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Abstract

Purpose: D-psicose-3-epimerase (DPEase) catalyses the isomerisation of D-fructose to D-psicose, a rare sugar in
nature with unique nutritional and biological functions. An effective industrial-scale method is needed for D-psicose
production. Herein, the expression of a neutral and a slightly acidic pH DPEase in Bacillus subtilis was evaluated.

Methods: Two DPEase genes from Clostridium bolteae and Dorea sp. were separately expressed in B. subtilis via
plasmid pSTOP1622, and an extra P43 promoter was employed to the expression cassette. The fermentation
conditions of the engineered B. subtilis strains were also optimised, to facilitate both cell growth and enzyme
production.

Result: The introduction of P43 promoter to the two DPEase genes increased enzyme production by about 20%.
Optimisation of fermentation conditions increased DPEase production to 21.90 U/g at 55 °C and 24.01 U/g at 70 °C
in B. subtilis expressing C. bolteae or Dorea sp. DPEase, equating to a 94.67% and 369.94% increase, respectively,
relative to controls.

Conclusion: Enhanced DPEase production was achieved in B. subtilis expressing C. bolteae or Dorea sp. DPEase
genes.
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Introduction
D-psicose, the C-3 epimer of D-fructose, is rarely found
in nature. It has 70% relative sweetness but 0.3% energy
of sucrose and is suggested as an ideal substitute for
sucrose in foodstuffs due to its low energy and safety
(generally recognised as safe (GRAS)) (Zhang et al.
2017b). Recently, D-psicose has attracted increasing
attention for its ability reduce blood glucose levels and
intra-abdominal fat accumulation, protect against ath-
erosclerosis, and scavenge reactive oxygen species (ROS)
(Chen et al. 2019; Shintani et al. 2017). Also, some D-psi-
cose derivatives exhibit anti-cancer and anti-viral activities

(Lim and Oh 2011; Yadav et al. 2018). Currently, D-psicose
is only found in limited quantities in some natural plants
such as cane and wheat (Mu et al. 2012). Therefore, it is
necessary to develop a method for D-psicose production
to meet the increasing market demand.
In the Izumoring strategy, biological production of

D-psicose from D-fructose is catalysed by D-psicose-3-
epimerase (DPEase) (Granstrom et al. 2004). Heterol-
ogous expression of microbial DPEases have been
achieved in Escherichia coli, with D-psicose producti-
vity of 20 to 30% (Jia et al. 2014; Tseng et al. 2018;
Zhang et al. 2015). Nevertheless, products from re-
combinant E. coil can be controversial for food-grade
production (Chen et al. 2016a). As a promising host,
the Gram-positive bacterium Bacillus subtilis is
attractive because it is non-pathogenic and has ac-
quired GRAS status (Tännler et al. 2008). Moreover,
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B. subtilis exhibits no codon preferences and does not
produce inclusion bodies, both of which may dramat-
ically enhance the production of enzymes (Cui et al.
2017). B. subtilis is now one of the most commonly
used hosts in industrial enzyme production processes.
During industrial monosaccharide bioconversion

processes, maintaining a slightly acidic pH can effect-
ively reduce non-enzymatic reactions and the accu-
mulation of unnecessary by-products (Sang-Jae et al.
2005). For all DPEases identified to date, the most
suitable working conditions are weak alkalinity, except
for two enzymes from Clostridium bolteae and Dorea
sp. (Jia et al. 2014; Zhang et al. 2015). Heterologous
expression of DPEase from Ruminococcus sp. DPEase,
Clostridium scindens, and Agrobacterium tumefaciens
in B. subtilis cells or spores has been accomplished
(Chen et al. 2016a; He et al. 2016a; He et al. 2016b).
However, the expression of DPEases from C. bolteae
and Dorea sp. has received minimal attention. In
industrial-scale processes, whole-cell systems can
minimise damage from external environmental factors,
maintain stability under high-temperature conditions
(Zhang et al. 2017a), and facilitate the application of
desired enzymes.
In the present study, production of D-psicose was

achieved via a whole-cell reaction by expressing
DPEase from C. bolteae and Dorea sp. in B. subtilis.
Additionally, the strength of the promoter, induction
conditions, and optimal fermentation conditions
were investigated to maximise overproduction of
DPEase.

