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Abstract Bacillus licheniformis WX-02 is a well-studied
strain to produce poly-γ-glutamic acid (γ-PGA) with numer-
ous applications. This study is to improve WX-02 strain’s
capability of assimilating glycerol, a major byproduct of
biofuels industries, through metabolic manipulation.
Through gene knockout, the GlpK pathway was identified
as the sole functional glycerol catabolism pathway, while the
DhaK pathway was inactive for this strain under either aerobic
or anaerobic conditions. The enhancement of glycerol utiliza-
tion was attempted by substituting the native glpFK promoter
with the constitutive promoter (P43), ytzE promoter (PytzE),
and bacABC operon promoter (PbacA), respectively. The
glycerol consumptions of the corresponding mutant strains
WX02-P43glpFK, WX02-PytzEglpFK, and WX02-
PbacAglpFK were 30.9, 26.42, and 18.8% higher than that
of the WX-02 strain, respectively. The γ-PGA concentrations
produced by the three mutant strains were 33.71, 23.39, and

30.05% higher than that of WX-02 strain, respectively. When
biodiesel-derived crude glycerol was used as the carbon
source, the mutant WX02-P43glpFK produced 16.63 g L−1

of γ-PGA, with a productivity of 0.35 g L−1 h−1.
Collectively, this study demonstrated that glycerol can be used
as an effective substrate for producing γ-PGA by metabolic
engineering B. licheniformis strains.
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Introduction

Poly-γ-glutamic acid (γ-PGA) is a naturally occurring bio-
polymer, consisting of the D- and L-glutamate monomers,
which are connected through amide linkages between α-
amino group and γ-carboxylic acid group (Luo et al. 2016;
Ogunleye et al. 2015). The production of γ-PGA can be based
on chemical synthesis, enzymatic synthesis, and microbial
fermentation (Sanda et al. 2001). Among those methods, mi-
crobial fermentation is most cost-effective with numerous ad-
vantages such as the utilization of inexpensive raw materials,
high purity of final product, mild reaction condition, and en-
vironment friendly (Luo et al. 2016). Due to its water soluble,
biodegradable, non-toxic, and edible characteristics, γ-PGA
has been used in various areas, such as thickener in food
industry, moisturizer in cosmetics, drug carrier and tissue en-
gineering in the medical area, flocculants and heavy metal
absorbent for the wastewater treatment, and fertilizer in agri-
culture (Bajaj and Singhal 2011; Shih et al. 2002; Wang et al.
2008).

Fermentative production of γ-PGA is commonly achieved
through Bacillus species such as Bacillus anthracis, Bacillus
subtilis, B. licheniformis, Bacillus megaterium, Bacillus
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pumilis, and Bacillus amyloliquefaciens (Bajaj and Singhal
2011). Among those species, B. licheniformis is a promising
γ-PGA producer as it is a generally regarded as safe (GRAS)
strain. The B. licheniformisWX-02 strain has been extensive-
ly studied as an efficient producer of γ-PGA (Li et al. 2014;
Tian et al. 2014;Wang et al. 2016;Wei et al. 2010). In addition
to γ-PGA production, B. licheniformis can also be used as an
expression platform for enzymes, amino acids, antibiotics,
biofuels, and other secondary metabolites (Qiu et al. 2016)

Microbial production of γ-PGA commonly uses glucose as
the fermentation substrate (Luo et al. 2016). The use of glyc-
erol as a substrate for microbial γ-PGA production can be a
promising option, particularly when glycerol can be obtained
as a byproduct from the biodiesel industries (Mattam et al.
2013). Biodiesel-derived crude glycerol has been regarded
as a low value or even waste material with a disposal chal-
lenge (Dobson et al. 2012). As it is not economical to refine
the crude glycerol into high purity products, using crude glyc-
erol as a substrate for fermentative γ-PGA production pro-
vides an opportunity to utilize this large quantity of byproduct
(Dobson et al. 2012). Du et al. (2005) reported that glycerol
can affect the biosynthesis of cell membrane phospholipids
and their ester-linked fatty acids, which resulted in better
membrane permeability for enhanced secretion of γ-PGA.
As a matter of fact, glycerol has been used as a co-substrate
with glucose for cell growth and γ-PGA production of
B. licheniformis ATCC 9945a, B. subtilis NX-2, and
B. subtilis CGMCC0833 (Ko and Gross 1998; Wu et al.
2008, 2010).

