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Abstract
Polymyxins are used as the last-line therapy against multidrug-resistant bacteria. However, their further clinical development 
needs to solve problems related to the presence of heterogeneous analogs, but there is still no platform or methods that can 
regulate the biosynthesis of polymyxin analogs. In this study, we present an approach to swap domains in the polymyxin gene 
cluster to regulate the production of different analogs. Following adenylation domain swapping, the proportion of polymyxin 
B1 increased from 41.36 to 52.90%, while that of B1-1 decreased from 18.25 to 3.09%. The ratio of polymyxin B1 and B3 
following starter condensation domain swapping changed from 41.36 and 16.99 to 55.03 and 6.39%, respectively. The two 
domain-swapping strains produced 62.96% of polymyxin B1, 6.70% of B3 and 3.32% of B1-1. This study also revealed the 
presence of overflow fluxes between acetoin, 2,3-butanediol and polymyxin. To our best knowledge, this is the first report 
of engineering the polymyxin synthetase gene cluster in situ to regulate the relative proportions of polymyxin analogs. This 
research paves a way for regulating lipopeptide analogs and will facilitate the development of novel lipopeptide derivatives.

Keywords Lipopeptide · Nonribosomal peptide synthetase · Polymyxin analogs · Synthetic biology · Paenibacillus 
polymyxa

Introduction

The increasing prevalence of multidrug-resistant superbugs 
threatens the effective prevention and treatment of a wide 
scope of microbial infections [8]. Recently, lipopeptides 
have gained increasing attention as treatment for superbugs 
because they not only exhibit broad antimicrobial activity, 
but also have distinct modes of antimicrobial action and 
slower resistance development compared to conventional 
antibiotics [29]. Polymyxin B, which was initially aban-
doned due to toxicity, has resurged as a last-line therapy for 
multidrug-resistant Gram-negative bacterial infections [54]. 
The increasing need for polymyxin B is exacerbated by the 
lack of new antibiotics against superbugs [56].

However, the crude polymyxin preparation is not a sin-
gle compound, but rather a mixture of analogs [42]. In fact, 
polymyxin B for intravenous administration is a chemically 
heterogeneous mixture containing 30 related polymyxin-like 
lipopeptide analogs. The major components of polymyxin B 
are B1, B2, B3 and B1-1, which differ in the fatty acyl moi-
ety at the N-terminus (B1: 6-methyloctanoyl; B2: 6-meth-
ylheptanonyl; B3: octanoyl), or an amino acid within the 
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heptapeptide ring (B1, position 7: leucine; B1-1, position 
7: isoleucine) [34] (Fig. 1). The minimum for the sum of 
polymyxins B1, B2, B3 and B1-1 proscribed by the phar-
macopoeia is ≥ 80%, with the last two components (B3 and 
B1-1) representing no more than 15 and 6%, respectively. 
Despite the increase of polymyxin usage, controlling the 
ratio of the components in clinical and commercial prepa-
rations remains a challenge [43]. In fact, it is known that 
the proportion of polymyxin B analogs can vary between 
different brands and even batches [6, 25]. Most preclinical 
and clinical studies evaluated polymyxin B in aggregate, but 
individual polymyxin B component can behave differently 
compared to mixtures [21], It was shown that commercial 
polymyxin B mixture is slightly less active and induces more 
apoptosis than individual components (B1 or B2), while B3 
and B1-1 are less active in vivo [44]. Combinations of poly-
myxins B1 and B2 are associated with the lowest probability 
of improved antibacterial activity [60]. It should be stressed 
that small differences in potency could alter the optimal 
polymyxin B dose [45], and the same is true for other lipo-
peptides [28]. Compositional variations can impact phar-
macokinetics, pharmacodynamics and toxicity, and there 
seems to be a relationship between nephrotoxicity and the 
structural differences between polymyxins B1 and B2 [38, 
44, 49]. Therefore, developing a platform to provide tools 
for generating precisely designed polymyxin derivatives via 
synthetic biology would be of immense value.

