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Abstract The platform chemical 2,3-butanediol (2,3-BDO) is a valuable product that can be
converted into several petroleum-based chemicals via simple chemical reactions. Here, we
produced 2,3-BDO with the non-pathogenic and rapidly growing Corynebacterium
glutamicum. To enhance the 2,3-BDO production capacity of C. glutamicum, we introduced
budA encoding acetolactate decarboxylase from Klebsiella pneumoniae, a powerful 2,3-BDO
producer. Additionally, budB (encoding o-acetolactate synthase) and budC (encoding acetoin
reductase) were introduced from K. prneumoniae to reinforce the carbon flux in the 2,3-BDO
production. Because budC had a negative effect on 2,3-BDO production in C. glutamicum, the
budB and budA introduced strain, SGSC102, was selected for 2,3-BDO production, and batch
culture was performed at 30 °C, 250 rpm and pH 6.86 with pure glucose, molasses, and
cassava powder as carbon substrates. After batch culture, significant amount of 2,3-BDO (18.9
and 12.0 g/L, respectively) was produced from 80 g/L of pure glucose and cassava powder.
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Introduction

With the current instability in fossil fuel supplies and petroleum prices, microbial production of
petroleum-based compounds is receiving significant attention globally. One chemical, 2,3-
butanediol (2,3-BDO), is favorable for microbial production and is a platform chemical that
can be converted into several petroleum-based chemicals via simple chemical reactions [1].
For example, 1,3-butadiene, which is an organic intermediate for synthetic rubber production,
is a major derivative of 2,3-BDO. Methyl ethyl ketone is an effective fuel additive having a
higher heat of combustion than ethanol [2], and diacetyl is a bacteriostatic food additive since
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it inhibits growth of some microorganisms and all of the above can be obtained from 2,3-BDO
via simple chemical conversion [3]. Additionally, due to its low freezing point of —60 °C, 2,3-
BDO can be used as an antifreeze agent substituting for ethylene glycol. For these reasons,
production of 2,3-BDO from the microbial organisms has been intensively studied in recent
years. A number of species in the genera Klebsiella, Bacillus, Pseudomonas, Enterobacter,
and Serratia can majorly produce 2,3-BDO from pyruvate, which is the final product of the
glycolysis pathway [1]. For example, significant amounts of 2,3-BDO was produced by
engineered Enterobacter aerogenes and Serratia marcescens (118.05 and 139.92 g/L of 2,3-
BDO produced from fed-batch fermentation, respectively) [4-5]. Among these species,
Klebsiella pneumoniae, a gram-negative bacterium in the family Enterobacteriaceae, is one
of the most useful industrial 2,3-BDO producers because of its high efficiency and ease of
culture [6]. Fundamental 2,3-BDO production of K. pneumoniae is very powerful. For
example, /dhA, which is involved in biosynthesis of lactate (a byproduct of 2,3-BDO produc-
tion), was disrupted and budB and budA involved in 2,3-BDO biosynthesis were
overexpressed, resulting in 111.3 g/L of 2,3-BDO produced with a productivity of 2.71 g/
L h in fed-batch fermentation [7]. However, natural 2,3-BDO producers including
K. pneumoniae are pathogenic, so attenuation of the pathogenicity of these species has to be
carried out prior to industrial production. To avoid this limitation, 2,3-BDO production from
non-pathogenic species has also been studied actively. For example, Escherichia coli, one of
the well-known microbial producers of industrial chemicals, produced 73.8 g/L [8] and
Saccharomyces cerevisiae, a prominent ethanol producer, produced 96.2 g/L of 2,3-BDO [9]
from the fed-batch fermentation using glucose as a carbon source. Now, a new non-pathogenic
industrial 2,3-BDO producer, Corynebacterium glutamicum is suggested. C. glutamicum is a
non-pathogenic, non-sporulating, rapidly growing gram-positive soil bacterium that has been a
producer of industrial amino acids. This species was found to produce glutamate efficiently,
and to promote amino acid production by fermentation. Other amino acids, such as lysine,
valine, and tryptophan, and organic acids, such as succinate and lactate, have subsequently
been produced by the industrial fermentation of C. glutamicum [10]. C. glutamicum can also
produce 2,3-BDO via its own carbohydrate metabolism naturally, but it does not have the key
enzyme called acetolactate decarboxylase (encoded by budA in K. pneumoniae) that plays a
key role in anaerobic 2,3-BDO synthesis; therefore, it cannot produce 2,3-BDO in significant
quantities.

