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Abstract
Chemotaxis towards root exudates and subsequent biofilm formation are very important for root colonization and for providing
the beneficial functions of plant growth-promoting rhizobacteria (PGPRs). In this study, in comparison with other root-secreted
compounds, D-galactose in the root exudates of cucumber was found to be a strong chemoattractant at the concentration of 1 μM
for Bacillus velezensis SQR9. Chemotaxis assays with methyl-accepting chemotaxis proteins (MCPs) deletion strains demon-
strated that McpAwas solely responsible for chemotaxis towards D-galactose. Interestingly, D-galactose significantly enhanced
the biofilm formation of SQR9 in an McpA-dependent manner. Further experiment showed that D-galactose also enhanced root
colonization by SQR9. In addition, the secretion of D-galactose by cucumber roots could be induced by inoculation with SQR9,
indicating that D-galactose may be an important signal in the interaction between plant and SQR9. These findings suggested that
the root-secreted D-galactose was a signal, the secretion of which was induced by the beneficial bacteria, and which in turn
induced colonization of the bacteria.

Keywords Chemotaxis . D-galactose . Root exudates . Methyl-accepting chemotaxis protein . Biofilm formation

Introduction

Rhizosphere colonization is important for plant growth-
promoting rhizobacteria (PGPRs) to provide their beneficial
functions to the plant host (Philippot et al. 2013). The root

colonization of PGPR is an integrated process comprising che-
motaxis from the rhizosphere to the root surface and the sub-
sequent biofilm formation on the root surface (Belas 2014). A
class of low molecular weight compounds in the plant root
exudates induce the chemotactic movement of PGPR to the
root surface and the biofilm formation of PGPR (de Weert
et al. 2002; Yaryura et al. 2008; Haichar et al. 2014).

The composition of root exudates varies depending on the
plant species and the microbes in the environment. For instance,
the low molecular weight organic acids in the root exudates of
tomato, cucumber, and Arabidopsis differ in both composition
and abundance (Lugtenberg et al. 1999; de Weert et al. 2002;
Badri et al. 2013). Arabidopsis roots secreted more D-malic acid
upon infection by Pseudomonas syringae pv tomato (Rudrappa
et al. 2008). In many cases, the change of root exudation is an
active response of plants to the complex rhizosphere and plays an
important role in regulating the behavior of rhizobacteria, such as
the chemotaxis towards the root surface (Yaryura et al. 2008).

Rhizospheric Bacillus could employ methyl-accepting che-
motaxis proteins (MCPs) to sense the root-secreted
chemoattractants. Bacillus uses a chemosensory pathway in-
volving the CheA histidine kinase and the CheY response reg-
ulator to transmit signals from the receptors to the flagellar
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motors (Hess et al. 1988; Rao et al. 2008). After ligand binding
to the bacterial chemoreceptor, CheY is rapidly phosphorylated
in response to the change of the chemoeffector levels and sub-
sequently change forms of bacterial movement (Rao et al. 2008;
Glekas et al. 2012).

Typical chemoreceptors comprise a ligand-binding domain
(LBD) at the N-terminus, which is frequently located in the
extracytoplasmic space and is responsible for binding extra-
cellular compounds (Milburn et al. 1991), two transmembrane
domains at the two end of the LBD, a HAMP (histidine ki-
nase, adenyl cyclase, methyl-accepting chemotaxis protein
and phosphatase) linker (Anantharaman and Aravind 2000)
and a cytosolic signaling domain at the C-terminus. Five che-
moreceptors (Tar, Tsr, Tap, Trg, and Aer) have been identified
in Escherichia coli, which respond to concentration gradients
of amino acids, dipeptides, and sugars (Sourjik 2004). In the
free-living environmental bacterium Pseudomonas putida,
KT2440, McpG, McpU, McpH, McpA, and PcaY_PP are
found to be chemoreceptors for γ-aminobutyric acid, poly-
amines, purine, amino acids, and C6-ring containing carbox-
ylic acids, respectively (Reyes-Darias et al. 2015; Corral-Lugo
et al. 2016; Fernández et al. 2016, 2017; Gavira et al. 2018). In
both Bacillus amyloliquefaciens and Bacillus subtilis, McpB
andMcpCmediate chemotatic response to amino acids (Yssel
et al. 2011). However, the ligands of the homologous MCP
vary in different bacteria (Corral-Lugo et al. 2016). For exam-
ple, in B. subtilis, McpA mediates the chemotaxis response
towards glucose and α-methylglucoside and the repellent re-
sponse to root exudates (Hanlon and Ordal 1994; Allard-
Massicotte et al. 2016). However, McpA in Bacillus
velezensis was a major chemoreceptor for a broad range of
chemoattractants and is essential for chemotactic response to
cucumber root exudates (Feng et al. 2018).

