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Introduction

Surfactants have a major impact on both our daily lives 
and industries, from laundry products to oil recovery 
enhancement [23]. Since the industrial sustainability and 
environmental safety became a concern of the whole soci-
ety, biosurfactants including glycolipids, lipopeptides and 
phospholipids have attracted great interest as environmen-
tally friendly alternatives of chemical surfactants [3, 11]. 
Although some biosurfactants showed excellent efficacy 
in small-scale experiments and trials, their adoption in 
large-scale use may eventually face the cost and production 
issues [3]. At present, glycolipids can be produced with 
yields >10 g L−1, with the example of sophorolipid as high 
as 100 g L−1. On the contrary, lipopeptides ususally can 
only be produced at, or even lower than, 1 g L−1 [23].

Bacillus species were reported to produce a variety of 
bioactive secondary metabolites, especially lipopeptides 
with antimicrobial activity and surface activity [6, 33, 
38]. Screening and characterization of strains producing 
novel metabolites or with high productivity have attracted 
people’s attention for a long time due to the application 
potential of these strains and molecules [2]. Lipopeptides 
produced by micro-organisms can be identified by matrix-
assisted laser desorption/ionization time-of-flight mass 
spectrum (MALDI-TOF–MS), which gave information 
on molecular weights of different lipopeptides [32, 45]. 
According to their structure, Bacillus lipopeptide can be 
divided into several families, namely surfactin family (con-
sisting of surfactin, lichenysin, esperin and pumilacidin), 
fengycin family (consisting of fengycin and plipastatin), 
iturin family (consisting of bacillomycin, iturin and myco-
subtilin) and kurstakin family [16].

Surfactin, a representative lipopeptide discovered 
decades ago, is considered as one of the most powerful 
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biosurfactants [16, 29]. A solution of 20 µM surfactin can 
lower the surface tension of water from 72 to 27 mM m−1 
[42]. Surfactin is synthesized by SrfA, a non-ribosomal 
peptide synthase (NRPS) with seven modules, and exported 
to the outside of cell [35, 43]. Although the biosynthesis of 
surfactin has been well documented [8, 12, 26], how sur-
factin is transported through the cell membrane is not clear 
yet. Whether transmembrane efflux is an obstacle to higher 
surfactin production becomes an urgent concern of surfac-
tin production improvement.

Permeabilization, destabilization and dissociation of bio-
logical membrane induced by lipopeptides, especially sur-
factin, have been well described through both experimental 
and computational approaches [9, 10]. At low concentration 
(below or near critical micelle concentration, CMC), sur-
factin monomer can insert into phospholipid layers in bio-
mimetic membrane systems, inducing mild content leakage. 
When surfactin concentration is high, membrane solubiliza-
tion and vesicle destruction were observed [10]. Given its 
amphiphilic character, transmembrane efflux of surfactin, 
therefore, may simply be the result of membrane insertion 
and penetration of surfactin monomers or oligomers. How-
ever, Tsuge et al. [44] reported that a null mutation in yerP, 
a gene encoding a protein with homology to RND (resist-
ance, nodulation and cell division) family efflux pump, will 
significantly reduce production of surfactin and resistance 
to it in B. subtilis host. These findings suggested that there 
may be a mechanism of surfactin resistance or, to be more 
specific, transportation mediated by protein transporters, and 
YerP may play a role in the efflux of surfactin, although there 
has been no further proof yet. Other putative transmembrane 
protein genes, such as ycxA and krsE, have been identified 
together with NRPS genes responsible for the synthesis of 
lipopeptides, but the roles of these potential transporters in 
lipopeptide efflux were largely unknown [1, 7].

In this work, the main driving force for surfactin’s active 
transmembrane efflux in THY-7, a surfactin-producing B. 
subtilis strain, was determined first by both liposomes and 
transmembrane transport inhibitors. The effect of two puta-
tive lipopeptide transporters (YcxA and KrsE) and the pre-
viously reported YerP on production of surfactin in THY-7 
was also investigated by cloning and overexpression of the 
three transporters.

Materials and methods

Isolation and identification of the biosurfactant-producing 
strain

Soil samples collected from multiple locations were dis-
solved in autoclaved water and plated on blood agar 
plate. A biosurfactant-producing bacterium, designated 

as THY-7 was isolated from an oil-polluted soil sample 
and deposited in China General Microbiological Cul-
ture Collection Center (CGMCC No. 8906). Production 
of biosurfactants by THY-7 was verified by oil spreading 
assay [47]. Partial 16S rDNA gene of THY-7 was ampli-
fied using primers 16SF and 16SR. The amplicon was 
purified and sequenced, and alignment analysis of THY-7 
16S rDNA sequence was performed using BLAST (http://
blast.ncbi.nlm.nih.gov).

