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2,3-Butanediol (2,3-BD) is a propitious compound with many industrial uses ranging from rubber, fuels,
and cosmetics to food additives. Its microbial production has especially attracted as an alternative way to
the petroleum-based production. However, 2,3-BD production has always been hampered by low yields
and high production costs. The enhanced production of 2,3-butanediol requires screening of the best
strains and a systematic optimization of fermentation conditions. Moreover, the metabolic pathway
engineering is essential to achieve the best results and minimize the production costs by rendering the
strains to use efficiently low cost substrates. This review is to provide up-to-date information on the
current strategies and parameters for the enhanced microbial production of 2,3-BD.

© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Numerous compounds which could only be produced by
chemical processes in the past, can now be biologically generated
from renewable resources using engineered organisms. Recently,
the development of integrated biorefineries has attracted increas-
ing attention as a means of giving sustainable alternative ways
for solving several difficulties including exhaustion of fossil oil
supplies, high soaring petroleum prices and environmental
pollution [1]. As a solution to scarcity of nonrenewable energy
resources, biofuel is the only sustainable solution to satisfy ever-
growing energy demands [2-4]. One of the examples is microbial
production of 2, 3-butanediol by different microorganisms
including bacteria and yeast trains [1,5], and it is now widely
used in the industry [6-8]. 2,3-BD is a valuable chemical feedstock
due to its potential applications [9], including its use as a liquid fuel
and for the production of various chemicals, foods, and pharma-
ceuticals (Fig. 1) [10,11].

Abbreviations: 2,3-BD, 2,3-Butanediol; adhE, alcohol dehydrogenase; ackA,
acetate kinase-phosphotransacetylase; ldhA, lactate dehydrogenase; AlsS, ao-
acetolactate synthase; AlsD, a-acetolactate decarboxylase; MEK, methyl ethyl
ketone; PUMASs, polyurethane-melamides; gldA, glycerophosphate dehydrogenase
gene.
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Recently, various microorganisms including Klebsiellaoxytoca,
Klebsiella pneumoniae, Serratia marcescens, Enterobacter aero-
genes, and Paenibacillus polymyxa and Saccharomyces cerevisiae
have been increasingly used to produce 2,3-butanediol [9,12,13].
Among them, Klebsiella species are preferred for higher 2,3-BD
production thanks to their capability for utilizing various
substrates coupled with higher cultural adaptability [11,14]. Apart
from glucose or xylose which are utilized as substrates, other
sources available are starch, molasses, water hyacinth and
Jerusalem artichoke tubers, or sweet potatoes [15]. Additionaly,
Jatropha waste constitutes a propitious row material to manufac-
ture both sugars and 2,3-butanediol [16].

Various microorganisms can use various substrates such as
hexoses, pentoses, and disaccharides for producing 2,3-butanediol
via mixed-acid butanediol pathway [12]. However, this pathway
produces several liquid byproducts including lactic, succinic, acetic
acid, and ethanol [17]. Microorganisms have been genetically
engineered not only for improving 2,3-BD production, but also
expanding the substrate spectrum of 2,3-BD producing strains,
especially for low cost substrates [18]. Microorganisms can also
utilize other substrates including plant biomass, agricultural and
industrial wastes, and convert them into biofuel and useful co-
products [19,20]. The main factors for enhancing 2,3-BD yield
include the selection of appropriate high-yielding strains and
systematically optimizing the culture conditions such as tempera-
ture, aeration and byproduct control. Moreover, the choice of an
efficient cultivation strategy especially batch, fed-batch and
continuous fermentation is one of the paramount importance

2215-017X/© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Some important derivatives of 2,3-butanediol and their potential applications (adapted from Biatkowska, 2016).

for optimal yields [21]. For this reason, this work has explored and
reviewed the currently most promising methods for improving
microbial production of 2,3-butanediol.

2. Metabolic pathway for the production of 2,3-BD

Different microorganisms capable of producing 2,3-BD include
several types of bacteria, yeasts, or even algae [22]. 2,3-Butanediol
is synthesized via a mixed-acid fermentation pathway, which is
normally accompanied by the formation of various end-products
depending on the microorganism and fermentation strategies
[22,23]. Until now, little is known about the functional aspect of
the metabolic regulation of 2,3-BD production. It is, however,

hypothesized that 2,3-BD biosynthesis has an essential physiolog-
ical importance including preventive acidification, contributing to
cell regulation of the NADH/NAD" ratio and storing carbon and
energy for microbial growth [24]. The metabolic pathway for the
synthesis of 2,3-BD from glucose in bacteria is shown in Fig. 2.
The three main enzymes, namely «-acetolactate synthase,
a-acetolactate decarboxylase and butanediol dehydrogenase
involve in the production of 2,3-BD from pyruvate [5]. In Klebsiella,
these enzymes are encoded by the budB, budA, and budC genes,
respectively [25].

Alpha-acetolactate can spontaneously be converted to diacetyl,
a reaction that requires the presence of oxygene. The generated
diacetyl is subsequently transformed into acetoin at the expense of

Glucose
1 cO, 2NADH 2NAD*
2Phosphoenolpyruvate W) Succinate
2 NADH 2 NAD*
2Pyruvate T Lactate
5 Co,
etyl -CoA a-acetolactate _CO
2 NADH i i 2
Diacetyl
9 7 cO
2 NAD* 2 CoA 2'—’ 2 NADH
acetoin
2 acetaldehyde Acetyl-P 2 NAD*
2 NADH
2 NADH 2Pi
- 8 2 NAD*
2 NAD 2ATP
2-ethanol Acetate 2,3-butanediol

