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Quorum sensing signal autoinducer-2 promotes root colonization
of Bacillus velezensis SQR9 by affecting biofilm
formation and motility
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Abstract
Root colonization of beneficial rhizobacteria is critical for their beneficial effects. Quorum sensing (QS) has been reported to
affect the colonization of many plant pathogens. However, how QS signals regulate root colonization of beneficial rhizobacteria
is unclear. In this study, the QS signal AI-2 synthetase-encoding gene luxSwas completely deleted from the genome of the plant
beneficial rhizobacterium Bacillus velezensis SQR9, and bioluminescence experiments showed that AI-2 production was
blocked. Deletion of luxS reduced biofilm formation, motility, and root colonization of B. velezensis SQR9, while addition of
exogenous AI-2 to the mutant restored this phenomenon. These results indicated that AI-2 positively affects the root colonization
of B. velezensis SQR9. This study provided new insights for enhancing the colonization of beneficial rhizobacteria.

Key points
• LuxS participated in the synthesis of the quorum sensing signal AI-2 in B. velezensis.
• AI-2 enhanced motility, biofilm formation, and root colonization of B. velezensis.
• AI-2 stimulated the production of γ-polyglutamic acid by B. velezensis.
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Introduction

Plant growth–promoting rhizobacteria (PGPRs) have been
widely used in agriculture for their environmentally safe and
plant growth–promoting properties (Lugtenberg and
Kamilova 2009). Efficient root colonization of PGPRs is nec-
essary for the bacteria to exert their beneficial effects on
plants. Chemotactic motility towards roots (chemotaxis) and
the formation of biofilms on the rhizoplane are the major
processes of root colonization by PGPRs (Cao et al. 2011;
Li et al. 2013). In the biofilm formation process, extracellular
matrix components, such as extracellular polysaccharides
(EPSs) and γ-polyglutamic acid (γ-PGA), play an important
role in clustering the cells together. Motility and biofilm for-
mation are regulated by a variety of factors, including both
exogenous and endogenous signals. Quorum sensing (QS),
which is associated with bacterial density and generally deter-
mined by endogenous signals, has been widely studied for its
effects on the motility and biofilm formation of bacteria
(Huber et al. 2001), especially pathogenic bacteria.
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Therefore, we speculated that QS would be an important fac-
tor that influences the root colonization of PGPRs.

QS is a process for regulating specific behaviors in a cell
density–dependent manner (Bassler 1999). QS is accomplished
by the release, detection, and transport of small signaling mole-
cules called autoinducers that accumulate in proportion to cell
density (Wai-Leung and Bassler 2015). With some exceptions,
QS signals mainly include N-acyl-homoserine lactones (AHLs),
cholera autoinducer 1 (CAI-1), autoinducer-2 (AI-2), and
oligopeptides (Vendeville et al. 2005). The QS systems in gram-
negative and gram-positive bacteria are different.While AHLs are
themost common andwell-studied class of autoinducers in gram-
negative bacteria, these molecules have not been detected or are
not functional in gram-positive bacteria. In gram-positive bacteria,
QS is usually mediated by AI-2, and this molecule could be
shared by both gram-negative and gram-positive bacteria
(Xavier and Bassler 2003).

AI-2 is a 2-methyl-2,3,3,4-tetrahydroxytetrahydrofuran
(THMF) formed through spontaneous rearrangements of the pre-
cursor 4,5-dihydroxy 2,3-pentanedione (DPD), which is synthe-
sized by S-ribosylhomocysteinase LuxS (Schauder et al. 2001).
AI-2 was first identified in the marine bacterium Vibrio harveyi
and is part of a complex multilayered QS system responsible for
regulating bioluminescence and other virulence-associated traits
(Bassler et al. 1994). In addition, AI-2 has been proposed as a
chemokine in Escherichia coli K12 (Hegde et al. 2011). The
effect of AI-2 on biofilm formation varies in different bacterial
species, and the Staphylococcus aureus luxSmutant strain formed
stronger biofilms than the wild-type strain under static, flowing,
and anaerobic conditions (Yu et al. 2012).Bacillus species are the
most important group of PGPRs; however, how AI-2 and the QS
system affect the root colonization of Bacillus species is not clear.

