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Introduction

Bio-based diols, including 1,3-propanediol (1,3-PD; 
C3H8O2) and 2,3-butanediol (2,3-BD; C4H10O2), are 
increasingly considered to be promising platform chemi-
cals due to their extensive applications in the commodity 
and specialty chemical industries. 1,3-PD is well known as 
a monomer for the synthesis of polytrimethylene tereph-
thalate (PTT), which has excellent properties for textiles, 
carpets, and fibers [2, 30]. Additionally, 1,3-PD is used 
for cosmetics, personal care products, solvents, lubricants, 
preservatives, and drugs [2, 30, 37]. Dehydration of 2,3-
BD yields 1,3-butadiene, which is an intermediate for the 
manufacture of synthetic rubber, and methyl ethyl ketone, 
which is an effective fuel additive and industrial solvent [3, 
8, 37]. Moreover, (R,R)-2,3-BD, a stereoisomer of (R,S)-, 
(R,R)-, and (S,S)-forms, is as an effective agent in promot-
ing plants’ own defense systems against diseases, drought, 
and the elements [28, 29].

Both of these diols are produced concurrently by Kleb-
siella pneumoniae during glycerol fermentation [2, 6, 
17, 35, 36]. Glycerol is one of the most economic car-
bon sources for industrial fermentation since it is a mas-
sive byproduct of the biodiesel industry, yielding about 
10 wt% of biodiesel [5]. K. pneumoniae converts glycerol 
to 3-hydroxypropionaldehyde by a coenzyme B12-depend-
ent glycerol dehydratase via a reductive pathway (Fig. 1). 
Then, 3-hydroxypropionaldehyde is reduced to 1,3-PD by 
1,3-PD oxidoreductases with the oxidation of NADH. On 
the other hand, an oxidative pathway leads to 2,3-BD pro-
duction and provides the reducing power for 1,3-PD and 
2,3-BD synthesis by generating NADH (Fig. 1). However, 
various byproducts, including lactic acid, ethanol, acetic 
acid, succinic acid, and formic acid, formed in the oxida-
tive pathway, lower the yields of the diols by interfering 
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with the metabolic fluxes toward 1,3-PD and 2,3-BD 
synthesis. Accordingly, byproducts formation should be 
decreased while cell growth retardation and redox imbal-
ance are minimized in order to improve the suitability of 
the K. pneumoniae strain for industrial co-production of 
1,3-PD and 2,3-BD.

Various genetic modifications of K. pneumoniae have 
been conducted by deleting the genes responsible for the 
byproducts formation in order to enhance its produc-
tion of 1,3-PD or 2,3-BD. Deleting the ldhA gene encod-
ing lactate dehydrogenase was effective for the enhanced 
production of both 1,3-PD and 2,3-BD in K. pneumoniae 
[10, 12, 17, 20, 27, 35]. Guo et  al. [10] and Rathnasingh 
et al. [27] reported that the additional deletions of the etha-
nol dehydrogenase gene (adhE) and the phosphotransa-
cetylase gene (pta) improved 2,3-BD production. Likewise, 
Jung et al. [12] significantly increased 2,3-BD yield by the 
additional inactivation of the pyruvate formate lyase gene 
(pflB). Many researchers have focused on the enhance-
ment of 1,3-PD production by preventing the formation of 
2,3-BD and byproducts [4, 14, 38]. For example, Lin et al. 

(2016) developed a mutant with the genes poxB (pyruvate 
oxidase), pta (phosphotransacetylase), and ackA (acetate 
kinase) deleted in order to enhance 1,3-PD production. 
However, blocking the formation of 2,3-BD and byproducts 
has a tendency to cause extreme growth retardation. This 
study focused on developing a strain with enhanced co-
production of 1,3-PD and 2,3-BD by reducing byproducts 
formation without growth retardation. Co-produced 1,3-
PD and 2,3-BD can be separated in a downstream process 
using the differences in their boiling points, 211–217  °C 
for 1,3-PD and 179–184 °C for 2,3-BD.

