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Abstract

Background (R R)-2,3-butanediol (BDO) is employed in a variety of applications and is gaining prominence due to its
unique physicochemical features. The use of glycerol as a carbon source for 2,3-BDO production in Klebsiella pneumo-
niae has been limited, since 1,3-propanediol (PDO) is generated during glycerol fermentation.

Results In this study, the inactivation of the budC gene in K. pneumoniae increased the production rate of (R R)-
2,3-BDO from 21.92+2.10 to 92.05 + 1.20%. The major isomer form of K. pneumoniae (meso-2,3-BDO) was shifted

to (R,R)-2,3-BDO. The purity of (R,R)-2,3-BDO was examined by agitation speed, and 98.54% of (R R)-2,3-BDO

was obtained at 500 rpm. However, as the cultivation period got longer, the purity of (R,R)-2,3-BDO declined. For this
problem, a two-step agitation speed control strategy (adjusted from 500 to 400 rpm after 24 h) and over-expression
of the dhaD gene involved in (R,R)-2,3-BDO biosynthesis were used. Nevertheless, the purity of (R R)-2,3-BDO still
gradually decreased over time. Finally, when pure glycerol was replaced with crude glycerol, the titer of 89.47 g/L

of (R,R)-2,3-BDO (1.69 g/L of meso-2,3-BDO), productivity of 1.24 g/L/h, and yield of 0.35 g/g consumed crude glycerol
was achieved while maintaining a purity of 98% or higher.

Conclusions This study is meaningful in that it demonstrated the highest production and productivity among stud-
ies in that produced (R,R)-2,3-BDO with a high purity in Klebsiella sp. strains. In addition, to the best of our knowledge,
this is the first study to produce (R R)-2,3-BDO using glycerol as the sole carbon source.

Keywords (R R)-2,3-butanediol, Klebsiella pneumoniae, Crude glycerol, Oxidative pathway, Two-stage agitation
strategy
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margin in biorefinery due to its relatively high cost, as
well as there are also issues regarding the usage of a food
resource [3]. Thus, many researchers have investigated
the development of novel biorefinery techniques that use
industrial waste or non-food resources [4]. Among them,
glycerol is a noteworthy non-food resource and low-cost
feedstock for a sustainable and circular bioeconomy [5].

Glycerol is a by-product of the biodiesel production
process [6]. The growing demand for biodiesel is going to
boost the amount of glycerol available on the market. The
disposal of this surplus crude glycerol incurs enormous
expenses [7], but microbial conversion to worthwhile
compounds using crude glycerol offers a viable alterna-
tive [8]. The cost competitiveness of crude glycerol as a
feedstock for glycerol-biorefinery is likely to rise as the
biodiesel market increases in size. Also, since biorefinery
is based on the amalgamation of biomass conversion pro-
cesses to generate power, fuels, and chemicals, utilizing
crude glycerol generated during biodiesel production as a
biomass raw material for biorefinery to produce valuable
chemicals via microbial fermentation will provide excel-
lent virtuous cycle opportunities [1].

2,3-Butanediol (2,3-BDO) can exists in three stereoi-
somers [meso-, (R,R)-, and (S,S)-forms]. In the 2,3-BDO
biosynthetic pathway of Klebsiella pneumoniae (Fig. 1),
pyruvate is converted to acetolacate by acetolactate syn-
thase (budB). It is then converted to (R)-acetoin by ace-
tolactate decarboxylase (budA). (R)-acetoin is converted
to meso-2,3-BDO by meso-2,3-butanediol dehydrogenase
(budC) [9]. The isomer form of 2,3-butanediol produced
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by K. pneumoniae and K. oxytoca is typically Meso-2,3-
BDO, and (S,5)-2,3-BDO is also partially produced [10].
However, a few studies have indicated that K. pneumoniae
is able to produces (R,R)-2,3-BDO as well as meso-2,3-
BDO and (S,5)-2,3-BDO [11]. Butanediol dehydrogenase
is involved in the reversible conversion between acetoin
and 2,3-BDO. The specificity of butanediol dehydroge-
nase determines the stereoisomer of 2,3-BDO. A variety
of butanediol dehydrogenases have been identified and
characterized. Some butanediol dehydrogenases func-
tion in similar role even though they are not annotated
as butanediol dehydrogenase [12]. In this regard, it has
been reported that dhaD and gldA, which encode glyc-
erol dehydrogenase, were also involved in (R,R)-2,3-BDO
biosynthesis [13], and dhaD and gldA genes were used
to enhance the production of (R,R)-2,3-BDO [14]. The
physicochemical properties of the isomer of 2,3-BDO dif-
fer based on the isomer form [10]. First, optically active
(R,R)-2,3-BDO and (S,5)-2,3-BDO have higher struc-
tural stability than optically inactive meso-2,3-BDO [15].
These optically active 2,3-BDOs are invaluable in applica-
tions that require chiral groups such as drugs, high-value
pharmaceuticals, and liquid crystals [16, 17]. And (R,R)-
2,3-BDO and mes0-2,3-BDO have similar applications
in chemical industries such as 1,3-butanediol, methyl
ethyl ketone (MEK), printing inks, spandex, and soften-
ing agents [15, 18, 19]. On the other hand, (R,R)-2,3-BDO
has a lower freezing point than meso-2,3-BDO, making it
suitable for transportation and storage at low tempera-
tures. Given this characteristic, it can also be employed
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as an antifreeze agent [10, 20]. Among the various appli-
cations, (R,R)-2,3-BDO has drawn a lot of attention in the
agriculture field because of its distinctive physicochemi-
cal features that activate plant self-defense systems in
response to external stimuli [21].