Fig. 2. The metabolic pathways for 2,3-butanediol synthesis in bacteria (modified, based on Magee & Kosaric, 1987).1, glycolysis and pentose phosphate pathway enzymes; 2,
pyruvate kinase; 3, a-acetolactate synthase; 4,a-acetolactate decarboxylase; 5, acetoin reductase (2,3-butanediol dehydrogenase); 6, pyruvate-formate lyase; 7, phospho-
transacetylase; 8, acetate kinase; 9, acetaldehyde dehydrogenase; 10, ethanol dehydrogenase; 11, actate dehydrogenase; 12, phosphoenolpyruvate decarboxylase ; 13, malate

dehydrogenase; 14, fumarase; 15, succinate dehydrogenase.
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the reducing power. Depending on pH value and oxygen level,
pyruvate also undegoes reduction or oxidation generating various
organic acids and alcohols including lactate, formate, acetate,
succinate, ethanol and acetoin. In order to minimize such
unwanted byproducts, several approaches including mutant
screening, genetic engineering and fermentation technology were
suggested for enhancing 2,3-BD production [5,26]. In addition,
pyruvate is transformed into acetolactate by two distinct enzymes.
The first enzyme is catabolic a-acetolactate synthase, which has
optimum pH value of 5.8 in acetate, and is part of the butanediol
pathway. The second enzyme in the butanediol biosynthesis
pathway is acetolactate decarboxylase, with an optimum pH
value of 6.3, and it catalyzes the formation of acetoin via
the decarboxylation of acetolactate. There is also a third enzyme
named diacetyl (acetoin) reductase, which catalyzes a reversible
reduction of acetoin to 2,3-BD and an irreversible reduction of
diacetyl to acetoin. Diacetyl (acetoin) reductase is a tetrameric
enzyme which uses NADH as a coenzyme. Different isomers of 2,3-
BD are formed from acetoin due to activities of different acetoin
reductase enzymes with different stereospecificities, or by a cyclic
pathway. The three 2,3-BD stereoisomers are dextro- and levo-
forms which are optically active, and an optically inactive meso-
form (Fig. 3). These three 2,3-BD stereoisomers are obtained due to
the activity of three enzymes, namely an acetoin racemase, L(+)
2,3-BD dehydrogenase and D(-) 2,3-BD dehydrogenase. The L(+)
2,3-BD dehydrogenase converts L(+) acetoin to L(+) 2,3-BD and
meso-2,3-BD, while the D(-) 2,3-BD dehydrogenase reduces D(-)
acetoin to D(-) 2,3-BD and meso-2,3-BD [27,28].

Various mechanisms for different 2,3-BD stereoisomer forma-
tion were elaborated in K. pneumonia. Glycerol dehydrogenase was
reported to exhibit 2R,3R-butanediol dehydrogenase activity and
catalyzes conversion of both R-acetoin and S-acetoin into levo-
butanediol and meso-2,3-butanediol, respectively. Butanediol
dehydrogenase is also a single enzyme that catalyzes the synthesis
of S-acetoin from diacetyl, and further to dextro-butanediol [29].
Though different strategies were proposed to produce the three
stereoisomers of 2,3-BD (Table 1), it is still difficult to produce only
one and single pure stereoisomer. Therefore, there is a need of
modifiying various culture conditions including pH, temperature,
and shaking speed in order to optimize the production of diffent
isomers [27].

In principle, different monosaccharides including hexoses and
pentoses can be fermented to produce 2,3-BD. In this case, the key
intermediate is pyruvate, and three enzymes o-acetolactate
synthase, a-acetolactate decarboxylase, and 2,3-BD dehydrogenase
are critical for 2,3-BD generation. However, besides 2,3-BD, some
by-products are generally formed including ethanol, acetate,

lactate, formate, and succinate, which seriously affect the
fermentation yields.

3. Optimization of different parameters for the enhanced
2,3- BD production

Several researchers have focused on improving strains and
operation mode to reach higher 2,3-BD yields. The 2,3-BD
production varies depending on microorganisms, culture con-
ditions and the substrate used as shown in the Table 2. The higher
2,3-BD production requires not only the improvement of culture
medium composition but also the strain selection and the
improvement of biosynthetic pathway by metabolic engineering
[30]. The later revealed to be very effective especially by altering
ethanol, lactate and acetate production routes [31-33]. For
example, inactivation of acetaldehyde dehydrogenase, or elimina-
tion of lactate dehydrogenase showed higher yields of 2,3-BD by
klebsiella sp.[17,34]. Cultivation strategies are now in various forms
including fed-batch cultivations under growth-limiting conditions,
batch cultivations under resting cells conditions, semi-continuous
productions with immobilized cells, continuous cultivations and
production with free cells, and solid state fermentations.
Therefore, the choice of the correct cultivation methods is crucial
for improved 2,3-BD production.

The modulation of fermentation parameters has a significant
impact on 2,3-BD yield. Many studies have shown a negative
correlation between oxygen concentration and 2,3-BD yields.
Higher oxygen concentration leads to cell mass formation, while
2,3-BD formation is negatively affected. Briefly, 2,3-BD yield
increases with reduction of oxygen content [35]. In such case,
however, the overall conversion rate is hampered by the lower
concentration of cells [36]. Other factors including culture
temperature, pH, and acetic acid supplementation also involve
in metabolic regulation [37]. Besides the effects of those culture
conditions, genetic engineering has been importantly utilized for
high production of 2,3-BD [38].

3.1. Metabolic engineering for high-producing strains

Recently, it has been possible to use genetic tools for converting
microbes into efficient biofactories. However, to optimize the
metabolic pathways for improved yields of the target product, one
has to understand well metabolic characteristics [39,40]. New
improved mutants can be obtained by mutation or altering some
genes involved in 2,3-BD pathway, especially those requiring
NADH for the formation of the byproducts [33,41,42]. In addition,
new studies showed that by preventing byproduct synthesis and
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Fig. 3. The stereoisomers of 2,3-butanediol. a: 1-(+)-2,3-Butanediol (2S,3S)-;Dextrorotatory form. b: Meso-2,3-Butanediol; Optically inactive form. c: p-(+)-2,3-Butanediol
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Table 1

Some genes and pathways engineered to improve optical pure 2,3-BDO production.

