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Abstract In the present study, we developed an efficient

method of 1,3-propanediol (1,3-PD) production from

glycerol by genetic engineering of Klebsiella pneumoniae

AK mutant strains. The proposed approach eliminated by-

product formation and IPTG induction resulted in maximal

production of 1,3-PD. A series of recombinant strains was

designed to constitutively express the dhaB and/or dhaT

genes, using the bacteriophage T5 PDE20 promoter and the

rho-independent transcription termination signal of the

Rahnella aquatilis levansucrase gene. Among these strains,

AK/pConT expressing dhaT alone gave the highest yield of

1,3-PD. Fed-batch fermentation resulted in efficient pro-

duction of 1,3-PD from either pure or crude glycerol,

without by-product formation.

Keywords 1,3-Propanediol � Glycerol � Constitutive

expression � Klebsiella pneumoniae � By-product formation

Introduction

Currently, biodiesel synthesized from animal fat or plant

oil is in great demand. However, a large amount of raw

glycerol is formed as the main by-product of biodiesel

production, which can be as much as 10 % (w/w) of the

biodiesel generated [1]. This surplus raw glycerol has not

only greatly disturbed the market for traditional glycerol in

terms of both preparation and price, but is also a significant

environmental problem because glycerol cannot be dis-

charged directly into the environment [2]. Thus, a great

deal of research effort has been devoted to the development

of methods by which glycerol (a low-cost feedstock) can be

refined into industrially valuable materials such as fuels,

chemical building blocks, and bioactive substances.

1,3-Propanediol (1,3-PD) is a valuable chemical used

mainly in the synthesis of polymethylene terephthalates by

polymerization with terephthalates [3]. Applications for

these polymers in the manufacture of materials such as

textile fibers, films, and plastics are rapidly increasing. The

1,3-PD building block is currently produced by chemical

processes such as hydroformylation of ethylene oxide or

hydration of acrolein [4, 5]. Recently, a microbial fermen-

tation process using a recombinant Escherichia coli strain

containing genes from Klebsiella pneumoniae and Sac-

charomyces cerevisiae was developed, by which glucose

is converted to 1,3-PD [6]. However, the original route to

1,3-PD production involved microbial fermentation using

glycerol as substrate. Because glycerol is a major by-

product of the biodiesel industry, biological conversion of

this chemical is receiving considerable attention.

Klebsiella pneumoniae is typical of microorganisms

that produce 1,3-PD, and the metabolic pathway responsible

has been well studied [7]. Glycerol is first converted

to 3-hydroxypropionaldehyde (3-HPA) by a coenzyme
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B12-dependent glycerol dehyratase (DhaB), and this material is

next reduced to 1,3-PD in a reaction catalyzed by a reduced

nicotinamide adenine dinucleotide (NADH)-dependent 1,3-PD

oxidoreductase (DhaT). In addition to the reductive pathway,

glycerol is metabolized by an oxidative pathway, through

which glycerol is dehydrogenated to dihydroxyacetone (DHA)

by an NAD?-dependent glycerol dehydrogenase (DhaD) and

DHA is phosphorylated to dihydroxyacetone phosphate

(DHAP) by an ATP-dependent DHA kinase (DhaK). Glycerol

assimilated via the oxidative branch results in an increase in

biomass, resulting in the generation of many different metab-

olites such as acetate, ethanol, lactate, succinate, and

2,3-butanediol (2,3-BD).

The genes encoding the functionally linked proteins

DhaB and DhaT of the reductive branch and DhaD and

DhaK of the oxidative branch are clustered in a region of

K. pneumoniae chromosomal DNA termed the dha regulon

[8]. Many researchers have sought to enhance 1,3-PD

production by metabolic engineering [9–12], either greatly

increasing enzyme activities [13–15] or NADH availability

[16]. However, minimization of by-product synthesis

(which can be as much of 70 % [w/w] of 1,3-PD yield)

must be considered when enhanced production of 1,3-PD is

desired [17]. 2,3-BD is a major by-product formed during

synthesis of 1,3-PD, making downstream purification of

1,3-PD difficult because the two materials have similar

boiling points [18].

Recently, we engineered a mutant strain of K. pneu-

moniae (termed AK-VOT) to eliminate by-product for-

mation during production of 1,3-PD from glycerol, by

inactivation of the oxidative branch of the glycerol meta-

bolic pathway [19]. In such recombinant strains, by-prod-

uct formation, with the exception of acetate, was

eliminated, resulting in a higher 1,3-PD yield relative to

that of the wild-type strain. In the present study, we further

improved 1,3-PD yield by constitutive expression of a dha

gene to increase the economy of 1,3-PD production.

