. glab-
rata may be different from those of S. cerevisiae. In fact,
Gregori et al. [9] pointed out the differences in the high-
osmolarity glycerol pathway, which is important for
tolerance to high osmolarity, between C. glabrata and
S. cerevisiae. We speculated that C. glabrata may have
specific mechanisms for tolerance to acids, because our
results indicated that strain NFRI 3164 was also tolerant
to other acids such as sulfate and acetate (data not
shown).

Lactate sensitivity of Lactobacillus strains

To determine the effects of lactate addition on the growth of
Lactobacillus strains including Lb. brevis and Lb. fermentum,
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Fig. 1 The effects of lactate addition on the growth and ethanol pro-
duction of S. cerevisiae NBRC 0224 (closed circle) and C. glabrata
NFRI 3164 (open circle). The growth and ethanol contents in the lac-
tate-free SC medium (a, b) or SC medium containing 1% lactate (c, d)
were monitored. Data shown are mean + SD

the changes in cell densities were monitored. In this analy-
sis, we selected Lb. brevis and Lb. fermentum as model
strains of LAB because they were reported as major con-
taminants in commercial ethanol production processes [30,
34, 35]. As shown in Fig. 2, the growth of both Lb. brevis
and Lb. fermentum was greatly inhibited by the addition of
1% lactate (equivalent to 20.9 mM of undissociated forms
of lactate), although growth was not completely inhibited.
These data indicated that lactate addition above 1% may be
effective for preventing the occurrence of Lactobacillus
strains.

Growth (OD600)

0 20 40
Incubation time (h)

Fig. 2 The effects of lactate addition on the growth of Lactobacillus
strains. Symbols used: open circle Lb. brevis in MRS medium, closed
circle Lb. fermentum in MRS medium, open triangle Lb. brevis in
MRS medium containing 1% lactate, closed triangle Lb. fermentum in
MRS medium containing 1% lactate. Data shown are mean £+ SD
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Co-cultivation of strain NFRI 3164 with Lactobacillus
strains

To determine the possibility of designing an ethanol pro-
duction process that prevents LAB contamination through
the combined use of lactate and strain NFRI 3164, we ana-
lyzed ethanol production in medium artificially infected by
LAB (co-cultivation). Figure 3 shows the changes in etha-
nol production during co-cultivation of yeast strains (NFRI
3164 and S. cerevisiae NBRC 0224) and Lb. brevis. When
the lactate concentration was 0%, the yields of ethanol pro-
duced by NFRI 3164 and NBRC 0224 were drastically
decreased (Fig. 3a). The loss rates of ethanol yields were
59.4 and 49.2% compared with the cases free of artificial
infection, in NFRI 3164 and NBRC 0224, respectively. The
competition of the glucose between yeasts and LAB may be
a main reason for the decrease in ethanol yields, because
the decrease rate of glucose in co-cultivation is much
higher than that in cultivation without artificial infection
(Fig. 3a). We also observed similar patterns in which etha-
nol production decreased under the 0% lactate-added con-
dition even if Lb. fermentum was used as a model
contaminant (data not shown).
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Fig. 3 The effects of co-cultivation with Lactobacillus strains on eth-
anol production by yeast strains in MRS medium (a) or MRS medium
containing 2% lactate (b). Symbols used in each panel: open circle,
C. glabrata NFRI 3164 cultivated with no Lactobacillus strains; open
triangle, S. cerevisiae NBRC 0224 cultivated with no Lactobacillus
strain; closed circle, C. glabrata NFRI 3164 co-cultivated with Lb.
brevis; closed triangle, S. cerevisiae NBRC 0224 co-cultivated with
Lb. brevis. Data shown are mean £ SD
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To assess the effects of lactate addition under co-cultiva-
tion conditions, we monitored ethanol production in MRS
medium containing 2% lactate (equivalent to 113.8 mM of
undissociated lactate). The molar concentration of the
undissociated lactic acid in this experiment was adjusted to
be approximately equal to previous experiments using SC
medium. If the lactate concentration was 2%, the loss of
ethanol yield and the ethanol production rate during co-cul-
tivation of NFRI 3164 with Lb. brevis was completely sup-
pressed by the addition of 2% lactate (Fig. 3b). However,
the ethanol production rate of NBRC 0224 showed a 1.5-
fold decrease by the addition of lactate, although the final
ethanol yield was suppressed. These data indicated that lac-
tate addition at approximately 2% suppresses the loss of
ethanol yields without decreasing the ethanol production
rate if strain NFRI 3164 is used. This strain’s higher pro-
duction rate under lactate addition may depend on its lac-
tate tolerance. Our data show the possibility of designing an
effective fuel ethanol production process that eliminates
contamination by Lactobacillus strains through the com-
bined use of lactate addition and strain NFRI 3164.

Strain NFRI 3164 exhibited lactate tolerance as well as
tolerance to other acids, including acetate and sulfate (data
not shown). Interestingly, our preliminary data showed that
this strain exhibited higher tolerance to high temperature
and NaCl than did S. cerevisiae. These characteristics are
great advantages for bioethanol production. These results,
taken together with the data above, indicate that C. glabrata
should be a useful strain for bioethanol production based on
its tolerance of multiple stresses. To the best of our knowl-
edge, this is the first report to show the usefulness of
C. glabrata for bioethanol production.

In conclusion, we have shown the importance of lactate-
tolerant yeast and the possibility of designing novel bioeth-
anol production systems that prevent contamination of
LAB strains. It has also been clarified that the screened
strain NFRI 3164 belongs to C. glabrata. Although we do
not yet have any data on the mechanisms underlying lactate
tolerance, we consider that this phenotype may be useful
for commercial applications. Kinetic analysis indicates that
ethanol yields and production rates of NFRI 3164 were
much higher than those of S. cerevisiae NBRC 0224, which
is known to be suitable for bioethanol production, under
conditions containing 1-2% lactate. Co-cultivation analysis
of NFRI 3164 with Lactobacillus strains known as contam-
inants suggests that the addition of 2% lactate effectively
prevents LAB contamination without a loss of ethanol yield
or ethanol production. Since antibiotics are unnecessary,
this ethanol production system offers several advantages.
Among these is that the waste generated during antibiotic-
free bioethanol could be recycled as forage or fertilizer.

To verify strain NFRI 3164°s effectiveness in an indus-
trial process, we are planning to test ethanol production

under simulated industrial conditions. In particular, we will
examine in detail this strain’s practical usefulness in cur-
rently used cell-recycled continuous fermentation systems.
Furthermore, inexpensive methods for preparing lactate,
such as recycling from the resultant culture broth, should be
investigated for industrial application. Further molecular-
biological study of the strain’s lactate tolerance will be
worthwhile.
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