K. pneumoniae, an industrially advantageous microbe,
can grow on glycerol as the sole carbon source, and
is mainly used to produce 1,3-propanediol (1,3-PDO)
through glycerol fermentation [22]. On the other hand,
2,3-butanediol (2,3-BDO) from K. pneumoniae has tradi-
tionally been produced using glucose rather than glycerol
[23]. This is because 1,3-PDO is unavoidably generated
as the main byproduct during glycerol fermentation for
2,3-BDO production in K. pneumoniae, which compli-
cates the separation process in the downstream process
[24]. Thus, it has been restricted to the use of glycerol
as a carbon source in the production of 2,3-BDO using
K. pneumoniae. To overcome the inevitable 1,3-PDO
production in glycerol fermentation of K. pneumoniae
strain, a previous study reported that the K. pneumoniae
GEM167 mutant strain was used to produce a metabo-
lite derived from the oxidative pathway without the pro-
duction of 1,3-PDO [25]. The K. pneumoniae GEM167
mutant strain has the characteristics of a unique meta-
bolic pathway, with an inhibited metabolite of the reduc-
tive pathway (1,3-PDO) and an enhanced metabolites of
the oxidative pathway (2,3-BDO, ethanol, lactic acid, and
succinate) [26].

In addition, for the above reasons, the majority of bio-
mass feedstock in the study for stereospecific produc-
tion of (R,R)-2,3-BDO has also been centered on glucose,
and strains that naturally produce (R,R)-2,3-BDO as the
main isomer form have been employed [2]. In the case
of Klebsiella sp., little study has been done to produce
(R,R)-2,3-BDO, and even these studies used glucose as
a carbon source [10, 14]. These studies are as follows; K.
oxytoca AldhAApfIBAbudC::PBDH (pBBR-PBDH) pro-
duced 92% of (R,R)-2,3-BDO at 106.7 g/L (meso-2,3-BDO
at 9.3 g/L) [10], and K. pneumoniae AwabGAbudCAldh
A:gldA::dhaD produced 98% of (R,R)-2,3-BDO at 61 g/L

Table 1 Bacterial strains used in this study
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(meso0-2,3-BDO at 1.4 g/L) [14]. And no studies have
been reported to produce (R,R)-2,3-BDO using glycerol
in Klebsiella sp..

Therefore, this study aimed to produce enantiopure
(R,R)-2,3-BDO by metabolic engineering and cul-
ture process factor (agitation speed) in K. pneumoniae
GEM167 mutant strain from glycerol, a byproduct of bio-
diesel, as a sole carbon source.

Materials and methods
Development of strains and culture media
Table 1 lists the bacterial strains employed in this study.
DNA manipulation was carried out with Escherichia coli
DH5a. As helper plasmids, pKD46 [27] and pCP20 [28]
were used to express Lambda-Red recombinases and
Flippase (FLP) recombinases, respectively. Replication of
these plasmids makes them easier to eliminate because
of their temperature sensitivity. The apramycin-resistant
gene was supplied via the plIJ773 vector. Cloning was
conducted using the pGEM-T Easy vector (Promega Co.,
USA) and the pBHA vector (Bioneer Co., Korea).
Bacterial strains were grown in either Luria—Bertani
(LB) medium (LB-broth Miller, Formedium, Hunstan-
ton, UK) or LB medium supplemented with antibiotics
(ampicillin [100 pg/mL] and/or apramycin [50 pg/mL])
were used. Then, the flask medium for seed culture and
5L-fermentor medium were prepared and used in the
same manner as in the previous experiments [26].

Gene knock-out for metabolic flux shift

Figure S1 illustrates the strategy for knocking out the
gene for acetoin reductase (budC), which catalyzes the
formation of 2,3-butanediol from acetoin [29] (see Addi-
tional file 1). Table S1 provided the oligonucleotides used
for PCR amplification of the gene’s upstream and down-
stream regions.

The amplified fragments were fused with primers P1
and P4, which were subsequently introduced into the
pGEM-T Easy vector. The Klenow fragment-processed
apramycin-resistance gene (aac(3)[V) was inserted into

Strains or plasmids Genotype and description Source
Strains
E. coli DH5a Host of plasmid Lab stock
K. pneumoniae GEM-adhE-IdhA K. pneumoniae AadhEAIdhA This study
K. pneumoniae GEM-adhE-ldhA-budC K. pneumoniae AadhEAldhAAbudC This study

Plasmids
PETM6-T7-Amp.f
PETM6-T7-dhaD-Tet®

T7 promoter, pETM6, Amp.R
T7 promoter, pETM6 carrying dhaD, Tet

Bioneer Co. (Korea)
This study

Amp. Ampicillin, Tet. tetracycline
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the PCR product. The built plasmids, such as pT-budC-
Apra functioned as the deletion cassette [29]. It was then
introduced into K. pneumoniae GEM167 AadhEAldhA
using the electroporation method [30], and homologous
recombination yielded chromosomal variants. Finally, it
was demonstrated whether DNA fragments were inte-
grated by homologous recombination using primers P5
and P6 (Additional file 1: Table S1).

Construction of recombinant plasmid

Figure S2 depicted the strategy used to construct plas-
mid that increased the expression of dhaD (encoded in
glycerol dehydrogenase, KPN2242 20560 from K. pneu-
moniae) gene, which has a dual function in glycerol
metabolism and 2,3-butanediol formation. The gene was
synthesized by Bioneer Co. Ltd. (Daejeon, South Korea).
The sequence was cloned into the pBHA vector and fol-
lowed by sequencing to ensure there were no errors. And
then, the DNA fragment of dhaD gene was ligated to
pETM6-T7-Amp.R by insertion of Ndel-Xhol fragments
containing dhaD (pBHA-dhaD) into the Ndel-Xhol site of
pETM6-T7-Amp.R. Next, to replace ampicillin-resistance
gene with tetracycline- resistance gene, the Xhol frag-
ment with treatment of the Klenow fragment (pGEM-T
Easy vector carrying tetracycline-resistance gene) that
contained tetracycline-resistance gene was inserted into
the Scal site of ampicillin-resistance gene, resulting in
pETM6-T7-dhaD-Tet.X. Electroporation was employed
to introduce the final plasmid into K. pneumoniae [31].

