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Polymyxin B, produced by Paenibacillus polymyxa, is used as the last line of defense clinically. In this study,
exogenous mixture of precursor amino acids increased the level and proportion of polymyxin B1 in the total of
polymyxin B analogs of P. polymyxa CJX518-AC (PPAC) from 0.15 g/L and 61.8 % to 0.33 g/L and 79.9 %,
respectively. The co-culture of strain PPAC and recombinant Corynebacterium glutamicum-leu01, which produces
high levels of threonine, leucine, and isoleucine, increased polymyxin B1 production to 0.64 g/L. When strains
PPAC and C. glu-leu01 simultaneously inoculated into an optimized medium with 20 g/L peptone, polymyxin B1

production was increased to 0.97 g/L. Furthermore, the polymyxin B1 production in the co-culture of strains
PPAC and C. glu-leu01 increased to 2.21 g/L after optimized inoculation ratios and fermentation medium with
60 g/L peptone. This study provides a new strategy to improve polymyxin B1 production.

1. Introduction

Infections caused by multidrug-resistant pathogens are a global
public health crisis. Polymyxins synthesized by Paenibacillus polymyxa
are lipopeptide antibiotics that are effective against the superbugs
Pseudomonas aeruginosa, Escherichia coli, Klebsiella pneumoniae, Acineto-
bacter baumannii, etc. [1]. Polymyxin B and E are widely used in clinical
practice. Polymyxin B1, B2, B3 and B1-1 are the most effective com-
ponents of therapeutic drug polymyxin B, and their component ratios
affect their pharmacokinetics, pharmacodynamics, and toxicity kinetics
[2-4]. The European Pharmacopoeia stipulates that in clinical practice

polymyxin B mixtures should comprise >80 % polymyxins B1-B3 and
B1-1, in which B3 and B1-1 should not exceed 15 % and 6 %, respec-
tively. Standardization of the ingredients of polymyxin mixtures
currently available for clinical use must be stricter, or safer,
one-component polymyxin lipopeptide products with clear pharmaco-
kinetics must be developed [5]. Because the yield of polymyxin B is
relatively low, it is necessary to increase the production of polymyxin B
and the component proportion of polymyxin B1.

Polymyxin is synthesized by non-ribosome peptide synthetase
(NRPS), which is encoded by a 40 kb gene cluster. The polymyxin gene
cluster consists of five open reading frames: pmxA, pmxB, pmxC, pmxD,

Abbreviations: P. polymyxa, Paenibacillus polymyxa; PPAC, P. polymyxa CJX518-AC; C. glutamicum, Corynebacterium glutamicum; C. glu-thr, C. glutamicum-thr; C. glu-
leu01, C. glutamicum-leu01; C. glu-cgb7, C. glutamicum-cgb7; C. glu-cgb11, C. glutamicum-cgb11; E. coli, Escherichia coli; 6-MOA, 6-methyloctanoic acid; L-Dab, L-2,4-
diaminobutyric acid; L-leu, L-leucine; L-Ile, L-isoleucine; L-Thr, L-threonine; D-Phe, D-phenylalanine.
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and pmxE. Among them, pmxC and pmxD encode transport proteins that
transport polymyxin to the extracellular space, while pmxA, pmxB, and
pmxE encode polymyxin synthase [6]. PmxA, PmxB, and PmxE consist of
10 modules (Fig. 1A), each with selective specificity for amino acid
substrates. Specifically, the starter condensation domain has selective
specificity for fatty acid chains [7,8]. Polymyxin B synthase selects and
utilizes fatty acids including 6-methyloctanoic acid (6-MOA), 6-methyl-
heptanoic acid, and octoic acid, as well as amino acids including L-2,
4-diaminobutyric acid (L-Dab), L-leucine (L-leu), L-isoleucine (L-Ile),
L-threonine (L-Thr), and D-phenylalanine (D-Phe) in modular order to
synthesize cyclic lipopeptide compounds. Polymyxins B1, B2, B3, and
B1-1 differ in the fatty acyl moiety at the N-terminus (B1: 6-methylocta-
noyl; B2: 6-methylheptanonyl; B3: octanoyl), or an amino acid within
the heptapeptide ring (B1, position 7: L-Leu; B1-1, position 7: L-Ile) [9]
(Fig. 1A).

Increasing the supply of important precursors is an effective way to
enhance the production of lipopeptides such as surfactin [10], fengycin
[11], iturin [12], and daptomycin [13]. The lack of precursor fatty acids
and amino acids decreases lipopeptide synthesis [14]. However, the
effects of amino acid precursors on polymyxin production are incon-
sistent. For example, exogenous addition of precursor amino acids, such
as L-Dab, L-Thr, L-Leu or L-Ile, inhibits the synthesis of polymyxin E by
P. polymyxa [15]. Polymyxin D1 and D2 levels are significantly
increased in the presence of L-glutamate and glycine [16]. The impact of
amino acid supplementation on polymyxin production is highly strain
specific and dependent on the growth media [16]. Surfactin production
can be increased by optimizing culture medium and fermentation
strategy [17]. A combination of precursor amino acids can promote
polymyxin synthesis. Thus, optimizing culture medium and fermenta-
tion conditions is necessary for improving polymyxin production.