Bacterial strains, plasmids and growth conditions

Bacterial strains and plasmids used in this study are listed 
in Table 1. E. coli TOP10 was used for cloning, and Luria–
Bertani (LB) medium was used for E. coli cell-growth. For 
surfactin fermentation, B. subtilis colonies on LB agar plate 
were inoculated in LB medium and incubated at 37 °C and 
200 rpm for 16 h. Aliquots of this culture were inoculated 
into 500 mL baffled flasks containing 100 mL fermenta-
tion broth (sucrose 70 g L−1, yeast extract 1 g L−1, NaNO3 
25 g L−1, KH2PO4 0.333 g L−1, Na2HPO4·12H2O 1 g L−1, 
MgSO4·7H2O 0.15 g L−1, CaCl2 7.5 mg L−1, MnSO4·H2O 
6 mg L−1, FeSO4·7H2O 6 mg L−1) to reach OD600 = 0.2 
and incubated at 200 rpm and 37 °C.

Purification, identification and quantification of lipopeptide

Cells in fermentation culture of THY-7 were removed by 
centrifugation at 4 °C and 12,000×g for 20 min. Super-
natant was adjusted to pH 2.0 by HCl and left at 4 °C for 
12 h. Precipitation was collected by centrifugation (4 °C, 
12,000×g, 20 min), washed by 0.01 M HCl (pH = 2.0) 
and air dried. The crude biosurfactants were extracted by 
methanol, and the extraction was air dried. Components 
of purified biosurfactants produced by THY-7 were deter-
mined by MALDI-TOF-MS. MS Analysis was performed 
by Center of Biomedical Analysis of Tsinghua University, 
on SCIEX 4800 Analyzer (Applied Biosystem, Foster City, 
CA, USA) with 337 nm nitrogen laser. An equal volume of 
0.1 % α-cyano-4-hydroxycinnamic acid (CHCA) was used 
as the matrix solution. Peaks in m/z range of 600–1,300 
were displayed.

Surfactin concentration in the B. subtilis fermenta-
tion broth or solution of the purified biosurfactants was 
determined using high-performance liquid chromatogra-
phy (HPLC). LC-20A HPLC system (Shimadzu, Kyoto, 
Japan) equipped with an ODS-SP column (250 × 4.6 mm, 
5 µm, GL Sciences, Kyoto, Japan) and a DA detector (Shi-
madzu, Kyoto, Japan) was used for analysis. Fermentation 
culture samples were centrifuged at 12,000×g for 3 min. 
Supernatant was diluted tenfold by 1 g L−1 NaHCO3, fil-
trated through 0.45 µm PES filter, and injected (20 µL) 
into the HPLC for analysis. A mixture of acetonitrile: 
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H2O: trifluoroacetic acid = 85:15:0.1 was used as the 
mobile phase, and the flow rate was 0.8 mL min−1. Sur-
factin was detected under the wavelength of 205 nm. 
Surfactin concentration was calculated according to the 
surfactin standard purchased from Sigma (St. Louis, MO, 
USA). Cell dry weight (CDW) was determined as fol-
lows: 20 mL fermentation broth was centrifuged at 4 °C 
and 12,000×g for 20 min. Cell pellets were dried to con-
stant weight at 110 °C after washing with 20 mL distilled 
water for one time. Experiments were performed with 
three replicates.

Intracellular content of surfactin in B. subtilis cells was 
also determined: cells were collected by centrifugation at 
4 °C and 12,000×g for 20 min. Cell pellets were washed 
with distilled water for three times, resuspended in 1 g L−1 
NaHCO3, and disrupted by sonification (250 W for 10 min, 
5 s/5 s intervals). Cell debris was removed by centrifuga-
tion, and surfactin released was quantified by HPLC.

Preparation of liposome and treatment by surfactin

Phosphatidylcholine mixed with vitamin E (8:1 mass ratio) 
was dissolved in chloroform, and the solvent was evapo-
rated under vacuum. The lipid film was hydrated with 
10 mM Tris buffer (pH 7.0), and the resulting liposome 
suspension were sonicated at 200 W for 10 min (10 s/10 s 
intervals) to form the small unilamellar vesicles (SUV). 
The suspension of liposomes was used for transmission 
electron microscope (TEM) observation directly or after 
treated by 10 or 500 mg L−1 surfactin.