We previously isolated a K. pneumoniae KCTC12133BP 
strain that forms few lipopolysaccharide and mucous-like 
substances, which act as significant virulence determinants 
[1, 26]. To investigate the complex metabolic network of 
cells at systems level and to identify gene knockout targets, 
we used a genome-scale metabolic model of K. pneumo-
niae, iYL1228, and carried out its simulation based on opti-
mization techniques [16]. The performance of genetically 
engineered mutants was tested in a 5-L bioreactor to deter-
mine the optimal fed-batch fermentation condition. Finally, 

Fig. 1   In silico investigation for flux solution spaces of K. pneumo-
niae wild-type and mutant strains. a Schematic metabolic pathway 
related to 1,3-PD and 2,3-BD production. 3D mesh plot graph as a 
continuous surface for in silico flux solution spaces of K. pneumoniae 
b wild-type, c ΔldhA, and d ΔldhA Δmdh strains. The maximal point 
of in silico cell growth rate is generally acceptable for predicting the 

actual state of a cell, which is denoted by a small circle, because the 
first priority of an actual cell is survival [21, 22, 31]. The dotted arrow 
indicates the transition of maximal cell growth rate by gene manipula-
tion. The colors in the contour graph indicate the values of cell growth 
rate. Byproduct contains ethanol and several organic acids: lactic acid, 
acetic acid, succinic acid, and formic acid (color figure online)
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the pilot-scale fed-batch fermentation in a 5000-L biore-
actor using crude glycerol was performed to evaluate the 
industrial co-production of 1,3-PD and 2,3-BD.

Materials and methods

Genome‑scale metabolic model and constraints‑based 
flux analysis

In order to predict the metabolic characteristics produced 
by genetic perturbations and to identify knockout candi-
dates for 1,3-PD and 2,3-BD co-production, the genome-
scale metabolic model of K. pneumonia, iYL1228, was 
used in this study [16]. Constraints-based flux analysis, 
including flux balance analysis, was carried out under the 
assumption of a pseudo-steady state [7, 9, 22, 32]. Mass 
balances in the stoichiometric model can be set up as 
Sij × vj = 0, in which Sij is a stoichiometric coefficient of a 
metabolite i in the jth reaction and vj is the metabolic flux 
[mmol/gDCW (gram dry cell weight)/h] of the jth reaction. 
The in silico model, which is an underdetermined system 
due to insufficient constraints, can be simulated by optimi-
zation techniques including linear programming, subject to 
the constraints of mass balances, experimental measure-
ments, and thermodynamics as follows:

Z indicates objective function, which is usually the maxi-
mization of cell growth rate, and cj is the weight of the 
reaction j. bi is the net transport flux of metabolite i, which 
is zero for intermediate metabolites as in Sij × vj =  0. αj 
and βj are the lower and upper bounds of the metabolic flux 
of the jth reaction. For in silico simulations, glycerol con-
sumption rate and oxygen uptake rate were constrained to 
20  mmol/gDCW/h and 5  mmol/gDCW/h, respectively. In 
order to simulate the in silico model more accurately, the 
limits of uptake rates and secretion rates for some metab-
olites, including amino acids, organic acids (acetic acid, 
formic acid, lactic acid, pyruvic acid, and succinic acid), 
and alcohols (ethanol and acetoin), were constrained by 
experimentally measured flux values. Likewise, the lim-
its associated with secretion for some metabolites, which 
were not produced during fermentation like amino acids, 
were constrained to zero. To make a 3D mesh plot graph as 
a continuous surface for in silico flux solution spaces, the 
cell growth rate was maximized while gradually increas-
ing the diols production rate and byproducts formation rate, 

Maximize/minimize Z =
∑

j∈J

cjvj

Subject to
∑

j∈J

Sijvj = bi, ∀i ∈ I

αj ≤ vj ≤ βj, ∀j ∈ J

respectively, from their minimal flux values to maximal flux 
values. The effect of diols production rate in response to 
varying oxygen uptake rate was examined by flux response 
analysis [24]. The 1,3-PD and 2,3-BD production rates, 
as objective function, were maximized and minimized, 
respectively, according to the changes of oxygen uptake 
rate from 0 to 20 mmol/gDCW/h with a 20 mmol/gDCW/h 
glycerol uptake rate. At the same time, the cell growth rate 
was constrained to 90% of optimal cell growth value for 
each oxygen condition to release its strict flux solution 
space. On the other hand, the NADH formation was investi-
gated by in silico flux-sum, which is the cluster of either all 
ingoing or outgoing fluxes through a metabolite [15].