The interactions between theMCPs and the root exudates are
important for the rhizosphere behavior of bacteria. But the
MCPs that mediate the chemotaxis towards root exudates are
different in bacteria. The chemotactic response to host of the
alfalfa symbiont Sinorhizobium meliloti was mediated by 8 dif-
ferent MCPs, among which McpU is the chemoreceptor for
sensing the amino acids, while McpX is the chemoreceptor for
the quaternary ammonium compounds in root exudates of alfal-
fa (Medicago sativa) (Meier et al. 2007;Webb et al. 2016, 2017;
Zatakia et al. 2017). Recently, multiple chemotaxis receptors
(including McpB, McpC, and TlpC) were found to be involved
in the chemotaxis of B. subtilis NCIB 3610 to Arabidopsis
thaliana root exudates, and this process was required for the
bacterial colonization (Allard-Massicotte et al. 2016). In a pre-
vious study, we comprehensively identified the chemoattractants
in cucumber root exudates and their sensing chemoreceptors in a
rhizospheric B. velezensis strain SQR9 (Feng et al. 2018).
However, root exudates of plant always changed in response
to the root colonization of the microbes, how the root-secreted

chemoattractants changed and regulated the chemotaxis of the
PGPR in response to inoculation has not been examined.

B. velezensis SQR9 is an efficient PGPR with close inter-
actions with plant roots. Our previous study revealed several
chemoattractants in root exudates and comprehensively illus-
trated their interaction with the MCPs in SQR9 (Feng et al.
2018). In this study, we identified a root-secreted
chemoattractant, D-galactose, with strong activity and interest-
ing properties. It was demonstrated thatMcpA is the onlyMCP
responsible for chemotaxis towards D-galactose. Interestingly,
D-galactose was shown to enhance the biofilm formation of
SQR9 in an McpA-dependent manner. In addition, the D-ga-
lactose content is 3-fold higher in the root exudates of the
SQR9-colonized cucumber than that of an uninoculated one.

Materials and methods

Bacterial strains, media, and growth conditions

Strains and plasmids are listed in Table 1. B. velezensis SQR9
(China General Microbiology Culture Collection Center,
CGMCC accession no. 5808) was isolated from the cucumber
rhizosphere. Wild-type or mutant strains were grown at 37 °C
in low-salt Luria-Bertani (LLB) medium (peptone, 10 g L−1;
yeast extract, 5 g L−1; and NaCl, 3 g L−1) solidified with
15 g L−1 agar. E. coli BL21 (DE3) was grown at 37 °C in
Luria-Bertani (LB) medium (peptone, 10 g L−1; yeast extract,
5 g L−1; and NaCl, 5 g L−1) solidified with 15 g L−1 agar.
When necessary, the final concentrations of antibiotics were
added as follows: 5 mg L−1 chloramphenicol (Cm), 20 mg L−1

zeocin (Zeo), 100 mg L−1 spectinomycin (Spc), and
30 mg L−1 kanamycin (Kan).

Chemotaxis assay

The qualitative comparison chemotaxis assay was performed
as described by Shen et al. (2014) using a simple and reusable
microfluidic SlipChip device. Briefly, a 10 mg mL−1 bovine
serum albumin (BSA) solution was injected into all the chan-
nels and used to wash the microwells for 5 min. After remov-
ing the BSA solution by using vacuum across the access holes,
the solutions containing different chemoeffectors with the
concentration of 1 mM (for qualitative detection only), bacte-
rial cells suspended in phosphate-buffered saline (PBS;
8 g L−1 NaCl, 0.2 g L−1 KCl, 1.44 g L−1 Na2HPO4, and
0.24 g L−1 KH2PO4, pH 7.4), and PBS buffer (negative con-
trol) were loaded to the top, middle, and bottom microwells,
respectively. Subsequently, the SlipChip device was slipped to
ensure that the cells could migrate freely from the middle
microwells to the ducts, and the microwells were loaded with
the chemoeffector or PBS. The device was placed on an
inverted fluorescence microscope (Ti-Eclipse, Nikon, Tokyo
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Metropolis, Japan) and stored for 30 min in a dark environ-
ment at room temperature. The cells in the top and bottom
microwells were monitored. The chemotaxis index (It) was
used to indicate the chemotactic ability of the bacterial cells
using a chemoeffector at a certain concentration. It is defined
as Ne/(Ne + Nc), where Ne is the number of cells that migrated
into the chemoeffector-containing microwells and Nc is the
number of cells that migrated into the control microwells over
a certain time period.

I t ¼ N e= N e þ N cð Þ

In theory, an It value approximately equal to 0.5 means that
the cells do not respond to the chemoeffector; an It value of
more than 0.5 indicates that the cells are attracted by the
chemoeffector; and an It value lower than 0.5 suggests that
the cells are repelled by the chemoeffector. To ensure the
stability and reliability of the assessment, we redefined the
non-response interval of It to the range between 0.4 and 0.6,
while > 0.6 and < 0.4 were indicated to be positive and nega-
tive responses to the chemoeffector, respectively.

In addition, a modified chemotaxis assay based on the
Adler procedure (Adler 1973) was also performed for quanti-
tative chemotaxis measurements. Bacterial strains were grown

in LB media until they reached the log phase. The cells col-
lected by centrifugation were washed twice with chemotaxis
buffer and resuspended in the same buffer (OD600 nm of 0.6).
A 200-μL pipette tip was filled with 100 μL of this cell sus-
pension. A standard 1-mL syringe was loaded with 100 μL of
various concentrations of D-galactose. The needle of the sy-
ringe was inserted to the narrow end of the pipette tip to
connect the chemical solution and the cell suspension. After
1 h of static incubation at 37 °C, the contents in the syringe
were transferred to an Eppendorf tube containing 1.0 mL of
sterilized water. The suspension was then diluted and plated
on LB plates. Colony-forming units (CFUs) were determined
in the LB plates incubated for 24 h at 37 °C. Each treatment
was repeated six times.

