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Abstract
Lichenysin, a cyclic lipopeptide biosurfactant produced by Bacillus licheniformis, is composed of aspartate, glutamine, valine, 
leucine, isoleucine, and branched chain fatty acids. The synthesis of these amino acids and fatty acids requires pyruvate and 
NADPH as the primary precursor and cofactor. Therefore, a sufficient supply of pyruvate and NADPH is crucial for lichenysin 
production. This study aimed to increase lichenysin production by constructing a synthetic ED pathway in B. licheniformis 
WX02 through introducing phosphogluconate dehydratase (encoded by gene edd) and 2-keto-3-deoxygluconate 6-phosphate 
aldolase (encoded by gene eda) from Escherichia coli. Additionally, the  NADP+-dependent glucose-6-phosphate dehydro-
genase (encoded by gene zwf) was overexpressed, resulting in an engineered strain WX02/pHY-edda(Ec)-zwf. Analysis of 
the fermentation process revealed that the concentrations of pyruvate, aspartate, glutamine, valine, leucine, branched-chain 
fatty acids (iC15:0, aC15:0, iC16:0, iC17:0), and NADPH in WX02/pHY-edda(Ec)-zwf were increased by 77.21%, 80.41%, 
85.31%, 141.64%, 44.94%, 35.08%, 38.08%, 19.33%, 21.16%, and 425%, respectively, compared to the control strain WX02/
pHY300, which resulted in a 45.43% increase of lichenysin titer. This work took advantage of the ED pathway to increase 
lichenysin production for the first time, and provides a promising strategy for boosting the productivity of biochemicals that 
require pyruvate and NADPH as precursor and cofactor.

Keywords Bacillus licheniformis · Lichenysin · ED pathway · Pyruvate · NADPH

Abbreviations
Asp  Aspartate
Gln  Glutamine
Val  Valine
Leu  Leucine
Ile  Isoleucine
iC14:0  12-Methyl-tetradecanoate
iC15:0  13-Methyl-tetradecanoate
aC15:0  12-Methyl-tetradecanoate
iC16:0  14-Methyl-pentadecanoate
iC17:0  15-Methyl-pentadecanoate
C16:0  Hexadecanoate

Introduction

Biosurfactants have attracted extensive attention and stud-
ies due to their high surface activity, biodegradability, low 
toxicity, stability and environmental friendliness compared 
with chemical surfactants (Das et al. 2008). Lichenysin, one 
of the important cyclic lipopeptide biosurfactants produced 
by Bacillus spp., has excellent surface activity and is stable 
at extremes of pH, temperature, and even in salt (Nerurkar 
2010; Simpson et al. 2011), which gives it a broad appli-
cation prospect in various fields, such as oil exploitation, 
biological control of agriculture, bioremediation and drug 
development (Ali et al. 2019). However, the low produc-
tivity of lichenysin was not enough to support large-scale 
production and industrial application. Up to now, several 
strategies have been performed to improve lichenysin pro-
duction, which include medium and culture conditions opti-
mization, mutation breeding and promoter substitution. For 
instance, the yield of lichenysin in B. licheniformis BAS50 
was enhanced by 2- and 4-fold, respectively, due to the 
addition of L-glutamic acid and L-aspartate in the culture 
(Joshi et al. 2015). Also, random mutagenesis occurred in B. 
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licheniformis KGL11 by nitrosoguanidine causing a 12-fold 
increase on lichenysin yield (Lin et al. 1998). Besides, the 
promoter of lichenysin synthase operon was replaced by  Psrf, 
which improved lichenysin titer by 16.8-fold to 2 149 mg/L 
(Qiu et al. 2019). Yet now, there is still a big challenge for 
industrial production, which is still limited by the low yield 
of lichenysin.

Lichenysin is a lipopeptide composed of a β-hydroxy 
branched chain fatty acid tail and a circular heptapeptide 
containing valine, leucine, isoleucine, aspartate and glu-
tamine (Hu et al. 2022). As shown in Fig. 1, pyruvate is 
the common precursor of fatty acid, aspartate, glutamine, 
valine, leucine and isoleucine, and their synthesis also needs 
NADPH as a cofactor. Such as 3-oxoacyl-(acyl-carrier-pro-
tein) reductase FabG and enoyl-(acyl-carrier-protein) reduc-
tase FabL in fatty acids synthetic pathway (He et al. 2014); 

glutamate dehydrogenase RocG in aspartate and glutamine 
synthetic pathway (Yang et al. 2022); ketol-acid reductor-
isomerase IlvC and aspartate-semialdehyde dehydrogenase 
Asd in branched chain amino acid (valine, leucine and iso-
leucine) synthetic pathway (Westbrook et al. 2018). There-
fore, the intracellular concentration of pyruvate and NADPH 
might be important for lichenysin synthesis.