Several B. licheniformis strains have been reported capable
of growing and synthesizing γ-PGA when using glycerol as
the carbon source (Cromwick et al. 1996; Du et al. 2005; Shih
et al. 2002). It is widely known that glycerol transport facili-
tator (GlpF) facilitates glycerol uptake through the cell mem-
brane in microorganisms such as Escherichia coli (Murarka
et al. 2008), Pseudomonas putida (Nikel et al. 2014),
Enterococcus faecalis (Bizzini et al. 2010), and B. subtilis
(Darbon et al. 2002). Two pathways are commonly involved
in glycerol catabolism. One is the GlpK pathway (aerobic or
respiration pathway) occurred in E. coli (Murarka et al. 2008).
This pathway initiates with ATP-dependent glycerol kinase
(GlpK) converting glycerol to glycerol-3-phosphate (glycerol-
3-P), which is oxidized to dihydroxyacetone phosphate
(DHAP) (Fig. 1). The other is the DhaK pathway (anaerobic
or fermentation pathway) occurred in Citrobactor freundii
(Yazdani and Gonzalez 2007). This pathway starts with
NAD+-dependent glycerol dehydrogenase (GldA) for catalysis
of glycerol to dihydroxyacetone, which is then phosphorylated
to DHAP by DHA kinase (DhaK) (Bizzini et al. 2010; Nikel
et al. 2014) (Fig. 1). For B. licheniformis, however, glycerol
catabolism pathway is still unknown. The appealing of using
crude glycerol in B. licheniformis requires a detailed investiga-
tion aboout the glycerol metabolism in this species, which

would then provide a guidance of using metabolic engineering
approach to enhance the glycerol uptake and γ-PGA produc-
tion by B. licheniformis. The aim of this study is to identify the
genes responsible for the glycerol assimilation of
B. licheniformisWX-02 strain and develop metabolic engineer-
ing approaches to improve its γ-PGA production by this strain.

Materials and methods

Bacterial strains, plasmids, and growth conditions

Bacterial strains and plasmids used in this work are listed in
Table S1. Escherichia coli DH5α was used for cloning;
B. licheniformis WX-02 strain (CCTCC M208065) was used
as the initial strain (Wei et al. 2010). E. coli DH5α and
B. licheniformis strains were grown at 37 °C in Luria
Bertani (LB) medium. The solid media contained 18 g L−1

agar. When necessary, the E. coli and B. licheniformis cultures
were added with 20 mg mL−1 kanamycin, 100 mg mL−1 am-
picillin, and 20 mg mL−1 tetracycline.

B. licheniformis seed were grown in 250-mL flasks con-
taining 50-mL LB medium. The flasks were maintained at
37 °C in a rotary shaker with 180 rpm. Cooper’s minimal
medium was used to growth experiments with minor modifi-
cations (Qiu et al. 2014). Themedium consists of (per liter) 5 g
NH4NO3, 60 mmol KH2PO4, 80 mmol Na2HPO4, 0.2 mmol
MnSO4·H2O, 0.8 mmol MgSO4·7H2O, 7 μmol CaCl2, and
4 μmol Na2-EDTA. The medium was supplemented with
2% (wt/vol) glycerol as the sole carbon source. Experiments
under aerobic conditions were performed with 250-mL
Erlenmeyer flasks, and the cultures were incubated at 37 °C
with vigorous agitation (180 rpm). While the anaerobic cul-
ture was performed in the 30-mL glass tubes sealed with rub-
ber stoppers under the static condition (Bizzini et al. 2010).

Fig. 1 Two catabolism pathways for glycerol utilization. GlpK, glycerol
kinase; GlpD, glycerol-3-phosphate dehydrogenase; GldA1/2, glycerol
dehydrogenase; DhaK, dihydroxyacetone kinase
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Both culture systems were inoculated with 2% (v/v) seed cul-
ture and contained 30 mL of Cooper’s medium.

