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Abstract

Utilization of renewable feedstocks for the production of bio-based bulk chemicals, such as 2,3-butanediol (2,3-BDO), by
engineered strains of the non-pathogenic yeast, Saccharomyces cerevisiae, has recently become an attractive option. In this
study, to realize rapid production of 2,3-BDQO, a flocculent, 2,3-BDO-producing S. cerevisiae strain YPH499/dPdAdG/
BDNG6-10/FLO1 was constructed from a previously developed 2,3-BDO-producing strain. Continuous 2,3-BDO fermenta-
tion was carried out by the flocculent strain in an airlift bioreactor. The strain consumed more than 90 g/L of glucose, which
corresponded to 90% of the input, and stably produced more than 30 g/L of 2,3-BDO over 380 h. The maximum 2,3-BDO
productivity was 7.64 g/L/h at a dilution rate of 0.200/h, which was higher than the values achieved by continuous fermenta-
tion using pathogenic bacteria in the previous reports. These results demonstrate that continuous 2,3-BDO fermentation with
flocculent 2,3-BDO-producing S. cerevisiae is a promising strategy for practical 2,3-BDO production.
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Introduction

Because of the environmental problems associated with the
combustion of fossil fuels, the use of renewable feedstocks,
such as cellulose and hemicellulose, and their constituent
sugars for the production of bio-based chemicals, such as
those that can be used as fuels, by engineering metabolic
pathways in various microorganisms has recently gained
prominence [8]. Among the host microorganisms used for
metabolic engineering, the yeast Saccharomyces cerevisiae
is particularly attractive due to its safety and ease of use. S.
cerevisiae is a non-pathogenic organism, has been classified
as “generally recognized as safe,” and has long been used to
produce organic compounds like ethanol [15]. In addition,
the fermentation and processing technologies for large-scale
production for S. cerevisiae are well established.
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2,3-Butanediol (2,3-BDO) is one of the most useful
metabolites produced by microorganisms, as this compound
and its derivatives can be used as fuels, resins, solvents,
food additives, cosmetics, drugs, and fumigants [1]. The
most efficient 2,3-BDO-producing bacteria are Klebsiella
pneumoniae and Klebsiella oxytoca [1]. However, because
these bacteria are pathogenic, large-scale production is
limited because of strict safety regulations [1, 4]. S. cer-
evisiae is a microorganism that shows promise for the pro-
duction of 2,3-BDO, and there have been several reports
on the production of 2,3-BDO by metabolically engineered
S. cerevisiae strains harboring the bacterial 2,3-BDO bio-
synthetic pathway [9-11, 13]. We previously constructed
an efficient 2,3-BDO-producing strain, YPH499/dPdAdG/
BD6-10, which showed the highest 2,3-BDO production rate
and yield in fed-batch fermentation reported thus far (Fig. 1)
[26]. The strain lacked pyruvate decarboxylase PDCI and
alcohol dehydrogenase ADHI to reduce byproduct ethanol
production. Besides, the strain expressed a-acetolactate syn-
thase and a-acetolactate decarboxylase from Bacillus subti-
lis and butanediol dehydrogenase from Bacillus amylolique-
faciens for 2,3-BDO biosynthesis. The strain also expressed
NADH oxidase from L. lactis to address the redox imbalance
issue. These four genes were expressed in an optimum ratio
using a cocktail 8-integration strategy [25].
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Fig. 1 Metabolic pathway for
2,3-butanediol production in
YPH499/dPdAdG/BD6-10.
Directional arrows and bidirec-
tional arrows represent irrevers-
ible and reversible reactions,
respectively. Genes indicated in
the white boxes were overex-
pressed, and genes in the black
boxes were deleted in this study
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Although batch or fed-batch fermentation processes are
widely used for the production of chemicals by various
microorganisms, continuous fermentation is a good choice
for practical production of bulk chemicals, such as 2,3-BDO,
on a large scale, due to its high productivity and low labor
and maintenance costs [24]. The high productivity in con-
tinuous fermentation is usually obtained by increased cell
concentrations in the bioreactor, and immobilizing cells can
provide high cell densities in the bioreactor. Among various
immobilization techniques such as attachment to a surface
and entrapment within a porous matrix, self-aggregation,
which is known as flocculation, is very attractive due to its
simplicity and low cost [20]. Various combinations of con-
tinuous bioreactor designs and yeast cell immobilization
techniques have been studied [20]. Among these combina-
tions, an airlift bioreactor combined with yeast flocculation
is a promising process for bulk chemical production [20]. An
airlift reactor gives vigorous circulation by a gas injection
without mechanical agitation due to the internal draft tube,
which creates a ‘rising’ zone in the center of the reactor and
a ‘down-coming’ zone on the outside [20]. Thus, an airlift
bioreactor realizes good agitation and low shear stress [6,
20]; these features are suitable for economical chemical pro-
duction by flocculent yeast.