Bacterial strain and strain development

Klebsiella pneumoniae KCTC12133BP was used as a host 
for the development of various knockout mutant strains 
in this study. In-frame deletions were carried out based 
on homologous recombination using overlap polymerase 
chain reaction (PCR) products. The overlap product of the 
two fragments, which consisted of ~500 bp upstream and 
downstream of the target gene, was amplified and over-
lapped by PCR. The fragment was cloned in a chloram-
phenicol-resistant pKGS plasmid (Kim et  al. 2013) con-
taining a sacB counter-selection marker. The plasmid was 
transformed into competent cells of the K. pneumoniae 
strain by electroporation. The colonies were then selected 
in Luria–Bertani (LB) plates at 42 °C with chlorampheni-
col (25  mg/L), and the integrated cassette was cured by 
sacB expression under sucrose pressure. Integration and 
excision were confirmed in all mutants by PCR screening 
using genome-specific primers.

Culture medium and fermentation conditions

Culture medium used in batch and fed-batch fermenta-
tions contained (per liter): yeast extract (Becton–Dick-
inson, Le Pont de Claix, France), 1  g; MgSO4·7H2O, 
0.2  g; (NH4)2SO4, 2.0  g; K2HPO4, 3.4  g; KH2PO4, 1.3  g; 
CaCl2·2H2O, 0.02  g; trace metal solution, 1  mL; Fe solu-
tion, 1  mL. The trace metal solution contained (per liter): 
ZnCl2, 0.07  g; MnCl2·4H2O, 0.1  g; H3BO3, 0.06  g; 
CoCl2·4H2O, 0.2  g; CuCl2·2H2O, 0.02  g; NiCl2·6H2O, 
0.025 g; Na2MoO4·2H2O, 0.035 g; HCl, 4 mL. The Fe solu-
tion contained (per liter): FeSO4·7H2O, 5 g; HCl, 4 mL. For 
inoculum preparation, the suspended cells from single col-
onies on LB agar (Difco Laboratories, Detroit, MI) plates 
were precultured in 20-mL test tubes containing 5 mL LB 
medium at 37 °C for 5 h. One milliliter of the preculture was 
then transferred to a 500-mL Erlenmeyer flask containing 
300 mL LB medium and cultivated to an optical density of 
1.5–2.0 at 600 nm (OD600). The tube and flask cultivations 
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were conducted in a rotary shaker at 150  rpm and 37  °C 
(JEIO Tech. Co. SI-900R). Three hundred  milliliter of the 
seed culture was then transferred to a 5-L bioreactor.

Lab-scale fed-batch fermentations were performed in a 
5-L BIOFLO and CELLIGEN 310 bioreactor (New Brun-
swick. Scientific Co., Edison, NJ, USA) containing 3  L of 
culture medium. The bioreactor was continuously aerated 
through a 0.2-μm membrane filter at a flow rate of 0.5 vvm 
(air volume/working volume/minute). The temperature was 
maintained at 37 °C. The pH was controlled at 6.0 ± 0.1 by 
the automatic feeding of NH4OH. Foaming was controlled by 
the addition of Antifoam 289 (Sigma, St. Louis, MO, USA). 
All bioreactor experiments were performed at least three 
times independently, and the representative results are shown 
in figures. Pilot-scale fed-batch fermentations were per-
formed in a 5000-L bioreactor containing 3000 L of culture 
medium under the same conditions as lab-scale fermentations 
except for the agitation speed. Samples were periodically 
taken for the measurement of OD600 as well as for the deter-
mination of metabolites. After centrifugation at 13,200×g for 
5  min, the resulting supernatant was used to determine the 
concentrations of glycerol, 1,3-PD, 2,3-BD, and byproducts.