The medium for γ-PGA production contained (per liter)
50 g glycerol, 12 g citric acid, 30 g sodium glutamate, 8 g
ammonium chloride, 1 g K2HPO4·3H2O, 1 g MgSO4·7H2O,
1 g ZnSO4·7H2O, 1 g CaCl2, and 0.15 g MnSO4·H2O. The
medium was adjusted to pH 7.2 before autoclaved at 115 °C.
The mediumwas then inoculated with 3% (v/v) seed culture in
250-mL Erlenmeyer flasks (50-mL working volume) and in-
cubated at 37 °C in a rotary shaker with at 180 rpm for 48 h.

Biodiesel-derived crude glycerol was obtained from Hebei
Longhai Biofuels Co., Ltd., China. The crude glycerol stream
(containing 82% glycerol, v/v) was diluted with deionized
water with a 1:4 ratio (v/v), and then treated with activated
carbon (1.5 g activated carbon per 100 mL diluted solution).
The mixture was agitated for 30 min at 60 °C, and centrifuged
at 12,000 rpm for 5 min. The supernatant was then filtered
through a paper filter to remove any remaining particles. The
resulting filtrates were analyzed for glycerol concentration.

Deletion of chromosomal genes and the promoter
replacements

The primers used for chromosomal manipulation are listed in
Table S2. Deletion of glpK, glpD, gldA1, gldA2, and dhaK
genes, and the replacements of the native promoter of glpFK
operon with P43, PytzE, or PbacA were performed following
our protocols reported previously (Qiu et al. 2014, 2016). The
T2(2)-ori vector was used for the gene deletions and promoter
replacement (Qiu et al. 2014). The P43, PytzE, and PbacA
promoters were amplif ied from B. subt i l i s 168,
B. licheniformis WX-02, and B. licheniformis DW2 (CCTCC
M2011344), respectively. The recombinant fragments were
constructed through splicing overlap extension PCR (SOE-
PCR). The fusing fragments were transformed into the T2(2)-
ori vector, generating recombinant plasmids which were trans-
formed into B. licheniformis WX-02 strain via electroporation
(Xue et al. 1999). The positive transformant was incubated in
LB medium containing kanamycin at 45 °C for 8 h and then
streaked onto LB agar containing kanamycin for 8 h incubation
to obtain single-crossover recombinants. The selected single-
cross clones were grown in LB medium at 37 °C with serial
subcultures to promote homologous recombination. The kana-
mycin sensitive colonies resulting from a double crossover
event were verified by PCR using the corresponding primers
(Table S2) and the gene-deleted clones and promoter-replaced
clones were verified by DNA-sequencing.

Complementary experiments for the WX-02ΔglpK
and WX-02ΔglpD strains

To complement the mutation strain WX-02ΔglpK and WX-
02ΔglpD, glpK and glpD were expressed in the shuttle vector

pHY300PLK, respectively (Qiu et al. 2016). The P43 promoter
was amplified from B. subtilis 168 genomic DNA, while glpK,
glpD, and the terminator of amyL gene were amplified from
B. licheniformis WX-02 genomic DNA. The P43 promoter,
gene fragment, and terminator were fused by SOE-PCR,
resulting in the fusing fragments P43-glpK-TamyL and P43-
glpD-TamyL, which were then respectively inserted into
EcoRI/XbaI-cut pHY300PLK to form the plasmid pHY-glpK
and pHY-glpD. The expression vector pHY-glpK and pHY-
glpD were transformed into the corresponding mutants.
Positive transformants with tetracycline resistance were verified
by PCR and DNA-sequencing.

Transcription analysis

Transcription analysis was performed according to the method
reported previously (Wang et al. 2016). The biomass of the
strains WX-02, WX02-P43glpFK, WX02-PytzEglpFK and
WX02-PbacAglpFK were harvested after being cultured in
flasks for 24 h, and subject to RNA extraction with TRIzol®
Reagent (Invitrogen, USA). DNase I enzyme (TaKaRa, Japan)
was used to digest DNA following the manufacturer’s instruc-
tions, and RevertAid First Strand cDNA Synthesis Kit
(Thermo, USA) was used to amplify the first stand of
cDNA. The real-time PCR was performed with SYBR®
Select Master Mix (ABI, USA) with the manufacturer’s in-
structions. The primers listed in Table S3 were used for am-
plifying the genes, and 16S rRNA from B. licheniformisWX-
02 strain was used as the reference gene to normalize the data.
The expression levels for the recombinant strains were com-
pared to the wild-type strain after normalization. All assays
were performed in triplicates.