Materials and methods
Bacterial strains, plasmids, and DNA manipulation
DPEase-encoding genes from C. bolteae ATCC BAA-
613 (Genbank: CP022464.2) and Dorea sp. CAG317
(Genbank: FR892665.1) were artificially synthesised with
codon optimisation by Sangon (Shanghai China), and the
gene sequences were available in the Additional file 1.
During the experimental process, most molecular biology
manipulation methods used for plasmid construction and
gene amplification by PCR were performed using standard
reagents and procedures. CaCl2-mediated transformation
of E. coli competent cells and two-step transformation
of B. subtilis were performed as described previously
(Kim 2017).

Culture media and growth condition
Strains used in this study are listed in Table 1. E. coli
DH5α (TaKaRa, Dalian, China) served as a host for clon-
ing manipulation and plasmid amplification. B. subtilis
WB800 was used as a host for DPEase expression. The
inducible shuttle vector pSTOP1622 was used for
DPEase gene expression. E. coli and B. subtilis WB800
transformants were incubated in Luria-Bertani (LB)
medium containing peptone (1%), yeast extract (0.5%),
and NaCl (1%), supplemented with ampicillin (100 μg/
mL) and agar (1%) as appropriate. Engineered B. subtilis
cells were fermented in basal medium containing glu-
cose (10 g/L), yeast extract (15 g/L), Na2HPO4 (1 g/L),
MgSO4·7H2O (0.5 g/L), and NaCl (8 g/L), supplemented
with tetracycline (20 μg/mL) as appropriate. E. coli and
B. subtilis strains were incubated at 37 °C with shaking

Table 1 Strains and plasmids used in this study

Strains and plasmids Description Source

Strains

Escherichia coli JM109 Cloning host Sangon

Bacillus subtilis WB800 Expression host Lab stock

WB800/pSTOP1622 WB800 harbouring pSTOP1622 This work

WB800/pSTOP1622-Cb-DPEase WB800 harbouring pSTOP1622-Cb-DPEase This work

WB800/pSTOP1622-P43-Cb-DPEase WB800 harbouring pSTOP1622-P43-Cb-DPEase This work

WB800/pSTOP1622-Ds-DPEase WB800 harbouring pSTOP1622-Ds-DPEase This work

WB800/pSTOP1622-P43-Ds-DPEase WB800 harbouring pSTOP1622-P43-Ds-DPEase This work

Plasmids

T-vector-pMD19 (simple) TaKaRa

PUC-Cb-DPEase Ampr; lacZ Sangon

PUC-Ds-DPEase Ampr; lacZ Sangon

pSTOP1622 Ampr; Tetr, E. coil/B. subtilis shuttle plasmid, PxylA promoter Lab stock

pSTOP1622-Cb-DPEase Ampr; Tetr, pSTOP1622/Cb This work

pSTOP1622-P43-Cb-DPEase Ampr; Tetr, pSTOP1622/ P43-Cb This work

pSTOP1622-Ds-DPEase Ampr; Tetr, pSTOP1622/Ds This work

pSTOP1622-P43-Ds-DPEase Ampr; Tetr, pSTOP1622/P43-Ds This work
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at 200 r/min. All experiments were repeated at least
three times, and mean values were used for comparison.

Construction and transformation of recombinant plasmids
Primers used in this study are listed in Table 2. The en-
dogenous P43 promoter was amplified from the B. subti-
lis WB800 chromosome using primer pairs P1/P2 and
P1/P5. DPEase-encoding genes from C. bolteae (cb-dpe)
and Dorea sp. (ds-dpe) were amplified via PCR using
PUC-cb-dpe and PUC-ds-dpe templates and P3/P4 and
P6/P7 primer pairs, respectively. Primer P2 is the reverse
complement of primer P3, and primer P5 is the reverse
complement of P7. The P43 promoter was fused with
cb-dpe or ds-dpe to generate an expression cassette via
splicing overlap extension PCR (SOE-PCR) using P1 and
P4, or P1 and P7 primers, respectively. Finally, P43-cb-
dpe and P43-ds-dpe expression cassettes were incorpo-
rated into the pMD-19T vector.
During the experimental process, a facile method was