In this study, we produced 2,3-BDO by a minimal genetic engineered C. glutamicum
harbors core genes participating in 2,3-BDO biosynthesis from the powerful 2,3-BDO pro-
ducer, K. pneumoniae. In addition, we demonstrated the industrial advantage of this
C. glutamicum that can utilize carbon sources such as cassava powder and molasses, and
rapidly grow and produce 2,3-BDO in minimal media comprised by cheap inorganic com-
pounds. Finally, we verified the potential for low cost industrial 2,3-BDO production by
C. glutamicum.

Materials and Methods
Development of Strains and Plasmids

The strains, plasmids, and primers used in this study are listed in Table 1 [11]. budA, budB, and
budC were derived from K. pneumoniae KCTC2242 (Korean Collection for Type Culture).
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Escherichia coli DH5« [F(80d lacZ M15) (lacZYATgF)U1691 hsdR17(m") recAl endAl
relA1 deoR; Dong In Biotech Co., Korea] was used for the manipulation of plasmids and for
gene cloning.

Enzymes and Chemicals

A DNeasy Tissue Kit (Qiagen, Netherlands) was used to isolate genomic DNA from
K. pneumoniae KCTC2242. An AxyPrep Plasmid Miniprep Kit (Axygen, USA) was used
to isolate bacterial plasmid DNA. Restriction enzymes and T4 DNA ligase were purchased
from Takara Shuzo. A gel extraction kit (Takara, Japan, A550) was used for large-scale
isolation of plasmid DNA from gels.

Strain Development

Sequence data for budA, budB, and budC in K. pneumoniae KCTC2242 were provided by the
National Center for Biotechnology Information (NCBI) GenBank (CP002910.1) [12].

budA, budB, and budC and the whole budABC operon were amplified by polymerase chain
reaction (PCR) using K. pneumoniae genomic DNA as a template and appropriate primers
(Table 1.). The PCR conditions were as follows: 95 °C for 5 min, followed by 25 cycles at
95 °C for 30 s, the specific annealing temperature (bud4 60 °C, budB 61 °C, budC 58 °C,
budABC 59 °C) for 55 s, and 72 °C for 60 s. The PCR products were ligated into the pGEM-T
Easy Vector (Promega, USA) with the four gene combinations. Subsequently, the target genes
were double restriction enzyme digested and ligated into the pEKExX2 shuttle expression

Table 1 Bacterial strains and plasmids used in this study

Strain, plasmid, or primer Genotype, properties, or sequence Source
Strains
C. glutamicum ATCC 13032 Wild-type ATCC
E. coli DH5« F(80d lacZ M15) (lacZYATgF)U1691 hsdR17(m yrecAl RBC
endAl relAl deoR
SGCG101 C. glutamicum ATCC 13032 ::pEKEX2 ::budA This study
SGCG102 C. glutamicum ATCC 13032 ::pEKEX2 ::budA ::budB This study
SGCG103 C. glutamicum ATCC 13032 ::.pEKEX2 ::budA ::budC This study
SGCG104 C. glutamicum ATCC 13032 ::pEKEX2 ::budABC This study
Plasmids
pGEM-T Easy lacZ, Ap" Promega
pEKEx2 P4, Kan” [11]
Primers®
F-budA-BamHI 5'-GGATCCAGGAAGTGGTATATGAATCATTCTGC-3' This study
R-budA-Sacl 5'-GAGCTCTTAACTTTCTACGGAACGGATGG-3' This study
F-budB-Sacl 5'-GAGCTCATGGACAAACAGTATCCGGTACG-3' This study
R-budB-EcoRI 5'-GAATTCTTACAGAATCTGACTCAGATGCAGC-3' This study
F-budC-Sacl 5'-GAGCTCAGGAAAGAAAAATGAAAAAAGTCG-3' This study
F-budC-EcoRI 5'-GAATTCTTAGTTAAACACCATGCCGC-3' This study

Italic letters indicate restriction site
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vector, and four sets of recombinant pEKEx2 plasmids were constructed. The constructed
vectors (Table 1.) were transformed into C. glutamicum using the electroporation shock and
heat shock methods [13—14].