Materials and methods

Strains, plasmids, and media

The K. pneumoniae strains described in our previous study

[18] were grown either in LB [yeast extract (Difco), 0.5 %

(w/v); Bacto-trypton (Difco), 1.0 % (w/v); and NaCl, 1.0 %

(w/v)] or in a defined glycerol-containing medium with 20 g/l

of glycerol, 2 g/l (NH4)2SO4, 3.4 g/l K2HPO4, 1.3 g/l

KH2PO4, 0.2 g/l MgSO4, 0.002 g/l CaCl2 2H2O, 1 g/l yeast

extract, 1 ml Fe solution [5 g/l FeSO4 7H2O and 4 ml/l HCl

(37 %, w/v)], and 1 ml trace element solution [70 mg/l

ZnCl2, 100 mg/l MnCl2 4H2O, 60 mg/l H3BO3, 200 mg/l

CoCl2 4H2O, 20 mg/l CuCl2 2H2O, 25 mg/l NiCl2 6H2O,

35 mg/l Na2MoO4 2H2O, with 4 ml HCl (37 %, w/v)].

Tetracycline was added to a final concentration of 50 lg/ml.

Construction of recombinant plasmids

A schematic representation of the strategy used to construct

pConT, pConB, pConBT, pConK, and pConTK is shown in

Fig. 1. The primers used for amplification of DNA

sequences by polymerase chain reaction (PCR) are shown

in Table 1. The 75-bp promoter PD/E20 of bacteriophage T5

(GenBank accession no. M11599) and the 80-bp sequence

of the rho-independent transcription terminator (TlsrA)

from the levansucrase gene of Rahnella aquatilis (Gen-

Bank accession no. AAC36458) were synthesized by

GenoTech (Daejeon, Korea). These DNA sequences were

cloned into the pUC118 vector to generate pUC-PD/E20-

TlsrA. The open reading frames (orfs) of the following

genes were amplified from chromosomal DNA of

K. pneumoniae MGH78578 using the primers shown in

Table 1: dhaBa (1.67 kb, GenBank accession no.

ABR78884), dhaBb (0.59 kb, ABR78883), and dhaBc
(0.43 kb, ABR78882) encoding glycerol dehydratase sub-

units (a, b and c); dhaBRA1 (1.82 kb, ABR78881) and

dhaBRA2 (0.35 kb, ABR78887) encoding glycerol dehy-

dratase reactivators (1 and 2); and dhaT (1.16 kb,

ABR78886) and yqhDK (1.16 kb, ABR78827), encoding

1,3-PD oxidoreductase and an isozyme thereof [20],

respectively. Amplified DNA fragments were cloned into

the pGEM T-Easy (Promega, Madison, WI) vector fol-

lowed by nucleotide sequencing to confirm the absence of

any errors. The PshBI and NdeI–SalI fragments including

dhaBbc (pGEM-dhaBbc) and dhaBRA1 were serially inserted

into the NdeI and SacI sites of pGEM-dhaBa to create

pGEM-dhaB. The pGEM-dhaB, -dhaT, -yqhDk, and -dha-

BRA2 plasmids were treated with EcoRI, NdeI–XhoI, BglII–

XhoI, and NdeI–XhoI, respectively. After gap filling using

the Klenow fragment, each DNA molecule was inserted

into the EcoRV site of pUC-PD/E20-TlsrA. To generate

pConBT, the NotI and SpeI-XbaI fragments, including

dhaB (pUC-dhaB), dhaBRA2 (pUC-dhaBRA2), and dhaT

(pUC-dhaT), were serially inserted into the NotI and XbaI

sites of pBR322, respectively. Plasmids pConB, pConT,

pConK, and pConTK were similarly constructed, as shown

in Fig. 1. The resultant plasmids were transformed into

K. pneumoniae AK by electroporation [19].

Fermentation by recombinant K. pneumoniae strains

Seed cells for fermentation were prepared in a 250-ml flask

containing 50 ml of LB medium. Flasks were incubated at

37 �C for 12 h and the cultures subsequently inoculated

into the fermentor at 2.5 % (v/v). Both batch and fed-batch

fermentations were conducted at 37 �C, with stirring at
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200 rpm and aeration at 0.5 vvm in a 5-l vessel (Kobiotech.

Co., Ltd, Korea) containing 2 l of fermentation medium

with tetracycline (10 lg/ml). pH was controlled by auto-

matic addition of 28 % (v/v) NH4OH. The carbon sources

used were pure glycerol (purity 99 %, w/w) and crude

glycerol (purity 70 %, w/w) derived from the biodiesel

industry (ECO Solutions, Korea).

Enzyme activity assay

Cells were harvested by centrifugation at 6,000g for

15 min, and washed twice with 50 mM Tris buffer, pH 8.0.