Analytical procedures

For determination of cell growth, the fermentation broth was
centrifuged at 12,000 rpm for 10 min, the separated cells were
resuspended in distilled water, then were determined by the
absorbance at 600 nm with a spectrophotometer (Bio-Rad,
USA). Glutamic acid concentration was determined using a
SBA-40C bioanalyzer (Academy of Sciences, Shandong,
China) (Li et al. 2014). The concentrations of γ-PGA were
determined using a gel permeation chromatography (GPC)
system according to previous methods (Wang et al. 2016). In
brief, a TSKGel G6000 PWXLgel permeation chromatogram
column (7.8 mm × 300 mm, Tosoh, Tokyo, Japan) was used,
the samples were eluted with a mixture of 25 mmol L−1 sodi-
um sulfate solution: acetonitrile (8:1) at a flow rate of
0.5 mL min−1 and detected at 220 nm. The γ-PGAwas quan-
tified by the external standards.

To determine glycerol concentration, citric acid concentra-
tion, and other metabolites contents, cultures were appropriately
diluted with ethanol and the mixture was vortex mixed, then
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centrifuged at 12,000 rpm for 10 min to remove cells and γ-
PGA. The supernatant was then filtered through a Millipore
membrane with the pore size of 0.22 μm. The resulting filtrate
containing acetoin and 2,3-butanediol (2,3-BD) was transferred
to GC vials for further GC analysis (Agilent, USA). Acetoin
and 2,3-BD concentrations were determined by gas chromatog-
raphy method described previously (Qi et al. 2014). Organic
acids (citric acid, acetic acid, and lactic acid) concentrations
were determined by a high-performance liquid chromatography
(HPLC) method reported previously (Qiu et al. 2016). Glycerol
in the filtrate was quantified by a HPLC system (Agilent, USA)
with an evaporative light-scattering detector (ELSD, Agilent,
USA) with Inertsil NH2 column (250 mm × 4.6 mm, 5 μm; GL
Science Tokyo, Japan). The column was eluted with
acetonitrile-water (4:1, v/v) at 30 °C with 1 mLmin−1 flow rate.
The ELSD were set as the drift tube temperature of 50 °C and
gas flow of nebulizer of 1.6 L min−1. The glycerol was deter-
mined by the external standards.

Statistical analysis

All the experiments were performed in three replicates. The
data were represented as the mean value ± standard deviation.
The level of significance of the differences was evaluated by
means of ANOVA, with α = 0.05.

Results

Determination of glycerol metabolic pathway
in B. licheniformis WX-02

In silico analysis of the genome sequence of B. licheniformis
WX-02 (Yangtse et al. 2012) revealed that the putative genes
involving in the GlpK pathway were clustered in the glp loci
and the putative genes encoding enzymes of the DhaK path-
way were scattered into three gene structures encoding for
putative glycerol dehydrogenase (GldA1 and GldA2), and
putative dihydroxyacetone kinase (DhaK), respectively (data
not shown). Several mutant strains were constructed to inves-
tigate its glycerol catabolism pathways (Table S1). The growth
of those mutants under aerobic or anaerobic conditions was
tested using glycerol as the sole carbon source.

Under aerobic condition, the B. licheniformisWX-02 strain
proved to use glycerol as the carbon source (Fig. 2). However,
neither ΔglpK nor ΔglpD mutant could use glycerol as the
carbon source (Fig. 2), indicating the essentiality of both glpK
and glpD in the glycerol utilization in B. licheniformis WX-
02. Figure 2 also shows that the growth of the mutant strains
with deletion of either gldA1/gldA2 or dhaK was almost the
same as that of the wild-type strain, indicating that the defect
of DhaK pathway had little influence on glycerol utilization.

Under anaerobic condition, B. licheniformis requires an
electron acceptor, e.g., nitrate. Therefore, B. licheniformis
WX-02 was able to grow in glycerol-containing medium with
the addition of ammonium nitrate (Fig. 3). However, neither
the mutants WX-02ΔglpK nor WX-02ΔglpD could grow on
glycerol-containing medium (Fig. 3). The growth of WX-
02ΔgldA1, WX-02ΔgldA2, and WX-02ΔdhaKwere similar
to the wild-type strain (Fig. 3). These results indicated that the
GlpK pathway was functional and the DhaK pathway was
inactive under the anaerobic condition.