Culture Conditions

Seed cultivation of all strains was performed in brain heart infusion (BHI) medium (Difco,
Detroit, MI, USA), comprised of 5 g/L of beef heart, 12.5 g/L of calf brains, 2.5 g/L of
disodium hydrogen phosphate, 2 g/L of glucose, 10 g/L of peptone, and 5 g/L. of sodium
chloride at 30 °C and 200 rpm for 12 h. In the cultivation of recombinant strains, 25 mg/L of
kanamycin was added as a selection marker, and IPTG induction was conducted at a cell
optical density (OD) of 0.6~0.8. Flask cultivation was performed in CGXII medium, com-
prised of 40 g/L of glucose, 20 g/L of ammonium sulfate, 0.25 g/L of magnesium sulfate
heptahydrate, 10 mg/L of iron(I) sulfate heptahydrate, 10 mg/L of manganese(Il) sulfate
monohydrate, 10 mg/L of calcium chloride dehydrate, 1 mg/L of zinc sulfate heptahydrate,
0.2 mg/L of copper(Il) sulfate pentahydrate, and 20 pg/L of nickel(Il) chloride hexahydrate
with 0.2 M potassium phosphate buffer at 30 °C and 200 rpm for 30 h in a 250-mL Erlenmeyer
flask and 50-mL operating volume. In batch cultivation, all carbon substrates (pure glucose,
cassava powder, and molasses) were adjusted to 80 g/L, and other medium compositions were
the same as the CGXII medium with 0.2 M potassium phosphate buffer. Cassava powder was
provided Changhae Ethanol (Korea) and pre-treated by liquefaction and saccharification to
convert starch to glucose. The stock culture was inoculated into a 2.5-L bioreactor (Kobiotech,
South Korea) adjusted to 0.25 of the initial cell OD and 1-L operating volume. The temper-
ature of bioreactor was maintained at 30 °C. Dissolved oxygen was provided by injection of
filtered air at a flow rate of 1.5 vvm, and the agitation speed was maintained at 250 rpm. The
pH was maintained at 6.86 through automatic addition of 5 N NaOH and 5 N H;PO, solutions.
All batch cultures were repeated three times.

Analytical Methods

The cell OD of the cultures was assayed with a spectrophotometer (Jenway, UK) at 600 nm
and an appropriate dilution. Samples were withdrawn periodically and then centrifuged at
12,470xg for 10 min. The amount of the carbon source, 2,3-BDO, and organic acids in the
supernatants were measured on a high-performance liquid chromatography (HPLC) system
using an R12414 detector (Waters Co., USA) and an Aminex HPX-87H organic acid column
(300 x 7.8 mm; Bio-Rad) [15]. Sulfuric acid solution (0.01 M) was used as the mobile phase.
The temperature was 80 °C, and the flow rate was 0.6 mL/min. All solutions were filtered
through a 0.2-um PVDF membrane before use.

Results and Discussion
Development of 2,3-BDO Producing C. glutamicum Strains
In general, 2,3-BDO is synthesized via three chemical reactions facilitated by the enzymes -

acetolactate synthase, o-acetolactate decarboxylase, and acetoin reductase in natural 2,3-BDO-
producing strains. C. glutamicum is known as natural 2,3-BDO producer [3], but lacks the o~
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acetolactate decarboxylase that plays a key role in efficient 2,3-BDO production, according to
pathway information from online databases such as the Kyoto Encyclopedia of Genes and
Genomes (KEGG). Wild-type C. glutamicum produces 2,3-BDO via a diacetyl intermediate
synthesized by a spontaneous reaction from «-acetolactate, but the driving force of this
spontaneous reaction is weak when compared with the strong reaction catalyzed by -
acetolactate decarboxylase [16]. Therefore, to enhance the 2,3-BDO-producing ability of
C. glutamicum, we introduced budA encoding the acetolactate decarboxylase from
K. pneumoniae, a powerful 2,3-BDO producer. Also, budB (encoding o-acetolactate synthase)
and budC (encoding acetoin reductase) were introduced from K. preumoniae to reinforce the
carbon flux in the 2,3-BDO production process, despite C. glutamicum naturally possessing
ilvB and butA, with similar respective functions. As a result, four strains harboring
K. pneumoniae genes participating in 2,3-BDO synthesis were developed and central anaer-
obic carbon metabolism including constructed 2,3-BDO pathway in C. glutamicum represent-
ed in Fig. 1.