Pyruvate, as an important organic acid, is a key inter-
mediate in the process of cell metabolism. For increasing 
the accumulation of pyruvate, Moxley et al. suppressed the 
carbon flux from pyruvate to acetyl coenzyme A through 
engineering the pyruvate dehydrogenase complex, and the 
engineered strain expressing  AceEH106V (AceE is the E1 
component of pyruvate dehydrogenase complex encoded 
by aceE) variant increased the accumulation of pyruvate by 
11.86% to 0.66 g pyruvate/g glucose (Moxley and Eiteman 

Fig. 1  The synthetic pathway of aspartate (Asp), glutamine (Gln), valine (Val), leucine (Leu), isoleucine (Ile) and branched chain fatty acids 
(BCFAs)
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2021). Acetoin and acetate are overflow metabolites gener-
ated from pyruvate, which is not conducive to bio-chemical 
production because of wasting a lot of carbon fluxes. Thus, 
Ma et al. demonstrated that blocking the synthesis of acetoin 
and acetate by knocking out alsRSD, pta and ackA resulted 
in at least a 4.5-fold increase in intracellular pyruvate con-
centration, but this strategy did not successfully improve 
the production of the target product (N-GlcNAc) because of 
disturbance in metabolic fluxes (Ma et al. 2018).

In previous studies, the regeneration of NADPH is 
mainly achieved through the pentose phosphate pathway 
(PPP) and the transhydrogenase system. For instance, the 
NADPH/NADP+ ratio and lysine production in Corynebac-
terium glutamicum were increased through replacing the 
 NAD+ dependent glyceraldehyde 3-phosphate dehydro-
genase encoding gene gapA in the glycolysis pathway 
with the  NADP+ dependent glyceraldehyde 3-phosphate 
dehydrogenase encoding gene gapN from Streptococcus 
mutans (Takeno et al. 2016). Xu et al. increased intracel-
lular NADPH concentration by 102.86% by over-expressing 
NAD kinase PpnK in Corynebacterium crenatum, resulting 
in an improvement of polyhydroxybutyrate (PHB) yield by 
15.7% (Xu et al. 2016). In Escherichia coli, over-expression 
of NADPH transhydrogenase UdhA was used as an effec-
tive way to increase PHB yield from 49 to 66% (g PHB / g 
CDW) (Sanchez et al. 2006). Therefore, increasing NADPH 
regeneration rates is a common strategy to enhance bio-
chemical production. However, all of the above approaches 
have their limitations, the release of carbon dioxide within 

PPP would lower carbon availability and the overexpression 
of zwf reduced cell growth significantly (Cai et al. 2017; 
Zhang et al. 2014). Moreover, NAD kinase would consume 
a lot of NADH and ATP, not suitable for cell metabolism. 
To solve this contradiction, it is possible to redirect carbon 
flux through the Entner–Doudoroff (ED) pathway, which 
regenerates NADPH without a concomitant carbon loss (Ng 
et al. 2015).

The ED pathway mainly cleaves 6-phosphogluconate into 
glyceraldehyde 3-phosphate and pyruvate through two steps: 
dehydration mediated by 6-phosphogluconate dehydratase 
(encoded by gene edd) and cleavage mediated by 2-keto-
3-deoxygluconate-6-phosphate (KDPG) aldolase (encoded 
by gene eda). And then, glyceraldehyde 3-phosphate will 
be further converted to pyruvate, while NADH and ATP 
are regenerated in this process (Okano et al. 2020) (Fig. 2). 
In comparison, 1 mol of glucose can produce equimolar 
amounts of ATP, NADH, and NADPH through the ED path-
way, while the well-known glycolysis pathway (EMP) can 
produce two moles each of NADH and ATP. Thus, ED path-
way generally produces lower amount of ATP in cells, but 
can produce more NADPH, and has been shown to require 
fewer enzymes to synthesize pyruvate than glycolysis path-
way (Ng et al. 2015). In addition, previous studies showed 
that the introduction or overexpression of the ED pathway 
could also significantly increase intracellular pyruvate accu-
mulation (Liu et al. 2022; Zhang et al. 2014). Therefore, 
many researchers intend to introduce or overexpress the 
ED pathway to achieve high production of metabolites. For 

Fig. 2  EMP and ED pathways
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instance, Ng et al. constructed the synthetic ED pathway 
with an optimized terpenoid pathway and increased the ter-
penoid titer by 97% (Ng et al. 2015). In Corynebacterium 
glutamicum, the introduction of the exogenous ED pathway 
effectively enhanced glucose consumption and isobutanol 
productivity (Hasegawa et al. 2020).

The aim of this study was to increase the lichenysin pro-
duction by improving the accumulation of intracellular pyru-
vate and NADPH. We attempted to construct a synthetic 
ED pathway in B. licheniformis WX02 to enhance NADPH 
generation and reduce the carbon loss, which were benefi-
cial for the synthesis of lichenysin precursors. This work 
will provide a feasible strategy for improving bio-chemical 
productivity.

Methods

Strains and plasmids

The strains and plasmids used in this study are listed in 
Table 1. Escherichia coli DH5α was used for gene cloning. 
Expression plasmid pHY300PLK with tetracycline resist-
ance was used for gene overexpression.