applied to construct the dpe gene expression plasmid,
involving a sequence-independent approach without re-
striction enzymes or ligases. The procedure consists of
three steps: (1) the expression vector pSTOP1622 was
digested with BamH I; (2) DNA multimers were subse-
quently generated based on the vector fragments, and
cb-dpe, ds-dpe, P43-cb-dpe, and P43-ds-dpe fragments
were amplified by prolonged overlap extension PCR
(POE-PCR) without primers. The resulting chimeric
pSTOP1622-cb-dpe, pSTOP1622-ds-dpe, pSTOP1622-
P43-cb-dpe, and pSTOP1622-P43-ds-dpe plasmids were
transformed into E. coli DH5α, and transformants were
grown on LB agar plates supplemented with ampicillin;
and (3) DNA multimers were transformed into B. subti-
lis WB800 competent cells, and transformants were
selected on LB agar plates containing tetracycline.

Preparation of crude enzymes and sodium dodecyl
sulphate-polyacrylamide gel electrophoresis
B. subtilis cells harbouring C. bolteae or Dorea sp.
DPEase were harvested by centrifugation at 8000 r/min
for 5 min. After washing three times, recombinant cells

were resuspended in 50 mM Tris-HCl (pH 7.5) buffer
containing 20 mg/mL lysozyme and 500 mM NaCl. The
cell suspension was incubated at 37 °C for 30 min, and
cells were disrupted by sonication for 10 min on ice (300
W, 2 s pulses, 3 s pauses). Unbroken cells and cell debris
were removed by centrifugation.
The crude enzyme was analysed by SDS-PAGE and

Coomassie Brilliant Blue R-250 staining as described in
a previous report (Wanmeng et al. 2011). Electrophor-
esis was performed using a 12% polyacrylamide gel at
room temperature, and premixed protein markers were
obtained from TaKaRa.

B. subtilis whole-cell reaction
To evaluate the B. subtilis whole-cell reaction, 500 μL of
100 g/L D-fructose in 50 mM Tris-HCl (pH 7.5) served
as a substrate, and 500 μL of washed wet engineered B.
subtilis WB800 strains resuspended in 50 mM
phosphate-buffered saline (PBS) buffer (pH 7.5) and
served as an enzyme solution for measuring DPEase ac-
tivity. Reactions were performed at 55 °C for 10 min and
terminated by boiling at 100 °C for 5 min (He et al.
2016c). The resulting D-psicose in the mixture was fil-
tered with 0.22 μm membrane before being measured
via high-performance liquid chromatography (HPLC)
using a Sugar-Pak1 column (300 mm × 6.5 mm; Waters,
Wexford, Ireland) and a 2414 refractive index detector
(Waters, Wexford, Ireland). The column was eluted with
fresh ultra-pure water at a constant flow rate of 0.4 mL/
min at 85 °C (Kai et al. 2018). One unit of DPEase acti-
vity was defined as the amount of enzyme that catalysed
the production of 1 μmol D-psicose per minute (Chen
et al. 2017).

Optimisation of fermentation conditions
We examined the efficiency of DPEase assays using
whole-cell reactions to determine optimal carbon and
nitrogen sources. Glucose (1% w/v) in the basal medium
was replaced separately with sucrose, glycerol, fructose,
lactose, or starch. Yeast extract (2% w/v) in the basal
medium was substituted by beef extract, soy peptone,
tryptone, casein, or peptone.
To determine the optimal culture induction time, we

varied the xylose inducing time from 0 to 12 h and
calculated the recombinant DPEase enzyme activity, as
described above. The optimum inducer concentration
was also investigated by testing xylose concentrations
from 0 to 25 g/L.
To explore the effect of pH on DPEase activity, sub-

strate pH ranges from 5.0 to 9.0 were tested using three
buffer systems (50 mM): acetate buffer (pH 4.5 to 6.0),
phosphate buffer (pH 6.0 to 7.0), and Tris-HCl buffer
(pH 7.0 to 9.0). Again, DPEase activity was measured
using the whole-cell reaction method.