The purpose of this study was to realize rapid production
of 2,3-BDO by continuous fermentation. We imparted floc-
culation ability to a previously developed 2,3-BDO-produc-
ing S. cerevisiae strain YPH499/dPdAdG/BDN6-10. Then,
continuous 2,3-BDO fermentation was carried out by floc-
culent and non-flocculent 2,3-BDO-producing S. cerevisiae
strains in an airlift bioreactor.

@ Springer
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PDCT: Pyruvate decarboxylase

ADH1: Alcohol dehydrogenase

GPDT. Glycerol-3-phosphate dehydrogenase
L/NoxE: NADH oxidase

BsAlsS: a-Acetolactate synthase

BaA/sD: a-Acetolactate decarboxylase
BaBdhA: 2,3-Butanediol dehydrogenase

Materials and methods
Strains and media

Escherichia coli strain HSTOS (TaKaRa Bio, Otsu, Japan)
was used as a host for recombinant DNA manipulations.
Recombinant E. coli cells were cultivated in Luria—Bertani
(LB) medium (10 g/L tryptone [Nacalai Tesque, Kyoto,
Japan], 5 g/L yeast extract [Formedium, Norfolk, UK],
and 5 g/L. NaCl), supplemented with 100 mg/L ampicillin
sodium salt.

The previously developed 2,3-BDO-producing non-
flocculent S. cerevisiae strain YPH499/dPdAdG/BDNG6-
10 [26] and the 2,3-BDO-producing flocculent S. cerevi-
siae strain YPH499/dPdAdG/BDN6-10/FLO1 were used
for continuous 2,3-BDO fermentation. S. cerevisiae cells
were cultivated in yeast/peptone/dextrose (YPD) medium
(10 g/L yeast extract, 20 g/L peptone [Formedium], and
20 g/L glucose), YPD100 medium (10 g/L yeast extract,
20 g/L peptone, 100 g/L glucose, and 100 mg/L ampicillin
sodium salt), or synthetic complete drop-out (SC) medium
(6.7 g/L yeast nitrogen base without amino acids [Forme-
dium], 20 g/L glucose, and 2 g/L. SC multiple drop-outs
[DSCK1028, Formedium]).

Yeast cultivation

Test tube cultivation was performed in 5 mL of YPD
medium in a ¢16 X 165 mm test tube on a reciprocal
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shaker set at 30 °C and 150 rpm. Flask cultivation was
performed in 150 mL of YPD medium in a 500-mL baf-
fled flask on a rotary shaker set to 30 °C and 150 rpm.
Cultivation was initiated by inoculating 1 mL of culture
grown in a test tube for 72 h at 30 °C and 150 rpm in
YPD medium.

Continuous airlift bioreactor cultivation was performed
in 600 mL of YPD100 medium in a 1000-mL airlift bio-
reactor at 30 °C (Fig. 2a). Cultivation was initiated by
inoculating the medium at an initial ODg, of 5.0 with
a preculture grown in a flask, and water-saturated air
was constantly supplied to the reactor at 2.0 vvm. After
depleting the initial glucose, fresh YPD100 medium
was fed at a predetermined dilution rate. An appropri-
ate amount of antifoaming agent (Wako Pure Chemical,
Osaka, Japan) was added as needed.
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Fig.2 a Schematic diagram of an airlift bioreactor. I Glass vessel
(volume: 1 L, internal diameter: 85 mm); 2 draft tube (length: 70 mm,
internal diameter: 55 mm); and 3 bubbling filter (pore size: 15 pm,
material: stainless steel). The oxygen transfer coefficient kLa was cal-
culated as 31.4/h; b flocculent behavior of engineered Saccharomy-
ces cerevisiae cells immediately after mixing and 30 s after mixing.