Polymyxins are biosynthesized by a nonribosomal peptide 
synthetase (NRPS) with a modular structure, which can be 
divided into different domains [39] (Fig. 2a). The A domain 
plays a decisive role in the selection of amino acid mono-
mers [32, 48]. Researchers obtained lipopeptide derivatives 

with different amino acids by genetically modifying the A 
domain or modules containing the A domain in the biosyn-
thetic clusters of surfactin, fusaricidin, calcium-dependent 
antibiotic (CDA), luminimide B, gramicidin, enterobactin, 
plipastatin and bacillamide [5, 16, 19, 20, 23, 24, 31, 61]. 
Kim SY et al. [27] first replaced the A domain in the poly-
myxin gene cluster to engineer B. subtilis for the production 
of polymyxins A, E and P, but they did not explore changes 
in the analog composition.

Some studies changed the fatty acids of lipopeptides 
through manipulation of the precursor supply [13, 55] or 
gene knockout [37], but there is little information on the 
mechanism of lipid transfer in the initial biosynthesis pro-
cess. In the synthesis of daptomycin, surfactin and lipopep-
tide A54145, the choice of the fatty acid starter unit is con-
trolled by the donor site of the N-terminal C domain (starter 
C domain) of the initiating NRPS module [30, 36, 57]. The 
donor site of the starter C domain has higher chain length 
specificity, which allows relatively fewer variations in the 
fatty acyl chain. However, the detailed mechanism of the 
lipoinitiation reaction of polymyxin is still unknown. The 
introduction of a polymyxin biosynthesis cluster without 
fatty acyl ligase into B. subtilis resulted in efficient produc-
tion of polymyxin [27, 52], which means that the acylation 
of polymyxin may not be related to external fatty acyl ligase 
enzymes, because they were not localized within the clus-
ter, nor were they identified in the biosynthetic clusters of 
polymyxins B, E and P [18], Moreover, the N-terminal con-
densation domain of the polymyxin gene cluster is similar to 
the starter C domain [41, 51]. The specificity of the starter 
C domain may potentially be exploited to produce novel 

Fig. 1   Chemical structures of representative members of polymyxins B analogs
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lipopeptides with different chain length by introducing it 
into foreign NRPS enzyme complexes [10, 16].

In this study, we analyzed the polymyxin biosynthesis 
gene cluster, the identified polymyxin B mixture produced 
by P. polymyxa CJX518, and constructed recombinant P. 
polymyxa strains that produce higher proportions of poly-
myxins B1 and B2 along with lower proportions of B3 and 
B1-1 by swapping the A and starter C domains. To our best 
knowledge, this is the first report of manipulating the poly-
myxin synthesis gene cluster in situ to tune the polymyxin 
analog mixture, as well as the first study of the relationship 
between the starter C domain of polymyxin synthetase and 
fatty acid specificity.

Materials and methods

Bacterial strains, plasmids, and culture media

The strains and plasmids used in this study are listed in 
Table 1. E. coli and P. polymyxa CJX518 (CGMCC 7096) 
were cultured in Luria–Betani (LB) medium (5 g/L yeast 
extract, 10 g/L peptone, 10 g/L NaCl). The seed medium 
and fermentation medium with 20 g/L  (NH4)2SO4 that were 
used to produce polymyxin were prepared as described pre-
viously [35]. E. coli DH5α was used for general cloning 
and E. coli JM110 was used for plasmids’ demethylation. P. 
polymyxa CJX518 was used as the parent strain for genetic 
engineering. When necessary, 100 μg/mL ampicillin (Amp) 
or 10 μg/mL erythromycin (Erm) was added.

Fig. 2   Predicted polymyxin gene cluster architecture and an outline 
of the experimental design. a Arrangement of pmx genes in the poly-
myxin B gene cluster. Modular structure of the polymyxin synthase 
multienzyme complexes. The specificity for adenylation domains 
derived by bioinformatics analysis is shown for each module. All 
modules contain condensation, adenylation, and thiolation subunits. 