The gene edd-eda overexpressed strain was constructed 
as an example, in brief, P43 promoter from B. subtilis 168, 
gene edd-eda from Z. mobilis ZM4 and amyL terminator 
from B. licheniformis WX02 were respectively amplified, 
and fused by SOE-PCR. The fused fragment was inserted 
into pHY300PLK at the restriction sites EcoR I/Xba I, 
resulting in the plasmid pHY-edda. Then, pHY-edda was 
introduced into WX02 by electro-transformation, resulting 
in the edda overexpression strain, named WX02/pHY-edda. 
All primers used in this study were listed in Table 2.

Media and culture conditions

LB medium, containing 10 g  L−1 tryptone, 5 g  L−1 yeast 
extract, and 10  g  L−1 NaCl, was used for pre-cultures. 
Lichenysin fermentation medium comprised the follow-
ing: 30 g  L−1 glucose, 4 g  L−1  NH4SO4, 5 g  L−1  NaNO3, 
8.2 g  L−1  KH2PO4, 28.7 g  L−1  Na2HPO4·12H2O, 0.11 g 
 L−1  FeSO4·7H2O, 0.07  g  L−1 MnSO4·H2O, 0.2  g  L−1 
MgSO4·7H2O, 0.78 mg  L−1  CaCl2, 1.2 mg  L−1 EDTA, pH 
7.0. For fermentation of lichenysin, cells were pre-cultured 
in 50 mL LB medium for 12 h at 37 °C with 230 rpm as seed 
medium, then 3% (v/v) of seeds were inoculated into 50 mL 
lichenysin fermentation medium and cultured for 36 h at 
37°C with 230 rpm.

Analytical methods

Cell growth was measured by measuring the absorbance 
at 600 nm  (OD600) using a spectrophotometer (UV-160A; 
Shimadzu, Japan). Residual glucose was measured using a 
biosensor analyzer (SBA 40C, Shandong Academy of Sci-
ences, China) with an immobilized enzyme membrane.

The concentration of lichenysin was measured using 
HPLC (Agilent 1260 series; Agilent Technologies) 
equipped with a C18 column (Hypersil ODS2, 5  μm, 
4.6 mm × 150 mm; Elite, China) and an ultraviolet detec-
tor as follows. The pH of supernatant separated from 8 mL 
of culture broth was adjusted to 2.0, and centrifuged at 12 
000 rpm for 8 min after quiescence at 4 °C overnight. Then, 
the precipitation was resuspended with 1.6 mL methanol and 
stilled for 1 h to dissolve lichenysin. The mobile phase con-
sisted of 100% acetonitrile-trifluoroacetic acid (3.8 mM) as 
solvent A and 80% acetonitrile-trifluoroacetic acid (3.8 mM) 
as solvent B. The eluted conditions were as follows: 50% 

Table 1  The strains and 
plasmids used in this research

Strains and plasmids Relevant properties Source

Strains
Escherichia coli DH5α supE44 ΔlacU169 (f 80 lacZΔM15) hsd R17 recA1 

gyrA96 thi1 relA1
Stored in this lab

Bacillus licheniformis WX02 Wild-type CCTCC M208065 Stored in this lab
WX02/pHY300 WX02 harboring pHY300PLK This study
WX02/pHY-edda(Ec) WX02 harboring pHY-edda(Ec) This study
WX02/pHY-edda(ZMO) WX02 harboring pHY-edda(ZMO) This study
WX02/pHY-zwf WX02 harboring pHY-zwf This study
WX02/pHY-edda(Ec)-zwf WX02 harboring pHY-edda(Ec)-zwf This study
Plasmids
pHY300PLK E. coli and B. s shuttle vector;  Ampr,  Tetr This study
pHY-edda(Ec) Overexpression of edd and eda from E. coli This study
pHY-edda(ZMO) Overexpression of edd and eda from Zymomonas mobilis This study
pHY-zwf Overexpression of zwf from B. licheniformis This study
pHY-edda(Ec)-zwf Co-overexpression of edda(Ec) and zwf This study
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solvent A at 0–3 min, then raised from 50 to 60% in 12 min, 
then quickly dropped to 50% and kept for 5 min. The flow 
rate was 0.9 mL/min at 25 °C, and the substances eluted 
were monitored by UV absorption at 210 nm.

The concentration of intracellular pyruvate was detected 
with the method reacting with 2, 4-dinitrophenylhydrazine 
(DNPH). The experimental procedure was described as fol-
lows. Dissolved 594 mg DNPH powder into 1000 mL 2 M 
hydrochloric acid as a DNP reagent for subsequent experi-
ments. Before detecting the intracellular pyruvate concentra-
tion, wet cells from 1 mL broth were collected and washed 
twice with 0.85% NaCl solution. And then, collected cells 
were broken up by a cell crusher and resuspended with 500 
μL deionized water. Subsequently, 100 μL of supernatant 
liquid was obtained and reacted with 1 mL of DNP rea-
gent at 37 °C for 20 min. After the reaction, 10 mL 0.4 M 
NaOH solution was added to the mixture to stop the reaction. 
Finally, the absorbance of the supernatant was detected with 
spectrophotometer at a wavelength of 520 nm. The differ-
ent concentration of pyruvate standard was linked with the 
 OD520 nm for calculating pyruvate concentration in samples.