Fermentation by K. pneumoniae strains

The culture conditions for seed cells were 37 °C and
200 rpm. Seed cells were cultivated in LB medium for 9 h.
These were inoculated into flask medium (30 g/L glycerol,
1 g/L yeast extract, 2 g/L (NH,),SO,, 10.7 g/L K,HPO,,
and 5.24 g/L KH,PO,) and cultured for 12 h. It was
then inoculated into a 5 L jar-fermentor (CNS Co., Ltd,
Korea) with 10% (v/v) inoculum. 5L-fermentor medium
contained 20 g/L glycerol, 1 g/L yeast extract, 2 g/L
(NH,),SO,, 10.7 g/L K,HPO,, and 5.24 g/L. KH,PO,. The
following compounds were added to all flask medium
and 5 L-fermentor medium: 0.2 g/L MgSO,, 0.02 g/L
CaCl,-2H,0, 1 mL Fe solution (5 g/L FeSO,-7H,0O and
4 mL HCI [37%, w/v]), 1 mL trace element solution
(70 mg/L ZnCl,, 100 mg/L MnCl,-4H,0, 60 mg/L H;BO,,
200 mg/L CoCl,-4H,0, 20 mg/L CuCl,-2H,0, 25 mg/L
NiCl,-6H,0, 35 mg/L Na,MoO,-2H,0, and 4 mL HCl
[37%, w/v]), or 10 ug/mL tetracycline. Fed-batch fermen-
tation was carried out in 2.5 L of fermentor medium (37
°C, 700 rpm, and aeration at 2.0 vvm) [25]. The pH was
controlled through the automated addition of ammo-
nia solution. The pure glycerol (99%, w/w) [29] or crude
glycerol (80%, w/w) obtained from GS Bio (Yeosu,
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Korea) were used as a carbon source. Isopropyl -D-1-
thiogalactopyranoside (IPTG) was added to the culture
medium as an inducer (final concentration: 0.5 mM).

RNA extraction, reverse transcription, and real-time
reverse transcription PCR (real-time RT-PCR)

Total RNA from samples at 9 h of culture of each K.
pneumoniae strain was extracted using the TaKaRA Min-
iBEST Universal RNA Extraction kit (Takara Bio Inc.,
Japan).

PrimeScript’" reverse transcriptase (Takara, Japan) was
employed to synthesize the complementary DNA from
each RNA sample. First, a mixture of extracted RNA,
Oligo (dT) primer, dNTP, and RNase free water was
incubated at 65 °C for 5 min. Then, PrimeScripfrM reverse
transcriptase, 5XPrimeScript buffer, and RNase inhibi-
tor were added to the aforementioned solution and incu-
bated at 37 “C for 15 min. Lastly, the mixture was heated
at 85 °C for 5 s and cooled on ice. The resulting reactant
served as the template for the real-time RT-PCR experi-
ment. PrimeScript’ RT Master Mix (Takara, Japan) and
a qTOWER? from Analytikjena (Jena, Germany) were
used for the real-time RT-PCR experiment and for AACt
analysis. The primers used in the real-time RT-PCR
experiment are provided in Table S2 [14].

To normalization the results of gene expression from
each experiment, rpoD (encoded in RNA polymerase
sigma factor) from K. pneumoniae was used as a refer-
ence gene. To determine the relative gene expression
level, the fold-change value was calculated according to
the 2722¢T method using measured Ct (threshold cycle)
value [32].

Analytical methods

To determine cell growth, optical density (O.D) was
measured at a wavelength of 600 nm. A high-perfor-
mance liquid chromatography (HPLC) analysis based on
prior research methods [33] was performed to quantify
the concentrations of metabolites (glycerol, lactic acid,
acetic acid, succinic acid, 1,3-PDO, and ethanol) in fed-
batch fermentation.

A gas chromatography (GC) system (Agilent Tech-
nologies 6890N, Agilent Technologies, Santa Clara, CA,
USA) equipped with a flame ionized detector (FID) and
an HP-CHIRAL-20B column (30 m X 0.25 mm X 0.25 pm)
was employed to quantify (S)-acetoin, (R)-acetoin, (S,S)-
2,3-butanediol, (R,R)-2,3-butanediol, and meso-2,3-bu-
tanediol. Nitrogen was used as the carrier gas with a
flow rate of 1.0 mL/min, and the injected volume was
1 pL with a split injection mode (split ratio of 25:1). The
injector and the flame ionization detector temperatures
were 240 °C and 250 C, respectively. The gradient pro-
gram used for controlling the column temperature was
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as follows: start at 50 °C for 1 min, increased at a rate of
10 ‘C/min to 80 C, isotherm at 80 “C for 5 min, increased
at a rate of 5 ‘C/min to 100 ‘C, isotherm at 100 C for
7 min, increase at a rate of 40 °C/min to 240 °C, and then
maintained at 240 °C for 5 min [14].

Results & discussion

Shift toward the biosynthetic pathway

of (R,R)-2,3-butanediol through regulation of gene
transcription level by knock-out of budC gene

To specifically synthesize (R,R)-2,3-BDO using glycerol
as a sole carbon source in K. pneumoniae AadhEAldhA
strain, the budC gene involved in meso-2,3-BDO biosyn-
thesis was knocked out and shifted to the (R,R)-2,3-BDO
biosynthesis pathway, as illustrated in Fig. 1. Cultivations
were carried out for 24 h at 37°C, 700 rpm, 2.0 vvm, and
pH 6 control (using ammonium water).