Modules 3 and 6 also contain an epimerization domain, and module 
10 possesses a C terminal thioesterase domain, which catalyzes the 
intramolecular cyclization and release of polymyxin B. b Construc-
tion of targeting vectors for homologous double-crossover. c Sche-
matic diagram of homologous double-crossover in positive transfor-
mants
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Construction of domain‑swapping chromosomal 
recombination plasmids

Plasmids used for individual domain substitution in 
the polymyxin synthetase cluster were derivatives of 
pMAD [2]. Substitution of the A domain and starter C 
domain was performed using the plasmids pMAD-△A 
and pMAD-△C, respectively. The primers used in this 
study are listed in Supplementary Table S1. To construct 
pMAD-△A and pMAD-△C, the A domain specific for 
leucine was amplified from plasmid pUC57-A using the 
primer pair A-F/A-R. The 5’- and 3’-flanking regions of 
the A7 domain specific for isoleucine were amplified from 
the chromosomal DNA of strain CJX518 by PCR using 
the primer pairs AL-F/AL-R and AR-F/AR-R, respec-
tively. The three PCR fragments were joined by fusion 
PCR and cloned into the pGEM-T Easy vector to construct 
pT-A for cloning and sequencing. The starter C domain 
substitution cassette was constructed following the simi-
lar protocol, whereby the 5’- and 3’-flanking regions of 
starter C domain were amplified from the first domain of 
pmxE on the chromosome of CJX518, while the swapped 
starter C domain was obtained from pUC57-C. The cas-
sette was cloned into the pGEM-T Easy vector to construct 
pT-C. The cassettes from pT-A or pT-C were ligated into 
pMAD using the SalI and BamHI cleavage sites to produce 
the plasmids pMAD-△A and pMAD-△C. A schematic 
illustration of the vector construction is shown in Fig. 2b. 
The A domain and starter C domain specific to leucine 
and the fatty acids were obtained from the polymyxin A 

biosynthetic gene cluster of P. polymyxa E681 by analyz-
ing the domain specificity [40].

Construction of substitution strains

The pMAD-△A and pMAD-△C vectors were introduced 
into P. polymyxa CJX518 by electroporation as described 
previously [62]. The recombinant strains were obtained by 
a two-step procedure for allele swapping in P. polymyxa 
CJX518. In the first step, the vector was introduced into 
CJX518, and transformants were selected after 2 days at 
30 °C on LB agar plates containing erythromycin and x-gal. 
In the second step, a blue colony was used to inoculate LB 
broth with erythromycin and grown at 42 °C overnight. The 
pre-culture was transferred into LB medium without antibi-
otics and grown for 12 h, followed by sub-culture at 42 °C, 
which was repeated 4–5 times. Serial dilutions of this cul-
ture were plated onto LB agar plates and grown overnight at 
42 °C. Several colonies were verified for erythromycin sensi-
tivity. To confirm the domain swapping, the strains sensitive 
to erythromycin were tested by colony PCR using the primer 
pairs A’-F/A’-R and C’-F/C’-R, which were designed to span 
the genome and cassette sequences. The single-domain sub-
stitution strains were designated 518-A and 518-C. Then, 
pMAD-△A was introduced into 518-C, and the desired 
strain was screened using the same method. The combined 
A and C domain substitution strain was named 518-AC. A 
schematic illustration of vector construction for homolo-
gous double-crossover in P. polymyxa CJX518 is shown in 
Fig. 2c.