Investigation on effects of transmembrane transporter 
inhibitors

Four transmembrane transporter inhibitors, sodium ortho-
vanadate (SOV), glybenclamide (GLB), Phe-Arg-β-
naphtylamide (PAβN) and carbonyl cyanide m-chloro-
phenylhydrazone (CCCP), were selected to measure their 
effects on THY-7 surfactin production. Each inhibitor with 
appropriate concentration was added when cell growth 
reached the mid-logarithmic phase (OD600~10). Surfactin 
production of THY-7 under working concentrations of four 
different inhibitors was monitored by HPLC. Experiments 
were performed with three replicates.

Gene cloning and plasmid construction

Chromosomal DNA of B. subtilis 1012, THY-7, and 
Bacillus thuringiensis HD73 was isolated using E.Z.N.A 
Bacterial DNA Kit (OMEGA Bio-Tek, Norcross, GA, 
USA) and used as PCR templates. PCR primers were 
designed according to published genomic sequence of B. 
subtilis strain 168 (GenBank accession No. AL009126) 
and B. thuringiensis strain HD73 (GenBank accession No. 
CP004069). Primers yerPFB/yerPRS, ycxAFB/ycxARS 
and krsEFB/krsERS were used to amplify the coding 
regions of yerP, ycxA and krsE, respectively. Sequences of 
primers were listed in Table 2. DNA polymerase used for 
gene cloning was Pyrobest DNA polymerase, purchased 
from TaKaRa (Dalian, China). PCR amplification prod-
ucts were purified by agarose electrophoresis, digested by 

Table 1  Bacterial strains and 
plasmids used in this study

Strains/plasmids Descriptions Sources/references

B. subtilis strains

 THY-7 Wildtype (CGMCC No. 8906); ycxAmt, yerP This group

 TS589 THY-7 carrying pTS532 (Pgrac-ycxA) This work

 TS593 THY-7 carrying pTS549 (Pgrac-krsE) This work

 TS658 THY-7 carrying pTS638 (Pgrac-ycxAmt) This work

 TS662 THY-7 carrying pTS609 (Pgrac-yerP) This work

 TS762 THY-7 carrying pHT08 This work

 1012 Derivated from B. subtilis strain 168; ycxA MoBiTec/[37]

B.thuringiensis strains

 HD73 ATCC35866; krsE [4]

E. coli strains

 TOP10 Cloning host strain Lab stock

Plasmids

 pHT08 E. coli-B. subtilis shuttle vector; bla, cat, Pgrac, 8×His-tag [25]

 pTS532 bla, cat, Pgrac -ycxAmt This work

 pTS549 bla, cat, Pgrac -krsE This work

 pTS609 bla, cat, Pgrac -yerP This work

 pTS638 bla, cat, Pgrac -ycxA This work
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Xba I and Sma I and ligated to E. coli-B. subtilis shut-
tle vector pHT08 digested by same enzymes. Ligation 
mixture was transformed into E. coli TOP10 compe-
tent cells. Ampicillin-resistant colonies were picked and 
verified by PCR (using cloning primers yerPFB/yerPRS, 
ycxAFB/ycxARS or krsEFB/krsERS, respectively) and 
sequencing.

Recombinant plasmids were then introduced into B. 
subtilis THY-7 cells by electroporation. Preparation of 
B. subtilis competent cells and transformation condition 
were according to Xue et al. [48] with electrical pulse at 
12.5 kV/cm on Micropulser (Bio-rad, Richmond, CA, 
USA). Transformed cells were plated on LB-agar plates 
containing 5 µg mL−1 chloramphenicol. Resistant clones 
were picked and verified by PCR.

Expression of transmembrane transporters in recombinant 
B. subtilis

Fermentation of B. subtilis TS589, TS593, TS658 and 
TS662 was performed. Overnight culture of B. subtilis 
strains was inoculated into 100 mL fermentation broth with 
OD600 = 0.2 (0 h). IPTG (final concentration 1 mM) was 
added into fermentation culture at 4 h. Both cell density 
and surfactin concentration were recorded at 12, 24 and 
36 h, respectively. THY-7 transformed with empty pHT08 
vector (TS762) was used as control. Experiments were per-
formed with three replicates.