Fig. 2 Growth of the wild-type and the knockout strains of
B. licheniformis under aerobic condition. Glycerol (20 g L−1) was used
as the carbon source. Symbols for different strains: wild-type strain WX-
02 (■), mutant ΔglpK (△), mutant ΔglpD (◇), mutant ΔgldA1 (▲),
mutant ΔgldA2 (◆), and mutant ΔdhaK (●). Data are represented as the
means of three replicates and bars represent the standard deviations

Fig. 3 Growth of the wild-type and the knockout strains of
B. licheniformis under anaerobic condition. Glycerol (20 g L−1) was
used as the carbon source. Symbols for different strains: wild-type
strain WX-02 (■), mutant ΔglpK (△), mutant ΔglpD (◇), mutant
ΔgldA1 (▲), mutant ΔgldA2 (◆), and mutant ΔdhaK (●). Data are
represented as the means of three replicates and bars represent the
standard deviations
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Collectively, above results indicated in either aerobic or
anaerobic conditions, DhaK pathway was inactive in glycerol
metabolism and the GlpK pathway was the major pathway
involving in glycerol metabolism in B. licheniformis. To fur-
ther confirm the glycerol metabolism in B. licheniformis, the
complementary strains of glpK (WX-02ΔglpK/pHY-glpK)
and glpD (WX-02ΔglpD/pHY-glpD) were constructed, re-
spectively. The two complementary strains successfully re-
stored their abilities of utilizing glycerol for the growth, with
comparable biomass to that of the wild-type (Fig. 4). These
results further confirmed that glycerol was metabolized
through the GlpK pathway in B. licheniformisWX-02.

Enhancement of glycerol consumption and γ-PGA
production by replacing glpFK promoter

Since B. licheniformis WX-02 utilize glycerol through the
GlpK pathway, and GlpF is widely known as the glycerol
uptake facilitator with GlpK being the rate-limiting enzyme

(EC. 1976), it is reasonable to speculate that the enhanced
GlpFK activity facilitates glycerol utilization. Therefore, re-
placing glpFK promoter by a stronger promoter (P43, PbacA,
or PytzE) was attempted; the resultant mutants were denoted
as WX02-P43glpFK, WX02-PbacAglpFK, and WX02-
PytzEglpFK, respectively. The glycerol consumption and γ-
PGA production were then evaluated for the wild-type strain
(WX-02) and the three mutant strains. As shown in Table 1,
the glycerol consumption of the mutantWX02-P43glpFKwas
higher (30.09%) than that of the WX-02 strain. This mutant
strain also produced 17.65 g L−1 γ-PGA, 33.71% higher than
that of the WX-02 strain. The mutants WX02-PytzEglpFK
and WX02-PbacAglpFK produced 16.29 and 17.17 g L−1 γ-
PGA, which were 23.39 and 30.05% higher than that of the
wild-type strain, respectively. The glycerol consumption of
WX02-PytzEglpFK and WX02-PbacAglpFK were 26.42
and 18.8% higher than that of the wild-type strain (Table 1).

To further explore the effect of replacing glpFK promoter
on glycerol consumption, the transcript levels of glpF, glpK,
and glpD were measured in the wild-type strain and the mu-
tants. As shown in Fig. 5, replacing the glpFK promoter with
stronger promoters resulted in the upregulation of the

Fig. 4 Cell growth of the control strain (WX-02), knockout strains (WX-
02ΔglpK and WX-02ΔglpD), and their corresponding complementary
strains. The cells were grown in minimal medium containing 20 g L−1

glycerol for 14 h. Data are represented as the means of three replicates and
bars represent the standard deviations

Table 1 Comparison of cell growth, glycerol consumption, and γ-PGA production by different B. licheniformis strains

B. licheniformis strains Biomass
(OD600)

Glycerol consumption
(g L−1)

Glycerol consumption rate
(g L−1 h−1)

γ-PGA yield
(g L−1)

γ-PGA productivity
(g L−1 h−1)

