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Abstract The microbial production of 1,3-propanediol (1,3-PD) by Klebsiella pneumoniae
XJPD-Li under different aeration strategies were investigated. In batch fermentation, the
results showed that the final concentration of 1,3-PD and yield on glycerol were 13.44 g/l and
0.73 mol/mol under the anaerobic condition (N2, 0.4 vvm), 11.55 g/l and 0.62 mol/mol
without aeration, and 8.73 g/l and 0.47 mol/mol under the aerobic condition (air, 0.4 vvm),
respectively. Under the aerobic condition, the yield of 1,3-PD on glycerol was the lowest,
while the biomass (optical density at 650 nm) was the highest among these three conditions.
In the fed-batch culture, the final concentration and the yield of 1,3-PD was 60.82 g/l and
0.61 mol/mol under the anaerobic condition (N2, 0.4 vvm), 56.43 g/l and 0.53 mol/mol
without aeration, and 65.26 g/l and 0.56 mol/mol under the aerobic condition. All these
three conditions had good productivities of 1,3-PD, which were 3.35 g/l·h under the anaerobic
condition (N2, 0.4 vvm), 3.13 g/l·h without aeration, and 3.16 g/l·h under the aerobic
condition within the initial 12 h.
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Introduction

1,3-Propanediol (1,3-PD) has numerous applications in polymers, cosmetics, foods,
lubricants, and medicines. The industrial production of 1,3-PD has attracted attention as
an important monomer to synthesize a new type of polyester, polytrimethylene terephthalate
[1]. However, 1,3-PD has been produced chemically either by the hydratation of acrolein or
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by the hydroformylation of ethylene. The microbial production of 1,3-PD, a socially
beneficial route to obtain chemicals from renewable resources, has been widely researched
and considered as a competitor to the traditional petrochemical routes [2]. Among the
microorganisms that can convert glycerol to 1,3-PD, Klebsiella pneumoniae, Clostridium
butyricum, and Citrobacter freundii are paid more attention because of their appreciable
substrate tolerance, yield, and productivity [2]. Biological efforts include fermentation
optimization of the natural glycerol-utilizing process and an ambitious metabolic
engineering to increase the concentration and productivity of 1,3-PD [3].

The glycerol metabolism of the model organism K. pneumoniae involves two branch
pathways: the oxidative branch and the reductive branch [4]. In the oxidative branch,
glycerol is transformed to dihydroxyacetone by glycerol dehydrogenase, which then
undergoes normal glycolysis to form pyruvate and finally can be converted into various
byproducts such as acids and alcohols. Glycerol is converted in the reductive pathway by a
coenzyme B12-dependent glycerol dehydratase (GDHt) to 3-hydroxypropionaldehyde,
which is then reduced by NADH to 1,3-PD with 1,3-PD–NAD oxidoreductase as the
catalyst [5, 6]. The second metabolic pathway, which maintains the redox balance of the
cell, is essential to convert glycerol to 1,3-PD, and GDHt is the key limited enzyme for this
biological process.

Commonly, the biosynthesis of 1,3-PD is always done under anaerobic conditions.
According to recent reports, 1,3-PD can also be obtained under microaerobic or low
aeration conditions. The concentration, molar yield, and productivity of 1,3-PD in fed-batch
fermentation under microaerobic conditions were 59.50 g/l, 51.57%, and 1.57 g/l·h,
respectively [7–9]. Comparing with other strains, K. pneumoniae XJPD-Li isolated from
Xinjiang province, China, could biosynthesize 1,3-PD with a higher molar yield and shorter
fermentation time at a higher cultivation temperature, which was stored in our laboratory.
The molar yield of 70% was achieved in fed-batch during 48 h of fermentation [10]. The
aim of this study was to investigate the effect of aeration conditions on 1,3-PD production
by K. pneumoniae XJPD-Li; thus, different aeration strategies had been carried out in batch
and fed-batch cultures, and the metabolic fluxes of glycerol in K. pneumoniae XJPD-Li
were analyzed.

Materials and Methods

Strain and Medium

K. pneumoniae XJPD-Li was obtained from the Key Laboratory for Green Processing of
Chemical Engineering of Xinjiang Bingtan, Shihezi University, People’s Republic of China.

The seed medium contained (g/l): K2HPO4·3H2O, 4.4; KH2PO4, 1.3; (NH4)2SO4, 2.0;
MgSO4·7H2O, 0.2; CaCO3, 2; yeast extract, 1.0; glycerol, 20.0; 1 ml/l trace element
solution; and 2 ml/l Fe solution [8].

The fermentation medium contained (g/l): K2HPO4·3H2O, 5.1; KH2PO4, 1.5; (NH4)2SO4,
6.0; MgSO4·7H2O, 0.2; CaCl2, 0.02; yeast extract, 1.0; glycerol, 20.0; 1 ml/l trace element
solution; and 2 ml/l Fe solution.