Protein expression and purification

The expression and purification of the ligand-binding domain
(LBD) ofMcpAwas performed as previously described (Feng
et al. 2018). The DNA fragments encoding the LBD of McpA
(Ala33-Pro278) were amplified with primer sets that
contained restriction sites for NdeI and HindIII using SQR9
genomic DNA as a template. The PCR products were digested

Table 1 Strains and plasmids used in this study

Strains or plasmids Characteristics Source or reference

Plasmids

pTPC pMD19-T harboring the PC cassette Zhou et al. 2017

pNW33N CmR, E. coli-Bacillus shuttle vector Zhou et al. 2017

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

pET-28a Expression vector Novagen, Beijing, China

pET-28a-McpALBD pET28a derivative for expression of McpALBD This work

Strains

B. velezensis

SQR9 Wild-type isolate This Lab, CGMCC accession no. 5808

SQR9Δ8mcp Deletion in all eight putative mcp genes Feng et al. 2018

SQR9Δ8mcp/mcpA CmR, SQR9Δ8mcp with mcpA gene Feng et al. 2018

SQR9Δ8mcp/mcpB CmR, SQR9Δ8mcp with mcpB gene Feng et al. 2018

SQR9Δ8mcp/mcpC SpcR, SQR9Δ8mcp with mcpC gene Feng et al. 2018

SQR9Δ8mcp/tlpA CmR, SQR9Δ8mcp with tlpA gene Feng et al. 2018

SQR9Δ8mcp/tlpB CmR, SQR9Δ8mcp with tlpB gene Feng et al. 2018

SQR9Δ8mcp/mcpR SpcR, SQR9Δ8mcp with mcpR gene Feng et al. 2018

SQR9Δ8mcp/hemAT CmR, SQR9Δ8mcp with hemAT gene Feng et al. 2018

SQR9Δ8mcp/yfmS CmR, SQR9Δ8mcp with yfmS gene Feng et al. 2018

E. coli

BL21 (DE3) F− ompT hsdSB (rB−mB−) gal dcm λDE3 (harboring gene 1 of the RNA
polymerase from the phage T7 under the PlacUV5 promoter)

Invitrogen, Carlsbad, USA

Top 10 F− mcrA Δ(mrr-hsdRMS-mcrBC) ψ80 lacZ ΔM15ΔlacX74 nupG
recA1 araD139Δ(ara-leu) 7697 galE15 galK 16 rpsL (StrR) end A1λ−

Invitrogen, Carlsbad, USA
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and cloned into the expression plasmid pET28a (+) linearized
with the enzymes NdeI and HindIII. The insert and flanking
regions of the reconstructed plasmid (pET28a-McpALBD)
were verified by DNA sequencing. The expressed proteins
contained an N-terminal His tag.

The constructed expression vector was individually trans-
formed into E. coli BL21 (DE3). The strains obtained were
grown in 1-L Erlenmeyer flasks containing 200 mL of Luria-
Bertani (LB) medium supplemented with 30 mg L−1 kanamy-
cin at 37 °C with 220-rpm (rounds per minute) shaking. When
the OD600 of the culture reached 0.6, the growth temperature
was lowered to 16 °C. After 30 min of incubation, protein
expression was induced by adding 0.05 mM isopropyl-β-D-
thiogalactopyranoside (IPTG). Growth was continued at
16 °C with 220-rpm shaking overnight prior to the harvest
of the cells using centrifugation at 8000g for 10 min. The cells
were washed at least twice with 0.01 M PBS. The cell pellets
were resuspended in 50 mL 0.01 M PBS and disrupted by
sonication (2-s pulse on, 3-s pulse off). The cellular lysates
were centrifuged at 20,000 g for 50 min. Finally, for further
clarification, the lysates were passed through a 0.22-μm filter
(Merck KGaA, Darmstadt, Germany) to remove any other
aggregates or insoluble particles followed by purification with
His-affinity resin chromatography (Hua Chun Biotech,
Tianjin, China) according to the manufacturer’s instructions.
The purified protein was collected and stored in TKMDmod
buffer (50mMTris, pH 8.0, 50mMKCl, and 5mMMgCl2) at
− 80 °C.

Biolayer interferometry analysis

Experiments were performed on the Octet-RED 96 device
(ForteBio, Inc., Menlo Park, USA). Data were generated au-
tomatically by the Octet User Software (version 9.0). All ki-
netic experiments were conducted at 25 °C. Prior to each
assay, super streptavidin (SSA) biosensor tips (ForteBio,
Inc., Menlo Park, USA) were pre-wet with PBS (pH 7.0) for
10 min. Buffer, protein, or samples were dispensed into 96-
well black microtiter plates (Merck KGaA, Darmstadt,
Germany) with 200μL in eachwell. Firstly, baselinemeasure-
ment was done in PBS for 60 s. Afterwards, the protein sam-
ples were immobilized on the biosensor tips by agitation for
120 s at 1000 rpm followed by equilibration with PBS for
60 s. Subsequently, association of McpA_LBD with the D-
galactose in a concentration range of 0.10 μM, 0.39 μM
1.56 μM, 6.25 μM, 25.00 μM, and 100.00 μM was per-
formed. Association at each tested concentration was carried
out for 60 s. Finally, the dissociation was monitored with PBS
for 60 s. All measurements were performed in triplicate. The
binding profile of each sample was summarized as a “nm
shift” (the wavelength/spectral shift in nanometers), which
represented the association and disassociation of the protein
and the potential ligands.