Flask Cultures of Developed Strains in CGXII Minimal Medium with Potassium
Phosphate Buffer

After strain development, we selected the best 2,3-BDO-producing strain among the four
strains developed. The capacity for 2,3-BDO production was measured at 30 h in the 50-mL
flask culture (Fig. 2). In the 30-h flask culture, the wild-type strain produces an undetectable
amount of 2,3-BDO. In contrast, the engineered SGSC101 and SGSC102 strains produced
significant amounts of 2,3-BDO (1.76 and 3.19 g/L, respectively) in the 30-h flask
culture. In the cases of SGSC103 and SGSC104 strain, despite the capability of
producing 2,3-BDO, they could not produce significant amounts of 2,3-BDO (0.426
and 0.0230 g/L, respectively). As a result, the SGSC102 strain, with budB and budA
overexpressed, had the highest capacity for 2,3-BDO production and was selected as
the main strain for subsequent experiments.

Most importantly, the insertion of budA that plays a major role in 2,3-BDO biosynthesis
provided C. glutamicum with this 2,3-BDO production capacity, and blocked the production of
other organic acids, including succinate, lactate, and acetate. This result can explain the radical
metabolic change that occurred with the introduction of only one gene: this budA4 has powerful
central carbon metabolism. Overexpression of other genes involved in 2,3-BDO biosynthesis,
budB and budC, also significantly influenced the 2,3-BDO production capacity of
C. glutamicum. A significant decrease in 2,3-BDO production by SGSC103 and SGSC104
can be explained by budC overexpression, which has a negative effect to 2,3-BDO biosyn-
thesis in C. glutamicum. The acetoin reductase encoded by budC in K. pneumoniae also
participates in a reverse reaction that converts 2,3-BDO to acetoin, as has been demonstrated in
previous studies [17]. Therefore, we suppose that the introduction of acetoin reductase from
K. pneumoniae disturbed the 2,3-BDO synthesis by facilitating the reverse reaction at the
physiological conditions of C. glutamicum. On the other hand, the highest capacity for 2,3-
BDO production observed in strain SGSC102 can be explained by the knowledge that budB
overexpression can reinforce the carbon flux from pyruvate to 2,3-BDO production in
C. glutamicum. First, x-acetolactate synthase encoded by budB in K. pneumoniae has stronger
activity and substrate affinity than other isozymes involved in branched amino acid biosyn-
thesis (including i/vB of C. glutamicum) [8], and this powerful catalytic activity can facilitate
the efficient conversion of pyruvate to o-acetolactate and 2,3-BDO production. Second, from
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the enhanced carbon source uptake of SGSC102 (Fig. 2a), we found that this reinforcement
also promoted the carbon source uptake in C. glutamicum.

Validation of 2,3-BDO Production in the SGSC102 Strain

To validate the 2,3-BDO production capacity of strain SGSC102, a batch culture was
performed. The batch culture profiles of wild-type and SGSC102 strain are shown in Fig. 3.
Because CGXII has abundant nitrogen sources (5 g/l of urea and 20 g/L of ammonium
sulfate), we increased the initial carbon substrate, glucose, from 40 to 80 g/L. An increase in
the carbon substrate enabled us to identify the potential for mass, continuous 2,3-BDO
production. Both strains grew similarly and consumed 80 g/L of glucose within a 76-h culture
time. Commonly, until 12 h of culture time, cells grew by aerobic carbon metabolism (TCA
cycle) and a very slight amount of glucose was consumed. In contrast, after 12 h of culture
time, oxygen depletion due to high cell density changed the acrobic metabolism to anaerobic
metabolism, and this anaerobic metabolism was radically altered in the SGSC102 strain. The
wild-type strain produced primarily lactate (27.4 g/L), with succinate and acetate produced
concomitantly (8.54 and 10.9 g/L, respectively). The SGSC102 strain, however, produced
18.9 g/ of 2,3-BDO and 2.49 g/L of acetoin, with a reduced amount of other organic acids
(lactate 8.43 g/L, succinate 2.16 g/L, and acetate 2.36 g/L). In addition, a slight amount
(1.93 g/L) of glycerol was produced only in the SGSC102 strain. The introduction of budB and
budA from K. pneumoniae adjusted the carbon flux from pyruvate to other fermentative
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Fig. 1 2,3-BDO pathway construction in Corynebacterium glutamicum. Bold arrows indicate the original
carbon metabolism in C. glutamicum. Gray arrows indicate the introduced pathway from K. pneumoniae
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metabolites and promoted the expression of butd encoding acetoin reductase in
C. glutamicum. This promotion of butA expression can be identified by the glycerol production
in the SGSC102 strain, because acetoin reductase facilitates another reaction converting
glyceraldehyde (an intermediate of glycolysis) to glycerol [18]. In addition, 2,3-BDO is
neutral, and the non-toxic metabolites are physiologically favorable to C. glutamicum in
comparison with the organic acids. From a high initial carbon substrate batch culture, the
capacity and durability of 2,3-BDO production in SGSC102 was validated.