Bacillus velezensis SQR9 is a beneficial plant bacterium
isolated from the rhizosphere of cucumber plants (Cao et al.
2011). This PGPR strain has shown several beneficial effects
on plants, including promoting growth (Liu et al. 2016), in-
ducing plant resistance (Wu et al. 2018), and enhancing plant
tolerance to abiotic stress (Chen et al. 2017). In this study, the
potential AI-2 synthetase-encoding gene luxS was deleted,
and the mutant was assessed for AI-2 production, biofilm
formation, motility, and root colonization. We demonstrated
that AI-2 plays positive roles in biofilm formation, γ-PGA
production, motility, and root colonization of B. velezensis
SQR9.

Materials and methods

Strains and culture conditions

The strains and plasmids used in this study are shown in
Table 1. B. velezensis strain SQR9 (CGMCC accession no.
5808, China General Microbiology Culture Collection Center,

NCBI accession NO. CP006890) was cultured at 37 °C in
Luria-Bertani medium (1% (w/v) tryptone, 0.5% (w/v) yeast
extract, and 0.5% (w/v) NaCl).V. harveyi (from the Han lab of
Shanghai Veterinary Research Institute, CAAS) was cultured
at 30 °C in AB medium (0.05 M MgSO4, 0.3 M NaCl, 1%
(w/v) glycerol, 10 mM K2HPO4, 10 mM L-arginine, and
0.02% (w/v) casamino acids). To measure biofilm formation
and extracellular polymeric substances, B. velezensis SQR9
and its derived mutants were cultured in MSgg medium
(100 mM 3-(N-morpholino) propane sulfonic acid (MOPS),
5 mM potassium phosphate, 2 mM MgCl2, 700 μM CaCl2,
50 μM MnCl2, 50 μM FeCl3, 1 μM ZnCl2, 2 μM thiamine,
0.5% (w/v) glycerol, 0.5% (w/v) glutamate, 50 μg/mL trypto-
phan, 50 μg/mL phenylalanine, and 50 μg/mL threonine, pH
7.0) (Branda et al. 2001). When necessary, antibiotics were
added to the growth media at the following concentrations:
erythromycin, 1 μg/mL; spectinomycin, 100 μg/mL; and
zeocin, 20 μg/mL for B. velezensis strains.

luxS deletion and complementation

To disrupt the target gene in the SQR9 genome, an erythro-
mycin resistance gene was used to replace the luxS gene to
obtain the luxSmutant. The upstream and downstream regions
that flanked the luxS gene were amplified from the SQR9
genome. The primers used to knock out the luxS gene in
SQR9 are shown in Table S1. The upstream homologous
fragment, the erythromycin gene fragment with the promoter,
and the downstream homologous fragment were fused by
using the two-step overlapping PCR method described by
Shao et al. (2015), and the resulting product was transformed
into B. velezensis SQR9 to generate the luxS mutant strain of
Bacillus velezensis SQR9, ΔluxS. Complementation of the
luxS gene was performed by inserting the luxS operon (includ-
ing its promoter) into the ΔluxS mutant at the amylase gene
locus (amyE) and inserting spectinomycin (Spc, amplified
from plasmid p7S6) as the screening marker. All these mu-
tants were verified by PCR amplification and sequencing.