Table 2 Primers used in this study

F/
R

Primer sequence (5′-3′)

P1 TCTCCGGAGCTCCCGGGATCCATGCGTTACTTCAAAGAAGAAGTTGC

P2 TCTCCGGAGCTCCCGTGATAGGTGGTATGTTTTCGCTTG

P3 CAACTTCTTCTTTGAAGTAACGCATCTGTTCATGTGTACATTCCTCTT

P4 AAGAGAGGAATGTACACATGAACAGATGCGTTACTTCAAAGAAGAA
GTTG

P5 CATGCGGCCGGTACCGGATCCTTAGATACCGAAAACGTGCCTACA

P6 TCTCCGGAGCTCCCGGGATCCATGAAACACGGTATCTACTACGCTTAC

P7 CATGCGGCCGGTACCGGATCCTTATTTCCAGTCAAGCATGTATTTTG
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To address the effect of temperature on DPEase activity,
we set the reaction temperature between 45 and 85 °C,
and the activity of DPEase was measured according to
the above method.

Results
Heterologous expression of DPEase in B. subtilis
In this work, DPEase genes from C. bolteae and Dorea sp.
strains were expressed in B. subtilis WB800 using the in-
ducible episome plasmid pSTOP1622, resulting in engi-
neered B. subtilis strains WB800-cb and WB800-ds. The
theoretical molecular mass of recombinant Cb-DPEase
and Ds-DPEase is 34.2 kDa and 32.7 kDa, respectively,
based on the respective 302 and 290 amino acid se-
quences. Expression of DPEases in B. subtilis was induced
by xylose, and recombinant enzymes were verified by
SDS-PAGE analysis (Fig. 1). After incubation for 24 h in
the basal medium at 37 °C with shaking at 200 r/min, the
activities of recombinant DPEases from C. bolteae and
Dorea sp. reached 11.25 U/g and 6.22 U/g, respectively.

Exploring the regulation effect of a dual-promoter system
on DPEase expression
Promoters are important regulatory elements in expres-
sion systems, and dual promoter induced various expres-
sion effects in previous reports (Liu et al. 2019; Yang
et al. 2013). To address the strength of promoter on
DPEase expression, a constitutive promoter P43 was

employed to the expression cassette (Fig. 2). The SDS-
PAGE results indicated an increase in the protein ex-
pression level under the promoter of P43, compared to
control (Fig. 1). Also, the introduction of P43 increased
the DPEase activity to 13.62 U/g and 7.36 U/g in
engineered B. subtilis strains harbouring C. bolteae and
Dorea sp. DPEase genes, 21.07% and 18.32% higher than
that of the control, respectively.

Optimisation of xylose induction conditions
The PxylA promoter in vector pSTOP1622 is strictly regu-
lated by xylose (Bhavsar et al. 2001). To optimise the
DPEase production, a more detailed analysis of B. subtilis
WB800-cb and WB800-ds cultivation was performed.
With 0.5% xylose as an inducer, the activity of Cb-DPEase
and Ds-DPEase in WB800 was monitored from 0 to 12 h
at intervals of 2 h, and the highest activity was 13.55 U/g
and 6.54 U/g, respectively, at 6 h (Fig. 3a, b). These results
revealed that dpe genes could be induced by xylose, and
the expression appeared to correspond with DPEase cataly-
sis. In addition, enzyme assays confirmed that DPEase pro-
duction increased gradually within the first 6 h then
decreased as the induction time was extended for both B.
subtilis WB800-cb and WB800-ds. Therefore, 6 h was con-
sidered the optimal induction time for DPEase production.
Xylose can also be consumed as a carbon source by B.

subtilis. To ensure that the xylose concentration was suf-
ficient to regulate the expression of the DPEase genes,
we evaluated the effect of xylose concentration (0, 2, 6,
10, 15, 20, and 25 g/L) on the enzyme activity. The re-
sults showed that Cb-DPEase and Ds-DPEase achieved
maximum enzyme activities of 17.50 U/g and 18.01 U/g,
respectively, at 15 g/L xylose (Fig. 3c, d). Additionally,
DPEase activities tended to increase with increasing
xylose concentration up to 15 g/L, then gradually declined.
Thus, a xylose induction concentration of 15 g/L was
considered optimal.