The concentration of amino acids was measured using 
HPLC (Agilent 1260). Wet cells from 2 mL fermentation 
broth were collected and washed twice with 0.85% NaCl 
solution. The cell pellets were suspended with 0.5  mL 
deionized water and crushed by the cell crusher at 50 Hz 

for 4 min (the cell crusher was stopped for 3 s every 10 s). 
Then, 100μL 1 M triethylamine solution (dissolved with 
acetonitrile) and 100μL 0.2 M phenyl isothiocyanate solu-
tion (dissolved with acetonitrile) were added into 200 μL 
supernatant samples, mixed and reacted at room temperature 
for 1 h. Subsequently, 400 μL n-hexane was added into the 
reaction mixture and violently shaken for 5–10 s. After the 
mixture was stratified, 200 μL of subnatant was mixed with 
800 μL of water, and then filtered with 0.22 μm needle filter. 
Agilent 1260 high performance liquid chromatograph was 
used to detect the concentration of amino acids. The column 
was Ultimate Amino Acid Plus (300 × 4.6 mm, 5 μm, SN 
60210503021). The flow rate was 1.0 mL/min, the detec-
tion wavelength was UV 254 nm, the column temperature 
was set at 45ºC, and the sample volume was 10 μL. Mobile 
phase A was 0.05 M sodium acetate solution (pH 6.5), and 
mobile phase B was a mixture with 20% of methanol, 60% of 
acetonitrile and 20% of deionized water. Gradient program 
was set as follows: Mobile phase A was dropped to 52% 
from 95% and mobile phase B was increased to 48% from 
5% in 39 min; then, mobile phase B was set as 100% in the 
following 6 min; after that, mobile phase A was increased 
to 95% and mobile phase B was dropped to 5% in 1 min and 
stayed for 14 min to the end.

The concentration of fatty acids was measured using 
GC–MS (Gas chromatograph Trace, Thermo; Triple 

Table 2  PCR primers used in 
this study

The bases underlined in bold indicate endonuclease cleavage sites

Primers Sequence

pHY-F GTT TAT TAT CCA TAC CCT TAC 
pHY-R CAG ATT TCG TGA TGC TTG TC
P43edda(Ec)-F1 GCGAA TTC TGA TAG GTG GTA TGT TTT CGC TTG 
P43edda(Ec)-R1 CGC GTA ACA ATT GTG GAT TCA TGT GTA CAT TCC TCT CTT ACC TA
P43edda(Ec)-F2 TAG GTA AGA GAG GAA TGT ACA CAT GAA TCC ACA ATT GTT ACG CG
P43edda(Ec)-R2 AAT CCG TCC TCT CTG CTC TTT TAC AGC TTA GCG CCT TCT ACA G
P43edda(Ec)-F3 CTG TAG AAG GCG CTA AGC TGT AAA AGA GCA GAG AGG ACG GAT T
P43edda(Ec)-R3 GGTCT AGA CGC AAT AAT GCC GTC GCA CTGGC 
P43edda(ZMO)-F1 GCGAA TTC TGA TAG GTG GTA TGT TTT CGC TTG 
P43edda(ZMO)-R1 CGT TGA ATG CAG ATC AGT CAT GTG TAC ATT CCT CTC TTA CCT A
P43edda(ZMO)-F2 TAG GTA AGA GAG GAA TGT ACA CAT GAC TGA TCT GCA TTC AAC G
P43edda(ZMO)-R2 TAT ATA TTC CTC CTT TCT AAT ATA CTT AGA TAC CGG CAC CTG CATA 
P43edda(ZMO)-F3 GTA TAT TAG AAA GGA GGA ATA TAT AAT GCG TGA TAT CGA TTC CGTAA 
P43edda(ZMO)-R3 AAT CCG TCC TCT CTG CTC TTT TAG GCA ACA GCA GCG CG
P43edda(ZMO)-F4 CGC GCT GCT GTT GCC TAA AAG AGC AGA GAG GAC GGA TT
P43edda(ZMO)-R4 GGTCT AGA CGC AAT AAT GCC GTC GCA CTGGC 
P43zwf-F1 GCGAA TTC TGA TAG GTG GTA TGT TTT CGC TTG 
P43zwf-R1 GGT TCC ATT TGA TCT TTT TTC ATG TGT ACA TTC CTC TCT TAC CTA 
P43zwf-F2 TAG GTA AGA GAG GAA TGT ACA CAT GAA AAA AGA TCA AAT GGA ACC 
P43zwf-R2 AAT CCG TCC TCT CTG CTC TTT TAA AGC GGC CAC CAA TGAA 
P43zwf-F3 TTC ATT GGT GGC CGC TTT AAA AGA GCA GAG AGG ACG GATT 
P43zwf-R3 GGTCT AGA CGC AAT AAT GCC GTC GCA CTGGC 
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Quadrupole Mass Spectrometer, Thermo; column: TG-5MS, 
30 m × 0.25 mm × 0.25 mm, Thermo; USA) when they were 
methylated by methanol. The detailed methods were accord-
ing to the previous study. The concentrations of by-prod-
ucts (acetoin, 2,3-butanediol and acetate) were determined 
according to the method described previously by using GC 
(7890B; Agilent Technologies, USA) equipped with a TG-
WAX column (0.25 μm, 30 m × 0.25 mm). The concentra-
tion of NADPH was detected by using the  NADP+/NADPH 
Assay Kit, and the concentration of NADH was detected 
by using  NAD+/NADH Assay Kit. Detailed experimental 
procedure was referred to the instructions.