As shown in Fig. 2 and Fig. S3 (see Additional file 1),
meso-2,3-BDO was the main isomeric form of 2,3-BDO
in K. pneumoniae AadhEAldhA, which was present at
72.30+1.50% before the budC gene was knocked out.
K. pneumoniae produced meso-2,3-BDO as the primary
2,3-BDO isomer, and minor amounts of (S,5)-2,3-BDO,
which was consistent with a previous study [10]. The
interesting point was that (R,R)-2,3-BDO was produced
in this study. It is uncommon to report that all three iso-
meric forms of 2,3-BDO are formed, however, this has
been reported in a few K. pneumoniae [11].

Additionally, to investigate the effect on the expres-
sion levels of genes associated with the biosynthesis of
(R,R)-2,3-BDO (dhaD, gldA, budB, budA, budC, and
budR) in response to knock-out of the budC gene in K.

100
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Ratio of 2,3-butanediol isomer (%)

(5,5)- (R,R)-

2,3-butanediol isomers

B K. pneumoniae GEM167-adhE-IdhA
I K. pneumoniae GEM167-adhE-ldhA-budC

Fig. 2 Biosynthetic shift of 2,3-butanediol sterecisomers
by knock-out of budC gene in K. pneumoniae GEM167 AadhEAIdhA
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pneumoniae AadhEAIdhA, the relative gene expres-
sion levels of genes related to the biosynthesis of (R,R)-
2,3-BDO between K. pneumoniae AadhEAldhA and K.
pneumoniae AadhEAldhAAbudC were compared. As
a result Fig. 3, demonstrated that knock-out of budC in
K. pneumoniae AadhEAIdhAAbudC completely pre-
vented expression of budC while significantly boosting
expression of dhaD. Regulating gene expression levels by
knocking out of budC was as effective as prior study [14],
and it is noteworthy that the expression level of dhaD
increased 5.8-fold in this study. As a result, the produc-
tion rate of (R,R)-2,3-BDO increased from 21.92+2.10
to 92.05+1.20%. The production rate of meso-2,3-BDO
reduced dramatically from 72.30+1.50 to 7.95+1.15%,
and (§5,5)-2,3-BDO was not detected in GC analysis
(Fig. 2). Therefore, in this study, the expression of the
gene involved in the 2,3-BDO biosynthesis pathway was
regulated by knocking out the budC gene, which resulted
in the production of (R,R)-2,3-BDO as the main isomer
of 2,3-BDO by shifting to the (R,R)-2,3-BDO biosynthetic
pathway. It is the first study to selectively mass-produce
(R,R)-2,3-BDO using glycerol as a sole carbon source,
even if the biosynthetic mechanisms of these 2,3-BDO
isomers have been demonstrated through experimen-
tal results in previous study [13]. Interestingly, dhaD is
involved in glycerol catabolism as a glycerol dehydro-
genase, and it was expected that glycerol consumption
would also increase through the enhanced expression
of dhaD through knock-out of budC [13]. However, in
this study, it was observed that glycerol consumption

Relative gene expression
B

1.0 @

dhaD  gldA budB  budA  budC  budR

L

ropD

Genes

’ [ Relative gene expression (GEM-adhE-1dhA-budC/GEM-adhE-1dhA) ‘

Fig. 3 Relative gene expression of K. pneumoniae AadhEAIdhAAbudC
compared to K. pneumoniae AadhEAIdhA. The abscissa and ordinate
represent strains and relative expression levels of each gene,
respectively. Here and below: means + SDs of triplicate measurements
are shown. SD standard deviation
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decreased (glycerol consumption of K. pneumoniae
GEM167-adhE-1dhA and K. pneumoniae GEM167-adhE-
ldhA-budC was 193.4+9.30 g/L and 171.2+6.45 g/L,
respectively) (data was not shown). It suggested that the
expressed dhaD in this study played a role in the conver-
sion of R-acetoin to (R,R)-2,3-BDO rather than in glyc-
erol catabolism.

Unfortunately, as indicated in Table 2, the molar con-
version of total 2,3-BDO from glycerol consumption
was decreased from 0.31+0.01 mol/mol of glycerol to
0.22+0.01 mol/mol of glycerol by the budC knock-out.
The main reason of these results could be the exces-
sive accumulation of R-acetoin caused by the knock-out
of budC and shift of (R,R)-2,3-BDO into the biosyn-
thetic pathway. This was supported by the result that
the sum of the molar conversion to R- and S-acetoin
was 0.04+0.01 mol/mol of glycerol, but the molar con-
version to R-acetoin got doubled to 0.08 +0.01 mol/mol
of glycerol after budC was knocked out. In addition,
the increase in molar conversion to acetic acid from
0.03+0.01 mol/mol of glycerol to 0.05+0.01 mol/mol of
glycerol was also presumed to have contributed. It has
been reported that the biosynthesis of acetoin is closely
related to the agitation speed [34, 35]. Therefore, it was
considered necessary to investigate the effect of agitation
speed on the purity of (R,R)-2,3-BDO.

Effect of agitation speed on purity of (R,R)-2,3-BDO

and two-step agitation speed control strategy

The effect of agitation speed on (R,R)-2,3-BDO pro-
duction and purity was investigated in production of
(R,R)-2,3-BDO from glycerol using K. pneumoniae
AadhEAldhAAbudC  strain. Culture conditions were
set according to the agitation speed (400, 500, 600, and
700 rpm) for 24 h based on 37 °C, 2.0 vvm, and pH 6
adjustment (using ammonia water).

As a result, as shown in Table 3, it was determined that
(R,R)-2,3-BDO was produced with the highest purity
of 98.45+0.10% at an agitation speed of 500 rpm. Also,
the highest molar conversion to (R,R)-2,3-BDO was
0.33+0.02 mol/mol of glycerol at an agitation speed of
500 rpm in Table S3 (see Additional file 1). Therefore,
500 rpm was determined as the suitable agitation speed
to produce high purity of (R,R)-2,3-BDO.