YPH499/dPdAdG/
BDN6-10

YPH499/dPdAdG/
BDN6-10/FLO1

30 s after mixing 1

YPH499/dPdAdG/
BDN6-10

Construction and evaluation of the flocculent strain

All primers used in this study are summarized in Supple-
mentary Table 1. The DNA fragment encoding the PGK/
promoter from S. cerevisiae was amplified by PCR using
S. cerevisiae YPH499 genomic DNA as the template
with primers pPGKIF and pPGKI1R. In addition, plasmid
pRS405 (Stratagene, CA, USA), which contains the LEU2
gene as a selective marker, was linearized by PCR using
primers 405F and 405R. Then, the PCR products were con-
jugated using NEBuilder HiFi DNA Assembly master mix
(New England BioLabs, MA, USA), and the resultant plas-
mid was named pRS405PG. Next, the DNA fragment used
for replacement of the native FLOI promoter with the PGK1
promoter was PCR amplified using plasmid pRS405PG as
the template with primers FLO1-5dashF and FLO1-3dashR.
Finally, the DNA fragment for replacement of the native
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These strains were cultivated in YPD medium for 72 h at 30 °C and
150 rpm; ¢ hydrophobicity of the engineered Saccharomyces cerevi-
siae strains. These strains were cultivated in YPD medium for 72 h
at 30 °C and 150 rpm and subjected to the evaluation. Data are pre-
sented as the average of three independent experiments. Error bars
are the standard deviations

Table 1 Glucose and metabolite concentrations and 2,3-BDO productivity in continuous fermentation

Saccharomyces cerevisiae Phase Dilution  Concentration in effluent (g/L) 2,3-BDO

strain rate (per B - productivity
h) Glucose 2,3-BDO Glycerol Ethanol Acetoin Biomass (¢/L/h)

YPH499/dPdAdG/BDNG6- 2 0.065 3.08+545 3350+5.54 11.88+8.70 0.00+0.00 5.67+9.24 4.05+3.44 2.18+0.24
10 3 0.080 6.50+11.26 34.53+593 4.65+534 0.00+0.00 4.57+4.39 9.49+2.55 2.76+0.47
4 0.120 0.00+0.00 38.14+2.94 11.34+5.14 0.00+0.00 1.78+1.81 7.14+1.58 4.58+0.35
5 0.160 0.00+0.00 36.26+4.08 13.30+3.11 0.00+0.00 0.00+0.00 9.17+1.18 5.80+0.65
6 0.200 228+394 33.64+3.67 21.74+5.13 0.00+0.00 0.63+1.10 6.41+1.44 6.73+0.73
YPH499/dPdAdG/BDNG6- 2 0.065 587+1.85 33.00+2.62 24.62+4.03 1.13+1.16 0.14+0.16 0.14+0.06 2.15+0.17
10/FLOL 3 0.080 4324211 37.17+0.93 28214528 0.00+0.00 0.06+0.11 0.10+0.05 3.00+0.07
4 0.120 737+226 36.38+0.52 35.04+1.83 0.00+0.00 0.09+0.16 0.05+0.03 4.37+0.06
5 0.160 4324255 36.76+1.79 4142+3.09 0.00+0.00 0.31+0.38 0.14+0.12 5.88+0.29
6 0.200 6.51+2.00 38.19+1.76 42.17+2.08 0.00+0.00 0.26+0.46 0.36+0.28 7.64+0.35
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FLOI promoter was transformed into S. cerevisiae YPH499/
dPdAdG/BDNG6-10 according to the previously described
lithium acetate method [5]. Transformants were separated
on SC medium containing 20-g/L. agar and the appropri-
ate amino acids and nucleic acids. The resultant strain was
named YPH499/dPdAdG/BDN6-10/FLO]1.