Organism 2,3-BDO biosynthesis genes Pathway Precursor Isomer Titer Enantiopurity Reference
(g/L)
Escherichia K. pneumoniae budA, budB, budC - Glucose meso- 17.7 98% [107]
Coli K. pneumoniae budA, budC Conversion of R-acetoin to meso-butanediol  Glucose meso- 15.3 99% [108]
K. pneumoniae budA, budC, ydjL from No isopropyl beta-D-thiogalactoside (IPTG) Glucose (RR) 115 99% [109]
Bacillus subtilis addition
Enterobacter  knock out of bdh, ldh, and frdA, and Blocking pathways of conversion from glucose Xylose and (RR) 152 98% [101]
cloacae inactivation of ptsG, and overexpression to meso -2,3-BD, and pyrivate to lactate, glucose
of (2R,3R) bdh and galP succinate, and (2S, 3S)-2,3-BD
Pichia B. subtilis alsS, alsD genes, and S. Conversion of pyruvate to R-acetoin, then Glucose (RR) 745 99% [55]
pastoris cerevisiaeBDH1 converted to (2R, 3R)-2,3-butanediol
Bacillus K. pneumoniae budC, Conversion of D-(-) acetoin to meso-2,3-BD Glucose meso- 103.7 99% [110]
subtilis deletion of bdhA, pta and Idh,and
knock out of acoA
Bacillus Deletion of gldA - Miscanthus meso- 48.5 Not tested [111]
licheniformis floridulus
Hydrolysate
Table 2
Comparison of 2,3-BD production by different microorganisms.
Host species Carbon sources Culture T pH Agitation Aeration 2,3-BD Titer  2,3-BD Productivity 2,3-BD yield Reference
mode (°C) (rpm) (vvm) (g/L) (g/L.H) (glg)
Klebsiella oxytocia Glucose Fed batch 30 6 200, 300, 1 142.5 147 0.42 [12]
400
Crude glycerol Fed batch 30 6 400 1 131.5 0.84 0.44 [94]
Pure glycerol Fed batch 30 6 400 1 115 1.01 0.39 [95]
Glucose Fed batch 37 6 300 1 1174 12 0.49 [42]
Glucose Fed batch 37 6.5 200 1 130 1.63 0.48 [1]
Corncob acid Fed-batch 37 6.3 300 03 35.7 0.59 0.5 [11]
hydrolysate
Molasses Cellrecycle 35 5.5 200,150 0.5,0.3 118 2.4 - [64]
Klebsiella pneumoniae Glucose Fed-batch 37 6 500 15 150 4.21 — [96]
Glucose Fed batch 35 6.5 150 1 116 - 0.49 [97]
Corncob molasses Fed-batch 37 6 500,400 1.0,0.5 78.9 13 - [81]
Glycerol Fed-batch 37 8 200 0.44 49.2 — - [14]
Starch Fed batch; 37 7 200 - 53.8 — — [10]
SSF
Paenibacillus polymyxa Jerusalem artichoke Fed batch; 37 6 300 0.15 91.63 2.29 0.32 [15]
tuber SSF
Glucose Fed batch 35 6.5 300 0.075 68.54 0.7 0.34 [15]
Jerusalem artichoke Batch 30 6 240,120 - 36.92 0.88 - [98]
tuber
Bacillus amyloliquefaciens Glucose Fed batch 37 6.5 350 0.33 1329 2.95 — [46]
Bacillus licheniformis Glucose Fed batch 50 7 500 1 123.7 2.95 0.508 [99]
Enterobacter aerogenes sugarcane molasses Fed batch 37 6 280 15 140 - — [100]
Enterobacter cloacae Glucose Fed batch 37 6 150 1 118.05 — — [33]
Corn stoverhydroly- Fed batch 30 6 500 1 119.4 2.3 - [101]
sate
oil palm SSF 37 6.5 200 - 25.01 0.13 — [102]
Serratia marcescens Sucrose Fed batch 30 6 500 0.5 152 2.67 — [103]
Serratia marcescens Sucrose Fed batch 30 6 200 0.5 139.92 3.49 - [104]
Saccharo-myces cerevisiae  Glucose Fed batch 30 5.5 300, 500 1-2 154.3 1.98 0.404 [105]
Xylose Fed batch 30 55 200 0.5 96.8 0.58 - [52]
Methylomicrobium Methane Fed batch 30 8.9 650 - 31.8 0.086 0.03 [106]

alcaliphilum 20Z

overexpressing genes associated with 2,3-BD synthesis resulted in
increased yields of 2,3-BD [43]. For example, a short-chain of acyl
dehydrogenase identified and characterized from K. pneumoniae
was applied, and L-2,3-butanediol was produced at high-level. The
L-2,3-BD dehydrogenase participates in the reduction of both
diacetyl and acetoin, and in the oxidation of L-2,3-BD [44].
K. oxytoca GSC 12206 isolated from cattle was 2,3-BD native hyper-
producing and nonpathogenic bacterium. The disruption of IdhA
gene in this strain led to a mutant with minimal lactic acid
formation while enhancing the 2,3-BD production up to 115 g/l of
2,3-BD, with 0.41g/g and 2.27 g/l.h as yield and productivity,
respectively [17].