Statistical analysis

All samples were analyzed in triplicate, and the data were 
presented as the mean ± standard deviation for each sam-
ple point. Significant differences were determined by 
T-test. Statistical significance was defined as p < 0.05, 
p < 0.01 or p < 0.005, and p < 0.05 means a statistical dif-
ference, p < 0.01 means a significant statistical difference, 
and p < 0.005 means an extremely significant statistical 
difference.

Results

Effects of genes edd and eda overexpression 
on lichenysin production

Phosphogluconate dehydratase and 2-dehydro-3-deoxy-
phosphogluconate aldolase are key enzymes in the ED path-
way, which are encoded by gene edd and eda respectively. 
However, the edd gene is not present in B. licheniformis. 
Thus, edd and eda genes from E. coli or Z. mobilis were 
introduced to the B. licheniformis WX02 through co-expres-
sion plasmid pHY-edda and the engineered strains WX02/
pHY-edda(Ec) and WX02/pHY-edda(ZMO) containing 
complete ED pathway were obtained (Fig. 3a). Then, the 
strain WX02/pHY300 was used as the control to evaluate the 
effect of ED pathway on lichenysin production. As shown in 
Fig. 3b, WX02/pHY-edda(Ec) could produce 179.58 mg/L 
lichenysin, which increased by 27.65% compared with that 
of the control strain (140.68 mg/L). While the lichenysin 
titer of WX02/pHY-edda(ZMO) was 100.90 mg/L, which 
was decreased by 28.28% compared with that of the con-
trol strain. By detecting the concentration of by-products, 
it was found that the acetate concentration in WX02/pHY-
edda(ZMO) was 6.02 g/L, increased by 54.36% compared 
with the control strain (3.91 g/L), which might be the reason 
for the decrease of lichenysin in this strain.

Then, we detected the intracellular concentration of 
pyruvate, amino acids (Asp, Gln, Val, Ile, Leu) and fatty 

acids. As shown in Fig. 3c, the concentrations of intracel-
lular pyruvate in WX02/pHY-edda(Ec) and WX02/pHY-
edda(ZMO) were 33.33 mg/L and 41.87 mg/L respectively, 
which were increased by 60.94% and 100.22% compared 
with WX02/pHY300 (20.71 mg/L). However, the concentra-
tions of essential amino acids for lichenysin synthesis were 
decreased significantly (Fig. 3d). The concentrations of 
branch chain fatty acids, such as iC15:0, aC15:0 and iC16:0 
increased slightly, while the concentration of iC14:0 had 
no significant difference between WX02/pHY300, WX02/
pHY-edda(Ec) and WX02/pHY-edda(ZMO) (Fig. 3e). The 
introduction of ED pathway can affect the NAD(P)H regen-
eration and the intracellular concentration of NADPH is 
very important for the synthesis of precursor amino acids 
and fatty acids. Therefore, the concentrations of intracel-
lular NADPH and NADH were detected at the mid-log 
growth phase. As shown in Table 3, WX02/pHY-edda(Ec) 
and WX02/pHY-edda(ZMO) could respectively generate 
0.24 μM/gDCW and 0.31 μM/gDCW NADPH, which were 
increased by 1.00- and 1.58-fold than WX02/pHY300 
(0.12 μM/gDCW), which was consistent with the previous 
report (Jojima et al. 2021). Moreover, the overexpression 
of edda(Ec) and edda(ZMO) increased the NADPH/NADH 
by 66.67% and 120.00% compared with the control, which 
might contribute to the improvement of lichenysin yield. 
Even so, the concentrations of intracellular amino acids were 
decreased in edda overexpression strains, which suggested 
that the NADPH might not be enough for the synthesis of 
lichenysin precursors yet (Fig. 3d).