The hydrophobicity of yeast cells was evaluated as
described previously [19], with some modifications. S.
cerevisiae YPH499/dPdAdG/BDN6-10 and YPH499/
dPdAdG/BDN6-10/FLO1 were cultivated in YPD medium
for 72 h, and then harvested and washed twice with 50 mM
EDTA/0.9% (w/v) NaCl (pH 8.5). The washed cells were
resuspended in 50 mM EDTA/0.9% (w/v) NaCl (pH 8.5)
at an ODgy, of 1.0. Four hundred microliters of octane was
added to 2 mL of cell suspension and vortexed at maximum
speed for 60 s. After phase separation (10 min), the ODg,
of the water layer was measured using an UVmini-1240
spectrophotometer (Shimadzu, Kyoto, Japan). The relative
difference between the ODyj, of the water layer before and
after vortexing was considered as the hydrophobicity.

Analysis of cell growth and metabolites

The glucose, 2,3-BDO, glycerol, ethanol, acetoin, and bio-
mass concentrations of culture broth were measured as
described previously [26]. The carbon weight of the biomass
was calculated using the conversion coefficient of 0.47 g of
carbon/g of biomass [23]. The carbon yield of the biomass
and metabolites was calculated using Eq. (1):

Carbon weight of biomass or metabolites produced [g]

Carbon yield [%] =

Flocculation ability was easily conferred by replacing
the FLOI promoter with the PGKI promoter in YPH499/
dPdAdG/BDN6-10 (Fig. 2b). Although commonly used lab-
oratory strains such as S288C contain the five FLO genes
FLOI1, FLOS, FLO9, FLOI0, and FLO11 [3], these strains
do not exhibit a flocculent phenotype due to a non-sense
mutation in the FLO gene transcriptional regulator FLOS
[19]. The parent strain used in this study (YPH499) is con-
genic with S288C [17]; thus, flocculation ability should be
easily imparted by replacement of the FLOI promoter due
to the presence of a functional FLOI gene.

YPH499/dPdAdG/BDN6-10/FLO1 cells showed sig-
nificantly higher hydrophobicity than non-flocculent cells
(Fig. 2c). The Flo1 protein has a hydrophobic C-terminal
domain, and the hydrophobic interaction between Flo1 pro-
teins is responsible for flocculation [2, 19]. Thus, the floc-
culent YPH499/dPdAdG/BDN6-10/FLO1 strain showed
higher hydrophobicity than the non-flocculent YPH499/
dPdAdG/BDNG6-10 strain. Higher hydrophobicity in floc-
culent strains has been reported in some previous reports
[19, 21].

Continuous 2,3-BDO fermentation in an airlift
bioreactor

To evaluate the 2,3-BDO productivity of the non-flocculent
and flocculent strains YPH499/dPdAdG/BDN6-10 and
YPH499/dPdAdG/BDN6-10/FLO1, respectively, these
strains were cultivated in a continuous airlift bioreactor, and

x 100. ey

Carbon weight of glucose consumed [g]

Results and discussion

Imparting flocculation ability
to the 2,3-BDO-producing yeast strain

To impart flocculation ability to the 2,3-BDO-producing
yeast strain, FLOI, which confers flocculation to yeast
[21], was overexpressed in the 2,3-BDO-producing strain
YPH499/dPdAdG/BDNG6-10. As shown in Fig. 2b, the
FLOI-overexpressing/2,3-BDO-producing strain YPH499/
dPdAdG/BDN6-10/FLO1 showed clear flocculating behav-
ior immediately after mixing when compared with the
non-flocculent strain YPH499/dPdAdG/BDN6-10. Thirty
seconds after mixing, almost all the YPH499/dPdAdG/
BDN6-10/FLO1 cells precipitated, while the YPH499/
dPdAdG/BDNG6-10 cells barely precipitated (Fig. 2b). In
addition, the YPH499/dPdAdG/BDN6-10/FLO1 cells
showed significantly higher hydrophobicity than the
YPH499/dPdAdG/BDN6-10 cells (Fig. 2c).