Biofilm formation assay

To determine the effects of D-galactose on the biofilm forma-
tion of B. velezensis SQR9 and the mutant strains, the biofilm
formation assay was performed using 48-well microtiter plates
as described by Hsueh et al. (2006). Bacteria were grown in
LB medium at 37 °C until the log phase, washed with PBS,
and finally resuspended in PBS to obtain a suspension of
OD600 of 0.2. Each well was filled with 1 mL MSgg medium
(Branda et al. 2001) inoculated with 10 μL suspension of
bacteria. D-Galactose was added to obtain a final concentra-
tion of 1 to 100 μM, respectively. Four replicates were includ-
ed for each treatment. The plates were incubated at 37 °C
without shaking for 15 h. After then, liquid was discarded
and the wells were washed with flowing water. Biofilms ad-
hering to the well surface were proceeded for staining. Biofilm
cells were stained using 1 mL of 0.1% crystal violet overnight.
Subsequently, excess crystal violet was poured out, and the
wells were washed twice with distilled water. The bound crys-
tal violet was solubilized with 1 mL of 4:1 ethanol and acetone
acid and measured at OD590.

Growth curve measurement

Growth curves of SQR9 and the mutant strains were measured
with shaking at the same condition with biofilm formation as-
say. The measurement of absorbance at 600 nm was performed
every 30 min. Six replicates were included for each treatment.

Root exudate collection in the split-root system

Cucumber seedlings were grown to a three-leaf stage in a
chamber and transplanted into a split-root system as described
by Liu et al. (2017). The systems were cultured at 23 °Cwith a
16-h light/8-h dark photoperiod, and themediumwas replaced
every day. Three days after transplantation, the split-root
chamber was checked for contamination. Suspensions of
SQR9 was inoculated to the left side of the split-root system
and mixed with the sterilized water with the final concentra-
tion of 5 × 107 CFUsmL−1. The split-root systemwas cultured
for two more days to allow for pre-exposure to the inoculants.
Cultures in the chamber were collected after 3 days as shown
in result. The treatments were repeated three times, including
six plants for each replicate. Regular root exudates of the
cucumber without inoculation were collected as the CK (con-
trol). A total of 0.72 L of root exudates containing water were
collected for each replicate from six plants. Root exudate so-
lutions were filtered through a 0.45-μm membrane (Merck
KGaA, Darmstadt, Germany) and lyophilized. The sterility
of the exudates after filtration was tested by plating 100 μL
of each sample on an LB plate and incubating at 30 °C for
contamination check. Subsequently, the exudates were con-
centrated to solid powder using a freezing dryer.
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Quantification of galactose

Galactose was analyzed using ultrahigh-performance liquid
chromatography-tandem mass-spectrometry (UHPLC-MS-
MS). LC-MS/MS analyses were performed using an UHPLC
system (1290, Agilent Technologies, Santa Clara, USA) with a
Waters® ACQUITY UPLC HSS T3 column (100 × 2.1 mm,
1.8 μm, Waters, Miford, MA, USA) coupled to a 6460 Triple
Quadrupole mass spectrometer. Briefly, 5 mg of each root ex-
udate sample was dissolved in 1mL of 50% (v/v) methanol and
vortexed for 30 s, followed by sonication on ice for 15min. The
solution was incubated at − 20 °C for 1 h and centrifuged at
13,000g (4 °C) for 15 min. Samples were additionally treated
for derivatization: a 100 μL aliquot of the clear supernatant (or
standard solution) was mixed with 100 μL of reaction solution
(2% acetic acid, 3% anthranilamide, and 2% sodium
cyanoborohydride in methanol). The reaction mixtures were
incubated at 80 °C for 60 min followed by the addition of
200 μL of water. Each tube was thoroughly mixed and centri-
fuged at 13,000×g (4 °C) for 15 min, and a 100 μL aliquot of
the supernatant was prepared for further analysis. A 100 μL
aliquot of the supernatant was transferred to an autosampler vial
for the UHPLC-MS/MS analysis. The mobile phase A was
10 mM acetic acid and ammonium acetate in water, and the
mobile phase B was acetonitrile. The elution gradients were the
following: 0 min, 95%; 6 min, 75% A; 8 min, 5% A; and
12.5 min, 95% A, which were delivered at 0.35 mL min−1.
The column temperature was set at 40 °C, and the injection
volume was 1 μL. An Agilent 6460 triple quadrupole mass
spectrometer (Agilent Technologies, Santa Clara, USA)
equipped with an AJS electrospray ionization (AJS-ESI) inter-
face was used. Typical ion source parameters were as follows:
capillary voltage = + 4000/− 3500 V, nozzle voltage = + 500/−
500 V, gas (N2) temperature = 300 °C, gas (N2) flow =
5 L min−1, sheath gas (N2) temperature = 250 °C, sheath gas
flow = 11 L min−1, and nebulizer = 45 psi. Absolute quantifi-
cation of the compound in the root exudates was calculated
based on their detected peak areas and the calibration curves
of the relevant standard. The concentration was finally normal-
ized by the original volumes in the root chambers.