The construction of a co-culture systems is a feasible strategy to
provide key precursors or nutrients for producing valuable chemical
products [18-20]. Corynebacterium glutamicum has been used industri-
ally to produce natural amino acids [21] and amino acid derivatives
[22]. The co-culture of Bacillus strains and C. glutamicum is based on the
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amino acid feeding mechanism of C. glutamicum, such as the co-culture
of recombinant C. glutamicum producing high proline, with Bacillus
amyloliquefaciens to enhance the production of lipopeptides [23]. Simi-
larly, the co-culture of C. glutamicum and Bacillus subtilis with enhanced
amino acids transporters to improve the titer of fengycin [24]. Another
example is the co-culture system of E. coli and C. glutamicum, which not
only relies on high level lysine produced by C. glutamicum to establish a
commensalism [25], but also can enhance the growth of E. coli by using
fructose metabolized from C. glutamicum as a carbon source [26].
Additionally, yeast has been shown to utilize the metabolic by-products
of C. glutamicum to further improve the 1-Ornithine production during
the co-culture fermentation process [27].

Previous work has demonstrated that P. polymyxa CJX518 produces
several polymyxin B homologues, including 41.36 % B1, 18.25 % B1-1,
23.4 % B2, and 16.99 % B3, whereas the recombinant P. polymyxa
CJX518-AC (PPAC) significantly increased the component ratio of
polymyxin B1 [28]. This study investigated the effects of simultaneous
supplies of exogenous multi-precursor amino acids on polymyxin Bl
production and polymyxin B1 ratio in polymyxin B homologues of strain
PPAC by direct addition or artificial consortium. A recombinant
C. glutamicum was used herein for producing higher levels of the pre-
cursor amino acids for polymyxin B1 synthesis. To improve the pro-
duction of polymyxin B1, an artificial consortium of strains PPAC and
recombinant C. glutamicum was constructed, and optimization of
fermentation conditions was also carried out.

2. Materials and methods
2.1. Bacterial strains, plasmids, and culture media

The strains and plasmids used in this study are listed in Table S1.

E. coli DH5a was used for plasmid construction and amplification,
and was also used as indicator for antibacterial experiment. E. coli DH5a
cells cultured in Luria Betani (LB) medium containing 5.0 g/L yeast
extract, 10.0 g/L peptone, and 10.0 g/L NaCl. C. glutamicum ATCC
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Fig. 1. Effect of exogenous supply of precursor substrate on polymyxin B level. (A) Chemical structure of polymyxin B, (B) Supply of 0.8 g/L L-Dab, 0.8 g/L L-Thr,
and 0.8 g/L D-Phe, (C) Supply of 0.8 g/L L-Leu and 0.8 g/L L-Ile, (D) Fatty acid metabolism pathway, (E) Supply of 2-methylbutyric acid, (F) Supply of combined

amino acids.

177



H.-Z. Sun et al.

13032 was used as the parental strain for genetic engineering and
cultured in 74.0 g/L brain heart infusion broth. The strain was also used
for co-culture with strain PPAC to produce polymyxin.

The seed medium of strain PPAC contained 50.0 g/L glucose, 4.0 g/L
peptone, 2.0 g/L yeast extract, 1.5 g/L KoHPOy, 0.5 g/L MgSO4e7H>0,
and 0.5 g/L NaCl at neutral pH. The seed medium of C. glutamicum
contained 30.0 g/L glucose, 5.0 g/L peptone, 4.0 g/L KoHPOy4, 2.0 g/L
MgS0O4e7H0, 0.3 mg/L vitamin B1 (VB;), 0.2 mg/L vitamin B7 (VBy),
30.0 mg/L FeSO4e7H20, and 30.0 mg/L MnSO4eH>O at neutral pH.

This study used fermentation media I including media for pure cul-
ture of strains PPAC or C. glutamicum, media II for the co-culture of
strains PPAC and C. glutamicum, and optimization media for the co-
culture.

The medium for the pure culture of strain PPAC (PP medium) con-
tained 60.0 g/L glucose, 1.0 g/L yeast extract, 10.0 g/L peptone, 1.0 g/L
NacCl, 2.0 g/L KoHPOy, 0.7 g/L MgS04e7H50, 15.0 g/L (NH4)2SO4, 0.5
g/L KCl, 0.3 mg/L FeSO4e7H50, and 5.0 mg/L MnSO4eH,0 at pH 7.2,
was described [28].

The medium for the pure culture of C. glutamicum contained 60.0 g/L
glucose, 15.0 g/L yeast extract, 5.0 g/L peptone, 4.0 g/L KoHPOy4, 2.0 g/
L MgSO4e7H,0, 0.5 mg/L VB4, 0.3 mg/L VBy, 30.0 mg/L FeSO4e7H,0,
and 30.0 mg/L MnSO4eH,0 at natural pH.

Based on the media for the pure culture of strain PPAC or
C. glutamicum, the medium for the co-culture of strains PPAC and
C. glutamicum (C. glu-PP medium) contained 60.0 g/L glucose, 15.0 g/L
yeast extract, 20.0 g/L peptone, 4.0 g/L KoHPOy4, 15.0 g/L (NH4)2SO4,
2.0 g/L MgSO4e7H20, 30.0 mg/L FeSO4e7H20, and 30.0 mg/L
MnSO4eH>0, 0.5 mg/L VBy, 0.3 mg/L VBy, 1.0 g/L NaCl, and 0.5 g/L KCl
atpH 7.2.