@ Springer

the cell and compound concentrations in the culture effluent
were evaluated. In phase 1, when the initial glucose input
was exhausted, we started feeding fresh YPD100 medium
(Fig. 3A). In phase 2, the dilution rate was set to 0.065/h
for both strains. Thereafter, the dilution rate was incremen-
tally increased from 0.080 to 0.200/h (in phases 3—6). The
maximum dilution rate of 0.200/h was determined from the
specific growth rate of YPH499/dPdAdG/BDN6-10 to pre-
vent the washout [26]. After phase 2, the concentrations of
2,3-BDO and glucose appeared to be stable; thus, the val-
ues measured after phase 2 were used to evaluate 2,3-BDO
productivity.

As shown in Fig. 3a and Table 1, both YPH499/
dPdAdG/BDN6-10 and YPH499/dPdAdG/BDN6-10/
FLO1 consumed more than 90 g/L of glucose, which cor-
responded to 90% of the input, and stably produced more
than 30 g/L of 2,3-BDO through phases 2—6, which cor-
responding to more than 380 h. The maximum 2,3-BDO
productivity in YPH499/dPdAdG/BDN6-10 and YPH499/
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Fig.3 a Time course of the changes in the glucose and 2,3-BDO
concentrations during continuous fermentation by Saccharomyces
cerevisiae. Data are presented as the average of two independent
experiments. Error bars are the standard deviations. P1-6 are the
phase numbers; b Correlation between the dilution rate and 2,3-BDO

dPdAdG/BDN6-10/FLO1 was 6.73 and 7.64 g/L/h, respec-
tively, at a dilution rate of 0.200/h.

As shown in Table 2, yields of the byproduct ethanol
in both strains were significantly low during phases 2-6,
whereas yields of the byproduct glycerol were relatively
high, especially in YPH499/dPdAdG/BDN6-10/FLO1, and
the yield increased with the dilution rate. The yields of the
byproduct acetoin were also relatively high in YPH499/
dPdAdG/BDN6-10. The biomass yield in YPH499/
dPdAdG/BDNG6-10 was significantly higher than that in
YPH499/dPdAdG/BDN6-10/FLO1. The major byproducts
in YPH499/dPdAdG/BDN6-10 were glycerol and biomass,
and the major byproduct in YPH499/dPdAdG/BDN6-10/
FLO1 was glycerol.

Table 2 Carbon yields of metabolites in continuous fermentation

productivity in continuous fermentation. Data are presented as the
average of two independent experiments. Error bars are the standard
deviations. Significant differences were calculated using Student’s ¢
test (*0.05 <p <0.10)

Although both the non-flocculent and flocculent strains
produced glycerol as a major byproduct, the flocculent strain
produced larger amount of glycerol than the non-flocculent
strain. Both the non-flocculent and flocculent strains lacked
major glycerol 3-phosphate dehydrogenase GPDI to reduce
glycerol formation (Fig. 1) [26]. However, an isozyme
GPD?2 exists in S. cerevisiae, and it is responsible for redox
regulation [10]. High 2,3-BDO production causes a redox
imbalance due to the production of an extra molecule of
NADH in the chemical reaction in which one molecule of
glucose is converted into one molecule of 2,3-BDO (Fig. 1)
[10]. The formation of glycerol is one of the main redox
balancing strategies, which regenerates of NAD?Y, especially
in ADHI/PDCI-deleted S. cerevisiae [14, 26]. Although
YPH499/dPdAdG/BDN6-10 expressed NADH oxidase in

Saccharomyces cerevisiae strain Phase Dilution rate  Carbon yield in effluent (%)
(per h) 2,3-BDO Glycerol Ethanol Acetoin Biomass

YPH499/dPdAdG/BDN6-10 2 0.065 46.1+7.3 16.3+8.8 0.0+0.0 7.8+13 5.6+4.1
3 0.080 49.2+33 6.6+5.4 0.0+£0.0 6.5+0.6 13.5+2.1
4 0.120 50.8+3.9 15.1+5.0 0.0+0.0 24+0.2 95+19
5 0.160 483+54 17.7+3.0 0.0+0.0 0.0+0.0 122+14
6 0.200 459+5.7 29.6+4.6 0.0+0.0 09+0.2 8.7+1.6