Detection of AI-2

Detection of AI-2 was performed following the method re-
ported by Shao et al. (2007). AI-2 detection was carried out
using Vibrio harveyi BB 170 (sensor 1−, sensor 2+) as a re-
porter strain. V. harveyi BB170 was cultured in AB medium
overnight at 30 °C and 170 rpm. The cell suspension with an
OD600 of 0.2–0.3 was diluted with AB medium at 1:5000 as
the reporter solution. At the same time, supernatants of wild-
type SQR9,ΔluxS, andΔluxS/luxS cultures were collected at
exponential phase, filtered through a 0.22-μm membrane and
filtered through a 3-kDa exclusion filter (Millipore).
Subsequently, the filtrate was lyophilized, and the powder
was dissolved in PBS solution (pH 7.0). In addition, 4 μM
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pure AI-2 (4,5-dihydroxy 2,3-pentanedione (DPD)) (Omm
Scientific Inc, TX, USA) was included as a positive control.
Both the culture medium (AB medium) for the reporter strain
and PBS solutionwere included as negative controls. Then, 20
μL of each sample was added to 180 μL of reporter solution
and incubated at 30 °C and 200 rpm. Bioluminescence was
measured and recorded every hour.

Plants and growth conditions

The seeds of the “jingtian”maize cultivar were soaked in 75%
ethanol for 40 s, washed with sterile water, and soaked in
0.2% (w/v) NaClO solution for 5 min. The seeds were placed
on sterile wet filter paper for germination at 25 °C. The ger-
minated seeds were transferred to sterile vermiculite and cul-
tured at a suitable temperature for 3 days. Then, maize seed-
lings were transplanted to 100 mL flasks containing 75 mL of
sterile liquid 1/4 Hoagland medium. The plants were grown
with a 16-h light/8-h dark photoperiod. The seedlings were
ready for the colonization experiment after culturing for an
additional 15 days.

Biofilm formation assay

The biofilm assay was carried out in MSgg medium, as de-
scribed by Hsueh et al. (2006). B. velezensis SQR9 and its
derived strains were cultured in LB medium to an OD600 of
1.0. The cells were collected by centrifugation at 8000 rpm.
The pellets were washed with sterile water three times and
suspended in an equal volume of MSggmedium. The concen-
trations were adjusted to an OD600 of 1.0. Then, for qualitative
analysis, 10 μL of each cell suspension was inoculated into a
48-well plate containing 1 mL of MSgg medium in each well.
Exogenous AI-2 was added to the corresponding wells to a

final concentration of 4 μM. The 48-well plate was cultured at
37 °C without shaking. Biofilm formation was evaluated at
16 h postinoculation. For quantitative analysis, 100 μL of
each cell suspensionwas inoculated into 6-well plates contain-
ing 10 mL of MSgg medium in each well. Sterile biofilm
filters 15-1040 (Biologixb, Changzhou, China) were placed
in each well to collect the biofilm for weighing. After 16 h, the
biofilm was weighed. For each treatment, four replicates were
included.

Motility assay

The swimming and swarming assay was performed following
the method of Sperandio and Inoue (Sperandio et al. 2002;
Inoue et al. 2007). B. velezensis SQR9 and its derived strains
were grown in LB medium until the OD600 reached 0.8. The
cultures were inoculated on petri dishes containing semisolid
LB medium (0.5% (w/v) glucose and 0.6% (w/v) Eiken agar
(Eiken, Nogi-machi, Japan) for the swarming assay, and 0.3%
(w/v) Eiken agar for the swimming assay) by sterilized tooth-
picks. The petri dishes were incubated at 37 °C for 4–6 h to
allow the bacteria to swim. Then, the water content of the
medium in the petri dishes was reduced with dry air to termi-
nate the swimming process. Subsequently, the petri dish was
incubated overnight at room temperature.