For optimization media (C. glu-PP80 and CP-M) of the co-culture
media, 60.0 g/L glucose was changed to 80.0 g/L glucose or 50.0 g/L
maltodextrin, respectively.

2.2. Fermentation procedure

The seed of strain PPAC (1 mL) was prepared by inoculating into 200
mL seed medium in a 500-mL shake flask and cultured for 24 h at 180
rpm and 30°C. The activated stock seed of C. glutamicum (500 pL) was
inoculated into in a 250-mL baffled shake flask containing 50 mL seed
medium and cultured for 24 h at 180 rpm and 30°C. Fermentation was
performed by inoculating seeds of strains PPAC and/or C. glutamicum
with ODggp into 80 mL fermentation medium and incubating for 72 h at
30°C and 180 rpm.

2.3. Construction of metX deletion strain C. glutamicum

The pK18mobsacB plasmid was used as a vector to construct metX
deletion plasmid pK18-AmetX. The target plasmid achieved knockout of
the metX gene on the genome of C. glutamicum through homologous
recombination. The primers used in this study are listed in Table S2.

The plasmid pK18mobsacB was linearized using BamH I and EcoR 1.
The upstream and downstream homologous arms of gene metX were
amplified from the C. glutamicum genome and ligated with the linearized
vector. The plasmid was transformed into the E. coli competent cells. The
cells were plated on LB plates containing 50 pg/mL kanamycin, cultured
for 24 h, and screened. Finally, colonies were verified via polymerase
chain reaction (PCR) using the primers JP-PK18-F and JP-PK18-R. A
1401-bp band confirmed that the metX plasmid was successfully con-
structed (Fig. S1A).

The plasmid pK18-AmetX was electroporated into competent cells of
C. glutamicum ATCC13032 with a 1 cm electroporation cup at 1800 V.
Chromosomal editing was performed by selecting cells that were kana-
mycin resistant and sucrose nonresistant cells [29]. The recombinant
strain C. glutamicum-thr (C. glu-thr) was verified by PCR with primers
metX-F-SE and metX-R-SE (Fig. S1B).
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2.4. Analytical methods

2.4.1. Extraction and detecting of polymyxin B

The fermentation broth was centrifuged at 12,000 rpm for 10 min.
An equal volume of ethyl acetate was added to the cell-free supernatant
and extracted for 2 h. After stewing and layering were complete, the
upper organic phase was removed and evaporated at 42°C to obtain a
yellow powder, which comprised a crude extract of lipopeptides,
including polymyxin. The powder was dissolved in methanol and
filtered through a 0.22-pm nylon membrane for quantitative analysis.
Polymyxin B was analyzed using a reversed-phase C18 column (4.6 x
250 mm, 4.6 pm; Alliance, USA). High-performance liquid chromatog-
raphy (HPLC) was used to analyze polymyxin B, as described by Yuan
et al. [28].

2.4.2. Assay of amino acids

Phenyl isothiocyanate (PITC), triethylamine, and n-hexane were
purchased from Aladdin (Shanghai, China). The amino acids in the
fermentation broth were quantified using the PITC derivatization
method described by Chen et al. [30]. Then amino acids composition
was determined by HPLC using a 4.6 mm x 250 mm Venusil AA column,
as described by Chen et al. [24].

2.4.3. Determination of glucose by HPLC

The fermentation broth was centrifuged at 12,000xg for 10 min and
filtered through a 0.22-pm aqueous membrane. Then, a 10-pL aliquot
was examined with reversed-phase HPLC using an Aminex HPX-87H ion
exclusion column (7.8 mm x 300 mm, Bio-Rad) and a differential
refractive index detector. The mobile phase was 5.0 mM sulfuric acid in
water at a flow rate of 0.6 mL/min, and the column temperature was
maintained at 65°C [17]. The retention time of glucose was 9.3 min.

2.5. Antibacterial activity assay

The fermentation broth of strain PPAC was centrifuged at 12000xg
for 10 min to pellet cells and filtered through a sterile 0.22-pm filter. The
antibacterial activity of the supernatant was analyzed using E. coli DH5x
as indicators, which were cultured in LB medium at 37°C and plated on
LB agar. A sterile Oxford cup was placed on the surface of LB agar, and
200 pL of sterile supernatant was added to the Oxford cup. The super-
natant was allowed to stand at 37°C to be absorbed by the agar. The
Oxford cup was removed and inverted for 24 h.

2.6. RNA extraction and qRT-PCR analysis

qRT-PCR was performed to detect differences in the expression of
genes involved in polymyxin biosynthesis. After 48 h of fermentation,
strain PPAC cells were harvested through centrifugation at 6000 rpm for
5 min. Total RNA was extracted using the RNAprep Pure Cell/Bacteria
Kit (TianGEN, China). The quantity and purity of total RNA were
determined using a NanoDrop 2000 spectrophotometer (Thermo Sci-
entific, USA). cDNA was obtained by reverse transcription of total RNA
using the SPARKscript II 1st Strand ¢cDNA Synthesis Kit (SparkJade,
China). The 16 S rRNA gene, amplified using the primers 16SF (5-
GAGAAGAAAGCCCCGGCTAA-3) and 16SR (5-ACCAGACTTAAA-
GAGCCGCC-3"), served as an internal reference. Primers for amplifying
target genes are listed in Table S3 qRT-PCR was performed using
LightCycler 480 (Roche, USA) with 2 x SYBR Green qPCR Mix (Spark-
Jade, China), and data were analyzed according to Yu et al. [15].