Accession numbers

The nucleotide sequences of 16S rRNA gene of THY-7, 
yerP, ycxAmt, ycxA and krsE have been deposited in the 
GenBank database under accession numbers KJ777688–
KJ777692, respectively.

Results

Isolation and identification of the lipopeptide-producing 
strain THY-7

From a cooking-oil-polluted soil sample in Tsinghua Uni-
versity, Beijng, China, a strain, designated as THY-7, 
which formed halo on blood agar plate was isolated. Cells 
of THY-7 were rod-shaped, with spore-forming ability 
(Fig. S1). According to the result of 16S rDNA sequencing 
and blast, THY-7 was closely related to Bacillus subtilis.

Components of the purified biosurfactants from the fer-
mentation culture of THY-7 were determined by MALDI-
TOF–MS, as shown in Fig. 1a. The results revealed that the 

Table 2  PCR primers used in this work

a Restriction sites are indicated by underlines

Name Sequence (5′–3′)a Restriction 
site

yerPFB GCTCTAGAATGACCAGTCAGTCAATAA 
AAAATG

Xba I

yerPRS TCCCCCGGGTTACTCTTCTTCCGTTCC 
CG

Sma I

ycxAFB GCTCTAGAATGCACACGTCTCCCAGGAT Xba I

ycxARS TCCCCCGGGTTATATTGATTGGTGGGTT 
TCTTTT

Sma I

krsEFB GCTCTAGAATGAAAACTAC-
CGATTCAAAAGG

Xba I

krsERS TCCCCCGGGTCAAAAATTATTTGCTCT 
TATAGGTTC

Sma I

Fig. 1  Identification of lipopepetides produced by THY-7. a 
MALDI-TOF mass spectrum of biosurfactants produced by THY-7. 
Peaks between m/z 1,044.7 and 1,074.7 belonged to surfactin family. 
b HPLC analysis of surfactin in THY-7 fermentation culture (red) and 
surfactin standards (blue), between which the surfactin component 
ratios were shown to be different. c surfactin titer changes during the 
flask culture of THY-7 (color figure online)
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biosurfactants produced by THY-7 were mainly surfactin 
(m/z 1,044.7, 1,058.7, 1,074.7, etc.), according to the mass 
data of lipopeptides reported previously [32]. This surfactin 
product was further inspected by HPLC. Four main com-
ponents matched with the surfactin standards but in dif-
ferent relative ratio (Fig. 1b). The four components corre-
sponding to peak 1, 2, 3 and 4 in Fig. 1b were collected and 
analyzed by MS individually, and their features detailed 
in Table 3. These four components differed in the amino 
acid residues at position 2, 4 and 7 of the circular peptide 
(leucine, isoleucine or valine) and the length of the carbon 
chain (C13 to C15). After 48 h of culture, the cell density 
(OD600) of THY-7 was ~17.0 and the surfactin titer reached 
~660 mg L−1 (Fig. 1c). Surfactin production of THY-7 was 
relatively high among other reported surfactin producer 
[21, 28, 40]. Therefore, this strain was used for further 
investigation.

Active export of surfactin in THY-7 mainly depended 
on transmembrane proton gradient

Using liposome as the simulated cell membrane, the effect 
of surfactin on the integrity of the liposome was observed. 
Results showed that as low as 10 mg L−1 surfactin, which 
is close to the CMC (9.4 × 10−6 mol L−1, [15]), began to 
affect the integrity of the liposome. When we increased the 
surfactin concentration to 500 mg L−1, which is close to 
the fermentation titer of THY-7, the spheral structure of the 

liposome was thoroughly destroyed (Fig. 2). This indicated 
that the intracellular concentration of surfactin in the living 
microbial cells could not be too high, or the cell membrane 
might be destroyed. Combining with the characteristics of 
the micelle formation of surface-active material, we paid 
more attention to the active efflux of surfactin in this work 
rather than the passive diffusion which was driven by trans-
membrane concentration gradient and in which the intra-
cellular surfactin concentration should be higher than that 
of extracellular.

In order to identify the mechanism of the active surfac-
tin efflux, sub-lethal working concentrations of four active 
transport inhibitors (CCCP, PAβN, SOV and GLB) were 
determined as 2.5 µM, 20 µM, 1 mM and 10 µM, respec-
tively, according to their effects on THY-7 cell growth 
(Fig. S2). After addition of 2.5 µM CCCP, a PMF inhibi-
tor, into the culture broth of THY-7, surfactin production 
decreased obviously compared with control. The inhibi-
tory effect became statistically significant at 16 h and 
declined along with time (Fig. 3a). Adding of 20 µM PAβN 
(a competitive inhibitor of some PMF-driven transporters) 
showed slight effect on surfactin secretion at 14 h, though 
without statistical significance (Fig. 3b). Adding of ATP-
dependent transportation inhibitor, 1 mM SOV or 10 µM 
GLB, did not consistently affect the surfactin production 
of THY-7 (Fig. 3c, d).