Detection of γ-PGA

The viscosity assay was performed as described by Feng et al.
(2014) to determine the production of γ-PGA. For each strain,
1 mL of cell suspension with an OD600 of 1.0 was inoculated
into a 250-mL flask containing 100 mL of MSgg medium.
Exogenous AI-2 was added to the corresponding wells to a
final concentration of 4 μM. The bacteria were cultured with

Table 1 Strains and plasmids
used in this study Strains or

plasmids
Genotype Source/reference

Plasmids

pAX01 EmR Li et al. (2018)

p7S6 SpcR, pMD18-T ligated with spc gene Yan et al. (2008)

Strains

B. velezensis

SQR9 Wild-type isolate Cao et al. (2011)

ΔluxS Complete deletion of the luxS gene, EmR This work

SQR9ΔluxS/l-
uxS

Genome complementation of luxS gene with original
promoter at the locus of amyE, SpcR

This work

V. haryeyi

BB170 KanR, sensor1−, sensor2+, LuxPQ (AI-2 receptor), lux
system of luminescence

Han lab (Shanghai Veterinary
Research Institute, CAAS)

Appl Microbiol Biotechnol



shaking at 170 rpm at 37 °C. At 24 h postinoculation, the
viscosity of 20 mL of fermentation broth was measured by
an NDJ-8S rotatory viscometer (Ping Xuan, Shanghai, China)
with an adapted No. 0 rotator. The detection speed was set at
60 rpm for samples with a viscosity under 10 mPa s and
30 rpm for samples with a viscosity over 10 mPa s. For each
treatment, three replicates were included.

The cetyltrimethylammonium bromide (CTAB) detection as-
say was performed as described by Ashiuchi (2011). In solutions
with high ionic strength, CTAB forms complexes with proteins
and non-acid polymers, so the concentration of γ-PGA can be
calculated by the turbidity of the complexes. For each strain, 1mL
of cell suspension with an OD600 of 1.0 was inoculated into a
250-mL flask containing 100 mL of MSgg medium. Exogenous
AI-2was added to the correspondingwells to a final concentration
of 4 μM. The bacteria were cultured with shaking at 170 rpm at
37 °C. At 24 h postinoculation, γ-PGA was purified using a
previously described method (Goto and Kunioka 1992), and pure
γ-PGA was dissolved in an equal volume of ddH2O for further
detection. At the same time, standard γ-PGA (Yuan Ye,
Shanghai, China) solutions were prepared with concentrations
of 0.0391, 0.0781, 0.1563, 0.3125, 0.625, 1.25, 2.5, and 5 g/L.
Then, 2 mL of each sample solution or standard γ-PGA solution
was mixed with 2 mL of CTAB solution (2% NaOH, 5 g/L
CTAB); subsequently, the OD250 was measured by Infinitr
M200PRO (TECAN, Männedorf, Switzerland). The production
of γ-PGA was calculated based on the standard curve. For each
treatment, three replicates were included.

Colonization assay

The maize seedlings were grown in a hydroponic system as
described above and divided into three groups for treatment.
B. velezensis SQR9 and its derivative strains were cultured in
LB medium to an OD600 of 1.0. The cells were collected by
centrifugation at 8000 rpm. The pellets were washed with
sterile water three times and resuspended in the same volume.
The bacterial cells were inoculated into the maize seedling
rhizosphere to a final concentration with an OD600 of 0.1.
Exogenous AI-2 was added to the corresponding treatment
at a final concentration of 4 μM. After incubation for 3 days,
the population of the cells colonizing the rhizoplane was de-
termined by plate counting as described previously (Liu et al.
2017). For each treatment, six replicates were included.

Result

LuxS is necessary for AI-2 production in B. velezensis
SQR9

The luxS gene encoding S-ribosylhomocysteinase, which cat-
alyzes the production of AI-2 from S-ribosylhomocysteine

(SRH), was identified in the B. velezensis SQR9 genome.
Deletion of luxS did not affect the growth of B. velezensis
SQR9 (Figure S1). To verify its function in AI-2 production,
the SQR9 wild-type strain and the luxSmutant were tested for
AI-2 production by bioluminescence assay. For this experi-
ment, both the culture medium (AB medium) for the reporter
strain and the PBS solution were included as negative con-
trols. Pure AI-2 was applied as a positive control. The results
showed that deletion of luxS significantly decreased AI-2 pro-
duction while reintroducing luxS into the mutant restored AI-2
production (Fig. 1). These results indicated that luxS is respon-
sible for AI-2 signal production in SQR9.