YPH499/dPdAdG/BDN6-10/FLO1 2 0.065 46.7+3.4 349+4.2 1.6x+1.6 0.2+0.0 0.2+0.1
3 0.080 51.8+2.3 39.3+6.0 0.0+0.0 0.1+0.0 0.1+0.1
4 0.120 523+1.5 504+2.7 0.0+0.0 0.1+0.0 0.1+0.0
5 0.160 51.2+3.1 57.7+2.1 0.0+0.0 0.4+0.1 0.2+0.1
6 0.200 544435 60.1+1.8 0.0+0.0 04+0.1 0.5+0.3
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Table 3 Comparison of

X i X Strain 2,3-BDO (g/L) 2,3-BDO produc-  References
mlcrobllal 2,3-BDO prodycuon tivity (¢/L/h)
by continuous fermentation
Pathogenic bacteria
Enterobacter aerogenes DSM 30053 43 5.6 [27]
Klebsiella pneumoniae NCIB 8017 Not determined 2.3 [12]
K. pneumoniae NRRL B199 35 4.3 [16]
Klebsiella sp. Zmd30 35 2.8 [22]
Recombinant Saccharomyces cerevisiae strains
YPH499/dPdAdG/BD6-10 34 6.7 This study
YPH499/dPdAdG/BD6-10/FLO1 38 7.7 This study

an optimum ratio to resolve the redox imbalance, its ratio
is affected by the concentration of dissolved oxygen [26].
Importantly, the flocculent strain YPH499/dPdAdG/BDN6-
10/FLOL1 exists in an anaerobic microenvironment inside a
floc [18], which could lower the efficiency of NADH con-
version to NAD" by NADH oxidase, resulting in an accu-
mulation of a large amount of glycerol. Re-optimization of
the 2,3-BDO production and NAD™ regeneration pathways
including glycerol formation in the engineered strains evalu-
ated in this study should increase the yield of 2,3-BDO.

Total carbon yields through phases 4-6 in the flocculent
strain YPH499/dPdAdG/BDN6-10/FLO1 slightly exceeded
100% (Table 2). This would be because microscopic hetero-
geneity of culture medium. The flocculent strain YPH499/
dPdAdG/BDN6-10/FLO1 formed larger floc in later fermen-
tation phase due to higher biomass concentration (data not
shown). This large floc may prevent a smooth circulation in
the airlift bioreactor. Optimization of the design of an airlift
bioreactor should be required for more efficient continuous
fermentation of 2,3-BDO by the flocculent strain YPH499/
dPdAdG/BDN6-10/FLOL1.

In the flocculent strain YPH499/dPdAdG/BDN6-10/
FLOI, the concentration of biomass in the effluent was sig-
nificantly lower than that in the non-flocculent strain; thus,
these cells were efficiently retained inside the reactor due to
flocculation. In fact, the biomass concentration inside the
reactor of the flocculent strain YPH499/dPdAdG/BDN6-
10/FLO1 (65.1+0.0 g-dry cell/L) after 432 h fermentation
was 3.0-fold higher than that of YPH499/dPdAdG/BDN6-
10 (22.0+0.7 g-dry cell/L). As shown in Fig. 3b, 2,3-BDO
productivity by both the non-flocculent and flocculent strains
increased proportionally with the dilution rate when the dilu-
tion rate was between 0.065 and 0.160/h. However, when
the dilution rate was 0.200/h, the flocculent strain showed
a proportional increase in 2,3-BDO productivity, whereas
the non-flocculent strain did not. Thus, using the flocculent
strain, more rapid 2,3-BDO production may be realized at an
increased dilution rate. Scaling up of a reactor for continu-
ous 2,3-BDO fermentation using the flocculent strain should
be consider in future studies.
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Although continuous fermentation is a good choice for
2,3-BDO production due to its high productivity, fed-batch
fermentation processes are widely used due to their simplic-
ity [7]. Some researchers have reported continuous fermen-
tation of 2,3-BDO using pathogenic bacteria (Table 3). Zeng
et al. reported the continuous fermentation of 2,3-BDO using
pathogenic bacteria E. aerogenes in a continuous stirred
tank reactor [27]. They achieved relatively higher 2,3-BDO
productivity by optimizing oxygen uptake rate. Besides,
Ramachandran and Goma reported the continuous fermen-
tation of 2,3-BDO using pathogenic bacteria K. pneumoniae
in a continuous stirred tank reactor [16]. To our knowledge,
we are the first to report continuous 2,3-BDO fermentation
using non-pathogenic engineered S. cerevisiae strains, and
these strains showed higher 2,3-BDO productivity, with a
comparable 2,3-BDO titer, than these pathogenic bacteria.
Although the 2,3-BDO titer and yield should be improved
to allow comparison of the yield in fed-batch fermentation
to that of various microorganisms [7], continuous 2,3-BDO
fermentation using engineered S. cerevisiae is a promising
strategy for 2,3-BDO production.