WX-02 10.58 ± 0.54 22.35 ± 1.79 0.47 13.2 ± 0.53 0.28

WX02-P43glpFK 13.51 ± 0.89 29.08 ± 1.98 0.61 17.65 ± 1.8 0.37

WX02-PytzEglpFK 13.17 ± 1.12 28.26 ± 1.06 0.59 16.29 ± 0.69 0.34

WX02-PbacAglpFK 12.80 ± 0.36 26.56 ± 1.27 0.55 17.17 ± 0.31 0.36

Strains were grown in 250-mL flasks containing 50-mL medium and incubated in a rotary shaker with 180 rpm at 37 °C for 48 h. The initial glycerol
concentration was 50 g L−1 . Data are presented as mean ± SDs of three replicates

Fig. 5 The transcription levels of selected genes in different
B. licheniformis strains (WX02-P43glpFK, WX02-PytzEglpFK, WX02-
PbacAglpFK, and the wild-type strain WX-02)
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transcriptions of the glpF, glpK, and glpD, with the expression
levels of the three genes displayed a similar trend to the glyc-
erol consumption. Collectively, the above results show the
mutant WX02-P43glpFK is the best strain that leads to the
highest glycerol consumption and γ-PGA production.

Substrate consumption, cell growth, and metabolites
production of the mutant WX02-P43glpFK

The kinetics of cell growth, glycerol consumption, citric acid
consumption, glutamic acid consumption, production of γ-
PGA, and the major metabolites (2,3-BD, acetoin, acetic
acid, and lactic acid) of the mutant WX02-P43glpFK were
evaluated to provide an insight on the effects of strengthening
glycerol catabolism pathway in B. licheniformis (Fig. 6). The
results of the wild-type strain WX-02 was also presented as
the comparison baseline. As shown in Fig. 6a, the growth of
WX02-P43glpFK strain was similar to the WX-02 strain in
the first 32 h, but had a higher biomass afterwards. The mutant
also accumulated higher γ-PGA than the WX-02 strain
(Fig.6a). The WX02-P43glpFK strain also exhibited higher
utilizations of glycerol, citric acid, and glutamic acid than that

of the WX-02 strain (Fig. 6b). Acetoin and 2,3-BD as impor-
tant overflow metabolites in the γ-PGA production were also
monitored during the fermentation period. Acetoin was accu-
mulated by both the mutant and the wild-type strain with
comparable levels; while, 2,3-BD yield in the WX02-
P43glpFK was much higher than that of the WX-02 (Fig.
6c). Figure 6d shows the accumulation of the acetic acid and
lactic acid, another two overflow metabolites in the γ-PGA
production; the WX02-P43glpFK strain produced less acetic
acid and lactic acid than the WX-02 strain (Fig. 6d).

Use of biodiesel-derived glycerol for γ-PGA production
by the WX02-P43glpFK strain

Above results demonstrated that the mutant WX02-P43glpFK
produced the highest γ-PGAwith the glycerol utilization ca-
pacity, therefore, biodiesel-derived crude glycerol was further
used to grow this strain. As shown in Table 2, when 65 g L−1

crude glycerol (the equivalent to 50 g L−1 pure glycerol) was
added as the carbon source, the WX02-P43glpFK strain pro-
duced 16.63 g L−1 γ-PGA, corresponding a productivity of
0.35 g L−1 h−1, higher than that from the wild-type WX-02

Fig. 6 Fermentation profile of B. licheniformis WX-02 and WX02-
P43glpFK strain in the flask-shaking experiments for γ-PGA
production. a Biomass density and γ-PGA yield. b Residual glycerol,
residual glutamate, and residual citric acid. c Acetoin and 2,3-BD

concentrations, e Lactic acid and acetic acid concentrations. Data are
represented as the means of three replicates and bars represent the stan-
dard deviations
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strain (0.28 g L−1 h−1). These results clearly show the potential
of using biodiesel-derived glycerol for high-level production
of γ-PGAwith metabolic manipulation of B. licheniformis.

Discussion

Glycerol catabolism pathways have been researched in many
organisms (Bizzini et al. 2010; Holmberg et al. 1990; Murarka
et al. 2008; Nikel et al. 2014; Oren 2017). The glycerol catab-
olism pathways in B. licheniformis has been unknown. In this
study, it was revealed that orthologues of GlpK and GlpD
belong to the GlpK pathway in the B. subtilis genome. The
genes encoding putative glycerol dehydrogenase (the gldA1
and gldA2) are present in two loci of B. licheniformis WX-
02 chromosome. The gene dhaK encoding the dihydroxy-
acetone kinase has been identified in Citrobacter (ATP de-
pendent) (Daniel et al. 1995) and E.coli (PEP dependent)
(Gutknecht et al. 2001). This work identified an ATP-
dependent putative dihydroxyacetone kinase encoding
gene (dhaK) in B. licheniformis WX-02 strain.