The cell pellet was resuspended in a small amount of buffer

and cells were disrupted by ultrasonication for 5 min on

ice. Cell debris was removed by brief centrifugation.

Glycerol dehydratase (DhaB) activity was estimated using

the 3-methyl-2-benzothiazolinon hydrazine (MBTH)

method [16]. The activity of 1,3-PD oxidoreductase (DhaT

or YqhD) was determined using the reverse reaction

(conversion of 1,3-propanediol to 3-hydroxypropionalde-

hyde) according to the technique of Sulzenbacher et al.

[17]. One unit of enzyme activity was defined as the

amount of enzyme consuming 1 lmol substrate per minute.

Protein levels were determined using a protein assay kit

pUC-PT
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Fig. 1 Schematic representation of the strategies used for construc-

tion of pConT, pConB, pConBT, pConK, and pConTK. P and T

indicate the 75 bp of promoter PD/E20 of bacteriophage T5 and the

80 bp of the rho-independent transcription terminator (TlsrA) of the

levansucrase gene of Rahnella aquatilis, respectively. Abbreviations

for restriction enzymes: Bg, BglII; E, EcoRV; EI, EcoRI; N, NotI; Nd,

NdeI; P, PshBI; Sc, SacI; Sl, SalI; Sp, SpeI; Xb, XbaI; Xh, XhoI. Kle,

Klenow fragment
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(Bio-Rad), with bovine serum albumin (Sigma, St Louis,

MO) as standard, according to the method of Bradford.

Data are expressed as mean values ± SDs. Each experi-

ment was performed three times, and the results showed no

statistically significant difference, as determined using the

Student’s t test.

Metabolite analysis

Culture broth concentrations of metabolites including

glycerol, acetate, and 1,3-PD were determined using a

high-performance liquid chromatography system (Agilent

1200) equipped with a refractive index detector and an

organic acid analysis column (300 9 78 mm; Aminex

HPX-87H; Bio-Rad) [18]. The mobile phase was

0.005 mol/l H2SO4 and a flow rate of 0.8 ml per minute

was maintained during elution. The column temperature

was maintained at 65 �C.

Results and discussion

IPTG induction is essential for 1,3-PD production

by K. pneumoniae AK/pVOT

In the recombinant K. pneumoniae AK/pVOT strain, the

expression of both dhaB on chromosomal DNA and dhaT

on plasmid DNA was under the control of the E. coli lacZ

gene promoter [19], which allowed gene expression to be

regulated by addition of an inducer such as isopropyl-D-

thiogalactoside (IPTG). During cultivation of K. pneumo-

niae AK/pVOT, addition of IPTG (0.5 mM) induced

1,3-PD production from glycerol without by-product for-

mation. Although IPTG is an efficient inducer of the lacZ

promoter, development of an industrial 1,3-PD production

process might be compromised by the high price of this

chemical. We examined the effect of IPTG on glycerol

metabolism by K. pneumoniae AK/pVOT upon cultivation

in a 5-l bioreactor. The glycerol consumption rates by the

recombinant strain were similar in both the absence and

presence of IPTG (Fig. 2a), but cell growth was reduced in

the presence of IPTG (Fig. 2b), probably because the

chemical has some intrinsic toxicity. However, 1,3-PD

production was enhanced in the presence of IPTG

(Fig. 2c), indicating that IPTG induction is necessary for

efficient production of 1,3-PD from glycerol by K. pneu-

moniae AK/pVOT. It is well known that lactose can usu-

ally substitute for IPTG as an inducer of the lacZ promoter.

We thus examined whether lactose could replace IPTG

during fermentative cultivation of K. pneumoniae AK/pVOT.

However, as shown in Fig. 2, lactose negatively affected

all of glycerol consumption rate, cell growth, and 1,3-PD

production, to extents greater than those seen in the

absence of IPTG.