Effects of gene zwf overexpression on lichenysin 
production

Glucose-6-phosphate dehydrogenase encoded by gene zwf 
catalyzes the synthesis of 6-phospho-D-gluconate, the pre-
cursor of the ED pathway and this reaction could provide 
most of NADPH for cells, which is beneficial to the synthe-
sis of amino acids and fatty acids. For increasing the synthe-
sis of 6-phospho-D-gluconate and the NADPH regeneration, 
gene zwf was overexpressed in WX02 (Fig. 4a). As shown in 
Fig. 4b, lichenysin titer of WX02/pHY-zwf was 153.63 mg/L 
lichenysin, which was increased by 9.21% compared with 
that of control strain WX02/pHY300 (140.68 mg/L). Moreo-
ver, WX02/pHY-zwf just produced 14.90 mg/L pyruvate, 
which was lower than WX02/pHY300 (Fig. 4c). However, 
it was found that the concentrations of precursor amino 
acids and branch chain fatty acids in WX02/pHY-zwf were 
all increased significantly compared with the control strain. 
As shown in Fig. 4d, the concentrations of aspartate, valine 
and leucine in WX02/pHY-zwf were increased by 32.31%, 
161.56% and 39.46%, respectively. Also, the concentra-
tions of branch-chain fatty acids iC14:0, iC15:0, aC15:0 and 
iC16:0 in WX02/pHY-zwf were also increased by 60.84%, 
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20.56%, 36.54% and 81.15%, respectively (Fig. 4e). For fig-
uring out the effects of zwf overexpression on lichenysin 
precursor synthesis, the intracellular NAD(P)H concentra-
tions were detected (Table 4). It was present that the zwf 
overexpression strain could produce 1.57 μM/gDCW NADPH, 
which increased by 12.08-fold compared with the control 
(0.12 μM/gDCW) and the NADPH/NADH in WX02/pHY-zwf 
was increased by 14.20-fold compared with WX02/pHY300. 

The enhancement of NADPH supply might be one of the 
reasons for the increase of lichenysin precursor synthesis.

Effects of genes edda and zwf co‑overexpression 
on lichenysin production

According to the above results, the overexpression of 
edda gene improved the accumulation of pyruvate and 
the overexpression of zwf gene significantly increase the 
generation of NADPH, which were beneficial to the syn-
thesis of lichenysin precursors. Therefore, it was intended 
to co-overexpression of edda and zwf for further enhanc-
ing the lichenysin yield. Gene edda was inserted into 
the multiple cloning site (MCS) of pHY300PLK and the 
ampicillin resistance gene was replaced by gene zwf to 
construct the co-overexpression plasmid pHY-edda(Ec)-
zwf (Fig. 5a). As shown in Fig. 5b that the lichenysin titer 
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Fig. 3  Effects of genes edd and eda overexpression on lichenysin pro-
duction. (a Design and construction of WX02/pHY-edda; b Effects of 
genes edd and eda overexpression on lichenysin titer and cell growth; 
c Effects of genes edd and eda overexpression on pyruvate accumu-
lation; d Effects of genes edd and eda overexpression on precursor 
amino acids synthesis; e Effects of genes edd and eda overexpression 
on branched chain fatty acids synthesis. Data in (c–e) were detected 

at the mid-exponential growth phase. The CK refers to the control 
strain WX02/pHY300. The edda(Ec) means overexpression of edd 
and eda genes from E. coli; The edda(ZMO) means overexpression of 
edd and eda genes from Z. mobilis. iC14:0, 12-methyltetradecanoate; 
iC15:0, 13-methyl-tetradecanoate; aC15:0, 12-methyltetradecanoate; 
iC16:0, 14-methylpentadecanoate; iC17:0, 15-methyl-pentade-
canoate. *p < 0.05, **p < 0.01, ***p < 0.005)

Table 3  The effects of edda overexpression on NAD(P)H synthesis

NADPH (μM/
gDCW)

NADH (μM/
gDCW)

NADPH/NADH

CK 0.12 ± 0.01 0.79 ± 0.07 0.15 ± 0.01
edda(Ec) 0.24 ± 0.01 0.95 ± 0.04 0.25 ± 0.02
edda(ZMO) 0.31 ± 0.01 0.93 ± 0.01 0.33 ± 0.01
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of WX02/pHY-edda(Ec)-zwf was 204.59 mg/L, which 
was increased by 45.43% compared with that of WX02/
pHY300 (140.68 mg/L). As expected, the intracellular 
concentrations of pyruvate, branch-chain amino acids and 
branch-chain fatty acids were all increased significantly, 
which secured the adequate supply of precursors to fur-
ther improve lichenysin production. The concentrations 
of pyruvate, aspartate, glutamine, valine, leucine, iC15:0, 