Analytical methods

Cell growth was monitored by measuring the OD of the 
culture broth at 600  nm (UV–Vis spectrophotometer; 
DR5000, HACH Company, CO, USA). Cell concentration, 
defined as dry cell weight (DCW) per liter of culture broth, 
was then calculated by using a predetermined calibration 
curve (1 OD600 = 0.5425 gDCW/L). The concentration of 
glycerol, 1,3-PD, 2,3-BD, lactic acid, ethanol, acetic acid, 
formic acid, acetoin, and succinic acid was determined with 
high-performance liquid chromatography (HPLC, Agilent 
1260 series, Agilent Technologies, Waldbronn, Germany) 
equipped with UV/VIS and RI detectors and Aminex HPX-
87H column (300 mm × 7.8 mm, Bio-Rad, Hercules, CA, 
USA). The column was isocratically eluted with 0.01  N 
H2SO4 at 80 °C and a flow rate of 0.6 mL/min.

Results and discussion

In silico single gene knockout simulation 
and investigation of K. pneumoniae wild‑type 
and ΔldhA strains based on in silico analysis

Klebsiella pneumoniae wild-type strain produced 1,3-PD 
and 2,3-BD along with several byproducts, including lac-
tic acid, succinic acid, ethanol, formic acid, acetic acid, and 
acetoin, under microaerobic conditions [12, 17] (Figs.  1, 
2). For enhanced 1,3-PD and 2,3-BD co-production, the 
formation of byproducts should be reduced, after which the 

remaining metabolic fluxes from carbon sources should be 
redirected toward the synthesis of 1,3-PD and 2,3-BD. The 
best candidate for gene knockout was based on the criteria 
of maximizing 1,3-PD and 2,3-BD production rates, mini-
mizing byproducts formation rates, and minimizing cell 
growth retardation. The knockout of the ldhA gene encod-
ing lactate dehydrogenase, which converts pyruvic acid into 
lactic acid with NADH oxidation, was targeted by in silico 
simulation with top priority to eliminate the formation of 
lactic acid. Then, the iYL1228 model investigated the met-
abolic characteristics of the ldhA gene knockout mutant by 
examining the changes of flux solution space compared 
with those of the wild-type strain. In the ldhA gene knock-
out mutant, the optimal point shifted to an increased pro-
duction of 1,3-PD and 2,3-BD but to a decreased formation 
of byproducts, especially lactic acid.

The predictions were validated by fed-batch fermenta-
tions of K. pneumoniae wild-type and ldhA gene knockout 
strains (Fig.  2). K. pneumoniae wild-type strain formed 
42.1  g/L of lactic acid and produced 42.7  g/L of 1,3-PD 
and 1.8  g/L of 2,3-BD (44.5  g diols/L, 0.92  g diols/L/h). 
In contrast, the ldhA gene knockout mutant dramati-
cally decreased the lactic acid formation to about 0  g/L 
and increased 1,3-PD and 2,3-BD production to 71.8 and 
30.1  g/L (101.9  g diols/L, 1.8  g diols/L/h), respectively 
(Fig.  2c, d; Table  1). On the other hand, cell growth and 
glycerol uptake rates of the ldhA gene knockout mutant 
were maintained in comparison with those of the wild-type 
strain. This is mainly because the redox balance of NAD+/
NADH was not disrupted by the knockout of the ldhA gene. 
The inactivation of lactate dehydrogenase forming lactic 
acid with the oxidation of NADH seemed to be compen-
sated with 1,3-PD dehydrogenase and 2,3-BD dehydro-
genase producing 1,3-PD and 2,3-BD, respectively, with 
the oxidation of NADH. Moreover, ldhA gene knockout 
regulated the metabolic flux toward the oxidative pathway 
of glycerol metabolism, and therefore, the significantly 
increased pyruvic acid pool seemed to redirect the meta-
bolic flux to 2,3-BD synthesis. When we investigated the in 
silico flux solution space of the ldhA gene knockout mutant 
in Fig.  2, it appeared that more improvements for 1,3-
PD and 2,3-BD co-production could be made by further 
genetic manipulation. In particular, the fermentation results 
of the ldhA gene knockout mutant in Fig. 2 suggested the 
construction of a mutant, which would prevent the forma-
tion of succinic acid (7.1 g/L) and ethanol (2.9 g/L).