Colonization assay

A suspension of SQR9, SQR9Δ8mcp and SQR9Δ8mcp/
mcpA, was prepared in LLB media grown for 12 h at 37 °C
with 200-rpm shaking. The bacterial cells were pelleted using
centrifugation at 10,000g for 10 min and resuspended in 1/4
sucrose-free Murashige Skoog (MS, Murashige and Skoog
1962) medium to adjust the OD600 to approximately 1.0. At
the three-leaf stage (approximately 20-day-old cucumber
seedlings), the bacterial cells were inoculated in sterile conical
flasks containing the 40 mL MS medium to obtain a final
concentration of 5 × 107 CFU mL−1. After incubation for

3 days, the roots were cut and briefly washed with sterile
distilled water. Subsequently, the mixed roots were weighed
and ground with a mortar in sterile distilled water, and the
suspensions acquired were diluted and plated on LB agar me-
dia. The bacterial cells colonized on the cucumber roots were
quantified by counting the colonies after incubation for 12 h at
37 °C. Six replicates were included for each treatment. The
results were normalized to the fresh weight of the root.

To view the colonization of B. velezensis SQR9-gfp on the
root surfaces, the root tips were observed using a confocal
laser scanning microscope system (Zeiss LSM 700, Carl
Zeiss AG, Jena, Germany) with excitation wavelengths of
488 nm. The objective used was a Zeiss EC Plan-Neofluar
× 10/0.30 Ph1. Emissions in the range of 490–555 nm were
collected for the GFP visualization. Images of at least 20 root
tips were obtained for each treatment.

Statistical analysis

Differences among the treatments were calculated and statis-
tically analyzed using an analysis of variance (ANOVA) and
Duncan’s multiple range tests (P < 0.05) for colonization.
SPSS version 22.0 was used for statistical analysis (SPSS
Inc., Chicago, IL).

Results

D-Galactose attracts B. velezensis SQR9

By using a microfluidic SlipChip device, we screened the root-
secreted low molecular weight compounds for an attractant of
the rhizospheric B. velezensis SQR9. The SlipChip includes
three chambers in line. One side chamber was filled with the
1 mM of pending chemical, while the other side chamber was
filled with PBS to indicate the control. The bacterial suspension
was spread in the middle chamber, and the cells were allowed
to swim to either of the side chambers that were filled with PBS
or the pending chemical through the diffused gradient. In ad-
dition, due to the dilution effect of the SlipChip, the concen-
tration used in this method does not have quantitative signifi-
cance. To normally compare the attractant, the chemotaxis in-
dex (It), showing the ratio of cell number in the chemoattractant
chamber to the sum of the cell numbers in the PBS control
chamber and the chemoattractant chamber, was introduced.
The subscript “t” indicates the incubation time; I30 indicates
the chemotaxis index with incubation for 30 min. A higher
I30 indicates a stronger attraction to the bacteria cell
(Supplementary Table S1). When compared with the other at-
tractants previously identified, such as D-maltose (I30 = 0.94),
malic acid (I30 = 0.98), succinic acid (I30 = 0.98), gluconic acid
(I30 = 0.97), citric acid (I30 = 0.95), threonine (I30 = 0.98), cys-
tine (I30 = 0.98), and asparagine (I30 = 0.97) (Feng et al. 2018),
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D-galactose is much stronger (I30 = 0.99) to attract SQR9 than
the previously described attractants (Fig. 1, Feng et al. 2018).
Moreover, the result showed that the number of cells in the
galactose chamber was approximately threefold higher than

that of the secondly efficient attractant, and the I30 of D-galac-
tose was the highest (0.99) (Supplementary Table S1). These
findings suggested that D-galactose could be an important sig-
nal for the chemotaxis of SQR9 in the rhizosphere.

Fig. 1 Chemotaxis of B. velezensis SQR9 to root-secreted compounds.
Cell counts were performed in a SlipChip device. Cells suspensions were
dropped into the middle of the highly concentrated chemoattractant
solution (treatment, 1 mM) and the chemotaxis buffer (control) and
allowed to swim to either side. Cells in the chemotaxis chamber and the

chemotaxis buffer chamber of the SlipChip device were counted and
plotted. For data of chemotaxis to the compounds other than D-galactose,
please refer to Feng et al. (2018). Black and gray columns indicate the cell
numbers in the chemoattractant chamber and the chemotaxis buffer
chamber, respectively
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Chemoreceptor for D-galactose in SQR9

Based on the strongly attractive activity of D-galactose, it is
of interest to explore how bacteria sense the signal trans-
duced from the plant. SQR9 has eight MCPs for chemo-
tactic signal perception, including McpA, McpB, McpC,
McpR, TlpA, TlpB, HemAT, and YfmS (Feng et al.
2018). A mutant that is deficient in all eight genes
encoding the MCPs (SQR9Δ8mcp) has been created, and
the SQR9Δ8mcp has been complemented with the individ-
ual receptors in a previous study (Feng et al. 2018). The
chemotaxis of the wild-type SQR9 and all the mutants
were evaluated using a microfluidic SlipChip device. The
results showed that the chemotaxis indexes (I30) of
SQR9Δ8mcp, SQR9Δ8mcp/mcpB, SQR9Δ8mcp/mcpC,
SQR9Δ8mcp/mcpR, SQR9Δ8mcp/tlpA, SQR9Δ8mcp/
tlpB, SQR9Δ8mcp/hemAT, or SQR9Δ8mcp/yfmS were
significantly lower than that of the wild-type strain and
SQR9Δ8mcp/mcpA. In addition, no significant difference
was observed between the wild- type s t ra in and
SQR9Δ8mcp/mcpA (Fig. 2a). A classic capillary assay
was performed for a range of the chemotactic concentra-
tions of D-galactose. The attraction of D-galactose to SQR9
was the highest at the final concentration of 1 μM, while it
decreased as the concentration increased to 10 μM, as did
that of SQR9Δ8mcp/mcpA (Fig. 2b). Similar to the
SlipChip chemotaxis assay, SQR9Δ8mcp did not show
chemotaxis to either concentration of D-galactose. These
findings suggest that McpA is the chemoreceptor respon-
sible for sensing D-galactose. In comparison with malic
acid, another strong chemoattractant that sensed by
McpA, the concentration needed for best chemoattraction
for D-galactose is much lower; in addition, chemotaxis re-
sponse of SQR9 to D-galactose is stronger than malic acid
at their best concentration for chemotaxis.