It was observed that an increase in agitation speed
resulted in an increase in cell growth (Table S3). It was
suggested that the increase in agitation speed effectively
increased the oxygen transfer efficiency [36], which has a
positive effect on cell growth. These results were consist-
ent with previous studies reporting that increasing agi-
tation speed increases aeration, which in turn increases
glycerol consumption and cell growth [37]. And it was
also observed that the molar conversion to (R)-acetoin
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increased with increasing agitation speed. The reason for
these results was that as the agitation speed increased,
a large amount of (R)-acetoin, a precursor of (R,R)-2,3-
BDO, was produced (Table 3 and Table S3), but the
corresponding conversion from (R)-acetoin to (R,R)-2,3-
BDO was insufficient, so the accumulated (R)-acetoin
was gradually converted to meso-2,3-BDO, which was
assumed to have reduced the purity of (R,R)-2,3-BDO.
In another study on the production of (R,R)-2,3-BDO
derived from glucose using K. oxytoca, it was reported
that meso-2,3-BDO was produced despite the removal
of budC due to several other pathways to generate meso-
2,3-BDO [10].

In addition, when cultured for a long period of time
at the selected agitation speed of 500 rpm for 72 h, it
was observed that the purity of (R,R)-2,3-BDO rapidly
dropped after 24 h as shown in Table 4. And Fig. 4A
showed that the accumulation of acetoin gradually
increased over time in the culture. After 72 h, the amount
of (R,R)-2,3-BDO produced stagnated, and the cultiva-
tion was terminated. These results suggested that in order
to maintain high purity of (R,R)-2,3-BDO, the amount
of acetoin generated was required to be controlled. To
achieve this, a two-step agitation speed control strategy
was employed to mitigate the drop in purity of (R,R)-
2,3-BDO based on the production and molar conversion
ratio of acetoin according to agitation speed (Table 3 and
Table S3). Given that the purity of (R,R)-2,3-BDO rapidly
decreased after 36 h of cultivation (data was not shown),
the agitation speed was lowered to 400 rpm and 300 rpm,
respectively, after 24 h of cultivation.

As a consequence, it was proven that with adjustment
of the agitation speed to two stages (500 rpm to either
400 rpm or 300 rpm after 24 h), the rate of decline in the
purity of (R,R)-2,3-BDO was reduced when compared
to the previous condition in which the agitation speed
was kept at 500 rpm, as shown in Table 4. Accordingly,
the duration to maintain purity of (R,R)-2,3-BDO at 98%
was extended. Furthermore, as the agitation speed was
reduced to 400 rpm or 300 rpm after 24, the amount
of acetoin accumulated temporarily either dropped or
stayed constant (Table 4). However, eventually, it was
observed that the amount of acetoin accumulated rose
and the purity of (R,R)-2,3-BDO reduced as the culti-
vation period progressed. It could be speculated to be
the result of the accumulation of metabolites in the cell
in the later stages of cultivation and the decrease in cell
activity, resulting in the intracellular metabolism does
not work properly. Nevertheless, it was indicated that
using a two-stage agitation speed control strategy led to
an increase in the molar conversion to (R,R)-2,3-BDO in
Table S4 (see Additional file 1). Furthermore, the produc-
tion of (R,R)-2,3-BDO increased from 76.39 + 3.65 g/L to
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Table 3 Effects of agitation speed on 2,3-butanediol biosynthesis in K. pneumoniae GEM167 AadhEAldhAAbudC after 24 h

Agitation speed Metabolites (g/L) Purity of (R,R)-
(rpm) - - 2,3-BDO (%)

(R)-acetoin (S)-acetoin 2,3-Butanediol isomers

(S,5)- (R,R)- Meso-

400 1.04+0.64 - - 1997 +1.74 0.36+0.08 98.23+0.24
500 229+0.77 - - 32.19+273 0.51+0.07 98.45+0.10
600 7.38+0.93 - - 4025+3.14 1.23+0.26 97.03+0.39
700 1047 +1.31 - - 3860+132 207+0.20 94.91+0.30°
-, not detected

2 Fed-batch cultivation was carried out in a 5-L jar fermentor (37 °C, 700 rpm, 2.0 vvm, and pH 6.0 maintained using ammonium water) according to the agitation
speed (400, 500, 600, and 700 rpm)

Table 4 Effects of two-stage agitation strategy on 2,3-butanediol biosynthesis in K. pneumoniae GEM167AadhEAIdhAAbudC after 72 h

Two-stage agitation speed Time (h) Metabolites (g/L) Purity of (R,R)-
(rpm) 2,3-BDO (%)
(R)-acetoin (S)-acetoin 2,3-Butanediol isomers
Initial After 24 h (S,S)- (R,R)- Meso-
500 500 24 229+0.77 - - 32191273 051+0.07 9845+0.10
48 14.11+£0.32 - - 62.16+5.68 329+0.08 94.95+0.32
72 2063+1.27 0.93+0.11 - 76.39+3.65 494+0.03 93.93+0.24
400 24 3.48+0.64 - - 31.12+£5.69 0.59+0.06 98.15+0.14
48 4.32+0.05 - - 61.68+6.99 2.03+0.20 96.81+0.04
72 10.12+£2.48 - - 84.73+£158 453+0.03 94.92+0.12
300 24 230£0.89 - - 2932411 046+0.04 98.46+0.08
48 1.39+0.37 - - 50.18+5.92 097+0.11 98.10+0.01
72 2.58+0.66 - - 67.67£3.46 1.83+0.09 97.37+0.01°