Similarly, alteration of both lactate dehydrogenase and
phosphotransacetylase genes involved in lactic acid and acetic
acid formation pathways in a wild type K. oxytoca ME-303
resulted in improved production of 2,3-BD. The generated mutant
ME-UD-3, showed 7.8 % more yield compared to wild type, while
byproducts namely lactic acid and acetic acid were also
tremendously reduced up to 88 % and 92 %, respectively [45].
The same enzyme was mutated in K. pneumoniae, and the resulting
lactate dehydrogenase-deficient mutant (AldhA) successfully
reached 2,3-BD production of 148.8¢g/l and productivity of
2.48 g/L.h using glucose as a substrate. By using sugarcane as a
substrate, the production was 76.24 g/1, while the productivity was
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2.31 g/L.h [38]. High production of 2,3-BD can also be reached by
disrupting the ethanol biosynthesis pathway. In that regard, for
constructing an ethanol-deficient mutant, the aldA gene coding for
aldehyde dehydrogenase in K. oxytoca was replaced with a
tetracycline resistance cassette. By minimizing the formation of
acetoin and eliminating ethanol production, the production
improved up to130g/l with the productivity of 1.63 g/l.h and
the yield of 2,3-BD relative to glucose of 0.48 g/g [1]. Moreover, the
construction of Klebsiella oxytoca KMS005 mutant lacking three
genes, namely alcohol dehydrogenase (adhE), acetate kinase-
phosphotransacetylase (ackA) and lactate dehydrogenase (IdhA)
boosted up to 2,3-BD productivity of 117.4 g/, and 0.49 g/g yield,
while acetoin, lactate and formic acid were not detected [42].
Further, that pathway was generally considered as metabolic
pathway for 2,3-BD production in Klebsiella species with higher
yield (Fig. 4).

Besides Klebsiella species, several other microorganism have
been proven to produce 2,3-BD efficiently using low-cost substrate.
Bacillus amyloliquefaciens has been reported to produce 2,3-BD
high titer of 102.3 g/, yield of 0.44 g/g and 1.16 g/1.h of productivity
due to the overexpression of NADH/NAD" regeneration system,
which increased 2,3-BD production and prevention of byproducts
accumulation. The introduction of the transcriptional regulator
ALsR under the control of a moderate promoter Ppqna facilitates
carbon flux increasing to 2,3-BD branch [26]. Co-overexpression of
bdH and gapA genes was also used to enhance 2,3-BD production
and inhibit accumulation of unwanted byproducts. As a result, the
production increased up to 132.9 g/l in B. amyloliquefaciens B10-
127 in fed-batch fermentations [46]. In B. subtilis, the exchange of
(2R, 3R)-butanediol dehydrogenase gene with butanediol dehy-
drogenase (encoded by K. pneumoniae budC) led to a new strain
BSF9 producing 103.7 g/l pure meso-2-BD with 0.487 g/g yield
when glucose is applied as the substrate [47]. In addition, B.
licheniformis was identified as a safe microorganism for the

5

production of 2, 3-BD, which can utilize hexose and pentose as
carbon source. Moreover, it can ferment lignocellulose hydrolysate
for production of 2,3-BD. For instance, using feed-batch fermenta-
tion two strains, WX-02AbudC and WX-02AgldA produced
optically pure compounds with 32.2 g/l D-2,3-BD and 48.5 g/l
meso-2,3-BD, respectively. Furthermore, these two strains could
also utilize xylose as a carbon source to produce D-2,3-BD (10.9 g/1)
and meso-2,3-BD (20.2 g/1), respectively [48].

To enhance 2,3-BD productivity in Serratia marcescens, meso-
2,3-butanediol and (2S,3S)-2,3-butanediol decreased due to the
inactivation of slaC gene, while an increased accumulation of (3R)-
acetoin was observed. Introduction of bdhA gene from B. subtilis
168 encoding (2R,3R)-2,3-butanediol dehydrogenase into the slaC
strain of S. marcescens MG1 led to excess (2R,3R)-2,3-butanediol
dehydrogenase through acceleration of the reaction from (3R)-
acetoin to (2R,3R)-2,3-butanediol, and caused amassing of (2R,3R)-
2,3-BD. The highest production achieved was 89.81 g/l (2R,3R)-2,3-
BD in fed-batch fermentation due to high expression of butanediol
dehydrogenase [49]. Similarly, the overexpression of genes
involved in 2,3- BD production in Raoultella ornithinolytica resulted
in 68.27 g/l of 2,3- BD with pH control at 5.5, and agitation speed at
400 rpm. However, accumulation of acetic acid reached up to
23.32 g/l. In addition, the overexpression of homologous budABC
genes improved the 2,3-BD production up to 112.19 g/l and 1.35 g/1.
h productivity, whereas accumulation of acetic acid decreased to
9.71g/1 [50].

Recently, yeast was target in research as one of a promising host
cell for 2,3-BD production, and various strategies have been crafted
to enhance its production. In S. cerevisiae, pyruvate is a crucial
precursor in 2,3- BD synthesis as it favors ethanol production at the
expense of 2,3-BD. In recent study, S. cerevisiae was shown to
produce 81.0 g/1 2,3-BD in a fed-batch fermentation strategy using
glucose as a carbon source. For reaching such high concentration,
pyruvate carbon flux tugging strategy was used to reduce

Glucose
Phosphoenolpyruvate
pckA
Pyruvate 1dhA
Formate « PI0 \X\. Lactate Oxaloacetate
tdeD
udB
a-acetolactate Acetyl-CoA Malate
budA pt%/ &lﬂi
Acetoin Acetyl-P Acetaldehyde Fumarate
budC ackA adhE
2,3-butanediol Acetate Ethanol Succinate

Fig. 4. Metabolic pathway for 2,3-BD biosynthesis in Klebsiella sp. (modified, based on Jantama et al., 2015). The crosses represent gene deletions for improving 2,3-BD
production. Genes and enzymes: budB, acetolactate synthase; budA, acetolactate decarboxylase; budC, alcohol dehydrogenase; IdhA, lactate dehydrogenase; pflB, pyruvate
formate-lyase; pta, phosphate acetyltransferase; ackA, acetate kinase; adhE, alcohol dehydrogenase; aldA, aldehyde dehydrogenase and tdcD, propionate kinase.