Binding activity of D-galactose and McpA

To further verify the interaction between D-galactose and
McpA, the amino terminal-sensing domain of McpA
(Ala36-Pro277) was expressed in E. coli BL21 (DE3)
and purified (Supplementary Fig. S1). Its binding of D-
galactose was investigated using Biolayer interferometry
(BLI) analysis. But the BLI result showed that McpA
could not directly bind D-galactose in vitro (data not
shown). This result suggests that McpA would sense D-
galactose by an indirect manner. As similar cases have
been found in E. coli and Azospirillum brasilense
(Scholle et al. 1987; Van Bastelaere et al. 1999), it is
proposed that a galactose-binding protein might capture
D-galactose in environment and subsequently bind with
McpA.

Biofilm formation induced by D-galactose is
McpA-dependent

Biofilm formation on the root surface is another important step
for the colonization of a PGPR. In this study, the effect of D-
galactose on biofilm formation was tested. Both the qualita-
tive and quantitative experiments showed that D-galactose
could significantly induce biofilm formation in SQR9 at a
final concentration of 100 μΜ (Fig. 3a, b). Interestingly, de-
letion of all eight MCPs caused a deficiency of biofilm forma-
tion response to D-galactose induction. However, the reintro-
duction of McpA, the MCP that is responsible for chemotaxis
to D-galactose, restored the biofilm formation mediated by D-
galactose (Fig. 3a, b). This observation suggested that an
McpA-dependent biofilm formation regulation pathway could
be activated by D-galactose.

This experiment was also repeated with another
chemoattractant of SQR9, maltose, and the relevant chemore-
ceptor TlpB (Feng et al. 2018) to confirm whether the en-
hanced biofilm formation by D-galactose is generally resulted
from the chemotactic response. However, no difference was
observed with SQR9Δ8mcp/tlpB and SQR9Δ8mcp (Fig.
3c, d). This result indicated that the participation in biofilm
formation of McpA is not related to its function on
chemotaxis.

A growth curve was recorded to ensure that the effect on
biofilm formation is not simply due to its effect on bacterial
growth (Fig. 3e). Because the biofilm was formed at 13 h post-
inoculation, the growth curve was measured before 13 h. In
MSgg medium, SQR9Δ8mcp, SQR9Δ8mcp/mcpA, and the
wild-type strain all grow well and no significant differences
were observed (Fig. 3e). At 1 μΜ, 10 μΜ, and 100 μΜ, D-
galactose showed no effect on growth of all strains (Fig. 3e).

Induction of D-galactose production from cucumber
roots

The concentration of D-galactose in the rhizosphere is a dom-
inant factor to provide its chemoattractant and biofilm inducer
functions. We measured the concentration of D-galactose in
the root chamber after incubation for 1 day. In this experiment,
cucumbers were grown in a split-root system; one side was
inoculated with B. velezensis SQR9, while another side of the
root chamber was used for collecting the root exudates
(Fig. 4a). The result showed that 1 g of root from the uninoc-
ulated cucumber secreted 0.161μg of D-galactose in 24 h (Fig.
4b); however, 1 g of root from the cucumber inoculated with
SQR9 secreted 0.478 μg of D-galactose in 24 h (Fig. 4b),
which is nearly 3 times higher than that of control. It indicated
that secretion of D-galactose was induced by B. velezensis
SQR9. This finding suggests D-galactose might be an induc-
ible signal secreted by plant root.
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D-Galactose promotes the colonization of SQR9
on cucumber roots

Since we found D-galactose participated in biofilm formation,
pure D-galactose was further tested for its effect on the root
colonization of SQR9. As a homogeneous concentration of D-
galactose in the liquid MS medium was formed, the influence
of chemotaxis towards D-galactose on colonization was
avoided in this experiment. The green fluorescent protein la-
beled SQR9 (SQR9-GFP) was used for detecting the root
colonization of B. velezensis SQR9 under a confocal laser
scanning microscope. The images showed that more SQR9-
GFP cells were bound to the roots with exogenous D-galactose
in a dose-dependent manner (Fig. 5a). The quantitative

measurement of its root colonization was performed. The root
colonization of SQR9 increased significantly in parallel with
the increasing of concentration of D-galactose in rhizosphere
(Fig. 5b).

In addition, to exclude the possibility that the effect of D-
galactose on colonization is simply due to its stimulation of
bacterial growth, the growth of SQR9 in the same condition
without plant at 24, 48, and 72 h after inoculation was mea-
sured (Fig. 5c). The results showed that D-galactose did not
stimulate growth at all the tested concentrations; 100 μMof D-
galactose even showed inhibition of SQR9 growth at 24 h.
Because the colonization assay was sampled at 72 h, it is
believed the differences observed in colonization assay have
not been interfered by the growth effect.