In silico single gene knockout simulation 
and investigation of K. pneumoniae ΔldhA Δmdh 
strains based on in silico analysis

The K. pneumoniae ΔldhA strain still produced some-
what high amounts of byproducts, especially succinic acid 
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(7.1 g/L) and ethanol (2.9 g/L). Although the optimal status 
of in silico flux solution space of the ldhA knockout strain 
was shifted to increasing 1,3-PD and 2,3-BD co-production 
compared with that of the wild-type strain, the formation 
rates of the byproducts in the ldhA knockout strain were 

still higher than 3 mmol/gDCW/h (Fig. 1c). This in silico 
analysis implies that further strain improvement is possible 
(Fig.  1). Since ethanol can be separated in a downstream 
process much easier than succinic acid due to its low boil-
ing point (78.4 °C), we focused on decreasing the succinic 

Fig. 2   Fed-batch fermentation results for a and b K. pneumoniae 
wild-type, c and d K. pneumoniae ΔldhA and e and f K. pneumoniae 
ΔldhA Δmdh strains. Fermentations were performed with a working 
volume of 3  L at 37  °C and 200  rpm. The aeration rate was main-
tained at 0.5  vvm, and pH was controlled at 6.0 by the automatic 
feeding of NH4OH. Symbols in fermentation profiles denote the con-

centration of glycerol (open squares), diols (dotted open circles), 
1,3-PD (filled circles), 2,3-BD (open circles), cell mass (asterisks), 
lactic acid (filled diamonds), succinic acid (open diamonds), acetic 
acid (open triangles), ethanol (filled triangles), formic acid (filled 
squares), acetoin (crosses), and pyruvate (dotted open squares)
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acid formation. Moreover, in silico knockout simulation 
indicated that the growth can be retarded extremely by 
blocking the pathway of ethanol formation. The inactiva-
tion of alcohol dehydrogenase oxidizing NADH seemed to 
increase the accumulation of pyruvic acid too much, which 
can inhibit the glycolytic pathway and glycerol uptake 
[10, 34]. As a result of simulation, the mdh gene encoding 
malate dehydrogenase was selected as a top priority knock-
out candidate for 1,3-PD and 2,3-BD co-production. The 
metabolic characteristics of K. pneumoniae ΔldhA Δmdh 
strain were investigated by in silico flux solution space 
(Fig.  1d). The additional knockout of mdh gene dramati-
cally decreased the formation rate of succinic acid to less 
than 0.5 mmol/gDCW/h and redirected the remaining met-
abolic fluxes into 1,3-PD and 2,3-BD synthesis. In addi-
tion, no apparent cell growth retardation occurred by delet-
ing the mdh gene. Malate dehydrogenase is known to be 
involved in the reduction of oxaloacetic acid to malic acid, 
which is further converted to fumaric acid which forms 
succinic acid with the oxidation of NADH to NAD+. The 
knockout of the mdh gene seemed to effectively increase 
the pool of NADH (important cofactor and precursor for 
1,3-PD and 2,3-BD synthesis) redirected into 1,3-PD and 
2,3-BD co-production, without the disruption of redox bal-
ance and reduction of growth rate.

Based on the in silico predictions and observations, K. 
pneumoniae ΔldhA Δmdh strain was constructed. Fed-
batch fermentations of K. pneumoniae ΔldhA Δmdh strain 
were performed at 200  rpm and 37 °C (Fig. 2). As the in 
silico predictions, succinic acid formation was decreased 
to less than 1  g/L with the K. pneumoniae ΔldhA Δmdh 
strain, while the ldhA knockout strain formed more than 
7  g/L of succinic acid (Fig.  2e, f). The K. pneumoniae 
ΔldhA Δmdh strain produces about 82.0  g/L of 1,3-PD 
and 36.6 g/L of 2,3-BD (118.5 g diols/L, 1.8 g diols/L/h). 
This is more than 2.7 times and 1.2 times higher than diols 
produced by the wild-type (44.5 g/L of diols) and the ldhA 
knockout (101.9 g/L of diols) strains, respectively (Fig. 2; 
Table 1). In particular, the production yield of diols by the 
K. pneumoniae ΔldhA Δmdh strain on glycerol was much 
higher (0.63 g diols/g glycerol) than those of the wild-type 
(0.42 g diols/g glycerol) and ldhA knockout (0.58 g diols/g 
glycerol) strains.