6 0. Hakizimana et al./Biotechnology Reports 25 (2020) e00397

dominant ethanol production, thus increased 2,3-BD production
[51]. In another study, a high 2,3-BD production was achieved by
modulating the xylose metabolic pathway in engineered S.
cerevisiae. In fed-batch fermentation, engineered strain produced
2,3-BD titer of 96.8 g/l with 0.58 g/Lh of productivity using xylose
as substrate [52]. On the other hand, it was reported that deletion
of ADH genes, ADH1, ADH3 and ADH5 encoding major alcohol
dehydrogenases in S. cerevisiae increased 2,3-butanediol produc-
tion under aerobic condition and batch fermentation strategy.
Nevertheless, to reach highest production, 2,3-BD biosynthetic
pathway genes from both B. subtilis and E. aerogenes were
introduced in the engineered strain, which lead to a high 2,3-BD
titer of 2.29 g/l and yield of 0.113 g/g [53].

Furthemore, alsS and alsD genes from B. subtilis were
introduced in S. cerevisiae and E. coli for higher 2,3-BD production.
In this case, pyruvate is converted to a-acetolactate by alsS, and
then o-acetolactate to acetoin by alsD, and finally acetoin is
converted into 2,3-BD by butanediol dehydrogenase (Fig. 5). For
effectively utilize the desired carbon source, glycerol accumulation
was eliminated by deleting GPD1 and GPD2 genes. The production
increased up to to 72.9g/l with 84 % theoretical yield [54].
Generally, designed synthesis pathway (Fig. 5) was shown as
successful 2,3-BD production pathway in yeast with higher
productivity.

Beside S. cerevisiae, Pichia expression system was also
attempted for 2,3-BD production by introducing into the genome
alsS and alsD genes from B. subtilis and the BDH1 gene from S.
cerevisiae. For this reason, and through statistical medium
optimization, the resulted strain yielded 74.5 g/1 [55].

Similarly, the 2,3-BD biosynthesis pathway was also imported
in some bacterial strains. For instance, three genes from B.
lincheniformis and B. subtilis coding for enzymes acetolactate
synthase (Als), acetolactate decarboxylase (AldC), and butanediol
dehydrogenase (Bdh) were introduced into Z mobilis in order to
redirect the carbon flux from ethanol to 2,3-BD production [56].
Much higher yields of 10 g/1 2,3-BD were produced not only from
glucose and xylose, but also from mixed C6/C5 sugar streams
derived from the deacetylation and mechanical refining process
[56]. On the other hand, N. concharum can produce bulk chemicals

Glucose
Gluceraldehyd
e-3-phosphate
Pyruvate P
(B. substilis)
Acetate Acetaldehyde
Adhl-5
Ethanol

using acetate, which is an abundant and renewable material. For
that reason, the integration of acetoin and meso-2,3-buanediol
biosynthesis pathway into N. concharum has resulted in high
titer of 0.38 g/l for meso-2,3-buanediol [57]. Similarly, natural
Clostridium acetobutylicum species are able to produced D- and
L-stereoisomers of acetoin but they can not convert it into
2,3-butanediol due to the absence of acetoin reductase (ACR). ACR
thus was introduced and overexpressed in Clostridium acetobuty-
licum ATCC 824. The engineered strains were able to convert nearly
90 % of the natively produced acetoin into 22 mM D-2,3-butanediol
[58].

Overall, much progress in genetic engineering was made for
improving the microbial production of 2,3-BD. Efforts were mostly
focused on overexpression of 2,3-BD pathway genes, deletion of
competing pathway genes or introducing the whole biosynthesis
pathway in new organisms. Additionally, in silico simulation based
on genomic scale metabolic model was also tried for better 2,3-BD
yields. Despites all the efforts, there is still a need for establishing
excellent strains with improved growth and productivity while
using low-cost materials for fermentation.

3.2. pH optimization

pH of culture medium is a crucial factor that influences
microbial production of 2,3-BD as it affects the distribution of
metabolites in fermentation for various microorganisms and
substrates [59]. It has been reported that there is a negative
correlation between 2,3-BD productivity and pH of the cultivation
broth. 2,3-BD is generally the main product at pH range 5.0-6.5,
whilet it is lactic acid at pH 7.1 - 8.0. This means that the metabolic
route can be changed due to the pH level, and hence controlling the
cultivation broth at appropriate pH range may increase the
efficiency of 2,3-BD production.

Many studies have pointed out that the production of 2,3-BD
occurs in the pH range of 4.5-9.0 with optimal pH value of 6.0
[21,59]. However, the optimal pH for the production of 2,3-BD
depends on strains and substrates used. In Klebsiella oxytoca, a
number of studies have shown that the production of 2,3-BD and
other organic acids is affected at pH 5.5. The activities of enzymes

Gpdl,2

Dihydroxyaceto + Glycerol-3-
ne phosphate phosp% hate

Glycerol
a-acetolactate

AlsD
(B. substilis)

Acetoin

Bdhl
(S. cerevisiae)

2,3-butanediol

Fig. 5. Metabolic pathway for 2,3-butanediol production in yeast (modified, based on S. Kim & Hahn, 2015). The genes and enzymes: a-acetolactate synthase (AlsS),
a-acetolactate decarboxylase (AlsD), and 2,3-butanedioldehydrogenase(Bdh1). Five alcohol dehydrogenases (ADH1 to ADH5) and two glycerol-3-phosphate dehydrogenases

(GPD1 and GPD2) were deleted for improving 2,3-BD production.
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for 2,3-BD producing flux (Als) increased at pH 5.5 than at pH 7.0.
However, at pH 7.0, the enzymes involved in formation of other
organic acids pathway (lactate dehydrogenease, acetate kinase)
showed high activities compared to pH 5.5 [59]. For Klebsiella sp.
Zmd30 strain, the optimum pH was 6.0, which could be associated
with cell growth. In batch fermentation, the production of 2,3-BD
was 57.17 g/l, while fed-batch operation produced 110 g/l with a
yield of 94 % [21]. Fed-batch operation might be the most suitable
for the profit-oriented 2,3-BD production as showed by the several
studies. However, another study using indigenous Klebsiella sp.
Ana-WS?5 in batch culture with pH controlled at 7.0 yielded the
highest productivity of 0.86 g/l.h (PD +BD) and the highest PD/BD
ratio of 7.67 [60].