Fig. 2 Effect of methyl-accepting
chemotaxis protein (MCP) muta-
tions on the chemotaxis to D-ga-
lactose. a The chemotaxis index
(I30) of the wild-type SQR9,
SQR9Δ8mcp, SQR9Δ8mcp/
mcpA, SQR9Δ8mcp/mcpB,
SQR9Δ8mcp/mcpC,
SQR9Δ8mcp/mcpR,
SQR9Δ8mcp/tlpA,
SQR9Δ8mcp/tlpB,
SQR9Δ8mcp/hemAT, and
SQR9Δ8mcp/yfmS to D-galactose
was calculated from the SlipChip
chemotaxis experiment. An It
value approximately equal to 0.5
means that the cells do not re-
spond to the chemoeffector; an It
value of more than 0.5 indicates
that the cells are attracted by the
chemoeffector; and an It value
lower than 0.5 suggests that the
cells are repelled by the
chemoeffector. Error bars repre-
sent the standard errors of 13 bi-
ological replicates. One asterisk
(*) indicates P < 0.05 and two as-
terisks (**) indicates P < 0.01
(Student’s t test). b Capillary as-
say with the gradient concentra-
tion of D-galactose and malic ac-
id. D-Galactose and malic acid
solutions with the concentration
of 10−7 M, 10−6 M, 10−5 M,
10−4 M, and 10−3 M were tested
for their attractions to SQR9,
SQR9Δ8mcp and SQR9Δ8mcp/
mcpA. Error bars represent the
standard errors of six biological
replicates. Asterisks indicate that
the mean value is significantly
different between the strains
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Discussion

B. velezensis SQR9 is a beneficial plant rhizobacterium with a
strong ability to colonize roots and to chemotactically swim
towards cucumber root exudates (Weng et al. 2013). McpA,

the primary chemoreceptor of SQR9, has been predicted to
have a conserved ligand-binding domain (LBD), a dCACHE
domain, to sense environmental signals. Our previous study
showed that the McpA of SQR9 was responsible for sensing
20 root-secreted compounds, including five amino acids

Fig. 3 Effects of D-galactose on biofilm formation. a Images of biofilm
induced by D-galactose with concentrations of 1 μM, 10 μM, and
100 μM. b Quantification of biofilm formation in response to D-
galactose. D-Galactose was applied to the medium with concentration of
1 μM, 10 μM, and 100 μM. Biofilm was stained with crystal violet
overnight. Excess crystal violet was poured out, and the biofilm was
washed with water. The bound crystal violet was solubilized with 1 mL
of 4:1 ethanol:acetone and measured at OD590. Error bars indicate the
standard deviations based on four different replicated experimental
values. c Images of biofilm for wild-type SQR9, Δ8mcp and Δ8mcp/

tlpB, when maltose was added to the medium. TlpB in B. velezensis
SQR9 is the chemoreceptor for maltose. d Quantification of biofilm
formation in response to maltose. e Growth curve of the wild-type
strain and the mutant in MSgg medium with or without additives.
Uppercase letters indicate the group for statistics. Different lowercase
letters indicate significant differences between treatments (Duncan’s
least significant difference test, P < 0.05, mean ± standard deviation).
Two asterisks (**) indicates P < 0.01 (Student’s t test), while “ns”
indicates P > 0.05
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(aspartic acid, glutamic acid, isoleucine, lysine, and tyrosine),
ten organic acids (citric acid, malic acid, oxalic acid, fumaric
acid, succinic acid, phthalic acid, adipic acid, dehydroascorbic
acid, glyceric acid, and 3-hydroxypropionic acid), and five
other compounds (hydroxycarbamate, mannose, ribose, fu-
cose, and ribitol) (Feng et al. 2018). In this study, it was shown
that cucumber root-secreted D-galactose was a more efficient
chemotactic signal with significant attraction to SQR9 at the
concentration of 1 μM. Our data revealed that McpA is the
onlyMCP responsible for sensing D-galactose. This study also
found that D-galactose could induce biofilm formation of
SQR9 in an McpA-dependent manner. Another finding is that
when the cucumber was inoculated with SQR9, the root se-
creted more D-galactose to attract SQR9. These observations
demonstrated the importance of the root-secreted D-galactose
in root colonization of the beneficial microbes.

However, D-galactose could not bind to McpA directly. It
has reported that bacteria could sense galactose by direct
receptor-ligand binding or by indirect way. Phytopathogen
Campylobacter jejuni uses the chemoreceptor Tlp11(CcrG),
to sense D-galactose directly (Rahman et al. 2014; Day et al.
2016). But in E. coli, an extracellular galactose-binding pro-
tein MglB, is necessary for the MCP-mediated chemotaxis to
galactose (Scholle et al. 1987). When galactose binds to
MglB, the protein undergoes a conformational change and
interacts with the chemotaxis receptor Trg to initiate a chemo-
tactic signal (Scholle et al. 1987). It was suggested that a
galactose-binding protein might occur in B. velezensis to

directly capture D-galactose and interact with McpA in order
to initial the chemotaxis to galactose. Further identification of
the galactose-binding protein in B. velezensis would help to
clarify the galactose chemotaxis signaling pathway. Similar
cases have also been found in A. brasilense, the sugar binding
protein SbpA is involved in the uptake of D-galactose and
functions in the chemotaxis towards D-galactose (Van
Bastelaere et al. 1999).