aC15:0, iC16:0 and iC17:0 in pHY-edda(Ec)-zwf were 
increased by 77.21%, 80.41%, 85.31%, 141.64%, 44.94%, 
35.08%, 38.08%, 19.33% and 21.16%, respectively com-
pared with the control strain (Fig. 5c–e). Moreover, as 
shown in Table 5, the synthesis of NADPH in co-over-
expressed strain was increased by 4.25-fold compared 
with the control and NADPH/NADH was increased by 
3.67-fold. Overall, the co-overexpression of edda and zwf 
successfully improved the intracellular accumulation of 
pyruvate and NADPH, which enhanced the synthesis of 
amino acids and branched chain fatty acid causing the 
further increase on lichenysin production.
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Fig. 4  Effects of gene zwf overexpression on lichenysin production. 
(a Design and construction of WX02/pHY-zwf; b Effects of gene zwf 
overexpression on lichenysin titer and cell growth; c Effects of gene 
zwf overexpression on pyruvate accumulation; d Effects of gene zwf 
overexpression on amino acids synthesis; e Effects of gene zwf over-

expression on fatty acids synthesis. Data in (c–e) were detected at the 
mid-exponential growth phase. The CK refers to the control strain 
WX02/pHY300. The zwf refers to the control strain WX02/pHY-zwf. 
*p < 0.05, **p < 0.01, ***p < 0.005)

Table 4  The effects of zwf overexpression on NAD(P)H synthesis

NADPH (μM/gDCW) NADH (μM/gDCW) NADPH/NADH

CK 0.12 ± 0.01 0.79 ± 0.07 0.15 ± 0.01
zwf 1.57 ± 0.18 0.69 ± 0.07 2.28 ± 0.12
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Evaluation of fermentation properties 
of the synthetic strain

The fermentation properties of strain B. licheniformis 

WX02/pHY-edda-zwf were investigated using the start-
ing strain B. licheniformis WX02/pHY300 as the control 
with the initial glucose concentration of 30 g/L (Fig. 6). As 
shown in Fig. 6a, the synthetic strain WX02/pHY-edda-zwf 
produced more lichenysin than the control strain during 
the whole fermentation process and both of them reached 
the highest lichenysin titer at 21 h. Through growth curve 
analysis, it was found that the maximum biomass of WX02/
pHY-edda-zwf was lower than WX02/pHY300, which might 
be due to the enhancement of ED pathway decreasing the 
carbon flux of PP pathway (Fig. 6b). Moreover, there was 
little difference in the amount of residual glucose between 
those two strains (Fig. 6c), but the glucose uptake rate 
of WX02/pHY-edda-zwf during logarithmic phase was 
11.18 mmol·g−1 DCW·h−1, increased by 21.52% compared 
with WX02/pHY300 (9.20 mmol·g−1 DCW·h−1). The extra-
cellular concentration of acetoin and 2,3-butanediol was 
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Fig. 5  Effects of genes edda and zwf overexpression on lichenysin 
production. (a Design and construction of WX02/pHY-edda(Ec)-zwf; 
b Effects of genes edda and zwf overexpression on lichenysin titer and 
cell growth; c Effects of genes edda and zwf overexpression on pyru-
vate accumulation; d Effects of genes edda and zwf overexpression on 

amino acids synthesis; e Effects of genes edda and zwf overexpres-
sion on fatty acids synthesis. Data in (c–e) were detected at the mid-
exponential growth phase. The CK refers to the control strain WX02/
pHY300. The edda-zwf refers to the control strain WX02/pHY-
edda(Ec)-zwf. *p < 0.05, **p < 0.01, ***p < 0.005)

Table 5  The effects of edda and zwf co-overexpression on NAD(P)H 
synthesis

NADPH (μM/
gDCW)

NADH (μM/
gDCW)

NADPH/NADH

CK 0.12 ± 0.01 0.79 ± 0.07 0.15 ± 0.01
edda(Ec)-zwf 0.63 ± 0.16 0.9 ± 0.06 0.70 ± 0.09
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detected, and the results showed no significant difference 
between these two strains (Fig. 6d).

Discussion

In this study, we constructed a synthetic ED pathway in 
B. licheniformis WX02 by introducing phosphogluconate 
dehydratase (encoded by gene edd), 2-keto-3-deoxyglu-
conate 6-phosphate aldolase (encoded by gene eda) from 
E. coli or Z. mobilis (Fig. 2). The results showed that the 
lichenysin titer and the pyruvate accumulation were success-
fully increased by introducing the ED pathway (Fig. 3b, c). 
However, the intracellular concentrations of the precursor 
amino acids and branched chain fatty acids for lichenysin 
synthesis were all decreased (Fig. 3d, e), which might be 
caused by the inadequate supply of NADPH. In addition, the 

overexpression of edda (Ec) and edda (ZMO) also increased 
the synthesis of NADH significantly (Table 3), which was 
not consistent with previous report (Jojima et al. 2021), and 
the mechanism needs to be further investigated.

By enhancing the expression of gene zwf separately, the 
accumulation of aspartate, valine, leucine, the synthesis 
of branch-chain fatty acids and the generation of NADPH 
were all increased significantly (Fig. 4; Table 4), which were 
beneficial for lichenysin production. While, the synthesis of 
NADH was reduced compared to the control, which might 
affect the synthesis of ATP. ATP is not only important for 
cell growth and metabolism but also involved in adenyla-
tion, the first step to active lichenysin synthesis (Fan et al. 
2020). Combined with the above work, co-overexpression 
edda (Ec) and zwf might be an effective approach.