Optimisation of fermentation conditions
Carbon and nitrogen sources are vital components for the
synthesis of microbial cell proteins and nucleic acids
(Kand et al. 2018). To maximise DPEase production, the
effects of different carbon and nitrogen sources on

Fig. 1 SDS-PAGE analysis of recombinant DPEase expression in B.
subtilis. Lane M, protein molecular weight markers; lane 1,
recombinant strain WB800-P43-Cb; lane 2, recombinant strain
WB800-Cb; lane 3, recombinant strain WB800-P43-Ds; lane 4,
recombinant strain WB800-Ds; lane 5, strain WB800
(negative control)

Fig. 2 Construction of a P43-DPE tandem promoter
expression cassette
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recombinant DPEase expression were evaluated by meas-
uring the enzyme activity. As shown in Fig. 4a, b, among
the five carbon sources tested, maximum Cb-DPEase and
Ds-DPEase production was achieved using lactose, which
yielded enzyme activity of 17.30 U/g and 8.88 U/g, re-
spectively. Supplementation with the monosaccharides
lactose or fructose stimulated expression of DPEases.
Under the same conditions, glycerol and starch increased
cell growth but decreased DPEase activity relative to glu-
cose. Specifically, glycerol doubled the growth rate com-
pared to lactose, but only trace amounts of DPEase were
produced, possibly because it enhanced the competitive
growth ability of the strains (Espinoza-Molina et al. 2016).
Different nitrogen sources also impacted the yield of re-

combinant DPEases. Beef extract was the best nitrogen
source for strain WB800-cb, while soy peptone was the best
for WB800-ds, with relative enzyme activities of 14.22 U/g
and 8.33 U/g, respectively. The comparison of nitrogen
sources for WB800-cb showed that soy peptone achieved
more vigorous cell growth, but enzyme production was

only half of that achieved by casein peptone as a nitrogen
source (Fig. 4c, d). These results could be because casein
peptone contains a wide range of amino acids, peptides,
and proteins, as well as small amounts of sugars and growth
factors required by the organism (Liu et al. 2018).

Optimisation of pH and temperature conditions for
whole-cell biocatalyst
The effect of pH on the enzymatic activity of DPEases
from C. bolteae and Dorea sp. was also evaluated. The
optimal pH for both enzymes was pH 7.0 and 6.0, and
Cb-DPEase exhibited a high relative activity at pH values
ranging from 6.5 to 7.5 (Fig. 5a), with an enzyme activity
reaching 11.35 U/g. Meanwhile, Ds-DPEase exhibited
high relative activity at pH values ranging from 5.5 to
6.5, with an enzyme activity reaching 6.82 U/g (Fig. 5b).
Temperature plays an important role in the bioproduc-

tion of engineered enzymes; thus, we investigated the yield
of DPEase under temperature between 45 and 85 °C with
an interval of every 5 °C. The enzyme activity in engineered

Fig. 3 Effect of xylose utilisation and induction time in the xylose-inducible expression system. a Effect of induction time on the production of
DPEase in WB800-Cb. b Effect of induction time on the production of DPEase in WB800-Ds. c Effect of xylose concentration on the production of
DPEase in WB800-Cb. d Effect of xylose concentration on the production of DPEase in WB800-Ds. All tests were performed in triplicate, and the
results are presented as the means ± standard deviation
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B. subtilis harbouring C. bolteae DPEase-encoding gene
increased rapidly as incubation temperature increases from
45 °C, and reached to the maximum at 55 °C of 11.57 U/g,
then followed with a gradual decrease as the temperature
increased (Fig. 6a). In contrast, the activity of DPEase from
Dorea sp. in engineered B. subtilis strains increased from
45 °C and reached to the maximum at 70 °C of 9.33 U/g
(Fig. 6b).
Under the above optimal fermentation conditions, DPEase

production increased to 21.90 U/g and 24.01 U/g in B. sub-
tilis expressing C. bolteae or Dorea sp. DPEase, a 94.67%
and 369.94% higher than that of control, respectively.