Table 1  Strains and plasmids used in this study

Strains and plasmids Description Reference

Strains
E. coli DH5a F−, φ80dlacZM1, (lacZYA-argF)U169, deoR, recA1, endA1, hsdR17  (rk−,  mk+), phoA, 

supE44, λ−thi-1, gyrA96, relA1
This lab

E. coli JM110 rpsL(StrR)cthr leu thi-1 lacY galK galT ara tonA tsx dam dcm supE44 △(lac-proAB)/F’ 
[traD36 proAB  lac]q lacZ△M15

This lab

P. polymyxa CJX518 Wide-type [35]
P. polymyxa CJX518-A CJX518 substituting A domain This work
P. polymyxa CJX518-C CJX518 substituting C domain This work
P. polymyxa CJX518-AC CJX518 substituting A and C domain This work
Plasmids
pMAD Shuttle vector, containing the β-galactosidase gene bgaB,  Ampr,  Ermr, Ts [2]
pGEM-T Easy Plasmid for cloning PCR products,  Ampr Promega
pUC57-A pUC57 contain  Aleu domain of P. polymyxa E681 This work
pUC57-C pUC57 contain starter C domain of P. polymyxa E681 This work
pT-A pGEM-T Easy containing A6 domain with A7 domain flanking regions This work
pT-C pGEM-T Easy containing Starter C domain with C domain flanking regions This work
pMAD-△A pMAD containing A6 domain with A7 domain flanking regions This work
pMAD-△C pMAD containing Starter C domain with C domain flanking regions This work
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Growth and metabolite analysis

A single colony from an LB agar plate was used to inoculate 
50 mL of seed medium and grown for 24 h at a rotary shaker 
at 200 rpm and 30 °C. The resulting pre-culture was used to 
inoculate 200 mL of fresh fermentation medium to an initial 
 OD600 of 0.2 and cultivated for 72 h at 30 °C and 200 rpm. 
The biomass accumulation (optical density at 600nm) was 
measured using a UV–visible spectrophotometer (Tianjin 
Kanasi Optics Analysis Instrument Co., Ltd., China). The 
levels of glucose, acetoin and (R,R)-2,3-butanediol in the 
medium were measured as described before [9], from culture 
supernatants obtained by centrifugation at 12000×g for 10 
min and filtered through 0.22-μm, using high-performance 
liquid chromatography on a Waters1515 Isocratic HPLC 
(Waters , USA) equipped with an Aminex HPX-87H Ion 
Exclusion column (300 mm×7.8 mm, BIORAD, USA) and 
differential refractive index detector (Waters 2414). The lev-
els of intracellular NADH and  NAD+ were measured using 
the cycling assay [11].

Polymyxin B detection and determination

The polymyxin B in the broth was analyzed using a reverse-
phase C18 column (4.6×250 mm, 4.6 μm; Alliance, USA) 
kept at 30 °C. The mobile phase was composed 20% acetoni-
trile–80% of a solution comprising 4.46 g of  Na2SO4 in 900 
mL of water, adjusted to pH 2.3 using dilute phosphoric acid 
and diluted to 1000 mL with water, at a flow rate of 1 mL/
min. The elution was monitored using a spectrophotometer 
at 215 nm. The cell-free supernatants were further analyzed 
by liquid chromatography coupled with electrospray ioniza-
tion mass spectrometry (Thermo Electron, San Jose, CA, 
USA). The ESI source was operated in positive ion mode. 
The ion-spray voltage was 310 kV. A C18 column (150 × 
2.1 mm, 5 μm) was used, and the mobile phase comprised 10 
mM trifluoroacetic water and acetonitrile (20:80). The capil-
lary voltage, desolvation gas flow, ion source temperatures, 
desolvation temperature and cone voltage were 310 kV, 280 
L/h, 250 °C, 115 °C, and 50 V, respectively. The mass scan 
range was m/z 500–1200.

Antibacterial activity assay

The fermentation broth of strain 518 and derived strains was 
centrifuged at 12000×g for 10 min to remove the cells and 
filtered through a sterile 0.22-μm filter. The antibacterial 
activity of the supernatant was analyzed using E. coli DH5a 
and P. aeruginosa BNCC186666 as indicators, which were 
grown in LB medium at 37 °C and homogeneously mixed 
into LB agar to an  OD600 of 0.2. Sterile Oxford cups were 
placed in a Petri dish, and the mixed LB (15 mL) was poured 
into them. After it solidified, the Oxford cups removed, the 

samples were added into the well, and equal volume of ster-
ile fermentation medium was used as a control. The plate 
was cultured at 37 °C.