Construction of recombinant K. pneumoniae AK strains

constitutively expressing dha genes

We constructed a series of recombinant strains expressing

dha genes in a constitutive manner, using the constitutive

PDE20 gene promoter of bacteriophage T5 and an efficient

rho-independent transcription termination signal from the

Rahnella aquatilis levansucrase gene [21]. K. pneumoniae

AK strains harboring pConB, pConT, or pConBT were

prepared as described in Methods; these strains constitu-

tively expressed dhaB, dhaT, or both the dhaB and dhaT

genes, respectively. We also constructed K. pneumoniae

AK strains harboring pConK or pConTK, thus with the

yqhDk gene encoding an 1,3-PD oxidoreductase isozyme or

with both dhaT and yqhDk (encoding two 1,3-PD

Table 1 Oligonucleotides used in the present study

DNA (kb) Primer Oligonucleotide (50 ? 30) Description

dhaBa (1.67) F CTCGAGATGAAAAGATCAAAACGATTTGCAGTACTG NdeI-start codon

R CATATGTTATTCAATGGTGTCAGGCTGAACCACGCC XhoI-stop codon

dhaBbc (1.02) F ATTAATGTGCAACAGACAACTCAAATTCAGCCCTCT PshBI-start codon

R ATTAATTTAGCTTCCTTTACGCAGCTTATGCCGCTG XhoI-stop codon

dhaBRA1 (1.82) F CATATGCCGTTAATAGCCGGGATTGATATCGGC NdeI-start codon

R GTCGACGAATTCTTAATTCGCCTGACCGGCCAGTAGCAGCCC SalI-EcoRI-stop codon

dhaBRA2 (0.35) F CATATGTCGCTTTCACCGCCAGGCGTACGCCTG NdeI-start codon

R CTCGAGTCAAGCGCAAGCATCAGG SalI-stop codon

dhaT (1.16) F CATATGAGCTATCGTATGTTTGATTATCTGGTG NdeI-start codon

R CTCGAGTCAGAATGCCTGGCGGAAAATCGCGGCAAT XhoI-stop codon

yqhDk (1.16) F AGATCTATGAATAATTTCGACCTGCA NdeI-start codon

R CTCGAGTTAGCGTGCAGCCTCGTAAAT XhoI-stop codon
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oxidoreductases), respectively. The activities of DhaB,

DhaT, and YqhDk in the recombinant strains were as

expected (Fig. 3).

Fermentation of glycerol by recombinant

K. pneumoniae AK strains producing 1,3-PD

Upon batch fermentation of K. pneumoniae AK recombi-

nant strains constitutively expressing dhaB (pConB), dhaT

(pConT), or both dhaB and dhaT (pConBT), in the absence

of IPTG induction, the AK/pConT strain showed a faster

glycerol consumption rate, a higher cell growth rate, and

a greater 1,3-PD production level compared with the

AK/pVOT strain with IPTG induction (Fig. 4). The AK/pConB

and AK/pConBT strains showed the opposite effects,

which may be attributable to an imbalance in metabolic

flow, with accumulation of a toxic intermediate, 3-HPA,

resulting from the increased activity of DhaB. Unexpect-

edly, high-level expression of the yqhDk gene encoding an

1,3-PD oxidoreductase isozyme negatively affected glyc-

erol metabolism. This may be due to low DhaT activity,

although it is unclear why DhaT activity should be reduced

upon high-level expression of YqhDk. Glycerol metabo-

lism was recovered by co-expression of dhaT and yqhDk.

Thus, K. pneumoniae AK harboring pConT constitutively

expressing dhaT alone produced the highest level of

1,3-PD from glycerol.

Fed-batch fermentation for 1,3-PD production

by K. pneumoniae AK/pConT using pure or crude

glycerol as carbon source

We examined 1,3-PD production from glycerol by

K. pneumoniae AK/pConT, using fed-batch fermentation.

The maximum levels of 1,3-PD production and productivity

from pure glycerol were 26.6 g/l and 0.51 g/l/h in the

absence of IPTG induction (Fig. 5a). Similar values (25.9 g/l

and 0.54 g/l/h) were obtained using crude glycerol derived

from the biodiesel industry as a carbon source (Fig. 5b).

Although the maximum levels of 1,3-PD synthesized by

AK/pConT were lower than those reported elsewhere

[22, 23], the recombinant strain has one crucial advantage,

namely, that no by-product, especially 2,3-PD, was formed

by the AK/pConT strain, with the exception of acetate, thus

rendering downstream 1,3-PD purification economical.
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Genetic stability of the K. pneumoniae AK/pConT

strain

Finally, we measured the stability of the plasmid express-

ing dhaT in K. pneumoniae AK/pConT in the absence of

selective antibiotics. After culture for 56 h in the 5-l fer-

mentor (thus, for about 150 generations), samples were

collected and bacteria cultivated on LB plates. Next, 100

single colonies were replica plated to screen for tetracy-

cline-resistant transformants. The plasmid was maintained

in 93 % of cells of the recombinant strain, indicating that

pConT is stable in K. pneumoniae AK.

Conclusion

In the present study, we developed a series of recombinant

K. pneumoniae AK strains engineered to eliminate by-

product formation, in which the dhaB and/or dhaT genes

encoding enzymes catalyzing the synthesis of 1,3-PD were

constitutively expressed. Among these strains, AK/pConT

expressing dhaT alone yielded the highest level of 1,3-PD.

Fed-batch fermentation resulted in efficient production of

1,3-PD from either pure or crude glycerol, without

by-product formation. Although the current level of 1,3-PD

production by the recombinant strain is lower than those

reported elsewhere, further engineering to enhance 1,3-PD

yield will likely result in an economical biological process

for production of this valuable material.
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