In edda and zwf co-overexpressed strain, the intracel-
lular concentrations of pyruvate, aspartate, glutamine, 

Fig. 6  Fermentation curves of WX02/pHY300 and WX02/pHY-
edda(Ec)-zwf. (a The curve of lichenysin titer; b The growth curve; c 
Glucose uptake curve; d The curve of acetoin and 2,3-butanediol syn-

thesis. The CK refers to the control strain WX02/pHY300. The edda-
zwf refers to the control strain WX02/pHY-edda(Ec)-zwf.)
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valine, leucine, branched chain fatty acids, NADPH and 
NADH were all increased significantly, resulting in a 
45.43% enhancement on lichenysin production (Fig.  5; 
Table 5). However, the NADPH concentration of WX02/
pHY-edda(Ec)-zwf was lower than that of WX02/pHY-zwf 
(Tables 4, 5). For understanding those results, the tran-
scriptional level of edd gene in WX02/pHY300, WX02/
pHY-edda(Ec) and WX02/pHY-edda(Ec)-zwf was detected 
and the results showed that the transcription level of edd 
in WX02/pHY-edda(Ec)-zwf was lower than WX02/pHY-
edda(Ec) (Fig. 7a). Then, the transcriptional level of zwf 
gene in WX02/pHY300, WX02/pHY-edda(Ec), WX02/
pHY-edda(ZMO), WX02/pHY-zwf and WX02/pHY-
edda(Ec)-zwf were detected and it showed no significant 
difference between WX02/pHY300, WX02/pHY-edda(Ec), 
WX02/pHY-edda(ZMO), while the transcription level of zwf 
gene in WX02/pHY-zwf and WX02/pHY-edda(Ec)-zwf were 
respectively increased by 187.77- and 52.44-fold than that 
of the control strain (Fig. 7b). The transcription level of zwf 
gene in WX02/pHY-edda(Ec)-zwf was reduced by 89.70% 
compared with WX02/pHY-zwf, which might be the main 

reason for the lower synthesis of NADPH in WX02/pHY-
edda(Ec)-zwf (Tables 4, 5).

Pyruvate and NADPH are required for the synthesis of 
many other bio-chemicals. Therefore, pulcherrimin and 
poly-γ-glutamic acids (γ-PGA) were selected to explore 
the effect of the synthetic ED pathway on other bio-
chemicals. The results showed that WX02/pHY-edda(Ec), 
WX02/pHY-zwf and WX02/pHY-edda(Ec)-zwf produce 
151.24  mg/L, 153.20  mg/L and 173.91  mg/L pulcher-
rimin, which respectively increased by 16.33%, 17.84% and 
33.77% compared with the control strain WX02/pHY300 
(130.01 mg/L) (Fig. 8a). As shown in Fig. 8b, the overex-
pression of edda(Ec), edda(ZMO), zwf and edda(Ec)-zwf 
were all increased the γ-PGA production significantly. 
Among them, the synthetic strain WX02/pHY-edda(Ec)-
zwf produced 12.88 g/L γ-PGA, which increased by 58.23% 
compared with the control strain (8.14 g/L). In general, the 
synthetic ED pathway could work efficiently in the produc-
tion of bio-chemicals which need pyruvate and NADPH as 
their precursor or cofactor.

Fig. 7  The relative transcription 
levels of genes edd (A) and zwf 
(B) in engineered strains. (The 
transcriptional levels of edd 
gene in WX02/pHY-edda(Ec) 
and zwf gene in WX02/pHY300 
were regarded as 1. Transcrip-
tional levels were detected at 
the mid-exponential growth 
phase. *p < 0.05, **p < 0.01, 
***p < 0.005)

Fig. 8  Effect of the synthetic 
ED pathway on other bio-
chemicals. (A Pulcherrimin; B 
γ-PGA. *p < 0.05, **p < 0.01, 
***p < 0.005)
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Taken together, this study successfully increased the 
lichenysin production by introducing the key genes edd and 
eda of ED pathway to B. licheniformis WX02 and further 
enhanced NADPH supply by overexpressing zwf gene. The 
synthetic ED pathway constructed in this study improved the 
synthesis of lichenysin precursor amino acids and branched 
chain fatty acids through promoting pyruvate and NADPH 
accumulation, which also contributed to increasing the 
synthesis of other products. This work not only increased 
lichenysin production by introducing ED pathway, but pro-
vided a promising strategy for enhancing the production of 
biochemicals requiring pyruvate and NADPH as precursor 
and cofactor. In addition, the results showed that the expres-
sion of edda gene and zwf gene were negatively affected 
when they were expressed on one plasmid. Thus, we will 
try to insert the edda gene into the chromosome DNA and 
then replace the promoter of zwf gene by stronger promoter, 
which is hoped to further increase the expression of these 
genes and also decrease the stress of foreign plasmid on 
lichenysin production.
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