2.7. Statistical analysis

All experiments were performed in triplicate. Statistical analysis was
performed using SPSS version 27 software (USA). Differences with *p <
0.05, **p < 0.01, and ***p < 0.001 were labeled with one, two, and
three asterisks, respectively.
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3. Results and discussion
3.1. Effects of exogenous precursors on polymyxin synthesis

3.1.1. Supply of individual precursor amino acids

The synthesis of polymyxin B requires L-Dab, L-Leu, L-Thr, and D-
Phe as precursor amino acids (Fig. 1A). As shown in Fig. 1B and C, the
effects of amino acids on polymyxin B level of strain PPAC were studied
by exogenously adding structural amino acids of polymyxin B.
Compared to the control without exogenous amino acids, the individu-
ally addition of 0.8 g/L L-Dab and 0.8 g/L L-Thr significantly improved
the polymyxin B production of strain PPAC, while 0.8 g/L L-Leu and 0.8
g/L L-Ile obviously reduced the production of polymyxin B of strain
PPAC in PP medium. In addition, polymyxin B production was not sig-
nificant change when supplied with D-Phe. It is because that the epi-
merization domain in the polymyxin B gene cluster alters the
configuration of L-Phe, and D-Phe is involved in the structure of poly-
myxin B [31], while exogenous D-Phe did not possibly be incorporated
into the structure of polymyxin B.

Moreover, the co-addition of 0.8 g/L of L-Leu and 0.8 g/L of L-Ile
further reduced the polymyxin B, and raised the ratio of B1 in polymyxin
B from 75.3 % to 79.0 %. The competitive product B1-1 of polymyxin B1
requires L-Ile at position 7 of the chemical structure, while polymyxin B1
is L-Leu (Fig. 1A), indicating that L-Ile will be used competitively in the
synthesis of polymyxin B1 and B1-1, and the simultaneous addition of L-
Leu may increase polymyxin B1 synthesis to inhibit the synthesis of B1-
1. Consistently, it has been demonstrated that addition of precursor
amino acids during fermentation inhibit polymyxin E production, which
probably affects the expression of its biosynthesis-related genes [15].
Meanwhile, it is also reported that the production of polymyxin D1 and
D2 was stimulated by i-alanine, r-arginine, r-histidine, i-cysteine,
L-asparagine, L-glutamine, L-Ser, and L-Thr in a
concentration-dependent manner [16]. Taken together, the impact of
amino acid supplementation on polymyxin production is highly
strain-specific and dependent on growth media [15,16].

The production of polymyxin B is affected by the expression of its
biosynthesis-related genes in strain PPAC. Polymyxin B is bio-
synthesized by NRPS, which comprises the synthetase PmxA, PmxB,
PmxC, PmxD, and PmxE, encoded by pmxA, pmxB, pmxC, pmxD, and
pmxE, respectively. As shown in Fig. S2, compared to the MO control, the
relative expression levels of pmxA-pmxE decreased when 0.8 g/L of L-
Leu, 0.8 g/L of L-Ile, or 0.8 g/L of L-Leu and 0.8 g/L of L-Ile were added
to the medium. Conversely, the relative expression levels of pmxA-pmxE
genes increased when individually supplemented with 0.8 g/L L-Dab
and 0.8 g/L L-Thr, while pmxC showed a decrease when supplemented
with 0.8 g/L L-Thr. In particular, L-Ile, exogenous L-Leu, and L-Dab had
the same trend of influence on the pmxA-pmxE genes, suggesting that
the exogenous amino acids did not directly affect the expression ability
of pmxA-pmxE but influenced the gene cluster of polymyxin through
potential signaling and regulatory events.

NRPS is activated by 4-phosphopantetheinyl transferase (Sfp),
encoded by sfp [32], and L-Dab is synthesized from L-asp-semialdehyde
(L-Asp) by EctB which is encoded by ectB [33]. The unchanged expres-
sion levels of sfp and ectB suggest that the exogenous supplementation of
amino acids did not significantly affect the transcription of sfp and ectB
genes. The relative expression levels of abrB increased with the addition
of L-Ile and L-Dab. The pmxA expression is negatively regulated by the
DNA-binding protein, AbrB encoded by abrB [33]. However, the
expression of abrB is negatively regulated by the DNA-binding protein,
Spo0A encoded by spoOA [34]. The relative expression levels of spoOA
increased with the addition of L-Leu, L-Ile, L-Dab, and co-addition of
L-Leu and L-Ile, resulting in the transcription repression of abrB.

3.1.2. Supply of 2-methylbutyric acid
The synthesis of polymyxin B1 requires 6-MOA as a precursor fatty
acid, which is metabolized from L-Ile (Fig. 1D); 2-methylbutyric acid is
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an intermediate of this metabolic pathway. Compared to the PPACO
control, the level and ratio of polymyxin Bl increased with the exoge-
nous addition of 200 pg/mL 2-methylbutyric acid in PPAC200 (Fig. 1E).
The addition of 200 pg/mL 2-methylbutyric acid increased the level of
polymyxin B1 from 0.26 g/L to 0.39 g/L and the ratio from 42.31 % to
63.9 %, confirming the precursor role of 6-MOA. In addition, the addi-
tion of 2-methylbutyric acid had a negative effect on the growth of strain
PPAC (Fig. S3A). Strengthening the production of 6-MOA can promote
polymyxin B1 synthesis. However, present gene editing cannot enhance
the metabolic pathway of 6-MOA due to the limitations of the unclear
restriction-modification system in strain PPAC. Thus, enhancing the 6-
MOA synthesis by exogenous supplementation of L-Ile to the medium.