AI-2 signal promotes biofilm formation of
B. velezensis SQR9

To test the effect of AI-2 on biofilm formation of B. velezensis
SQR9, both qualitative and quantitative analysis of biofilm
formation by the wild-type strain and the luxS deletion mutant
in MSgg medium were performed. At 16 h postinoculation,
wild-type SQR9 formed more wrinkles than ΔluxS, and the
wet weight of the pellicle biofilm of the wild-type strain was
1.6-fold that of the ΔluxS strain. Reintroducing luxS into the
mutant with its original promoter or adding 4 μM AI-2 re-
stored biofilm formation. Moreover, the addition of exoge-
nously AI-2 further increased the biofilm of the wild-type
strain (Fig. 2). These results showed that AI-2 could enhance
biofilm formation of B. velezensis SQR9.

Fig. 1 Measurement of AI-2 production by bioluminescence assay. AI-2
in the culture medium of the SQR9 wild-type, ΔluxS and ΔluxS/luxS
strains was tested using a reporter strain V. harveyi BB170, whose lumi-
nescence was enhanced with increasing concentrations of AI-2 in the
environment. Pure AI-2 was applied with the final concentration of
4 μM as a positive control, and AB medium was included as a negative
control. Error bars indicate the standard deviations based on six indepen-
dent replicates
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AI-2 signal increases the synthesis of γ-PGA by
B. velezensis SQR9

The extracellular matrix is important for biofilm formation. To
investigate how AI-2 stimulates the biofilm formation of
strain SQR9, the effect of AI-2 on the Bacillus biofilm matrix,
including exopolysaccharides (EPSs), the amyloid-like pro-
tein TasA, and γ-polyglutamic acid (γ-PGA), were tested.
As the extracellular matrix can be analyzed by the viscosity
of the supernatant, we first measured the viscosity of the wild-
type strain and ΔluxS mutant. The results showed that the
SOR9 wild-type strain had a higher culture supernatant vis-
cosity than the ΔluxS mutant. The viscosity of the culture
supernatant of the wild-type strain was 7.48 mPa s, while that
ofΔluxSwas decreased to 2.32mPa s. Complementation with
luxS and adding 4 μM AI-2 restored the viscosity of the cul-
tures to 5.32 mPa s and 6.33 mPa s, respectively. In addition,
exogenously adding AI-2 to wild-type SQR9 cultures resulted
in a viscosity of 11.64 mPa s (Fig. 3a).

The synthesis of EPS and TasA by the SOR9 wild-type and
ΔluxS mutant strains was similar (Figure S2 and Figure S3),
and we speculate that biofilm matrix γ-PGA synthesis may be
different between the SQR9 wild-type and ΔluxS mutant
strains. CTAB can bind γ-PGA specifically to form a water-
insoluble, highly dispersed micelle-like complex, which can
be measured on the basis of the turbidity to determine the
concentration of γ-PGA. Therefore, we used CTAB solution
to react with the fermentation supernatant of each treatment.
The results showed that the concentration of γ-PGA in the
supernatant of the SQR9 wild-type strain was 0.92 g/L, and
adding exogenous AI-2 to wild-type SQR9 increased the con-
centration of γ-PGA in the supernatant to 2.50 g/L. When
luxS was deleted from the wild-type strain, the concentration
of γ-PGA in the supernatant was decreased to 0.08 g/L, and
complementation of the mutant with luxS and adding 4 μM
AI-2 restored the concentration of γ-PGA to 0.40 g/L and
0.62 g/L, respectively (Fig. 3b). SDS-PAGE of the γ-PGA
samples from each treatment had the same tendency

Fig. 2 Biofilm formation of
B. velezensis SQR9. WT, wild-
type; WT+AI-2, wild-type strain
supplied with exogenous AI-2;
ΔluxS, luxS mutant; ΔluxS/AI-2,
ΔluxS supplied with exogenous
AI-2; ΔluxS/luxS, ΔluxS
complemented with luxS gene at
the amylase gene locus (amyE).
The final concentration of exoge-
nous AI-2 was 4 μM. a Biofilm
formation in 48-well plates. b The
weight of biofilms at 16 h. Error
bars indicate the standard devia-
tions based on four independently
replicated experimental values
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(Figure S4). The results showed that AI-2 affected the synthe-
sis of γ-PGA in B. velezensis SQR9.