-, not detected

2 Fed-batch cultivation was carried out at 37 °C, 2.0 vvm, pH 6 control (using ammonia water), and agitation speed was adjusted from 500 rpm initially to either
400 rpm or 300 rpm after 24 h
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Fig. 4 Fed-batch fermentation for glycerol-derived (R R)-2,3-BDO production of K. pneumoniae GEM167AadhEAIdhAAbudC according to agitation
strategy. Fed-batch cultivation was in a 5-L jar fermentor (37 °C, 2.0 vwvm, and pH 6.0 maintained using 28% v/v NH,OH) for 84 h. A Single agitation
speed method (maintained at 500 rpm); B Two-stage agitation speed method (adjusted from 500 rpm of initial agitation speed to 400 rpm

after 24 h)
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84.73£1.58 g/L when the agitation speed adjusted from
500 to 400 rpm as compared with using as single agita-
tion speed (500 rpm) (Table 4). And the highest molar
conversion to (R,R)-2,3-BDO obtained (0.36+0.02 mol/
mol of glycerol) when the agitation speed was adjusted
from 500 to 300 rpm (Additional file 1: Table S4), but the
production titer of (R,R)-2,3-BDO was 67.67 +3.46 g/L,
which was lower than the titer when a single agitation
speed was used (Table 4). Therefore, considering that
the purity of (R,R)-2,3-BDO inevitably decreased in the
later stage of cultivation even if the agitation speed was
lowered to 300 rpm, the two-step agitation speed control
method that showed the highest titer of (R,R)-2,3-BDO
was chosen, which was to adjust the agitation speed from
500 to 400 rpm. It has been reported that other stud-
ies have employed a two-step agitation speed control
strategy to reduce acetoin accumulation and enhance
the production titer and yield of 2,3-BDO [38]. How-
ever, the highest purity of (R,R)-2,3-BDO still remained
around 98%. It could be suggested that for the produc-
tion of (R,R)-2,3-BDO of higher purity, overexpression of
the dhaD gene involved in (R,R)-2,3-BDO biosynthesis
(Fig. 3) would be beneficial.

Enhancement of (R,R)-2,3-BDO purity by overexpression

of dhaD gene associated with biosynthesis of (R,R)-2,3-BDO
To overcome the limited purity of (R,R)-2,3-BDO, we
attempted to overexpress the dhaD gene involved in
(R,R)-2,3-BDO biosynthesis. First, to overexpress dhaD
gene in K. pneumoniae GEM167 AadhEAldhAAbudC
strain, dhaD/pETM6-Tet. plasmid was introduced into
K. pneumoniae GEM167 AadhEAldhAAbudC strain,
and as shown in Fig. S2, K pneumoniae GEM167
AadhEAldhAAbudC-dhaD/pETMS6 strain was prepared.
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Then, it was investigated if higher purity of (R,R)-2,3-
BDO production was possible by effectively converting
(R)-acetoin accumulated to (R,R)-2,3-BDO by overex-
pressing dhaD gene with a two-step agitation speed con-
trol method (from 500 to 400 rpm after 24 h). The
cultivation was carried out at 37°C, 2.0 vvm, pH 6 control
(using ammonia water) for 84 h, and the agitation speed
was adjusted from 500 rpm initially to 400 rpm after 24 h.
In addition, the dhaD gene using the T7 promoter in the
pETMS6 plasmid was overexpressed by addition of IPTG
after 6 h as an inducer.

As a result, as shown in Table 5, overexpression of
the dhaD gene prolonged the period during which 98%
purity of (R,R)-2,3-BDO was maintained from 24 to 48 h
compared to the control group where dhaD was not over-
expressed (Table 4). As seen in Table S5 (see Additional
file 1), when the dhaD gene was overexpressed, the molar
conversion rate from the moles of 2,3-BDO isomers
[(RR)-2,3-BDO and meso-2,3-BDO] to (R,R)-2,3-BDO
was 97.14% [mol of (R,R)-2,3-BDO/mol of (R,R)-+ meso-
2,3-BDO], and it was 94.44% [mol of (R,R)-2,3-BDO/mol
of (RR)-+meso-2,3-BDO] in the control group where
dhaD was not overexpressed (Additional file 1: Table S4).
This indicated that overexpression of dhaD had a posi-
tive effect on enhancing the molar conversion rate to
(R,R)-2,3-BDO. Moreover, in the later stage of cultivation
when dhaD was overexpressed, the maximal (R,R)-2,3-
BDO production was 90.96+0.23 g/L, which was higher
than the control group without overexpression of dhaD
(84.73 +1.58 g/L) (Figs. 4B and 5A).

In addition, Figs. 4B and 5A showed that the K.
pneumoniae  GEM167  AadhEAlIdhAAbudC-dhaD/
pETMS6 had slower initial cell growth compared to the
K. pneumoniae GEM167 AadhEAldhAAbudC strain.

Table 5 Effects of carbon source on 2,3-butanediol biosynthesis in K. pneumoniae AadhEAIdhAAbudC-dhaD/pETM6 under two-stage

agitation strategy

Carbon sources Time (h) Metabolites (g/L) Purity of (R,R)-
2,3-BDO (%)
(R)-acetoin (S)-acetoin 2,3-Butanediol isomers
(5,5)- (R.R)- Meso-
Pure glycerol 24 2.36+059 - - 21.23+343 0.27+0.03 98.74+0.06
48 350+0.14 - - 52.79+4.46 1.04+0.14 98.07+0.10
72 7.70£1.93 - - 7553+2.10 2.53+0.09 96.76£0.02
84 12744234 - - 90.96+0.23 3.92+0.17 95.87+0.16
Crude glycerol 24 1.44+0.44 - - 3740£432 0.36+£0.05 99.05+£0.02
48 1.74+0.20 - - 6243 +3.81 0.84+0.16 98.67+0.17
72 3.63+0.73 - - 89.47£0.11 1.69+0.07 98.15+£0.07
78 584+1.03 - - 88.98+0.20 1.87+0.03 97.94+0.03°