Using glycerol and forced pH fluctuations method, the highest
yield was 70 g/, while in a previous study only 52.5 g/1 2,3-BD had
been produced without pH control. Therefore, the forced pH
fluctuations highlighted pH to be a factor which determines
microbial conversion processes, and can enhance 2,3-BD produc-
tion [61,62]. Similarily, the pH and acetic acid were reported to
affect both the growth of Enterobacter aerogenes and 2,3-
butanediol production from glucose.

In general, from many reports, the pH ranging from 5.0-7.0 may
be tolerated by many cells and may lead to the maximum or nearly
constant concentration of 2,3-BD [63].

3.3. Choice of cultivation strategies

Designing a good cultivation strategy is an important key aspect
for improving 2,3BD production. It involves the control of substrate
concentration and assessment of feeding strategies, regardless of
batch or fed-batch [11]. Batch processes usually lead to low
productivity, while substrate inhibition can easily occur. To solve
this problem, constant addition of substrate such as glucose or
molasses at appropriate rates during the cultivation via fed-batch
operation is preferred. This results in high titers of 2,3-BD and
greatly reduces the effects of initial substrate inhibition [21]. A
double-fed batch approach under aerobic conditions was also
developed for K. pneumonia. In addition, fed-batch strategies
utilized by K. pneumoniae includes pulse, constant feed rate,
constant residual glucose concentration, and exponential fed-
batch. Constant residual glucose concentration feeding strategy
showed a high titer of 150 g/l 2,3-BD. The continuous culture can
significantly improve the productivity of 2,3-BD, nonetherless, it
was reported that the productivity is ordinarily lower as
considerable amounts of sugars still remains in the product
stream, and consistently hampering the 2,3-BD formation [5].

In fed-batch, when the feeding is not timely, bacteria may reuse
2,3-BD as a carbon source for cell growth. To counteract this
situation, there was a development of an improved strategy of pH-
stat fed-batch culture by which glucose and sodium hydrate fed in
glucose level controlled through an automatic pH adjustment. This
pH-stat fed-batch strategy was used for enhancing 2,3-BD
productivity by K. oxytoca that resulted in highly improved
productivity up to 127.9g/l, 1.78¢g/l.h, and 0.48g/g (2,3-BD/
glucose) for 2,3 BD productivity and yield, respectively [62]. On
the other hand, using test molasses, repeated batch culture with
cell recovery resulted 2,3-BD of 118 g/l [64]. Using batch
fermentation, E. aerogenes SUMIO14 strain produced 93.75g/l,
with 0.49 g/g of yield and 1.74 g/Lh of productivity. Fed-batch
fermentation with acetate addition strategy increased the 2,3-BD
production up to 126.10g/l, 0.38g/g yield and 2.10g/l.Lh of
productivity [65]. Paenibacillus polymyxa achieved maximum
2,3-BD production through optimization of fermentation medium
and conditions in a fed-batch fermentation. The toxic threshold of
2,3-BD production was found to be 50g/l in a non-optimized
medium, while in optimum conditions, it reached 68.54 g/l. The

fed-batch fermentation showed higher productivity because
excess glucose are used, thus helping both cell maintenance and
growth. 2,3-BD productivity provided by optimum condition in
fed-batch fermentations was 68.54 g/l of titer, 0.34 g/g of yield and
0.70 g/L.h of productivity [66]. Notably, the substrate concentration
is also important, and must be measured and monitored.

From the experiments, it has proven that glucose generates
much more 2,3 BD. In exponential fed-batch fermentation, the
nutrient feeding rate was determined by the equation:

%

F= m(vx)oexl’(ﬂt)

Where F is the feeding rate; . is the specific growth rate; (VX)o is
the biomass at start of feed; t is culture time; Yx;s is the theoretical
cell yield on substrate; S; and S are substrate concentrations in
the feeding solution and in the reactor, respectively [67]. Despite
the usual low productivity, for evaluating new processes, batch
reactors are still used for small-scale operations.

3.4. Aeration and agitation

3.4.1. Aeration

The regulation of oxygen supply is a crucial variable in the 2,3-
BD fermentation. Despite that Klebsiella sp. are facultative anae-
robes, 2,3-BD production occurs under lower oxygen condition
which maintains an internal redox balance with respect to the
pyridine nucleotide pool during glycolysis and biosynthesis [68].
The regeneration of NADH from glycolysis occurs by butanediol
dehydrogenase in a reversible reaction: acetoin = 2,3-BD. As a
result, the relative formation of acetoin to 2,3-BD could maintain
NAD+/NADH balance [69]. It was reported that under an aerobic
conditions, the a-acetolactate synthase is rapidly and irreversibly
inactivated. 2,3-BD production is therefore prevented under a
higher O, supply [70], while aeration especially microaeration
increases its production [71]. Particularly, Klebsiella species can
obtain energy by respiration and fermentation processes, both
pathways are simultaneously activated when a limited O, is
supplied, therefore, 2,3-BD production is affected by the relative
activities of each pathway. By lowering O, supply, however, cell
mass is also reduced, and subsquently decreased 2,3-BD yield [37].
The aerobic culture of K. oxytoca showed the highest cell
concentrations and greatest 2,3-butanediol manufacturing in
comparison to the anaerobic culture conditions. The adequate
aeration-agitation was utilized for partial suppression of the
concentration of butanediol inhibitors such as ethanol and lactic
acid. However, excessive aeration-agitation may generate acetoin
and acetic acid at the expense of butanediol [72].