Conclusion

Rapid and stable continuous 2,3-BDO fermentation was
successfully achieved using a previously developed non-
pathogenic engineered S. cerevisiae strain; imparting floc-
culating ability to the 2,3-BDO-producing strain generated
a strain capable of producing 2,3-BDO at a higher rate.
Improvement of the 2,3-BDO titer and yield using this
flocculent yeast and scaling up of the reactor are needed to
confirm the feasibility for practical, continuous 2,3-BDO
fermentation using an engineered yeast.

Acknowledgements A part of this work was supported by a New
Chemical Technology Research Encouragement Award from the Japan
Association for Chemical Innovation and by a Grant for Basic Science
Research Projects from the Sumitomo Foundation.



Journal of Industrial Microbiology & Biotechnology

References

10.

11.

12.

13.

14.

15.

Bialkowska AM (2016) Strategies for efficient and economical
2,3-butanediol production: new trends in this field. World J Micro-
biol Biotechnol 32:200

Bony M, Thines-Sempoux D, Barre P, Blondin B (1997) Localiza-
tion and cell surface anchoring of the Saccharomyces cerevisiae
flocculation protein Flo1p. J Bacteriol 179:4929-4936

Caro LH, Tettelin H, Vossen JH, Ram AF, van den Ende H, Klis
FM (1997) In silicio identification of glycosyl-phosphatidylino-
sitol-anchored plasma-membrane and cell wall proteins of Sac-
charomyces cerevisiae. Yeast 13:1477-1489

Celinska E, Grajek W (2009) Biotechnological production of
2,3-butanediol: current state and prospects. Biotechnol Adv
27:715-725

Chen DC, Yang BC, Kuo TT (1992) One-step transformation of
yeast in stationary phase. Curr Genet 21:83-84

Couto SR, Toca-Herrera JL (2007) Laccase production at reactor
scale by filamentous fungi. Biotechnol Adv 25:558-569

Ji XJ, Huang H, Ouyang PK (2011) Microbial 2,3-butanediol pro-
duction: a state-of-the-art review. Biotechnol Adv 29:351-364
Jullesson D, David F, Pfleger B, Nielsen J (2015) Impact of syn-
thetic biology and metabolic engineering on industrial production
of fine chemicals. Biotechnol Adv 33:1395-1402

Kim JW, Kim J, Seo SO, Kim KH, Jin YS, Seo JH (2016)
Enhanced production of 2,3-butanediol by engineered Saccharo-
myces cerevisiae through fine-tuning of pyruvate decarboxylase
and NADH oxidase activities. Biotechnol Biofuels 9:265

Kim S, Hahn JS (2015) Efficient production of 2,3-butanediol
in Saccharomyces cerevisiae by eliminating ethanol and glycerol
production and redox rebalancing. Metab Eng 31:94-101

Kim SJ, Seo SO, Jin YS, Seo JH (2013) Production of 2,3-butan-
ediol by engineered Saccharomyces cerevisiae. Bioresour Technol
146:274-281