Transporter YcxA in THY-7 was a truncated protein 
without export function of surfactin

Synthase gene cluster of lipopeptides usually contains 
at least one deduced transmembrane protein. The close 
genetic relationship between these transmembrane pro-
teins and lipopeptide NRPS indicated that they might 
play a role in lipopeptide export. The gene ycxA, locat-
ing in the surfactin synthase gene cluster just downstream 
of srfA operon (Fig. 4a), encodes a protein homologous 
to members of major facilitator superfamily (MFS) [36]. 
The length of coding region of ycxA is 1,227 bp (Fig. 

Table 3  Assignments of the structures of surfactin isoforms in 
THY-7 bio-surfactant product

lipopeptide Peak Mass 
(m/z)

Assignment Amino acids at 
position 2,4 and 7

Surfactin 1 1,030.7 C13, [M + Na]+ 2-Leu, 4-Val, 7-Leu

2 1,044.7 C14, [M + Na]+ 2-Leu, 4-Val, 7-Leu

3 1,030.6 C14, [M + Na]+ 2-Val, 4-Leu, 7-Val

4 1,058.7 C15, [M + Na]+ 2-Leu, 4-Val, 7-Leu

Fig. 2  Morphology of liposomes in buffer with 0 (a), 10 mg L−1 (b) and 500 mg L−1 (c) biosurfactant produced by THY-7. Phospholipid 
bilayer was unstable at surfactin concentration as low as 10 mg L−1, and was totally destroyed by 500 mg L−1 surfactin
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S3), which encoded a deduced protein of 408 aa (mass 
of 44.9 kDa). When using genomic DNA of THY-7 as 
PCR template, a mutant of ycxA gene with a 2-base dele-
tion (C986 and G987) was isolated (Fig. 4b). The mutation 
of 2 bp deletion caused a coding shift mutation, and the 
1,225-bp mutant ycxA (ycxAmt) encoded a truncated YcxA 
of 366 aa (mass of 40.0 kDa) (Fig. 4c). In order to get full-
length ycxA gene, a reference strain Bacillus subtilis 1012 
was used as PCR template, in addition to THY-7. Protein 
hydrophobicity analysis demonstrated that YcxAmt may 
form only first 10 transmembrane helices (TMs), compar-
ing with YcxA forming 12 TMs, and 3-D structure mod-
eling confirmed the absence of the last 2 TMs in YcxAmt 
(Fig. S4).

Both ycxA and ycxAmt were overexpressed in THY-
7, to reveal their function of surfactin export. For cell 
growth, no statistical difference between transporter-
expressing group and control group was observed after 
1 mM IPTG induction (Fig. S5); but for surfactin efflux, 
the expression results of YcxA with the intact 12 TMs and 
YcxAmt with 2 deleted TMs in THY-7 showed significant 
difference. Production of surfactin in TS589 (expressing 
the wild-type ycxA) was higher than TS762 control after 
IPTG induction, and a significant enhancement of about 
0.86-fold was observed at 24 h (1.15 g L−1 for TS589 
and 0.61 g L−1 for THY-7, P < 0.05, Fig. 5). Overexpres-
sion of ycxAmt, on the contrary, did not show any signifi-
cant effect on surfactin production, at both 12 and 24 h 
(Fig. 5).

KrsE of B. thuringiensis also served as a surfactin 
transporter in THY-7

Except ycxA, a 1,254-bp krsE gene was also cloned from 
the genome of B. thuringiensis that can produce a newly 
discovered lipopeptide kurstakin (Fig. S3). The gene 
of krsE encoded a deduced protein of 417 aa (mass of 
45.7 kDa) which is also homologous to the MFS mem-
bers. Therefore, the KrsE protein was presumed to be an 
efflux transporter of kurstakin [1]. When we overexpressed 
the krsE in the engineered TS593 (THY-7 expressing krsE 
under IPTG induction), the surfactin yield was 0.93 g L−1 
(85.2 mg g−1 CDW) at 24 h, displaying a 52 % increase 
with respect to the control (Fig. 6a). The similar molecular 
structure of surfactin and kurstakin (both circular heptapep-
tide with fatty acid chain, Fig. 6b) could explain why KrsE 
can also play the role of surfactin transporter.