The supply of very low oxygen was shown as the cause of
suppression of cell growth and decrease in diol/acetoin formation
rates [73]. In fed-batch fermentation, Enterobacter species pro-
duced 69.5 g/1 of 2,3-BD, while E. aerogenes produced 118.05 g/1 by
optimizing conditions for both medium and aeration [74]. In
addition, B. licheniformis ATCC9789 was identified for high 2,3-BD
production due to optimized aeration conditions. The optimal
oxygen transfer rate ranging from 7 to 15 mmol/l.h proved to
increase 2,3-BD yield of 0.44 g/g and productivity of 0.91 g/Lh [75].
Generally, 2,3-BD is produced under low O, supply, and thus, it is
very important to establish a proper oxygen supply control method
to ensure optimum 2,3-BD production.

3.4.2. Agitation of the fermentation medium

The agitation speed is essential for 2,3-BD fermentation as it
promotes the fermentation yield. For instance, a higher production
of 2,3-BD was 89.9 g/l using the optimum speed in the range of
200 rpm and 300, while agitation speeds out of the the optimum
range resulted in reduced 2,3-BD concentration yielding only



8 0. Hakizimana et al./Biotechnology Reports 25 (2020) e00397

78.5 g/l at 400 rpm, and 79.4 g /1 at 100 rpm. Such change may be
caused by high accumulation of ethanol and acetoin as the main
byproducts. Hence, the control of a constant agitation speed
throughout the whole culture process could not attain high
concentration, high yield and high productivity of 2,3-BD
concurrently [76]. On the other hand, two-stage agitation speed
control strategy for 2,3-BD fermentation may improve 2,3-BD
production. For instance, the technique led to higher titers of
95.5g/ 12,3-BD, with 22.14 % increase in productivity. Therefore,
two-stage agitation speed control strategy may be applied for
enough oxygen supply and improved 2,3-BD production [35,76].

The investigation carried out on agitation speed optimization
for high production of 2,3-BD by utilizing K. oxytoca M1 showed
that the increasing of agitation speeds caused higher glucose
consumption as well as higher dry weight and 2,3-BD concentra-
tion. However, 2,3-BD yield reduced with the lower agitation
speed. Furthermore, proper agitation speeds led to 78.8 g/1,102.1 g/1,
105.1 g/1at 200 rpm, 300 rpm, 400 rpm, respectively [12].In an other
study where K. oxytoca was used, the increased agitation speed from
150 to 450 rpm showed a significant productivity change from 0.43
to 2.7 g/l.h at 450 rpm, while favoring cell growth [77]. In addition,
the agitation speeds examined from 200 rpm to 500 rpm in E. coli
showed that both biomass and 2,3-BD production increased with
agitation speed up to 400 rpm and decreased thereafter. At 200 rpm
and 400 rpm, the productivity of 2,3 BD increased from 0.51 g/L.h to
1.48 g/1.h, while yield increased from 0.38 g/g to 0.46 g/g, respec-
tively [78]. Three agitation speeds (200 rpm, 300 rpm and 400 rpm)
examined for Pichia pastoris showed that the highest productivity of
8.34 g/l was achieved at 300rpm [55]. Considering the above
results, optimum agitation speed is essential for efficient 2,3-BD
production, and it is mostly dependent on the strain used for
fermentation.

3.5. Optimization of the temperature

During fermentation, the regulation of temperature is very
important since enzymatic activity and cellular maintenance
depend on temperature. The optimum temperature range for
bacterial fermentation is controlled between 30—37 °C, which is
the range for maximum biomass production [70]. At this
temperature range, desired fermentation product can be produced
alternatively to biomass due to changing from aerobic to micro-
aerobic condition. Above the optimum temperature, cells and
enzymes are altered, and consequently rendering the metabolism
and 2,3-butanediol minimal. Suboptimal temperature may also fail
the regulation and metabolic rate. It was found that in K
pneumoniae cultures, a temperature decrease from 35 °C to 30°C
not only provoked a considerable reduction in ethanol production
in favor of 2,3-BD synthesis, but also prevented byproducts
formation. The optimum temperature for K. pneumoniae is thought
to be 33 °C under applied condition, but temperature fractuations
slightly affect 2,3-BD synthesis [37]. On the other side, a
temperature of 39°C was found to be optimal for E. aerogenes
[68], whereas for Paenibacillus polymyxa, 30 °C was reported as the
optimum temperature in batch and fed-batch cultivation [79].
Nevertheless, the optimum temperature greatly depends on the
strain and substrate used for cultivation. Thus, the optimal value
should be determined individually for each strain and substrate
utilized [37].

3.6. Substrates

The production of 2,3-BD using glucose and sucrose as
substrates in several studies may not economically be viable. To
minimize the production cost, inexpensive and renewable sub-
strates are used [80], notably from inexpensive resources including

lignocellulosic biomass, corncob molasses,corncob acid hydroly-
sate [11,81] and Jerusalem artichoke tuber hydrolysate [15]. K.
oxytoca is one of the strains having large substate spectrum for
fermentation including molasses, enzymatically hydrolyzed cereal
mashes, acid hydrolyzed starch and wheat, wood hydrolysates and
sulfite waste liquor.

The pretreatment method of raw material before fermentation
is used in order to obtain 90 % of cellulose, which is further
hydrolyzed and utilized as a substrate in 2,3-BD production [37]. K.
oxytoca can utilize both pentoses and hexoses, and that is
practically considered as essential since hydrolysate from biomass
materials can have pentose/glucose ratios of 1:1.5. Interestingly,
2,3-BD can be obtained by conversion of nearly all of the sugars
present in hemicellulose and cellulose hydrolysates [82]. The
productivity of 2,3-BD was improved by increasing succinic acid
from Og/l to 30g/l, while 10g/l led to the best results [83].
Enterobacter cloacae subsp. dissolvens SDM could also utilize
inexpensive materials such as crop-biomass cassava powder to
produce 93.9 g/l 2,3-BD using simultaneous saccharification and
fermentation strategies [84]. Briefly, a variety of substrates have
been attempted as carbon source (Table 1 and Table 2). However,
there is still a pressing need to find better strains that are both
capable of utilizing low cost substrates and producing higher 2,3-
BD yields.