Discussion
Given the bright prospects of rare sugars such as D-psi-
cose in the food and medical industries, the production
of D-psicose via DPEase catalysis has attracted wide
attention. Although overproduction of DPEase in engi-
neered strains has been achieved in previous studies,
these DPEase enzymes preferred alkaline conditions. In

the present study, neutral and slightly acidic pH DPEases
from C. bolteae and Dorea sp. were respectively
expressed in B. subtilis, and the production of D-psicose
by whole-cell reactions was evaluated.
B. subtilis strains are widely applied for enzymatic pro-

duction due to their GRAS status. Induced production of
target enzymes can be more effective than the expression
under the control of a constitutive promoter (Chen et al.
2016b). We therefore evaluated the production of DPEases
in B. subtilis under the xylose-inducible promoter PxylA,
encoded by the XylR gene (Fig. 7). In the absence of xy-
lose, XylR binds to the two tandem overlapping operator
sequences located in PxylA and prevents transcription of
the dpe gene. However, in the presence of xylose, the
sugar binds to the repressor XylR, resulting in a conform-
ational change in XylR that causes it to dissociate from the
promoter (Biedendieck et al. 2010). This system is
rigorously regulated and has a high induction ratio.
In addition to acting as an inducer, xylose may be con-

sumed as a carbon source by B. subtilis strains, which

Fig. 4 Effects of carbon and nitrogen source on DPEase production and cell growth. a Effect of different carbon sources on the production of
DPEase in WB800-Cb. b Effect of different nitrogen sources on the production of DPEase in WB800-Ds. c Effect of different carbon sources on the
production of DPEase in WB800-Cb. d Effect of different nitrogen sources on the production of DPEase in WB800-Ds. All tests were performed in
triplicate, and the results are presented as the means ± standard deviation
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lowers xylose levels in the culture medium. If the xylose
concentration drops below a threshold value, the gene ex-
pression could and DPEase production may decrease. To
moderate competition between the synthesis of DPEase
and cell growth, an effective induction strategy was ex-
plored (Fig. 3). Promoters are important cis-regulatory ele-
ments for regulating gene expression and would impact on
protein production (Cui et al. 2018). However, previous re-
ports showed that enhancing the strength of the promoter
increased enzyme production at different levels, from 7.62
to 79.9% of increase under different dual-promoter strat-
egies (Liu et al. 2019; Okegawa and Motohashi 2016). The
results obtained in the present study indicated that the
introduction of P43 to improve the promoter strength was
beneficial to DPEase production (Fig. 2).
Optimising medium components and culture condi-

tions can enhance the yield of target products. Since car-
bon and nitrogen sources play vital roles in both cell
growth and product synthesis, optimising these parame-
ters can maximise target protein production (Su et al.
2018). During fermentative production of DPEases, the

highest enzyme activity occurred with lactose as a
carbon source and casein peptone or soy peptone as a
nitrogen source. In addition, the two different dpe genes
exhibited different preferences for nitrogen sources dur-
ing heterologous expression. Furthermore, controlling
pH and temperature proved advantageous for strength-
ening the catalytic ability of DPEases.
This work established a production strategy for the ex-

pression of dpe genes from C. bolteae and Dorea sp. in
B. subtilis for DPEase production. Production of engi-
neered DPEase enzymes was increased using the non-
toxic and harmless xylose as an inducer. Evaluation of
industry-scale production is required in future studies.

Fig. 5 Effects of pH on DPEase production. a Effect of pH on DPEase
production in WB800-Cb. b Effect of pH on DPEase production
in WB800-Ds

Fig. 6 Effects of temperature on DPEase activity. a Effect of
temperature on DPEase activity in WB800-Cb. b Effect of
temperature on DPEase activity in WB800-Ds

Fig. 7 Schematic diagram of the PxylA promoter
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