3.1.3. Supply of five precursor amino acids mixture

To increase both the proportion and production of polymyxin B1, a
mixture of L-Dab, L-Thr, L-Leu, L-Ile, and D-Phe was added to the PP
medium. Considering that the amount of L-Dab, L-Thr, L-Leu, L-Ile, and
D-Phe is in the ratio 6:2:1:1:1 in the structure of polymyxin B1, amino
acids were proportionally supplied. Group M0 was not supplied exoge-
nously with the amino acids, whereas group M1 received 2.4 g/L of L-
Dab, 0.4 g/L of L-Leu, 0.8 g/L of L-Thr, 0.4 g/L of L-Ile, and 0.4 g/L of D-
Phe. The amino acid supply of groups M2-5 was 2-5 times that of group
M1, respectively. The biomass of groups M3-5 decreased due to excess
amino acids added (Fig. S3B). The level and ratio of polymyxin Bl
positively correlated with the addition of combined amino acids,
increasing from 0.15 g/L and 61.8 % in group MO to 0.33 g/L and 79.9 %
in group M3, respectively. In contrast, the level and ratio of polymyxin
B1 decreased with the further increase of amino acids in groups M4 and
M5 (Fig. 1F). Therefore, the optimal amounts of amino acids were 7.2 g/
L L-Dab, 1.2 g/L L-Leu, 2.4 g/L L-Thr, 1.2 g/L L-Ile, and 1.2 g/L D-Phe.

The relative transcriptional levels of biosynthesis-related genes in
different media MO, M1, and M3 were further analyzed. As shown in
Fig. S4, compared to the control medium MO, the relative expression of
pmxA, pmxB, pmxC, and pmxD increased in the medium M3. Relative
expression of ectB, sfp, spoOA, and abrB in the media MO, M1, and M3
was not significantly different. Therefore, an increase in polymyxin
production by exogenous amino acid mixtures is partly correlated with
increased expression of the NRPS gene cluster.

3.2. Construction of a co-culture system for polymyxin B production

3.2.1. Optimization of inoculation time of strains PPAC and C. glutamicum

To increase polymyxin Bl production with amino acid precursors,
C. glutamicum ATCC 13032 and PPAC were co-cultivated (Fig. 2A). The
inoculation ratio of strains PPAC and C. glutamicum ATCC 13032 was
0.5:0.25 (at ODggo). The effect of the inoculation time of strains
C. glutamicum ATCC 13032 and PPAC on polymyxin Bl production was
studied. Strain PPAC was first inoculated in PP medium for 0, 4, and 8 h
before C. glutamicum ATCC 13032 inoculated in above co-culture,
respectively. Polymyxin Bl production was the highest (0.28 g/L)
than that simultaneous inoculation (at O h) of strains PPAC and
C. glutamicum ATCC 13032, increasing 0.16-fold compared with that in
pure culture (Fig. 2B). Microscopic analysis of 12- and 48-h fermentation
samples showed that C. glutamicum ATCC 13032 was relatively scarce in
the co-culture (Fig. S5A). Cellular growth trends in the co-culture and
pure culture were almost consistent, and the highest biomass of
C. glutamicum ATCC 13032 was ~11.8 (ODggp) at 96 h (Fig. 2C1),
indicating that the biomass of C. glutamicum ATCC 13032 and strain
PPAC can be improved by optimizing the culture medium.

In C. glu-PP medium, polymyxin production in strain PPAC at an
initial inoculation ODggy of 0.5 was higher than that at ODggg 2.0,
indicating that an excessive initial inoculation dose inhibits the pro-
duction of polymyxin B1. Strain C. glutamicum ATCC 13032 was first
inoculated in PP medium for 0, 4, and 8 h before strain PPAC inoculated
in above co-culture, respectively. The highest production of polymyxin
B1 in the co-culture was 0.54 g/L when strains PPAC and C. glutamicum
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Fig. 2. Effects of inoculation time on biomass and polymyxin B production after co-culture of strains PPAC and Corynebacterium glutamicum. (A) Diagram of strains
PPAC and C. glu-leu01, (B) Polymyxin B production after inoculation of strain PPAC seed into the culture medium before inoculation of C. glutamicum seed, (C)
Growth curves of the pure culture of strain PPAC, co-culture, and C. glutamicum pure culture, (D) Polymyxin production after inoculation of C. glutamicum seed into
the culture medium before inoculation of strain PPAC seed, (E) Polymyxin B production in different co-culture systems, PPAC(Thr + Leu + Ile) means adding 0.41 g/
L L-Thr, 0.55 g/L L-Leu, and 0.40 g/L L-Ile to the pure culture of strain PPAC. *p < 0.05, **p < 0.01, ***p < 0.001.

ATCC 13032 were the simultaneously inoculated into the co-culture at 0
h, 0.38-fold higher than that in the pure culture (0.39 g/L) (Fig. 2D). The
lowest production of polymyxin B1 was obtained in the co-culture when
the seed of C. glutamicum ATCC 13032 was first cultured for 4 and 8 h
before strain PPAC inoculation.