Detection of biosurfactant produced 
during the fermentation

The biosurfactant produced during the fermentation was 
detected by measuring the surface tension. The fermentation 
broth was collected every 12 h for 72 h and separated from 
the bacterial cells by centrifugation at 5000×g for 10 min. 
The supernatant was used for the surface tension measure-
ments using a QBZY series automatic surface tensiometer 
(Shanghai Fangrui Instrument Co., Ltd., China).

Statistical analysis

Statistical analysis was performed using Microsoft Excel 
2010 software (Microsoft Corp., USA). The significance of 
differences in the means between the control strains and the 
domain-swapped strains was assessed using Student‘s t test. 
Differences with p values of less than 0.05 were considered 
statistically significant.

Results and discussion

Sequencing of the polymyxin gene cluster 
and identification of the polymyxin types

The combination of microbial genome screening and syn-
thetic biology could have a major impact on combinatorial 
biosynthesis, allowing the application of rationally engi-
neered NRPS to develop natural products and drugs [3, 
53]. The size or base type of the polymyxin biosynthesis 
gene cluster (pmx) is different in different strains, and the 
pmx genes in different P. polymyxa strains encode enzymes 
that synthesize different polymyxin products (A, B, E, P) 
[17]. In this study, we performed genome mining to iden-
tify, annotate and evaluate the pmx gene responsible for 
polymyxin biosynthesis (GenBank: MN535700) (Fig. 2a). 
The pmx cluster sequence was found to contain five open 
reading frames, encompassing a total sequence length of 
40.7 kb that was organized into three NRPS genes (pmxA, 
pmxB and pmxE) involved in polymyxin synthesis and two 
genes (pmxC and pmxD) encoding a transporter protein 
that exports the lipopeptide. The pmxA (14916 bp), pmxB 
(3309 bp) and pmxE (18879 bp) genes were respectively 
predicted to encode synthases of 4971, 1102 and 6292 amino 
acid residues. The specificity-conferring amino acids of the 
A-domain in pmx were determined using the web-based 
prediction programs PKS/NRPS Analysis (Fig. 2a, S1) [17, 
40]. The synthetase encoded by pmxE was predicted to be 
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composed of five modules that incorporate four 2,4-diam-
inobutanoic acid (Dab) monomers and one threonine (Thr). 
The pmxA synthetase ligates phenylalanine (Phe), isoleucine 
(Ile) and two Dab, while the pmxB synthetase integrates Thr. 
The order of these modules was collinear with the sequence 
of the polymyxin lipopeptide product, and the arrangement 
of the amino acid monomers corresponds to the structure of 
the polymyxin B. LC–MS analysis of the culture superna-
tant identified four peaks with masses consistent with poly-
myxins B1 ([M+2H]2+=602.4), B2 ([M+2H]2+=595.4), B3 
([M+2H]2+=595.4) and B1-1 ([M+2H]2+=602.4) (Fig. 3a, 
b), in agreement with the reference standard (Fig. S2). No 
genes in the polymyxin biosynthesis gene cluster were pre-
dicted to encode an enzyme responsible for the acylation of 
the peptide moiety, and no genes associated with the acti-
vation or transfer of fatty acids were found adjacent to the 
polymyxin cluster (Fig. S3).