Overexpression of YerP significantly promoted the export 
of surfactin in THY-7

The gene of yerP was cloned from the genomic DNA of B. 
subtilis THY-7 (Fig. S3) and then overexpressed in THY-7 
cells with a plasmid vector, forming a recombinant strain 
TS662. Through 1 mM IPTG induction, the surfactin pro-
duction of TS662 increased remarkably after 12 h and 
reached 1.58 g L−1 (157.8 mg g−1 CDW) at 24 h, 1.45-fold 
higher than that of control (0.64 g L−1, 55.8 mg g−1 CDW) 
(Fig. 7). The highest surfactin production occurred at 36 h 

Fig. 3  Effect of transporter 
inhibitors on surfactin produc-
tion. Inhibitors (a CCCP; b 
PAβN; c SOV; d GLB) were 
added to THY-7 fermentation 
culture at OD600~10, and surfac-
tin production was monitored 
afterwards. Data were presented 
as mean ± SD (n = 3). 
*P < 0.05 by Student’s test
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for both TS662 (1.67 g L−1, 219.3 mg g−1 CDW) and TS762 
(0.75 g L−1, 99.7 mg g−1 CDW), the control strain contain-
ing the blank plasmid. Furthermore, cell growth of TS662 
was not influenced by the overexpression of YerP (Fig. S5). 

Therefore, the promotional effect on surfactin efflux of YerP 
was greater than either YcxA (0.89-fold) or KrsE (0.52-fold) 
(as shown in Fig. S6). Using HPLC, we further compared 
the surfactin isoforms produced by different engineers with 
elevated producing yield, as shown in Fig. S7. Results indi-
cated that overexpression of the three putative transporters 
(i.e. YcxA, KrsE and YerP) in THY-7 did not show selective 
effect towards specific surfactin isoforms.

Discussion

The mechanism for transmembrane efflux of surfac-
tin is of great importance for its high titer production. 
Since surfactin is a big molecule with a long fatty acid 
chain and a circular oligopeptide head, both passive dif-
fusion driven by transmembrane concentration gradient 
and active transport assisted by transmembrane protein 
transporters are probable export ways. The interaction 
between surfactin and phospholipid bilayers is highly 
dependent on surfactin concentration and lipid compo-
nents [9, 13, 14]. Previous studies reported that DOPC 
(1, 2-dioleoyl-sn-glycero-3-phosphocholine) and DPPC 
(1, 2-dipalmitoyl -sn-glycero-3-phosphocholine) bilayers 

Fig. 4  Analysis of YcxA and 
YcxAmt. a Genetic organiza-
tion of the synthase gene cluster 
responsible for synthesis of 
surfactin. Surfactin synthase 
srfA operon was followed by 
ycxA, encoding a deduced MFS 
family transporter. b Nucleotide 
sequence alignment between 
ycxAmt and ycxA. The arrow 
indicated the deletion of C986 
and G987 in ycxAmt. c Amino 
acid sequence alignment 
between YcxAmt and YcxA. 
The arrow indicated the begin-
ning of the code-shift mutation 
caused by 2-bp deletion in 
ycxAmt

Fig. 5  Effect of ycxA and ycxAmt overexpression on THY-7 surfactin 
production. Surfactin production was promoted significantly by over-
expression of ycxA (TS589), comparing with empty pHT08 control 
(TS762). Surfactin concentration of TS658 (THY-7 overexpressing 
YcxAmt) was similar to control. Statistical significance was indicated 
by lowercase letters, P < 0.05. Data were presented as mean ± SD 
(n = 3)
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disintegrated quickly at 100 µM surfactin (~0.1 g L−1), 
which is lower than the titer in fermentation broth (usually 
>0.5~1.0 g L−1) [5]. However, according to the intracel-
lular surfactin content (Fig. S8) and the volume of THY-7 
cells (2~3 μm × 0.8 μm, Fig. S1), the intracellular surfac-
tin concentration (~1 g L−1 at 12 h and ~3 g L−1 at 24 h) 
was higher than CMC of surfactin (~10–20 mg L−1). The 
intra- and extra-cellular concentration of free surfactin, 
therefore, should be both CMC. The same concentration of 
surfactin monomer across the cell membrane hampered the 
passive diffusion of surfactin. Comparison of the intra- and 
extra-cellular production in THY-7 (ca. 1 mg g−1 CDW and 
60 mg g−1 CDW at 24 h, respectively, Fig. S8) revealed that 
almost all synthesized surfactin was efficiently transported 
outside of the cells. The obvious inhibition of surfactin 
even low as 10 mg L−1 on cell growth of the yerP-deficient 
B. subtilis [44] also indicated that the efflux of surfactin 
might be mainly facilitated by transmembrane transporters.