Cultivation Conditions

The seed cells were grown in a 250-ml shake flask containing 100 ml medium at 40 °C for
12 h and subsequently inoculated into the bioreactor at 10% (v/v). The fermentable
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cultivation was carried out in a 5-l stirred-vessel bioreactor (Bioflo 110, New Brunswick
Scientific, USA) containing 3 l fermentation medium. The pH was controlled by addition of
5 M potassium hydroxide automatically together with glycerol (50%), and all fermentation
experiments were carried out at 40 °C and 200 rpm. An anaerobic or aerobic environment
in the bioreactor was maintained by aerating nitrogen or air at 0.4 vvm.

Analytical Procedures

The biomass was estimated by measuring optical density at 650 nm (OD650).
The protein was assayed by the method of Bradford [11] with crystalline bovine serum

albumin as a standard. Specific activity is expressed as units per milligram of protein.
Glycerol, 1,3-PD, acetate, succinate, lactate, and ethanol were analyzed by a high-

performance liquid chromatography system (SHIMADZU 10A) equipped with a
differential refractive index detector and an Aminex HPX-87H column (Bio-Rad) at
65 °C with 0.005 M H2SO4 as a mobile phase at 0.8 ml/min.

GDHt activity was determined by the modified 3-methyl-2-benzothiazolinone
hydrazone (MBTH) method according to Toraya et al. [12].The reaction mixture
(3.5 ml) was composed of 0.05 M KCl (0.1 ml), 0.2 M 1,2-propanediol(0.1 ml), 15 μM
adenosylcobalamin (0.1 ml), and 0.7 ml cell extraction. After incubation at 40 °C for
10 min, the enzyme reaction was stopped by adding 1.0 ml of 0.1 M potassium citrate
buffer and 0.5 ml of 0.1% MBTH solution. After 15 min at 40 °C, 1.0 ml of water was
added, and the absorbance was measured at 305 nm. One unit of GDHt is defined as the
amount of enzyme activity that catalyzes the formation of 1 μmol of propionaldehyde per
minute at 40 °C [10].

Results and Discussion

Effect of Aeration Conditions on 1,3-PD Production in Batch Culture

Table 1 shows the effect of aeration conditions in batch cultures by K. pneumoniae XJPD-
Li. Glycerol was used up at 8 h in the fermentation course (Not shown) under three
strategies. Under the aerobic condition, 1,3-PD was also detected in the culture medium,
which indicated that the metabolic pathway of K. pneumoniae XJPD-Li from glycerol to
1,3-PD was not entirely inhibited. The highest concentration, yield, and productivity of 1,3-
PD were obtained under the anaerobic condition, while those under the aerobic condition
were the lowest. The results (concentration, yield, and productivity of 1,3-PD) without
aeration were between the anaerobic and aerobic conditions. Moreover, the biomass was the
highest under the aerobic condition. Aerating air is propitious to the expression of the
enzymes in the citric acid cycle, which provides much energy for the growth of cells [7, 9].

Table 1 Results of batch cultures under different aeration conditions at 12 h.

Condition Biomass
(OD650)

1,3-PD concentration
(g/l)

1,3-PD yield
(mol/mol)

1,3-PD productivity
(g/l·h)

Anaerobic 1.64 13.44 0.73 1.12
Without aeration 1.56 11.55 0.62 0.96
Aerobic 2.23 8.73 0.47 0.73
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Fig. 1 Time course of biomass
and concentration of products in
the fed-batch fermentation by
K. pneumoniae XJPD-Li under
different aeration conditions:
a N2 0.4 vvm, b without aeration,
c air 0.4 vvm
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This explains the fast growth of cells and decreasing yield of 1,3-PD from glycerol in batch
culture of K. pneumoniae XJPD-Li.

Effect of Aeration Conditions on 1,3-PD Production in Fed-batch Culture

The results of fed-batch fermentation by K. pneumoniae XJPD-Li under different aeration
conditions were shown in Fig. 1. The anaerobic fed-batch fermentation had a good
productivity, approximately 3.3 g/l·h in 12 h with a final concentration of 1,3-PD 60.82 g/l,
and the yield, 0.61 mol/mol glycerol. There were also some fermentation byproducts, which
included acetic acid (9.72 g/l), lactic acid (6.67 g/l), succinic acid (9.48 g/l), and ethanol
(5.65 g/l; Fig. 1a).

The fermentation without aeration had a final concentration of 1,3-PD 56.43 g/l and a
yield of 1,3-PD 0.53 mol/mol to glycerol. Lactic acid concentration was 12.85 g/l, which
doubled that under the anaerobic condition. The concentrations of acetate, succinate, and
ethanol were 7.61, 7.85, and 4.49 g/l, respectively (Fig. 1b). It was worth pointing out that
the dissolved oxygen concentration decreased rapidly to a low level (about 2–5%) in the
first 12 h.

In the aerobic, fed-batch fermentation, 1,3-PD concentration increased linearly in the initial
36 h. A high concentration of 1,3-PD (65.26 g/l) was obtainedwithin 48 h (Fig. 1c), leading to a
yield of 0.56 mol/mol. In this case, the concentration of lactic acid was 20.57 g/l, which was
twice more than that under the anaerobic condition. In addition, ethanol was not detected.