Two distinct glycerol catabolism pathways exist in
E. faecalis MMH594 and Pseudomonas putida KT2440
(Bizzini et al. 2010; Nikel et al. 2014). In this work, in silico
analysis of the genome sequence of B. licheniformis WX-02
strain revealed the genes encoding enzymes in the GlpK
pathway and the DhaK pathway exist in this strain. Previous
studies indicated that glycerol might be metabolized through
the GlpK pathway under the aerobic growth condition or
through the DhaK pathway under the anaerobic condition
(Bizzini et al. 2010; Jacobs and VanDemark 1960). In this

work, it shows that glycerol catabolism of B. licheniformis
was different from the previous reports (Jacobs and
VanDemark 1960). The ΔglpK or ΔglpD mutants failed to
grow on glycerol under either aerobic or anaerobic condition
(Figs. 2 and 3). The results indicated that GlpK pathway is
essential for glycerol catabolism inWX-02 in either aerobic or
anaerobic condition. Furthermore, the complementary strains
glpK and glpD restored glycerol catabolism, with comparable
growth to that of the wild-type strain. These complementation
results further confirmed that the involvement of GlpK
pathway in B. licheniformis for its glycerol catabolism. The
growth of WX-02ΔgldA1, WX-02ΔgldA2, and WX-
02ΔdhaK mutants were similar to that of the wild-type strain,
indicating little effect of DhaK pathway on the growth of WX-
02 strain. The GldA1 fromWX-02 strain has been investigated
for its catalytic activities on various substrates (Qiu et al. 2016).
It exhibited the high activity on D-2,3-BD and low activity on
glycerol (Qiu et al. 2016). Thus, the DhaK pathway of
B. licheniformisWX-02 was regarded as an inactive or a silent
glycerol catabolism pathway. Alternatively, the enzymes in
the DhaK pathway may have other functions such as catalysis
of D-AC to D-2,3-BD by GldA1 (Qiu et al. 2016). All these
results indicated that B. licheniformis WX-02 uses GlpK path-
way to use glycerol.

Compared to other carbon sources such as glucose,
glycerol has more reducing equivalents, and thus is capable
of producing high-yield fuels and chemicals such as γ-PGA
production (Chen and Liu 2016). However, the glycerol con-
sumption rate inB. licheniformiswas generally lower than that
of glucose, leading to the reduced γ-PGA production (Yao
et al. 2015). Since glpFK forms an operon, and glpK is the

Table 2 Comparison of γ-PGA production by various Bacillus strains using glycerol as a carbon source

Strains Main nutrients (g L−1) Culture time
(h)

γ-PGA yield
(g L−1)

γ-PGA Productivity
(g L−1 h−1)

Reference

B. licheniformis ATCC 9945a Glycerol 80,
citric acid 12, glutamic acid 20

96 17–23 0.18–0.24 (Cromwick et al. 1996)

B. licheniformis CCRC 12826 Glycerol 157.11, citric acid 24.5,
glutamic acid 57.3

96 19.62 0.2 (Shih et al. 2002)

B. subtilis RKY3 Glycerol 17.6, glutamic acid 59.6 24 48.7 2.03 (Jeong et al. 2010)

B. subtilis IFO 3335 Glycerol 20, citric acid 20, glutamic
acid 30

96 10–20 0.1–0.21 (Goto and Kunioka 1992)

B. subtilis C1 Glycerol 170, citric acid 22, 144 21.4 0.15 (Shih et al. 2005)

B. licheniformis WBL-3 Glycerol 70, citric acid 10, glutamic
acid 20

96 19.3 0.2 (Du et al. 2005)

B. subtilis BL53 Glycerol 80, citric acid 12, glutamic
acid 20

72 10.4 0.14 (da Silva et al. 2009)