Bacterial transmembrane transporters can be briefly 
divided into two categories according to the energy source 
they used, ATP or proton motive force (PMF, i.e. trans-
membrane proton concentration gradient) [22]. Efflux of 
secondary metabolites in Gram-positive bacteria tends to 
be mediated mainly by major facilitator superfamily (MFS, 
depending on PMF) and ATP-binding cassette (ABC, 
depending on ATP) family exporters [19, 34]. Carbonyl 
cyanide m-chlorophenylhydrazone (CCCP), as a PMF 
uncoupler, can destroy proton gradient across plasma mem-
brane and inhibit metabolites efflux driven by PMF accord-
ingly [41]. Phe-Arg-β-naphtylamide (PAβN) was shown 
to be a competitive inhibitor of some transporters driven 
by PMF [22]. Sodium orthovanadate (SOV) interacts with 
nucleotide binding domain of bacterial ABC transport-
ers and inhibits their ATPase activity [30]. Glybenclamide 
(GLB) has also been shown to inhibit the activities of vari-
ous ABC transporters [39]. Since different energy sources 
were utilized by two sorts of transporters, it is possible to 
identify the major exporter family for certain metabolites 
by inhibitors of different exporters, especially via inhibi-
tion of energy utilization. Martins et al. [24], for instance, 
revealed the mechanism of ethidium bromide extrusion 
in E. coli using PMF inhibitor CCCP and ATP-dependent 
transportation inhibitor Verapamil. Similarly, arthrofactin 
exportation by ABC-transporters in Pseudomonas was con-
firmed using ATP-dependent transportation inhibitor SOV 
and GLB [20]. Norfloxacin efflux mediated by BC4707, a 
MFS transporter in Bacillus cereus, was determined to be 
PMF-dependent by adding CCCP [41]. The mechanism of 
surfactin efflux in THY-7, accordingly, may also be dem-
onstrated by transportation inhibitors. The differences 
after addition of sub-lethal concentration of PMF inhibi-
tor (CCCP and PAβN) and ATP-dependent transportation 
inhibitor (SOV and GLB) showed that surfactin efflux in 

Fig. 6  Effects of KrsE expression on surfactin efflux and the struc-
ture of kurstakin. a Comparison of the surfactin production. TS593 
(THY-7 expressing KrsE) produced significantly more surfactin than 
control strain TS762 at 24 h. b Molecular structure of surfactin and 
kurstakin

Fig. 7  Effect of YerP overexpression on surfactin production. Dif-
ference of surfactin production between TS662 (THY-7 expressing 
YerP) and TS762 (negative control) became significant since 12 h. 
Statistical significance is indicated by asterisk, P < 0.05. Data are 
presented as mean ± SD (n = 3)
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B. subtilis THY-7 was greatly affected by the elimination 
of transmembrane proton gradient, but not ATP hydrolysis. 
Therefore, it could be concluded that surfactin efflux in B. 
subtilis THY-7 was facilitated by PMF-dependent export-
ers, for example, members of MFS.

There is a 12-TM (transmembrane helices) rule in MFS 
family. Almost all MFS proteins possess a uniform topol-
ogy of 12 transmembrane helices, with few exceptions of 
14-, 24- and 6-TM proteins [19, 34]. The coding region 
of ycxAmt from THY-7 stopped after TM10, producing a 
truncated YcxA protein with only 10 transmembrane heli-
ces (Fig. S4). There is little evidence that a 10-TM MFS 
protein can be functional in Gram-positive bacteria. Not 
surprisingly, overexpression of ycxAmt did not show any 
positive effect on surfactin production. Surfactin produc-
tion of TS589 (expressing full-length ycxA), however, 
was significantly higher than that of control (Fig. 5). Our 
results indicated (1) that the truncated YcxA with 10 TMs 
was non-functional, and (2) that the expression of full-
length YcxA could further promote surfactin transportation, 
which together revealed that for YcxA itself, the integrity 
of 12 TMs was fundamental for its own transporting func-
tion. Surfactin production of THY-7 (with a non-functional 
ycxAmt), nevertheless, was not abolished, which demon-
strated that YcxA was not essential for surfactin efflux, and 
surfactin could be secreted by other functional transporters, 
probably YerP. These results had shed some light on the 
relationship between structure and function of MFS family 
transporters, especially YcxA.