As shown in Table 2, the biosynthesis of 1,3-PD mainly occurred in the first two stages
(0–24 h) and the productivity of 1,3-PD under different aeration strategies decreased
gradually. The productivities under the anaerobic and aerobic conditions were 7.6% and
15.3%, which were higher than that without aeration (0–48 h). This indicated that aerating a
certain volume of air or N2 was beneficial to 1,3-PD production. The best one might be
from combining the two strategies together, which was to keep the fermentation condition
anaerobic in the first stage (0–12 h) and then aerobic in the next stage (12–48 h). An
anaerobic/aerobic-combined fed-batch culture was developed giving 70 g/l 1,3-PD and
16 g/l 2,3-butanediol with a total diol yield of 0.6 mol/mol glycerol [8].

Effect of Aeration Conditions on GDHt Activity

The effect of aeration conditions on GDHt activity in batch culture (8 h) and fed-batch
culture (36 h) were shown in Fig. 2. Under any condition, there was always GDHt activity
detected in the culture of K. pneumoniae XJPD-Li. It was due to the low level of dissolved
oxygen concentration. In the batch culture, the GDHt activity without aeration was almost
the same as that under the anaerobic condition but not under the aerobic condition, which
was 32% lower than that under the anaerobic condition. However, there was no distinct
difference in the fed-batch culture. The activities were all around 0.7 U/mg.

Fermentation time (h) 1,3-PD productivity (g/l·h)

Anaerobic Without aeration Aerobic

0–12 3.35 3.13 3.16
12–24 1.03 1.38 1.50
24–48 0.34 0.10 0.39
0–48 1.27 1.18 1.36

Table 2 Productivities at different
stages of 1,3-PD fed-batch
fermentations by K. pneumoniae
XJPD-Li under different aeration
strategies.
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Effect of Aeration Conditions on Metabolic Fluxes of Glycerol

The formation of 1,3-PD in glycerol fermentation was considered as the regeneration of
NAD+ in which the necessary reducing equivalents, as well as the necessary energy, have to
be produced by oxidation of glycerol to other products [13, 14]. Figure 3 showed the
substrate channeling and product formation under different aeration strategies in the fed-
batch culture of K. pneumoniae XJPD-Li. With the condition changed from anaerobic to
aerobic, the flux from glycerol to the reductive branch reduced, while the flux to the
oxidative branch increased. The fluxes to biomass were all around 2%, which can be used
for 1,3-PD production in that reducing equivalents can also be produced in biomass growth.

Major changes were observed in the fluxes around pyruvate. According to [1], only
acetic acid as the byproduct gives the highest 1,3-PD yield namely, 64% of the glycerol
consumed. In the course of cell growth, the acetate concentration was in the range of
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5.0–6.2 g/l in the fed-batch culture of K. pneumoniae [15]. In our work, the corresponding
values were 6.66, 5.28, and 7.57 g/l, respectively, at the 12th hour, which was just at the
beginning of the stationary phase (Fig. 1a–c). At the same time, a higher concentration of
1,3-PD was obtained under the aerobic condition than that of both the anaerobic condition
and without aeration in the end.

Ethanol is a key competitor in the production of 1,3-PD by K. pneumoniae [16, 17]. By
the inactivation of aldehyde dehydrogenase in K. pneumoniae YMU2, the final titer, the
productivity of 1,3-PD, and yield of 1,3-PD were much higher than those in the parent
strain [18]. In our research, the flux to ethanol was 0 by aerating 0.4 vvm air in the fed-
batch culture, while 1,3-PD yield was not changed obviously for that more glycerol fluxes
flowed to energy, amino acids, and life maintenance.

The effect of lactic acid on cell growth and biosynthesis of 1,3-PD by K. pneumoniae
would not be affected even in 10 g/l lactic acid [19]. In the fermentation of K. pneumoniae
XJPD-Li, the final concentration of lactic acid reached 20.57 g/l under the aerobic condition
(Fig. 1c). However, more glycerol was consumed during lactic acid production under the
aerobic condition than that under the anaerobic condition. To improve the concentration and
yield of 1,3-PD by K. pneumoniae XJPD-Li, further measures of decreasing production of
lactic acid should be taken by gene engineering and metabolic engineering.

Conclusions

The batch and fed-batch fermentations of glycerol byK. pneumoniae XJPD-Li showed that the
aerobic condition was feasible to produce 1,3-PD. Similar to the anaerobic fermentation, the
aerobic culture had a final concentration of 1,3-PD 65.26 g/l in the fed-batch fermentation.
This is beneficial to the industrial production of 1,3-PD by saving the cost for conduction of
the anaerobic condition. In the presence of O2, however, the metabolic pathway from glycerol
to ethanol was inhibited, and more lactic acid was accumulated. The research also
demonstrated that K. pneumoniae XJPD-Li was an excellent 1,3-PD producer especially in
the first 12 h (approx.3.16 g/l·h), and the engineering approaches were essential to improving
the yield of 1,3-PD further.
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