Polymyxin production of wild‑type CJX518 and its 
modified derivatives

Single- and double-domain swapping strains were obtained 
by homologous recombination facilitated by temperature-
sensitive plasmids. The growth of wild-type P. polymyxa 
CJX518 and the domain-swapping strains was observed 
individually. As shown in Fig. 4a, in the early period of fer-
mentation, they grew at nearly the same speed and showed 
strong growth in the first 24 h. However, the parent strain 

grew slower than the recombinant strains after 24 h. All 
recombinant strains reached a slightly higher biomass than 
wild-type CJX518 (p<0.05), which was accompanied by 
faster glucose depletion (p < 0.01) (Fig. 4b). After 48 h, the 
biomass of all strains decreased, and the glucose depletion 
rate was reduced. It has been published that polymyxin can 
kill its producer P. polymyxa [58]. Consequently, we specu-
lated that the difference in  OD600 and glucose consumption 
may be related to the difference in polymyxin production and 
residual components in the medium.

It was expected that the necessity for a functional A 
domain and starter C domain in polymyxin biosynthesis 
might be related to the regulation of analogs. To explore pos-
sible strategies for regulating polymyxin B analogs, increas-
ing the proportion of the major components B1 and B2, as 
well as decreasing B3 and B1-1 as much as possible, we con-
structed swapping strains of domain A specific for leucine 
and the starter C domain related to fatty acid specificity. Ear-
lier studies reported that polymyxin production starts in the 
exponential phase and continues thereafter [1, 33, 59]. The 
polymyxin B production of all strains is shown in Fig. 4c. 
There was no polymyxin B within 12 h. Then, the production 
rapidly increased from 12 h to 60 h, and remained almost 
constant in the remaining time. The polymyxin B yield of 
all strains reached its maximum at 60 h. Compared with the 
518 strain (0.47 g/L), the yield of 518-A, 518-C and 518-AC 
decreased to 0.38 g/L, 0.32 g/L and 0.22g/L, respectively. 
Thus, the polymyxin B yield of the recombinant strains was 

Fig. 3    LC-MS analysis and chemical structures of representative 
members of polymyxins B analogues. a Mass spectrometry analysis 
of fermentation products of CJX518 and domain swapping strains-A, 

-C, -AC. b HPLC analysis of fermentation products of CJX518 and 
domain swapping strains-A, -C, -AC
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lower than that of CJX518, whereby the yield of the 518-AC 
strain with two swapped domains was the lowest (p < 0.01). 
Previous studies showed that domain or module engineering 
would reduce the lipopeptide yield by destroying the struc-
tural integrity and recognized relationships between the A 
and C domains [5, 16, 27]. Thus, swapping the module con-
taining the target domain as a whole should be investigated 
as a way of keeping domain integrity and specificity. The 
yield may be improved by optimizing the expression of the 
pmx gene cluster or the fermentation conditions.

The HPLC results of the reference standard and samples 
both revealed four main compounds with different reten-
tion times corresponding to B1, B2, B3 and B1-1 (Fig. S2). 
Swapping the A domain conferring leucine specificity led 
to a significant decrease in the ratio of B1-1, from 18.25 to 
3.09%, as well as an increase of B1 from 41.36 to 52.90%. 
In addition, the proportion of B2 increased, and that of B3 
decreased, even though the difference was not large. After 
swapping the C domain, the percentage of B2 and B3 was 
reduced obviously from 23.40 and 16.99 to 18.09 and 6.39%, 
respectively, while the ratios of B1 and B1-1 increased from 
41.36 and 18.25 to 55.03 and 20.49%. After swapping both 
the A and C domains, the proportion of B1 increased sharply 

to 62.96%, while that of B2 increased from 23.40 to 27.03%. 
At the same time, B1-1 and B3 dropped significantly to 6.7 
and 3.32% (Table S2; Fig. 4d). The A and starter C domains 
in the polymyxin biosynthesis gene cluster confer speci-
ficity for amino acid and fatty acid substrate, and domain 
swapping can lead to changes in the analog composition of 
polymyxin B, obviously reducing the minor and increas-
ing the main components. Our experiments unambiguously 
showed that altering the specificity of the A domain by 
swapping could change the amino acids in the structure of 
the lipopeptides, and introducing a heterologous C domain 
can regulate the fatty acid specificity in the structure. Novel 
lipopeptides with different chain length and amino acids may 
be produced by introducing the starter C and A domains into 
foreign NRPS clusters.