It is interesting that KrsE could play the role of surfac-
tin transporter. Relatively low substrate specificity of MFS 
family exporters [19] may explain why KrsE, a putative 
permase in kurstakin synthase gene cluster, facilitated sur-
factin efflux, and partially why enhancement of surfactin 
production of krsE over-expression strain was not as high 
as ycxA over-expression strain. It is believed that only a few 
amino acid residues at the substrate-binding site of MFS 
transporters determine the specificity of substrate [19]. The 
polar amino acid moiety of both lipopeptides may react 
with certain amino acid residues at the substrate-binding 
site of KrsE, and the lipid moiety may facilitate the mem-
brane binding and penetration through hydrophobic chan-
nels formed by KrsE, resulting in efflux of lipopeptides, 
such as surfactin and kurstakin. However, these descrip-
tions could only be general and hypothetical, due to the 
lack of specific structural and functional information about 
lipopeptide transporters in Gram-positive bacteria.

Besides YcxA and KrsE, YerP is another probable lipo-
peptide transporter with transmembrane proton gradient 
as driving force. YerP is homologous with the resistance, 
nodulation and cell division (RND) family PMF-dependent 
efflux pumps and has been shown to be essential for surfac-
tin resistance in B. subtilis [44]. Since yerP-deleted mutant 

B. subtilis cells have shown lower surfactin production and 
higher susceptibility to surfactin than wild-type strain, YerP 
might be a satisfying candidate for surfactin transmem-
brane transporter. To further confirm the function of YerP 
toward surfactin transport, yerP was cloned and introduced 
back into THY-7. Promotion effect on surfactin produc-
tion of YerP was most significant among three transporters 
investigated, which demonstrated the major role of yerP on 
surfactin efflux. Extrusion of certain molecules was a com-
mon mechanism for toxin resistance in bacteria [31]. For 
instance, BC 4707, a multidrug transporter, mediated the 
resistance to norfloxacin in Bacillus cereus [41]. AcrAB 
transportation system was also shown to be responsible for 
the resistance of several antibiotics (such as tetracycline 
and chloramphenicol) in E. coli K12 [27, 46]. It could be 
inferred from the surfactin production enhancing effect of 
YerP (Fig. 7) and results of yerP-deficient strain reported 
by Tsuge et al. [44] that surfactin resistance mediated by 
YerP is intrinsically the transmembrane transportation of 
surfactin by YerP. The capacity of surface motility in B. 
subtilis, so called swarming, depended on the existence of 
extracellular surfactin [17]. A B. subtilis strain was unable 
to swarm after invalidation of swrC (synonymous with 
yerP), and swarming ability was regained after the addi-
tion of extracellular surfactin [18].These reports indicated 
that SwrC (YerP) contributed to the extracellular accumula-
tion of surfactin. Considering the reported sequential/struc-
tural homology of YerP and our results, YerP might act as 
the major surfactin exporter, responsible for both surfactin 
efflux and resistance in B. subtilis.

In this study, a B. subtilis strain THY-7 producing sur-
factin was isolated. Active efflux of surfactin in THY-7 
was determined to be dependent on transmembrane proton 
motive force, rather than ATP hydrolysis. Overexpression 
of YerP, YcxA and KrsE were all beneficial to surfactin 
production, among which surfactin efflux elevated most 
greatly in the YerP-overexpressing strain, indicating that 
YerP acted as the major surfactin exporter in B. subtilis 
THY-7. Overexpression of a truncated YcxA with 2 trans-
membrane helices deletion could not promote the surfactin 
export. On the contrary, KrsE, the putative kurstakin trans-
porter, could also play the role of surfactin transporter. To 
our knowledge, this is the first report with direct evidence 
that transmembrane exporters dependent on PMF could 
facilitate the surfactin efflux in B. subtilis. Using PMF as 
energy source, export of surfactin may also be significantly 
affected by medium pH, which might guide further optimi-
zation of surfactin fermentation conditions. Further studies 
are needed to clarify the function of efflux proteins in sur-
factin transmembrane transportation. A deeper understand-
ing on mechanisms of surfactin efflux would undoubtedly 
contribute to the solution of the cost issue on lipopeptide 
production.
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