Microscopic analysis of 48-h fermentation samples after strain PPAC
inoculated into the co-culture system showed that the presence of both
strain PPAC and C. glutamicum (Fig. S5B). The total biomass after 24 h
significantly decreased when strain C. glutamicum ATCC 13032 was first
inoculated in PP medium for 4 and 8 h before strain PPAC. It is likely
that strain PPAC cells is inhibited and further result in decrease of
polymyxin B1 synthesis. One possible reason is that a large amount of
nutrients was exhausted in the priority inoculation of C. glutamicum
ATCC 13032 (Fig. 2C2). Therefore, the inoculation size ratio (0.50: 0.25)
and simultaneous cultivation of strains PPAC and C. glutamicum ATCC
13032 in the co-culture was carried out in following work, respectively.

3.2.2. Construction of co-culture system with strains PPAC and
recombinant C. glutamicum

Previous work has been confirmed that recombinant strain
C. glutamicum-leu01 (C. glu-leu01) enhanced the expression of serE gene,
which is responsible for the efflux of L-Ser and L-Thr [35]. It was also
found that the L-Thr level of strain C. glu-leu01 reached 0.41 g/Lat 72 h
in C.glu-PP medium. To further increase the supply of precursor amino
acids, recombinant strain C. glutamicum-leu01 (C. glu-leu01), producing
higher levels of L-Thr, L-Leu, and L-Ile, was used in the co-culture of
strain PPAC. Due to the metabolic burden of recombinant strain
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C. glu-leu01, the biomass of strain C. glu-leu01 was lower than that of
C. glutamicum ATCC 13032 after 12 h of cultivation (Fig. 2C3). The
overexpression of sdaA gene with Ptuf promoter enhanced the metabolic
pathway of L-Ser conversion to pyruvate, providing additional essential
precursors for the synthesis of L-Leu and L-Ile, resulting in the levels of
L-Leu and L-Ile reaching 0.55 g/L and 0.40 g/L, respectively.

As shown in Fig. 2E, the production of polymyxin B1 in the co-culture
with strain C. glu-leu01 increased to 0.64 g/L, a 0.68-fold higher than
that in the pure culture of strain PPAC. It is possible related to increases
of L-Thr, L-Leu, and L-Ile syntheses by strain C. glu-leu01, which results
in enhance of polymyxin B1 synthesis. To simulate effects of the amino
acid accumulation of C. glu-leu01 on polymyxin Bl production and
potential relationship between strains C. glu-leu01 and PPAC in the co-
culture, 0.41 g/L L-Thr, 0.55 g/L L-Leu, and 0.40 g/L L-Ile were simul-
taneously added into the pure culture of strain PPAC. However, the
enhancement in polymyxin B1 production was lower than that in the co-
culture of strains PPAC and C. glu-leu01. Considering that the co-culture
of C. glutamicum ATCC 13032 can also improve the production of
polymyxin B1, while the amino acids efflux capacity of C. glutamicum
ATCC 13032 is limited. It is inferred that the enhanced polymyxin B
production in the co-culture could be due to the ability of strain PPAC to
utilize other metabolites of C. glutamicum, such as residual sugar meta-
bolic intermediates, hetero-acids under improvement of e-Poly-1-lysine
production by co-culture [27].

When lipopeptide production was enhanced by co-culture or the
exogenous addition of nutrients, transcriptome analysis revealed over-
expression of genes related to precursor metabolic pathways, which is
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closely involved in the up-regulated of key enzyme genes responsible for
lipopeptide synthesis, and NRPS [36,37]. Particularly, quorum
sensing-related genes oppA and mppA had significant up-regulation, and
then activated ComP to promote lipopeptide synthesis [37].

To further explore the metabolic relationship between strains PPAC
and C. glu-leu01, the relative expressions of genes related to polymyxin
biosynthesis in the pure culture and co-culture of strain PPAC were also
investigated (Fig. S6). Compared to the pure culture of strain PPAC, the
relative expression of pmxA-pmxE in the co-culture of strains PPAC and
C. glu-leu01 was upregulated in the PP or C. glu-PP media. Increased
expression of pmxA, pmxB, and pmxE can promote the biosynthesis of
polymyxin synthase, and increased expression of pmxC and pmxD can
promote the efflux of polymyxin [6]. In this work, the relative expres-
sion levels of pmxE, pmxD, and spoOA in the coculture system in C. glu-PP
medium was higher than that in PP medium, indicating that medium
optimization affects the expression of polymyxin biosynthesis genes.

3.3. Culture conditions optimization of strains PPAC and recombinant C.
glutamicum in the co-culture

Fermentation parameters are crucial to produce lipopeptides, and its
high productivity can reduce production costs [38]. The growth of a
strain and its ability to produce valuable products is affected by oxygen
supply [39]. The use of baffled shake flasks and conventional shake
flasks and the flask-shaker speed of the flask are crucial for ensuring
oxygen supply for aerobic strains [40,41]. Different flask-shaker speed
(120-220 rpm) were studied to explore the relationship between strain
growth and polymyxin production. Compared to 120 rpm, polymyxin B1
production at 140, 160, and 180 rpm increased, with an increase in
biomass (Fig. 3A and B). However, polymyxin production began grad-
ually decrease when speed exceeded 180 rpm. At optimal flask-shaker
speed 180 rpm, the production and ratio of polymyxin B were 0.71
g/L and 72.3 %, respectively. The biomass of the two strains in the
coculture or pure culture improved with increased flash-shaker speed,
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with the highest at 220 rpm (Fig. 3B).