4. 2, 3-Butanediol recovery strategies

The methods used for separation of 2,3-BD include steam
stripping, solvent extraction, reverse osmosis and pervaporation
[85]. A countercurrent steam stripping has been formerly
developed for recovery of 2,3-BD from whole fermentation broths
at pilot plant. However, the excess energy and work are required to
accomplish such process comes with extra production costs [7,86].
In particular, processing cost can slightly be reduced by integrated
methods of reverse osmosis and distillation. The integrated
method is inexpensive compared to combination of distillation
and extraction which utilizes tributyl phosphate as extractant.
Liquid-liquid extraction has been greatly attractive, and it involves
for instance in a solvent extraction and aqueous two-phase
extraction of 2,3-BD in PEG/dextran system [7]. Liquid -liquid
equilibrium data was also used to separate 2,3-butanediol from
aqueous streams in the presence of tetraoctyl ammonium 2-
methyl-1-naphthoate. Organic solvents including alcohols and
esters, especially (ethyl acetate, tributylphosphate, diethyl ether,
n-butanol, dodecanol, and oleyl alcohol served for the extraction of
2,3-BD [87]. The investigation was carried out for recovery of 2,3-
BD by repulsive extraction or salting out by potassium chloride
(KCl) or dehydrated K,COs. In fact, K,CO is affected by salting-out
on butanol extraction in acetone-butanol-ethanol fermentation.

It is also necessary to remove water from fermentation broth
before salting out because 2,3-BD showing lowest concentration in
the broth can be salted out even at a saturated KCl or K,COs
solution. Formal produced under acidic catalysis is a reactive
extraction of 1,3-propanediol, and 2,3-butanediol which can make
reaction with formaldehyde. 2,3-BD and methylal were formed
from the reaction of acid methanol and 2,3-butanediol formal
collected in the top oil phase. The hydrolysis of methylal can
produce methanol and formaldehyde [7]. Some methods like
anionic extraction method were shown as convenient for 2,3-BD
recovery based on a reversible complexation with phenylboronates
into an anionic complex. In addition, 2,3-BD can be recovered by
back-extraction into an acidic solution. Extraction and back-
extraction conditions were optimized utilizing commercial 2,3-
butanediol and finally applied to different fermentation broths.
Under optimum conditions, up to 72-93% 2,3-butanediol can be
extracted, while 80-90% may be recovered using the same strategy.
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However, other constituents including glycerol or glucose can be
co-extracted with 2,3-BD from the broth during the process [88].

Different parameters to enhance the production of 2,3-BD have
been optimized and various purification technologies have been
developed [7]. However, it is still challenging to develop an efficient
and economically sustainable downstream process in 2,3-BD purifi-
cation from its fermentation broth. This is mainly due to its low
concentration, great affinity to water molecules, and the presence of
other dissolved components of the fermentation mash [89].

5. Techno-economic analysis for 2,3-butanediol production

Techno-economic evaluation of diverse technologies for biofuel
production is a crucial step for decision making in the development
of bio-economy. Techno economic assessment (TEA) should be
carried out to define the feasibility of the biorefineries at large
scale. Many researchers have pointed out that the feedstock cost
and the technology used are critical factors influencing the
conversion of biomass into biofuels [90]. However, only few
reports are available on TEA of 2,3-BD production. Koutinas and
others (2016) showed that it is possible to establish an industrial
production of 2,3-BD, but also highlighted its elevated minimum
selling price (MSP) associated with higher costs of raw materials
and insufficient productivity [91]. To improve this process, three
carbon sources namely glycerol, sucrose and sugarcane molasses
were used in fermentation while using reported experimental data
and downstream separation [92,93]. The TEA on this experimental
test showed that estimated MPS was higher than 1 $/kg[91]. Maina
and others (2019) have also tried to optimize bioreactor conditions
for higher BD production in a fed-batch culture using Enterobacter
ludwigii to ferment very high polarity (VHP) cane sugar. By
maintaining the culture at 33.9 °C and pH 6.3, higher yield (0.37 g/
g) and productivity (3.95 g/ L. h) of 2,3-BD values were obtained.
However, in a such fermentation system, the estimated prices rise
as high as $2.67/kg for a projected annual production of 50,000
tones. In both TEA cases, MPS was higher than $ 1.00/kg. The main
factors include high costs of fermentation media, separation and
purification process, fermentation efficiency, and the specific
growth conditions required by the strain used in the bioprocess.
For this reason, there is still a need for high producing strains
capable of using inexpensive and easily accessible substrates so
that 2,3-BD becomes an affordable platform chemical.

6. Conclusion

Microbial production of 2,3-BD is very promising because of the
recent advances in genetic engineering and fermentation strategies.
Efficient biological production systems could certainly solve the
scarcity of synthetic chemicals and fossil fuels. However, 2,3-BD
production is still hampered by low yields and high production costs
associated with the use of expensive materials such as glucose.
Therefore, there is a need for developing and screening safe and high
producing microorganisms, which are capable of using low-cost
substrates for improved yields. Alternatively, 2,3BD production
could promoted by eliminating byproducts synthesis, especially
ethanol, lactate and acetate. Most importantly, more efforts should
focus on the optimization of fermentation parameters including
culture medium, pH, pressure, temperature, and oxygen supply, as
well as the design of good bioreactors. In summary, the enhanced
production of 2,3-BD relies on rigorous works, especially genetic and
metabolic engineering as well as improved fermentation conditions.
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