In order to explain the advantage of co-production of 
1,3-PD and 2,3-BD clearly, we developed a mutant with 
the genes ldhA, budA (acetolactate decarboxylase), budB 
(acetolactate synthase), and budC (2,3-BD dehydroge-
nase) deleted. Fed-batch fermentations of K. pneumoniae 
ΔldhA ΔbudABC strain were performed at 200  rpm and 
37 °C (Fig. 3). Due to the elimination of the pathway for 
2,3-BD synthesis, no 2,3-BD was produced, while pyruvic 
acid was formed more than 15 g/L with the K. pneumoniae 
ΔldhA ΔbudABC strain. By deleting the budABC genes, Ta
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cell growth and glycerol uptake rates were retarded appar-
ently. Consequently, 1,3-PD production was decreased to 
31.5  g/L, which is about half of 1,3-PD produced by the 
ldhA knockout strain. The accumulation of pyruvic acid 
seems to inhibit glycolytic pathway and glycerol uptake 
[10, 34].

Improvement of diols productivity by changing 
agitation speeds

Previous studies showed that the production of 1,3-PD and 
2,3-BD by Klebsiella strains was strongly affected with the 
variations in agitation speed and aeration rate during fer-
mentation [11, 18, 24, 25, 33]. In order to gain an insight 

into the effect of oxygen uptake rate on 1,3-PD and 2,3-
BD production in K. pneumoniae, the oxygen uptake rate 
was perturbed by constraints-based flux analysis between 0 
and 20 mmol/gDCW/h and glycerol uptake rate was fixed 
to 20 mmol/gDCW/h. Given the fact that multiple equiva-
lent solutions of intracellular metabolic fluxes can be com-
puted for the same state [19, 23], we should investigate the 
changes of in silico flux solution spaces for 1,3-PD and 
2,3-BD production by flux response analysis (Fig. 4). Like-
wise, the NADH formation calculated by flux sum, which 
is defined as the half of the summation of all consumption 
and generation rate around a particular metabolite under 
pseudo-steady states [15], supported the changes of carbon 
flux distribution. As shown in Fig.  4, the calculated cell 

Fig. 3   Fed-batch fermentation results for a and b K. pneumo-
niae ΔldhA ΔbudABC strain. Fermentations were performed with 
a working volume of 3  L at 37  °C and 200  rpm. The aeration rate 
was maintained at 0.5 vvm, and pH was controlled at 6.0 by the auto-
matic feeding of NH4OH. Symbols in fermentation profiles denote the 

concentration of glycerol (open squares), diols (dotted open circles), 
1,3-PD (filled circles), 2,3-BD (open circles), cell mass (asterisks), 
lactic acid (filled diamonds), succinic acid (open diamonds), acetic 
acid (open triangles), ethanol (filled triangles), formic acid (filled 
squares), acetoin (crosses), and pyruvate (dotted open squares)

Fig. 4   In silico predictions to examine the response of carbon flux 
distributions varying oxygen uptake rate from 0 to 20 mmol/gDCW/h 
in K. pneumoniae ΔldhA Δmdh strain. a Changes of flux solution 
spaces for 1,3-PD and 2,3-BD production. b Changes of optimal cell 
growth rate and the flux-sum of NADH formation. The bars indicate 

the ranges of in silico metabolic fluxes computed by flux response 
analysis. Symbols denote the in silico metabolic flux of 1,3-PD (filled 
black squares), 2,3-BD (filled gray squares), NADH (open squares), 
and cell growth (black dots)
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growth rate increased as the oxygen uptake rate was raised 
to 0 and 20 mmol/gDCW/h. Consequently, the total diols 
production flux decreased, but 2,3-BD production ratio 
of total diols and NADH formation rate increased with 
increasing oxygen uptake rate (Fig. 4). In the higher oxy-
gen level, the glycerol taken up was redirected to the oxida-
tive pathway which favored the glycolysis and TCA cycle 
pathway related to biomass synthesis, energy generation, 
and pyruvate synthesis (a most important precursor for 2,3-
BD synthesis). Additionally, the in silico prediction showed 
that the optimal oxygen level existed on 1,3-PD and 2,3-
BD production. In the consideration of their productivity 
and yield resulted from the in silico simulation, the optimal 
oxygen level is nearly 5 mmol/gDCW/h of oxygen uptake 
rate. These results indicated that deficient or excessive oxy-
gen exposure could impair the enhanced production of 1,3-
PD and 2,3-BD.