Lee HK, Maddox IS (1986) Continuous production of 2,3-butan-
ediol from whey permeate using Klebsiella pneumoniae immo-
bilized in calcium alginate. Enzyme Microb Technol 8:409-411
Ng CY, Jung MY, Lee J, Oh MK (2012) Production of 2,3-butan-
ediol in Saccharomyces cerevisiae by in silico aided metabolic
engineering. Microb Cell Fact 11:68

Nordstrom K (1968) Yeast growth and glycerol formation II. Car-
bon and redox balances. J Inst Brew 74:429-432

Ostergaard S, Olsson L, Nielsen J (2000) Metabolic engineering
of Saccharomyces cerevisiae. Microbiol Mol Biol Rev 64:34-50

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

Ramachandran KB, Goma G (1987) Effect of oxygen supply and
dilution rate on the production of 2,3-butanediol in continuous
bioreactor by Klebsiella pneumoniae. Enzyme Microb Technol
9:107-111

Sikorski RS, Hieter P (1989) A system of shuttle vectors and yeast
host strains designed for efficient manipulation of DNA in Sac-
charomyces cerevisiae. Genetics 122:19-27

Smukalla S, Caldara M, Pochet N, Beauvais A, Guadagnini S,
Yan C, Vinces MD, Jansen A, Prevost MC, Latge JP, Fink GR,
Foster KR, Verstrepen KJ (2008) FLO1 is a variable green beard
gene that drives biofilm-like cooperation in budding yeast. Cell
135:726-737

Van Mulders SE, Christianen E, Saerens SM, Daenen L, Verbelen
PJ, Willaert R, Verstrepen KJ, Delvaux FR (2009) Phenotypic
diversity of Flo protein family-mediated adhesion in Saccharo-
myces cerevisiae. FEMS Yeast Res 9:178-190

Verbelen PJ, De Schutter DP, Delvaux F, Verstrepen KJ, Delvaux
FR (2006) Immobilized yeast cell systems for continuous fermen-
tation applications. Biotechnol Lett 28:1515-1525

Westman JO, Mapelli V, Taherzadeh MJ, Franzen CJ (2014)
Flocculation causes inhibitor tolerance in Saccharomyces cerevi-
siae for second-generation bioethanol production. Appl Environ
Microbiol 80:6908-6918

Wong CL, Yen HW, Lin CL, Chang JS (2014) Effects of pH and
fermentation strategies on 2,3-butanediol production with an iso-
lated Klebsiella sp. Zmd30 strain. Bioresour Technol 152:169-176
Xie D, Shao Z, Achkar J, Zha W, Frost JW, Zhao H (2006)
Microbial synthesis of triacetic acid lactone. Biotechnol Bioeng
93:727-736

Xue C, Zhao X-Q, Liu C-G, Chen L-J, Bai F-W (2013) Prospec-
tive and development of butanol as an advanced biofuel. Biotech-
nol Adv 31:1575-1584

Yamada R, Taniguchi N, Tanaka T, Ogino C, Fukuda H, Kondo A
(2010) Cocktail delta-integration: a novel method to construct cel-
lulolytic enzyme expression ratio-optimized yeast strains. Microb
Cell Fact 9:32

Yamada R, Wakita K, Mitsui R, Nishikawa R, Ogino H (2017)
Efficient production of 2,3-butanediol by recombinant Saccha-
romyces cerevisiae through modulation of gene expression by
cocktail delta-integration. Bioresour Technol 245:1558-1566
Zeng A-P, Biebl H, Deckwer W-D (1990) 2,3-Butanediol pro-
duction by Enterobacter aerogenes in continuous culture: role of
oxygen supply. Appl Microbiol Biotechnol 33:264-268

@ Springer



	Rapid and stable production of 2,3-butanediol by an engineered Saccharomyces cerevisiae strain in a continuous airlift bioreactor
	Abstract
	Introduction
	Materials and methods
	Strains and media
	Yeast cultivation
	Construction and evaluation of the flocculent strain
	Analysis of cell growth and metabolites

	Results and discussion
	Imparting flocculation ability to the 2,3-BDO-producing yeast strain
	Continuous 2,3-BDO fermentation in an airlift bioreactor

	Conclusion
	Acknowledgements 
	References