Effects of domain swapping on overflow 
metabolites

P. polymyxa is also known to produce acetoin and 2,3-butan-
ediol [11, 35], and the production of lipopeptides as second-
ary metabolites is related to acetoin and 2,3-butanediol [15]. 
As shown in Fig. 5a and b, all strains produced acetoin after 

Fig. 4   Time course profile of cell growth, residual glucose, yield of poluymyxin B and change of polymyxin B analogs in fermentation prod-
ucts. a Biomass. b Residual glucose. c Yield of polymyxin B. d Analogs change
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36 h, and 2,3-butanediol after 12 h. The yield of acetoin of 
the recombinant strains was higher than that of the wild-
type strain after 48 h and reached the maximum value at 
60 h. In the first 36 h, there was no significant difference in 
the 2,3-butanediol yield of strains 518, 518-A and 518-C, 
and it decreased in the remaining time except for 60 h, at 
which point the yield of strain 518 was lower than that of 
the other two strains. However, the 2,3-butanediol yield of 
518-AC was much higher than that of the other strains at 
all time-points (Fig. 5c). The total yield of 2,3-butanediol 
and acetoin of the recombinant strains was higher than that 
of wild-type 518 from 24 h to 72 h, and reached its peak at 
60 h. Although the polymyxin yield of the domain-swap-
ping strain was lower than that of the parent strain, the total 
yield of acetoin and 2,3-butanediol was higher (p < 0.05 and 
p < 0.01, respectively). The coproduction of lipopeptides and 
acetoin gives more added value to the fermentation because 
of possible uses in crop protection, diesel biodegradation, 
biodiesel production and p-xylene decontamination [22]. 
Studies showed that acetoin and 2,3-butanediol are major 
overflow metabolites affecting lipopeptides production [12, 
65]. Accordingly, reducing the flux toward overflow metab-
olites could enhance lipopeptide production [26]. Acetoin 

production was found to be directly related to the consump-
tion of carbon source, which regulated the lipopeptide yield 
[15], since acetoin competed for acetyl-CoA [50], which can 
be used for the biosynthesis of straight fatty acids to gener-
ate lipopeptides. Accordingly, different strains can direct the 
flow of acetoin toward the production of lipopeptide isoform 
and vice versa [12]. It is possible that reducing the lipopep-
tide synthesis contributed to the accumulation of acetoin 
and 2,3-butanediol (Fig. 5a, b, 4c) [4]. As shown in Fig. 5c., 
pyruvate as an intermediate metabolite of the main meta-
bolic flux connects the production of acetoin, 2,3-butanediol 
and lipopeptides [12, 64, 65]. Therefore, the yield of acetoin 
and 2,3-butanediol would increase when the yield of lipo-
peptide is decreased. The production of overflow metabolites 
can be reduced by deactivating the biosynthesis of acetoin 
and 2,3-butanediol to enhance lipopeptides production [63, 
65]. Enhancing the biosynthesis of amino- and fatty acids 
that are direct precursors of lipopeptides would reduce the 
formation of acetoin and 2,3-butanediol. There was a con-
version between acetoin and 2,3-butanediol at the start of 
acetoin production, and the 2,3-butanediol content dropped 
sharply from 36 h to 48 h. A low NADH/NAD+ ratio can 
promote acetoin production, while a high ratio favors the 