In order to improve the overall diols productivity of K. 
pneumoniae ΔldhA Δmdh strain, agitation speeds were 
varied from 200 to 400 rpm to determine its effect on 1,3-
PD and 2,3-BD co-production and cell growth (Fig. 5). The 
aeration rate was fixed at 0.5  vvm in this study because 
there are technical and economic limitations to increasing 
the aeration rate in large-scale fermentations. As shown 
in Fig.  5, the final diols concentration and productivity 
increased from 118.5 to 125  g/L and 1.8 to 2.0  g/L/h by 
raising the agitation speed from 200 to 300  rpm. No fur-
ther increase in diols production was observed at 400 rpm 
(Table 1). The highest diols yield of 0.65 g diols/g glycerol 
was also achieved at the agitation speed of 300 rpm.

On the other hand, the highest glycerol consumption 
was observed at 400  rpm with more glycerol being used 
to synthesize biomass, not 1,3-PD and 2,3-BD. The spe-
cific cell growth rate (μ) and final cell density (OD600) at 
400  rpm were increased by more than 1.5- and twofold, 
respectively, compared with those at 200  rpm. The total 
diols concentration was lower at 400  rpm (113.9  g/L) 
than at 300 rpm (125 g/L) and 200 rpm (118.5 g/L). How-
ever, the concentration of 2,3-BD (50.1 g/L, 44% of total 
diols) at 400  rpm was much higher than the 2,3-BD con-
centrations at 300  rpm (43.6 g/L, 35% of total diols) and 
200  rpm (36.6  g/L, 31% of total diols) (Table  1; Fig.  5). 
These results are a strong indication that the glycerol taken 
up at the higher agitation speed was redirected to the oxi-
dative pathway of glycerol metabolism. Many researchers 
have reported that there are optimal aeration and agita-
tion conditions for 1,3-PD and 2,3-BD production [11, 18, 
24, 25, 33], and Kosaric et al. [13] demonstrated the rapid 

Fig. 5   Fed-batch fermentations of K. pneumoniae ΔldhA Δmdh 
strain at different agitation speeds. Fermentation results of a 300 rpm, 
and b 400 rpm. c Comparison of 2,3-BD production profile for differ-
ent agitation speeds. Fermentations were performed with a working 
volume of 3 L at 37 °C. The aeration rate was maintained at 0.5 vvm, 
and pH was controlled at 6.0 by the automatic feeding of NH4OH. 
Symbols in fermentation profiles denote the concentration of glyc-
erol (open squares), diols (dotted open circles), 1,3-PD (filled cir-
cles), 2,3-BD (open circles), cell mass (asterisks), lactic acid (filled 
diamonds), succinic acid (open diamonds), acetic acid (open trian-
gles), ethanol (filled triangles), formic acid (filled squares), acetoin 
(crosses), and pyruvate (dotted open squares)
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inactivation of alpha-acetolactate synthase in 2,3-BD syn-
thesis pathway under a high oxygen supply [13].

Pilot‑scale fermentation by using crude glycerol

To evaluate the industrial fermentative co-production of 
1,3-PD and 2,3-BD, pilot-scale fermentation was carried 
out using crude glycerol in a 5000-L bioreactor (Fig.  6). 
First, the feasibility of using crude glycerol obtained from 
the industrial biodiesel plant (GSBio, Korea, Yeosu-city, 
Jeollanam-do, Korea) was tested in a 5-L bioreactor. Crude 
glycerol contained (per 100  g): glycerol, 83.1  g; water, 
8.6  g; Na2+, 2.4  g; Cl−, 2.3  g; matter organic non-glyc-
erol, 1.1  g; and ash, 2.5  g. K. pneumoniae ΔldhA Δmdh 
strain produced 86.1 g/L of 1,3-PD and 44.6 g/L of 2,3-BD 
(130.7  g diols/L, 0.65  g diols/g glycerol, 2.1  g diols/L/h) 
from crude glycerol. These results are quite similar to the 
results obtained using high-quality guaranteed reagent 
grade glycerol (99%, Junsei Chemical, Chuo-ku, Tokyo, 
Japan), 125  g diols/L, 0.65  g/g glycerol, 2.0  g diols/L/h 
(Table 1). Therefore, it might be concluded that crude glyc-
erol can be used for the fermentative co-production of 1,3-
PD and 2,3-BD without prior purification.