B. licheniformis
WX-02

Glycerol 50, citric acid 12, sodium
glutamate 30

48 13.2 0.28 This study

B. licheniformis
WX02-P43glpFK

Glycerol 50,
citric acid 12, sodium glutamate 30

48 17.65 0.37 This study

B. licheniformis
WX02-P43glpFK

Crude glycerol 65, citric acid 12,
sodium glutamate 30

48 16.63 0.35 This study
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rate-limiting step in GlpK pathway (Clomburg and Gonzalez
2013), overexpression of glpF and glpK in B. licheniformis
may increase glycerol flux. Use of stronger promoters has
been reported to generate higher transcription for the
lichenysin production in B. licheniformis (Qiu et al. 2014).
In this study, the replacement of the native promoter of
glpFK with stronger promoters (P43, PbacA and PytzE) also
promotes the glycerol consumption and γ-PGA production
(Table 1). Among these three promoters, P43 is most effective
for glycerol catabolism (Table 1 and Fig. 5). The mutant
WX02-P43glpFK strain exhibited the highest glycerol con-
sumption rate.

Our study shows that overexpression of the glpFK operon
genes affected the whole cellular metabolism (Fig. 6).
Compared to the wild-type strain, the mutant WX02-
P43glpFK increased its flux through the 2, 3-BD biosynthesis
pathways, resulting in lower accumulation of acetic acid and
lactic acid. The elevated glycerol consumption led to an
NADH surplus and a high intracellular NADH/NAD+ ratio;
the 2,3-BD production was mainly attributed to this excess
reducing equivalents (Wang et al. 2017). Previous research
reported that biosynthesis of acetoin and 2,3-BD helped to
maintain intracellular redox and pH homeostasis (Tsau et al.
1992). The mutant WX02-P43glpFK had a higher utilization
rate of citric acid, an important intermediate in tricarboxylic
acid cycle (TCA cycle) providing cellular energy and carbon
skeleton (Ruffing and Chen 2011) and regulating the metabol-
ic fluxes in glycolysis, pentose phosphate pathway, and TCA
cycle (Chen et al. 2010). The transcriptional profiles of key
genes were measured by qRT-PCR (Fig. S1). The expression
levels of icd, citZ, and citB genes involved in the TCA cycle
were upregulated by 1.12-fold, 1.29-fold, and 1.6-fold, re-
spectively, while the transcription levels of the regulator genes
ccpC and codY were downregulated (Fig. S1). The regulator
CcpC can repress citZ and citB genes, CodY also can repress
citB gene, and active the acetate and lactate biosynthesis path-
ways (Sonenshein 2007). All these results indicate that the
relative flux distribution through the TCA cycle was in-
creased, resulting in more energy, NADH and glutamate,
and affecting the cellular metabolism. The metabolic flux of
the mutant WX02-P43glpFK should be analyzed to elucidate
the glycerol metabolism.

For B. licheniformis WX-02, γ-PGA can be produced
without L-glutamate, although external addition of gluta-
mate could increase γ-PGA production. In this paper, the
utilization glutamic acid increased (Fig. 6b) and the expres-
sion of gltT encoding glutamate transport protein of the
mutant WX02-P43glpFK was 1.99 times higher than the
WX-02 (Fig. S1). The upregulation of gltT gene supported
the higher glutamate consumption rate of the WX02-
P43glpFK. The 13C labeling metabolic flux analysis may
be used to elucidate the metabolic flux of γ-PGA in the
future study (Yao et al. 2010).

Biodiesel-derived glycerol has been considered as a waste
in biofuel industry (Mattam et al. 2013). Microbial conversion
of glycerol into value-added products can be an ideal option to
utilize this waste material (Yang et al. 2012). The use of glyc-
erol for microbial production of γ-PGA not only reduces the
cost of γ-PGA production, but also improves the economic
viability of the biodiesel industry. This study elucidated the
GlpK pathway as the sole functional glycerol catabolism path-
way in B. licheniformis. Through the promoter replacement,
the mutant WX02-P43glpFK was successfully constructed as
the ideal strain for enhancing glycerol utilization and γ-PGA
production, with 16.63 g L−1 γ-PGA titer and 0.35 g L−1 h−1

γ-PGA productivity when using biodiesel-derived crude glyc-
erol as the carbon source (Table 2). The establishment of this
mutant can be a substantial progress towards industrial γ-
PGA production.
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