AI-2 signal promotes motility of B. velezensis SQR9

Bacterial motility is critical for PGPR to colonize plant roots.
To investigate the effect of AI-2 signaling on the motility of
SQR9, swimming analysis of the SQR9 wild-type strain,
ΔluxS mutant strain, and luxS gene complementation strain
was performed; the results were compared and showed that
the diameter of the motility circle of ΔluxS was significantly
decreased compared with that of SQR9. Complementation
with luxS or adding 4 μM AI-2 to the medium restored the
motility circle of ΔluxS mutant strain to the wild-type level
(Fig. 4). This result indicates that AI-2 has a positive effect on
the motility ability of SQR9.

AI-2 signal enhances the root colonization of
B. velezensis SQR9

Biofilm formation and motility are important factors in deter-
mining the root colonization of PGPRs. As shown in this
study, the effects of LuxS and AI-2 on biofilm formation
and motility are both positive. We proposed that LuxS/AI-2
should have a positive effect on root colonization.
Quantitative analysis of colonization of maize roots was per-
formed at 3 days postinoculation using the plate counting
method. The results showed that the root colonization of
ΔluxS decreased significantly by 35%. When luxS was intro-
duced into the mutant, the colonization of the resulting strain
on maize roots was restored to the same level as that of the
wild-type strain. When exogenous AI-2 was added to the rhi-
zosphere of maize, colonization of SQR9 on roots significant-
ly increased by 16% (Fig. 5). Exogenous AI-2 also rescued the
colonization decreasing caused by luxS mutation. These

results indicated that AI-2 could promote root colonization
of SQR9.

Discussion

Quorum sensing is an important system that regulates specific
functions in bacteria. Bacillus is the most widely used plant
beneficial bacteria in agriculture, but knowledge on how QS
signals regulate the rhizospheric behavior of Bacillus is lack-
ing. In this study, the QS signal AI-2 synthetase-encoding
gene luxS was deleted from the B. velezensis SQR9 genome.
AI-2 production was completely blocked in the luxS mutant,
and biofilm formation, motility, and root colonization of the
luxS mutant were significantly reduced. These results indicat-
ed that AI-2 could act as a quorum sensing signal and promote
root colonization of B. velezensis. This finding would provide
new insights into the colonization of PGPR.

Quorum sensing of gram-positive bacteria is regulated by few
kinds of oligopeptides and AI-2. The signaling oligopeptides are
generally produced by specific cleavage of proteins. For example,
bacterial pheromones, which play roles in sporulation and the
production of certain secondary metabolites (Rosenberg et al.
2012), are cleaved from the ComX protein. Nevertheless, knowl-
edge of the QS signal in gram-positive bacteria is still very poor.
In comparison with other QS signals, AI-2 more widely exists in
both gram-negative and gram-positive bacteria, and the structure
ofAI-2 is highly conserved among species, giving it the capability
to act as an interspecies QS signal. However, pathways regulated
by AI-2 among different bacteria are varied. Merritt et al. found
that deletion of the AI-2 synthetase LuxS could affect the biofilm
morphology of Streptococcus mutans (Merritt et al. 2003).
Similarly, the addition of AI-2 promoted the biofilm formation
of Staphylococcus epidermidis (Xue et al. 2015) and Bacillus
cereus (Auger et al. 2006). This study also showed similar results