The pH (6.0), temperature (37  °C), and aeration rate 
(0.5 vvm) used in the 5-L bioreactor were easily set up in 
the 5000-L bioreactor. In general, the concentration of dis-
solved oxygen (DO) is dependent on the mechanical parts 
related to the agitation system such as reactor shape, baffle 
type, and motor type. Thus, the optimal agitation speed in 
the 5000-L bioreactor was determined at 70 rpm by com-
paring the DO concentration with that measured at 300 rpm 
in the 5-L bioreactor (data not shown). In the 5000-L 

bioreactor, K. pneumoniae ΔldhA Δmdh strain produced 
about 70.1 g/L of 1,3-PD and 44.1 g/L of 2,3-BD (114.2 g 
diols/L, 0.60  g/g glycerol, 2.2  g diols/L/h) using crude 
glycerol (Table 1; Fig. 6). Although the final concentration 
of diols and its yield on glycerol were slightly lower than 
those obtained in the 5-L bioreactor, these results seem to 
support that the fed-batch fermentation of crude glycerol 
would be suitable for the industrial co-production of 1,3-
PD and 2,3-BD.

Conclusions

To improve the potential of K. pneumoniae for industrial 
applications, a K. pneumoniae ΔldhA Δmdh strain was 
developed for 1,3-PD and 2,3-BD production based on in 
silico aided metabolic engineering. In silico analyses based 
on genome-scale metabolic model predicted that the inacti-
vation of ldhA and mdh genes reduced effectively the for-
mation of byproducts and enhanced the production of 1,3-
PD and 2,3-BD production without cell growth retardation. 
The mutant was successfully evaluated by batch fermenta-
tions with a high yield of diols compared with the wild-type 
and ldhA knockout strains. In order to improve the produc-
tivity of diols, the effect of oxygen level on 1,3-PD and 
2,3-BD production was investigated by in silico metabolic 
flux analysis. Then, the agitation speeds in batch fermenta-
tions were varied from 200 to 400 rpm. Subsequently, the 
fed-batch fermentation with the agitation speed of 300 rpm 
was performed by using high-quality guaranteed reagent 
grade glycerol and crude glycerol. The high concentra-
tion, yield, and productivity of diols were achieved by the 

Fig. 6   a Fed-batch fermentations of K. pneumoniae ΔldhA Δmdh 
strain by using crude glycerol and b pilot-scale fed-batch fermenta-
tion of K. pneumoniae ΔldhA Δmdh strain (5000  L). Laboratory-
scale fermentation was performed with a working volume of 3 L at 
37  °C and 200  rpm. Pilot-scale fermentation was performed with a 
working volume of 3000 L at 37 °C and 100 rpm. The aeration rate 
was maintained at 0.5 vvm, and pH was controlled at 6.0 by the auto-

matic feeding of NH4OH. Symbols in fermentation profiles denote the 
concentration of glycerol (open squares), diols (dotted open circles), 
1,3-PD (filled circles), 2,3-BD (open circles), cell mass (asterisks), 
lactic acid (filled diamonds), succinic acid (open diamonds), acetic 
acid (open triangles), ethanol (filled triangles), formic acid (filled 
squares), acetoin (crosses), and pyruvate (dotted open squares)
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lab-scale fed-batch fermentation up to 130  g/L, 0.65  g/g, 
and 2.1 g/L/h, respectively. In order to evaluate the indus-
trial fermentation of K. pneumoniae ΔldhA Δmdh strain 
for 1,3-PD and 2,3-BD production, pilot-scale fermentation 
(5000-L bioreactor) was carried out using crude glycerol. 
The pilot-scale fed-batch fermentation of the K. pneu-
moniae ΔldhA Δmdh strain could achieve up to 114 g/L, 
0.60 g/g, and 2.2 g/L/h of diols. This is an example show-
ing the effectiveness of systems metabolic engineering for 
development of industrial microorganism and the impor-
tance of agitation speed during fermentation for 1,3-PD 
and 2,3-BD production in K. pneumoniae strain. Likewise, 
it is expected that the strategies used in this study are appli-
cable to develop industrial processes of the other products.
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