In addition, the function of McpA in different bacteria
varies, the homologous McpA in other bacteria senses differ-
ent chemicals, for example, McpA in P. putida KT2440R
senses L-alanine, L-methionine, L-proline, and L-serine
(Corral-Lugo et al. 2016). In B. subtilis, McpA mediates the
attraction towards glucose and α-methylglucoside (Hanlon
and Ordal 1994) and may sense repellent molecule(s) secreted
by A. thaliana (Allard-Massicotte et al. 2016).

D-Galactose is frequently found in mammals and some mi-
crobes (Seifert et al. 2002; Conklin et al. 2006). In the plant,
galactose is generally present in other forms, such as polymers
or UDP-galactose, which is a component of the plant cell wall
(Seifert et al. 2002; Conklin et al. 2006). For regular growth,
development, and metabolism, the plant evolves a series of cell
wall–degrading enzymes, including polygalacturonase, pectin-
esterase, and β-galactosidase, to degrade the polymers of cell
wall to galactose and other oligosaccharides (Brett and
Waldron 1990; Marin-Rodriguez 2002; Wolf et al. 2012). In
addition to the plant itself, some soil-borne pathogens have
been reported to bind the hydrolase of the plant cell wall to

Fig. 4 Quantification of D-galactose. a Sample collection. b
Quantification of D-galactose in root exudates. Quantification of D-
galactose was performed by LC-MS/MS. The concentration was
calculated based on the standard curved made from pure D-galactose.

The root secretion of D-galactose was normalized by the root fresh
weight. Error bars represent the standard errors of three biological
replicates with six plants for each replicate

794 Appl Microbiol Biotechnol (2020) 104:785–797



combat the plant’s physical defenses (Aro et al. 2005). In this
study, SQR9 inoculation on the split-root cucumber caused
increased root secretion of D-galactose in the medium. This
phenomenon demonstrated that a long-distance signal trans-
duction from the local tissue to the distal tissue should occur
during this induction. Considering the systemic resistance in-
duced by SQR9 in a previous study (Wu et al. 2018), it would
be interesting to test whether this systemic induction of exuda-
tion of galactose employs the same signaling pathway or not.

We found McpA was involved in the exogenous D-galac-
tose-induced enhancement of biofilm formation. However,
another ligand-receptor pair, maltose-TlpB, did not affect bio-
film formation. These results indicated that McpA is involved
in biofilm formation stimulation by exogenous signals and its
function is to not generally rely on chemotaxis. Both chemo-
taxis and biofilm formation have been shown to be important
for microorganisms to colonize surfaces (Yaryura et al. 2008).
DegU is a known regulator for both biofilm formation and
chemotaxis in B. subtilis and Listeria monocytogenes
(Kobayashi 2007; Gueriri et al. 2008). In some other cases,

cyclic di-GMP could be a convergent pass of the regulation of
biofilm formation and chemotaxis (O’Connor et al. 2012;
Russell et al. 2013). There is similar evidence in
Campylobacter jejuni that Tlp3, a chemoreceptor that is re-
sponsible for sensing lysine and glucosamine, suppressed bio-
film formation (Rahman et al. 2014). A deficiency of tlp3 led
to a 1.5-fold increase in biofilm formation (Rahman et al.
2014). Two chemoreceptors, McpU and Wsp, in P. putida
KT2440 have been reported to modulate biofilm formation
(Corral-Lugo et al. 2016). As recently reported in
Comamonas testosterone, the kinase CheA, autophosphoryla-
tion of which is controlled by ligand sensing by MCPs
(Szurmant and Ordal 2004), was found to phosphorylate not
only its cognate response regulator CheY but also one of the
response regulators from the pathway mediating biofilm for-
mation, FlmD (Huang et al. 2019). We proposed whether
CheA inBacillus could phosphorylate any response regulators
for the biofilm formation pathway; the future results would
explain howMcpA exert its dual role in biofilm formation and
chemotaxis.

Fig. 5 Root colonization of B. velezensis SQR9. a Confocal scanning
laser microscopy images of the root tips colonized by B. velezensis. D-
Galactose was applied to the growth medium with concentrations of
10−6 M, 10−5 M, 10−4 M, and 10−3 M. b Colony-forming unit (CFU)
counting for root colonization in response to exogenous D-galactose with
concentrations of 10−6 M, 10−5 M, 10−4 M, and 10−3 M. Error bars
represent the standard errors of six biological replicates. c Bacterial cell

growth in root chamber supplied with D-galactose without plant. D-
Galactose was applied to the growth medium with concentration of
10−6 M, 10−5 M, 10−4 M, and 10−3 M. Uppercase letters above the bar
indicate the group for statistics. Different lowercase letters indicate sig-
nificant differences between treatments (Duncan’s least significant differ-
ence test, P < 0.05, mean ± standard deviation)
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In conclusion, root-secreted D-galactose was found to be an
inducible signal that regulates chemotaxis and biofilm forma-
tion of B. velezensis SQR9 in an McpA-dependent manner.
These finding would strengthen the knowledge of how the
two processes, biofilm formation and chemotaxis towards
plant roots, are integrated in the root colonization.
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