-, not detected

2 Fed-batch cultivation was carried out at 37 °C, 2.0 vvm, pH 6 control (using ammonia water), and the agitation speed was adjusted from 500 rpm initially to 400 rpm
after 24 h. The dhaD gene using the T7 promoter in the pETM6 plasmid was overexpressed by addition of IPTG after 6 h as an inducer
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Fig. 5 Fed-batch fermentation for (R,R)-2,3-BDO production from pure glycerol (or crude glycerol) in K. pneumoniae
GEM167AadhEAIdhAAbudC-dhaD/pETM6. Fed-batch cultivation was in a 5-L jar fermentor (37 °C, 2.0 vwm, and pH 6.0 maintained using 28% v/v
NH,OH) for 84 h along with a two-step agitation speed control method (adjusted from 500 to 400 rpm after 24 h). The dhaD gene using the T7
promoter in the pETM6-Tet. plasmid was overexpressed by addition of IPTG after 6 h as an inducer. A pure glycerol; B crude glycerol

K. pneumoniae GEM167 AadhEAldhAAbudC strain
reached the maximum cell growth in 24 h, while the
K. pneumoniae GEM167 AadhEAIdhAAbudC-dhaD/
pETM6 reached maximum cell growth in 36 h. And the
maximum cell growth was higher in the K. pneumoniae
GEM167 AadhEAldhAAbudC strain (O.D=34.05+0.85)
than in the K. pneumoniae GEM167 AadhEAIdhAAbudC-
dhaD/pETM6 (0.D=28.7+0.77) (Figs. 4B and 5A). It
was suggested that this was due to the burden imposed
on the cells by the introduction and expression of dhaD/
pETM6 plasmid and the addition of antibiotic addition
delayed cell growth.

Unfortunately, although the overexpression of dhaD
boosted the production of (R,R)-2,3-BDO while main-
taining 98% purity of (R,R)-2,3-BDO for a longer period
of culture time than before, it still did not prevent purity
of (R,R)-2,3-BDO from dropping below 98% in the late
stages of cultivation (Table 5). Even when dhaD was
not overexpressed, the amounts of meso-2,3-BDO were

small, but as it was generated gradually, the purity of
(R,R)-2,3-BDO decreased gradually, suggesting that these
results might be related to the limitation of dhaD gene in
selectively converting from (R)-acetoin to (R,R)-2,3-BDO.
Because it has been reported that the activity of convert-
ing (S)-acetoin to meso-2,3-BDO is greater than that of
converting of (R)-acetoin to (R,R)-2,3-BDO in whole-cell
biocatalysis using (R)/(S)-acetoin as substrate employ-
ing K. pneumoniae AbudCAgldA [13]. Thus, although the
overexpression of dhaD was able to increase the produc-
tion of (R,R)-2,3-BDO, it was speculated that the dhaD
gene might be limited in maintaining a higher purity of
(R,R)-2,3-BDO due to the accumulation of meso-2,3-
BDO, which is gradually generated in small amounts.

As shown in Table 6, previous studies have indicated
that the selective production of (R,R)-2,3-BDO using
a Klebsiella sp. strain resulted in a maximum (R,R)-2,3-
BDO purity of up to 98% or less, even with the expression
of exogenous genes. From this, it can be inferred that

Table 6 Comparison with previous studies on (R,R)-2,3-butanediol production using various carbon sources in Klebsiella sp. strains

Microorganism Isomer Carbon source Fermentation type Concentration (g/L) (R,R)-2,3-BDO (R.R)-2,3-BDO  References
productivity (g/L/h) yield (9/g)

Klebsiella oxytoca (RR)-(92%)  Glucose Fed-batch 106.7 (R,R-), 9.3 (Meso-) 3.1 040 [10]

AldhAAPfIBAbudC:PBDH

(pBBR-PBDH)

Klebsiella pneumoniae Awa  (R,R)- (98%)  Glucose Fed-batch 61 (RR-), 1.4 (Meso-) 0.51 0.36 [14]

bGAbudCAldhA:gldA:dhaD

K. pneumoniae GEM167Aa  (RR)- (96%)  Pure glycerol Fed-batch 90.96 (R.R-), 3.92 (Meso-) 1.08 035 This study

dhEAIdhAAbudC:dhaD

K. pneumoniae GEM167Aa  (RR)- (98%)  Crude glycerol Fed-batch 8947 (RR-), 1.69 (Meso-) 1.24 035 This study

dhEAIdhAAbudC:dhaD
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exogenous genes overexpressed in previous studies might
have limitations in their ability to produce (R,R)-2,3-BDO
with higher purity. However, many studies have been
conducted on the properties of 2,3-BDO dehydrogenases
derived from various species [12], as well as the 2,3-BDO
dehydrogenase used in previous studies. Therefore, it
could be suggested that higher purity of (R,R)-2,3-BDO
could be achieved if enzymes that specifically convert
(R)-acetoin to (R,R)-2,3-BDO are utilized.

Substitutability to crude glycerol

As mentioned above, the significance of biorefin-
ery research employing industrial waste or non-food
resources as biomass is growing, and it is essential to
establish a virtuous cycle system between the two pro-
cesses by securing such biomass and using this biomass
for biorefinery [1]. Therefore, in this study, it was inves-
tigated whether crude glycerol, an industrial waste from
the biodiesel production process, could be replaced with
pure glycerol to produce cost-effectively (R,R)-2,3-BDO.
To this end, pure glycerol was replaced with crude glyc-
erol as a sole carbon source and, the K. pneumoniae
GEM167 AadhEAlIdhAAbudC-dhaD/pETM6 strain was
cultured as mentioned above.