The types and concentrations of carbon and nitrogen sources play
impact roles in the synthesis of natural products [42]. To further
improve polymyxin B1 production, the co-culture of strains C. glu-leu01
and PPAC was inoculated into different media, including C. glu,
C. glu-PP, C. glu-PP80, and CP-M media. Among them, the contents of
nitrogen, metal ions, and other nutrients in C. glu medium were lower
than those in the other media. In addition, compared with 60 g/L
glucose contained in C. glu and C. glu-PP as carbon source, C. glu-PP80
contained 80 g/L glucose and CP-M contained 50 g/L maltodextrin. The
highest production of polymyxin Bl in the co-culture with C. glu-PP
medium was 0.97 g/L under the shake-flask fermentation (Fig. 3C1).
The highest production of polymyxin B1 was 0.77 g/L in C. glu-PP80
medium under the baffled shake-flask fermentation (Fig. 3C2). The
biomass of the co-culture in different media in the baffled shake-flasks
was higher than that in the shake-flasks before 36 h (Figs. S7A and B).
The change of glucose content in the culture media (Fig. 3D) indicated
that the glucose consumption in baffled shake-flasks at 24 h was higher
than that in shake flasks. Glucose in the baffled shake-flask fermentation
was completely consumed at 24 h (except in C. glu-PP80 medium),
whereas it in the shake-flask fermentation was used up till 36 h. The
non-positive correlation between the trend for biomass and polymyxin
B1 production is due to the higher consumption of glucose in baffled
shake flasks than shake flasks. This result is similar to the study by Saat
et al. [41], who found that biomass increase and substrate consumption
in baffled shake flasks were higher in the shake flasks. Taken together,
the fermentation conditions for the co-culture of strains PPAC and
C. glu-leu01 were as follows: shake-flask fermentation at 180 rpm in
C. glu-PP medium.

3.4. Effect of peptone supply in culture medium on polymyxin Bl
production

Polymyxin is a cyclic lipopeptide compound formed by the
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condensation and cyclization of fatty acid chains and amino acids [6].
Therefore, a nitrogen source is crucial for polymyxin synthesis by strain
PPAC. A nitrogen source is required not only for amino acid synthesis
and polymyxin production but also for cell growth. In C. glu-PP medium,
peptone is the main organic nitrogen source. As the supply of peptone in
the culture medium increased, the biomass of strain PPAC in pure cul-
ture or co-culture with strain C. glu-leu01 increased, whereas the
biomass of strain C. glu-leu01 did not increase significantly (Fig. 4A).
The increase in biomass in the co-culture was mainly affected by the
growth of strain PPAC. Peptone (40-60 g/L) is effective for the growth of
strain PPAC. The supply of peptone plays an essential role in the growth
[43] and production [44,45] of P. polymyxa, and the optimal peptone
supply varies for different strains. Kaziuniené et al. [43] has reported
that the biomass of Paenibacillus sp. MVY-024 is 36-fold higher than that
without nitrogen supply when 10 g/L peptone was used as a nitrogen
source. The lipopeptide production in Paenibacillus polymyxa Cp-S316
has increased 3.05-fold with the addition of 17.5 g/L peptone [44].

The production of polymyxin B1 in the pure culture or coculture of
strain PPAC was the highest when 60.0 g/L peptone was supplied
(Fig. 4B) (1.40 g/L and 1.54 g/L, respectively). Compared to the original
culture medium (supplied with 20.0 g/L peptone), the polymyxin Bl
production of strain PPAC in the pure culture and co-culture increased
by 0.87- and 0.60-fold, respectively. The lesser the amount of peptone
supplied, the lower the production of polymyxin B1. When 2.0 g/L
peptone was added to the culture medium, only 0.10 and 0.11 g/L
polymyxin B1 was produced in the pure culture and co-culture of PPAC,
respectively. The production of polymyxin Bl in the co-culture was
higher than that in the pure culture of strain PPAC with different
amounts of peptone supplied.

The antibacterial activities of fermentation supernatants of strain
PPAC in the pure culture and co-culture against E. coli DH5a were

Synthetic and Systems Biotechnology 9 (2024) 176-185

detected when media contained 5.0, 10.0, 40.0, and 60.0 g/L peptone,
respectively. It was found that, whether in pure culture or in the co-
culture, antibacterial activities of fermentation supernatants of strain
PPAC with high concentrations of peptone (40.0 and 60.0 g/L) were
higher than that with low concentrations of peptone (5.0 and 10.0 g/L)
(Fig. S8A).

Exogenous mixtures of multi-precursor amino acids, including 2.4 g/
L of L-Thr, 1.2 g/L of L-Leu, 1.2 g/L of L-Ile, and 4.2 g/L of L-Dab, were
added to C. glu-PP medium containing 40.0 or 60.0 g/L peptone and
polymyxin Bl production was investigated. The production of poly-
myxin B1 in the co-culture of strains PPAC and C. glu-leu01 increased to
1.23 and 1.71 g/L when 40.0 and 60.0 g/L of peptone was supplied,
respectively (Fig. 5A). As shown in Fig. 5B, culture medium with 60.0 g/
L peptone of strain PPAC pure culture contained 0.42 g/L of L-Thr, 0.14
g/L of L-Leu, 0.12 g/L of L-Ile, and 0.08 g/L of L-Dab at 72 h, whereas
strain C. glu-leu01 contained 0.40 g/L of L-Thr, 0.32 g/L of L-Ile, and
0.51 g/L of L-Leu at 72 h (Fig. 5C). Thus, the increase in polymyxin B1
level is relevant to the consumption of exogenous amino acids, and the
supply of L-Thr, L-Leu, and L-Ile is insufficient.