Fig. 3 The γ-PGA yield of
B. velezensis SQR9. WT, wild-
type; WT+AI-2, wild-type strain
supplied with exogenous AI-2;
ΔluxS, luxS mutant; ΔluxS/AI-2,
ΔluxS supplied with exogenous
AI-2; ΔluxS/luxS, ΔluxS
complemented with luxS gene at
the amylase gene locus (amyE).
The final concentration of exoge-
nous AI-2 was 4 μM. a The vis-
cosities of fermentations. b The
yield of γ-PGA. Error bars indi-
cate the standard deviations based
on three independently replicated
experimental values
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that AI-2 could positively affect biofilm formation ofB. velezensis
SQR9. It has been reported that deletion of luxS fromE. coliK-12
led to enhanced motility (Ling et al. 2010). However, in Bacillus
subtilis, deletion of luxS led to reduced motility (Lombardía et al.
2006). Similarly, in this study, AI-2 also showed a positive effect
on the motility of B. velezensis SQR9.

Bacillus biofilm formation is a complex process regulated
by a range of regulation systems, such as Spo0A, SinI-SinR
(Xu et al. 2017), and the DegSU system (Verhamme et al.
2009). In this study, AI-2 increased the production of γ-

PGA. The synthesis of γ-PGA is regulated by phosphorylated
DegU (Stanley and Lazazzera 2005). Interestingly, the phero-
mone synthesized from ComX is also involved in the regula-
tion of the DegSU system. The pheromone could promote the
transcription of degQ, which facilitates the transfer of an acti-
vating phosphate fromDegS to DegU. It is proposed that AI-2
might have a similar pathway as the ComX pheromone and
regulate biofilm formation of B. velezensis. Further study on
how AI-2 participates in biofilm formation regulation would
provide insight into the AI-2 and ComX pheromone signaling
pathways.

This study revealed that AI-2 had the same effect on the
synthesis of γ-PGA and biofilm formation. Therefore, it is
presumed that AI-2 could affect biofilm formation in
Bacillus spp. by influencing the synthesis of γ-PGA. γ-PGA
is a natural polymer with many good properties, such as being
nontoxic, edible, degradable, water soluble, and modifiable.
γ-PGA can be used in fertilizers to enhance their effectiveness
(Hoppensack et al. 2003), as well as biological flocculants for
sewage treatment (Ritchie et al. 1999). γ-PGA is also used in
food and cosmetics (Shyu et al. 2008), and it is widely used in
medicine; it can be used as a drug carrier to improve drug
solubility (Liang et al. 2006). γ-PGA is mainly produced by
microbial fermentation; therefore, it is very important to im-
prove the efficiency of microbial synthesis of γ-PGA. Our
study found that the addition of AI-2 can significantly increase
γ-PGA production in SQR9, which is important for the pro-
duction of γ-PGA in industry.

Fig. 4 Motility analysis of B. velezensis SQR9. WT, wild-type; WT+AI-
2, wild-type strain supplied with exogenous AI-2; ΔluxS, luxS mutant;
ΔluxS/AI-2, ΔluxS supplied with exogenous AI-2; ΔluxS/luxS, ΔluxS
complemented with luxS gene at the amylase gene locus (amyE). The
final concentration of exogenous AI-2 was 4 μM. a Swimming of cells
on LB swim medium solidified with 0.3% agar. b Swarming of cells on
LB swarming medium solidified with 0.6% agar and 0.5% glucose. c The
diameters of cell spots inoculated on swarming plates that incubated at 37
°C for 4 h. Error bars indicate the standard deviations based on six inde-
pendently replicated experimental values

Fig. 5 Root colonization ofB. velezensis SQR9.WT, wild-type;WT+AI-
2, wild-type strain supplied with exogenous AI-2; ΔluxS, luxS mutant;
ΔluxS/AI-2, ΔluxS supplied with exogenous AI-2; ΔluxS/luxS, ΔluxS
complemented with luxS gene at the amylase gene locus (amyE). The
final concentration of exogenous AI-2 was 4 μM. Error bars indicate
the standard deviations based on six independently replicated experimen-
tal values
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