As a result, as indicated in Table 5, the purity of (R,R)-
2,3-BDO was maintained at 98% for 72 h, and the maxi-
mum (R,R)-2,3-BDO production using crude glycerol
was 89.47+0.11 g/L at 72 h of cultivation. And the maxi-
mum (R,R)-2,3-BDO production using pure glycerol
(90.96 £0.23 g/L at 84 h) was similar to the maximum
production using crude glycerol, however, replacement
to crude glycerol reduced the time to attain its maximum
production by 12 h. As a result, the productivity of (R,R)-
2,3-BDO increased from 1.08 g/L/h (using pure glycerol)
to 1.24 g/L/h (using crude glycerol). The yield for each
maximal (R,R)-2,3-BDO production was identical at
0.35 g (R,R)-2,3-BDO/g of consumed glycerol. The result
in Fig. 5 showed that maximal cell growth using crude
glycerol was OD=36.5+£0.66, whereas maximum cell
growth using pure glycerol was OD =28.7 + 0.85. Further-
more, cell growth in the early phases of cultivation was
considerably accelerated when crude glycerol was used
compared to pure glycerol (Fig. 5). These results have
been suggested to be caused by the reason that crude
glycerol includes certain components that encourage
cell growth [39]. And previous study has demonstrated
that using crude glycerol improved 2,3-BDO produc-
tion and productivity [36]. Table S5 (see Additional
file 1) demonstrated that the molar conversion rate to
(R,R)-2,3-BDO from crude glycerol was higher than that
from pure glycerol at 72 h of cultivation. It was observed
that the molar conversion rate to (R)-acetoin decreased
from 0.04+0.01 mol/mol of consumed pure glycerol to
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0.01+0.01 mol/mol of consumed crude glycerol, indi-
cating that the conversion from (R)-acetoin to (R,R)-2,3-
BDO was efficiently carried out when crude glycerol was
used. Although not shown by data, the molar conver-
sion rate to (R,R)-2,3-BDO at 84 h of cultivation, which
exhibited the maximum (R,R)-2,3-BDO, increased to
0.36+0.00 mol/mol of consumed pure glycerol when
pure glycerol. However, not only this, the molar con-
version rate to both meso-2,3-BDO (from 0.01+0.00 to
0.02+0.01 mol/mol of consumed pure glycerol) and (R)-
acetoin (from 0.04 to 0.05 mol/mol of consumed pure
glycerol) increased. Given the molar conversion rate to
metabolites in Table S5 (see Additional file 1), further
study would be expected to have a positive effect on
(R,R)-2,3-BDO production by restricting the pathway to
metabolites such as succinate among competitive metab-
olites, hence preventing carbon flux dispersion.

As shown in Table 6, it was shown that only glucose has
been used to produce (R,R)-2,3-BDO in the metaboli-
cally engineered Klebsiella sp. strains. In previous stud-
ies, Bacillus sp. [40, 41] and Panebacillus sp. strains [42,
43] that originally produced only (R,R)-2,3-BDO, have
been used to produce (R,R)-2,3-BDO. However, since it
is difficult for these strains to use glycerol as a sole car-
bon source, there were few studies on the production of
(R,R)-2,3-BDO from glycerol. Meanwhile, there are also
only a few studies on (R,R)-2,3-BDO using Klebsiella sp.
strains, which can be metabolized with glycerol alone in
Table 6. This could be because of the comparatively low
purity of (R,R)-2,3-BDO and the formation of 1,3-PDO, a
major byproduct of the glycerol metabolism in Klebsiella
sp. strain. Nevertheless, in this study, mass production of
the highest purity of (R,R)-2,3-BDO was achieved for the
first time using glycerol as the sole carbon source.

In addition, it was meaningful to confirm the feasi-
bility of substituting pure glycerol with crude glycerol.
This is due to the reason that crude glycerol is a more
readily available raw material and less expensive. And
since large-scale industrial facilities and refining costs
are required to purify crude glycerol into pure glycerol,
replacing commercial pure glycerol with crude glycerol,
which is easily obtained from the biodiesel production
process, could lower costs by more than 20-fold [44].
Because the cost of feedstock for carbon source contrib-
utes to bulk chemical production by up to 50% [45], cost
competitiveness obtained from the use of crude glycerol
could be a driving force behind the commercialization
of glycerol-derived (R,R)-2,3-BDO production. Previous
studies have also suggested that cultivation using a low-
nutritional medium was required to be more economi-
cally feasible, so cultivation using industrially diverse
biomass other than glucose was required [14]. Therefore,
this study is expected to be valuable in that it suggested
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the direction for further study for glycerol-derived (R,R)-
2,3-BDO production as well as the achievement of high-
concentration production of high purity (R,R)-2,3-BDO
using glycerol.

Conclusions

The major isomer form of 2,3-BDO produced in K. pneu-
moniae GEM167 with an enhanced oxidative pathway
was meso-2,3-BDO. In this study, the budC gene was
deleted to selectively produce (R,R)-2,3-BDO with high
utilization value. This resulted in the major isomer form
of 2,3-BDO shifts from meso-2,3-BDO to (R,R)-2,3-BDO.
To improve the purity of (R,R)-2,3-BDO, the endogenous
dhaD gene involved in (R,R)-2,3-BDO biosynthesis was
overexpressed in K. pneumoniae along with a two-step
adjustment of agitation speed. And the crude glycerol
was successfully replaced with pure glycerol with no
negative effects, allowing not only the cost-effective pro-
duction of (R,R)-2,3-BDO but also increasing the produc-
tion of (R,R)-2,3-BDO with high purity due to cell growth
boosted by the replacement to crude glycerol. This is the
first study to selectively produce (R,R)-2,3-BDO without
production of 1,3-PDO despite glycerol-fermentation by
K. pneumoniae strain due to the unique characteristics
of K. pneumoniae GEM167 mutant. Moreover, (R,R)-2,3-
BDO of the highest purity was obtained in the highest
titer using glycerol from K. pneumoniae.
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