3.5. Effect of co-culture systems of strain PPAC with multiple recombinant
strains C. glutamicum

To increase L-Thr production by C. glutamicum, a recombinant
C. glutamicum strain with metX knockout was constructed. Gene metX
encodes homoserine acetyltransferase, a key enzyme in the methionine
synthesis pathway. The plasmid pK18-AmetX was electroporated into
C. glutamicum ATCC 13032, and metX was knocked out by homologous
recombination to construct strain C. glu-thr. Compared to C. glutamicum
ATCC 13032, the level of L-Thr in strain C. glu-thr was 1.10 g/L in C. glu
medium, a 1.5-fold increase. Both C. glutamicum-cgb7 (C. glu-cgb7) and
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C. glutamicum-cgb11 (C. glu-cgb11) increased L-Thr metabolism. The
effects of strains C. glu-leu01, C. glu-thr, C. glu-cgb7, and C. glu-cgb11 co-
cultivated with strain PPAC on the level of polymyxin B1 were further
studied (Fig. 6A). Compared to strain PPAC in the pure culture (1.27 g/
L), the level of polymyxin B1 significantly increased to 1.58, 1.57, and
1.55 g/L when strain PPAC was co-cultivated with strains C. glu-leu01,
C. glu-cgb7, and C. glu-thr, respectively (Fig. 6B). The highest level of L-
Thr in strain C. glu-cbg7 was 0.43 g/L at 72 h, and the highest levels of L-
Leu and L-Ile in strain C. glu-leu01 were 0.55 and 0.36 g/L at 72 h,
respectively (Fig. 6C). However, the production of amino acids was
insufficient in fermentation medium than in C. glu medium, and the
ability of C. glutamicum to synthesize amino acids was greatly affected by
the composition of the medium and the culture environment (especially
oxygen supply) [46,47].

Isopropyl-p-p-thiogalactopyranoside (IPTG) is an inducer of over-
expression of plasmid pEC-serACB present in strain C. glu-leu01, which
promotes the synthesis of L-Ser. The more the supply of IPTG, the lower
the level of polymyxin B1 (Fig. 6B). Both biomass (Fig. S7C) and poly-
myxin Bl production (Fig. 6B) for strain PPAC pure culture with 0.3 mM
IPTG showed no change, indicating that IPTG had no effect on strain
PPAC. The growth curves of strain C. glu-leu01 with the addition of IPTG
were consistent with the control (Fig. S7D), indicating that the addition
of IPTG did not affect the growth of strain C. glu-leu01. The induction of
strain C. glu-leu01 by IPTG promoted the synthesis of L-Ser. Combined
with Fig. 6C, the levels of L-Thr, L-Leu, and L-Ile for strain C. glu-leu01
decreased, the strengthening of L-Ser synthesis pathway inhibits the
metabolism of L-Thr, L-Leu, and L-Ile. The decrease in the supply of
precursor amino acids reduced polymyxin B1 yield.

183

3.5.1. Optimization of inoculation ratio on the co-culture system

The co-culture of strains PPAC and C. glu-leu01 produced the highest
level of polymyxin B1 in various co-culture systems. To further optimize
inoculation ratio, seeds of strains PPAC and C. glu-leu01 were inoculated
into C. glu-PP medium containing 60.0 g/L peptone at initial ODgg ra-
tios of 0.5:0.125, 0.5:0.25, 0.5:0.5, 0.5:1, and 0.5:2. Compared to the
PPAC pure culture, the level of polymyxin Bl increased at inoculation
ratios 0.5:0.25, 0.5:0.5, 0.5:1, and 0.5:2. The highest level of polymyxin
B1 was 2.21 g/L at inoculation ratio 0.5:1, which is 0.74-fold higher
than that of the PPAC pure culture (Fig. 6D). Different inoculation ratios
in a co-culture system containing vitamin B2-producing E. coli and
P. polymyxa affected acetoin production [17]. Consistently, the pro-
duction of polymyxin Bl has increased at optimized inoculation time
and ratio in this study. Inoculation time and ratios of strains could affect
the absorption and utilization of carbon and nitrogen sources, and thus
affect production [24,48].

4. Conclusion

The supply of multi-precursor amino acids effectively increased the
level of polymyxin B1 to 0.33 g/L, which is approximately 79.9 % of the
total production of polymyxin B. Recombinant C. glutamicum under co-
culture provided high levels of L-Thr, L-Leu, and L-Ile for polymyxin B
synthesis. Optimization of fermentation media and the time and ratio of
inoculation in the co-culture increased polymyxin B1 levels to 2.21 g/L,
a 13.4-fold increase than that of pure culture. This study provides a new
strategy to improve polymyxin B1 production.
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Fig. 6. Changes in polymyxin B1 and amino acid levels of multiple co-culture systems containing PPAC and recombinant C. glutamicum. (A) Diagram of multiple co-
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