2,3-BDO Production Using an Industrial Carbon Substrate for the SGSC102 Strain

We took note of the carbon substrate as a key for industrial 2,3-BDO production. Because
CGXII media is comprised of inorganic nitrogen sources and other trace elements, the carbon
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substrate, the main material of 2,3-BDO production, will determine the cost of 2,3-BDO
production. Pure glucose is one of the best available carbon substrates, but the price of pure
glucose is much more expensive than other industrial carbon sources. Therefore, microbial
productions using pure glucose are losing competitiveness in industry. Recognizing these
trends, we tested two widely available and cheaper carbon sources, molasses and cassava
powder, that can be utilized by C. glutamicum in 2,3-BDO production. Because it is known
that C. glutamicum can utilize only hexose sugars, industrial carbon substrates containing only
hexose should be chosen. Sugar cane molasses, a viscous byproduct of the process of refining
sugarcane into sugar, is comprised of three hexoses, mainly sucrose and an equal amount of
fructose and glucose, that can be utilized by C. glutamicum. Because C. glutamicum can take
up and utilize various sugars simultaneously [19], molasses is only one of the promising
carbon substrates for 2,3-BDO production. Cassava is the third largest source of food
carbohydrates in the tropics, after rice and maize, and gives the third highest yield of
carbohydrates per cultivated area among crop plants, after sugarcane and sugar beets. The
price of cassava is much lower than pure glucose, and dried cassava powder is comprised of
predominantly sugars (80 % of dry weight, approximately), especially glucose. However,
because glucose in cassava powder exists as a starch, a long polysaccharide chain consisting of
a large number of glucose units, cassava powder must be pre-treated by liquefaction and
saccharification in proper conditions. In molasses, 52.3 % of the initial polysaccharide content
was released as glucose, fructose, and sucrose (9.12 g/L of glucose, 9.91 g/L of fructose, and
22.8 g/L of sucrose in 80 g/L of molasses), and in cassava powder, 74.9 % of the initial
polysaccharide content was released as glucose and fructose (56.7 g/L of glucose and 2.17 g/LL
of fructose in 80 g/L of cassava powder). After batch culture using 80 g/L of cassava powder,
12.0 g/L of 2,3-BDO was produced within 60 h of culture time using the cassava powder
(Fig. 4). In the case of molasses, a strong growth inhibition was observed during the initial
culture time, and only a small amount of 2,3-BDO was produced. This inefficiency originated
from the high viscosity of molasses, and high viscosity obstructed oxygen transfer and
inhibiting the initial growth. In addition, co-consumption of glucose, fructose, and sucrose is
expected to be less efficient than consumption of pure glucose. In the case of cassava powder,
because the viscosity is less than molasses and the sugar composition is almost pure glucose,
the production of 2,3-BDO was almost as efficient as culture using pure glucose.

Conclusion

In this paper, we identified the potential for 2,3-BDO production using non-pathogenic
C. glutamicum and cassava powder as a cheap carbon source. Because of its non-
pathogenicity and rapid growth in minimal media composed of only inorganic nitrogen
sources, C. glutamicum has an advantage to the industrial production of 2,3-BDO. In addition,
using cassava powder that is cheaper than pure glucose as a carbon substrate will reduce the
raw material cost of industrial 2,3-BDO production. With further study, C. glutamicum has the
possibility of becoming a non-pathogenic industrial 2,3-BDO producer, along with the current
producers E. coli and S. cerevisiae.
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