Fig. 5    Time course profile of acetoin and 2,3-butanediol. a Acetoin. b 2,3-butanediol. c Metabolic pathway for acetoin. d The intracellular 
NADH/NAD+ ratio
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synthesis of 2,3-butanediol. The NADH/NAD+ ratios of the 
domain-swapping strains were higher than that of the control 
strain before 48 h. The ratio in the test group increased at 
36 h, while in the control group it increased at 48 h, and at 
36 h, the ratio of strain 518 was much lower than those of 
518-A, -C, and -AC. After 48 h, the NADH/NAD+ ratios of 
all strains decreased slowly (Fig. 5d). It has been reported 
that the extracellular oxidation–reduction potential is closely 
associated with the NADH/NAD+ ratio, which in turn affects 
the interconversion between 2,3-butanediol and acetoin and 
metabolic flux partitioning [14]. Hence, swapping the A 
and starter C domains can regulate the ratio of polymyxin 
analogs, and the yield can be increased by regulating the 
metabolic flux toward acetoin and 2,3-butanediol.

Surface tension and antibacterial activity 
of polymyxin produced by wild‑type CJX518 and its 
modified derivatives

Polymyxin and other lipopeptides are surfactants, and there-
fore reduce the surface tension of the culture supernatant. 
Consequently, we also measured the changes of surface 

tension during the fermentation. As shown in Fig. 6a, the 
surface tension of strains 518-A, -C, and -AC decreased 
drastically after 24 h, when polymyxin production started, 
and then decreased somewhat during the later stages. The 
surface tension of the fermentation supernatants of strains 
518-A, -C, and -AC dropped faster than that of the wild-type 
518. Later, the surface tension stabilized and did not con-
tinue decreasing as polymyxin production increased, which 
was in agreement with earlier research [46]. The surface 
tension of the supernatants of strains 518, 518-A, 518-C and 
518-AC respectively decreased by 18.0, 18.5, 18.9 and 17.4 
mN/m. Although the surface tension of the supernatant of 
CJX518 was higher than that of the other strains before 36 
h, it fell to a similar value during later stages. Despite the 
decrease of polymyxin B yield after domain swapping, the 
drop of surface tension in the supernatants of all strains had 
a similar magnitude. It has been reported that there is no cor-
relation between the yield of lipopeptides and the decrease in 
surface tension. When lipopeptides are produced, the surface 
tension rapidly drops to a minimum, and then stops decreas-
ing with a further increase of the product yield.

Fig. 6  Surface tension and 
detection of antibacterial activ-
ity against E. coli DH5a and P. 
aeruginosa BNCC186666 by 
Oxford Cup method. a Surface 
tension. b E. coli DH5a. c P. 
aeruginosa BNCC186666. 
Control: equal volume of sterile 
fermentation medium
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Polymyxin can strongly inhibit Gram-negative bacteria. 
To compare the antibacterial properties of the fermentation 
products of P. polymyxa CJX518 with those of the domain-
swapping strains 518-A, 518-AC and 518-C, E. coli and P. 
aeruginosa were used as an indicator strains. Culture super-
natants of P. polymyxa CJX518, 518-A, 518-AC and 518-C 
all exhibited high antimicrobial activities against E. coli and 
P. aeruginosa (Fig. 6b and c), which was consistent with 
earlier findings that polymyxin can effectively inhibit mul-
tidrug-resistant strains of these species [7]. The inhibition 
zones of the CJX518 supernatants were slightly larger than 
that of the other strains, and the inhibition zone of 518-AC 
was the smallest, which may be related to the decrease of 
polymyxin yield (Fig. 4a). Although there was a disparity in 
polymyxin yield among all strains, the antibacterial activ-
ity against E. coli and P. aeruginosa was not significantly 
different, which may be related to the activity of polymyxin 
preparations with different components. The polymyxin 
yield of CJX518 was the highest, while that of 518-AC was 
the smallest, but there was only a small difference in terms 
of antibacterial activity. In spite of the lower yield, the inhi-
bition zones of 518-A and 518-C were slightly smaller than 
that of 518, which would indicate that polymyxin B1 and B2 
are more active than B3 and B1-1 [44]. To reduce the possi-
ble negative effects of polymyxin dosage, as well as decrease 
resistance development [47] and toxicity [49], increasing the 
proportion of the main components B1 and B2 should be 
taken into consideration.
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