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ABSTRACT Rhizosphere colonization by plant growth-promoting rhizobacteria
(PGPR) along plant roots facilitates the ability of PGPR to promote plant growth and
health. Thus, an understanding of the molecular mechanisms of the root coloniza-
tion process by plant-beneficial Bacillus strains is essential for the use of these
strains in agriculture. Here, we observed that an sfp gene mutant of the plant
growth-promoting rhizobacterium Bacillus velezensis SQR9 was unable to form nor-
mal biofilm architecture, and differential protein expression was observed by pro-
teomic analysis. A minor wall teichoic acid (WTA) biosynthetic protein, GgaA, was
decreased over 4-fold in the Δsfp mutant, and impairment of the ggaA gene post-
poned biofilm formation and decreased cucumber root colonization capabilities. In
addition, we provide evidence that the major WTA biosynthetic enzyme GtaB is in-
volved in both biofilm formation and root colonization. The deficiency in biofilm for-
mation of the ΔgtaB mutant may be due to an absence of UDP-glucose, which is
necessary for the synthesis of biofilm matrix exopolysaccharides (EPS). These obser-
vations provide insights into the root colonization process by a plant-beneficial Ba-
cillus strain, which will help improve its application as a biofertilizer.

IMPORTANCE Bacillus velezensis is a Gram-positive plant-beneficial bacterium which
is widely used in agriculture. Additionally, Bacillus spp. are some of the model or-
ganisms used in the study of biofilms, and as such, the molecular networks and reg-
ulation systems of biofilm formation are well characterized. However, the molecular
processes involved in root colonization by plant-beneficial Bacillus strains remain
largely unknown. Here, we showed that WTAs play important roles in the plant root
colonization process. The loss of the gtaB gene affects the ability of B. velezensis
SQR9 to sense plant polysaccharides, which are important environmental cues that
trigger biofilm formation and colonization in the rhizosphere. This knowledge pro-
vides new insights into the Bacillus root colonization process and can help improve
our understanding of plant-rhizobacterium interactions.

KEYWORDS Bacillus velezensis SQR9, UDP-glucose, biofilm formation, root
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Rhizobacteria associated with plant root may provide beneficial effects to their host
plants and have been widely used in agriculture (1, 2). Bacillus spp. are typical

biocontrol agents that can suppress soilborne pathogens and promote plant growth
(3). Their biological control of soilborne pathogens involves various mechanisms, which
include antibiosis, competition for ecological niches or substrates, production of inhib-
itory allelochemicals, and the induction of systemic resistance (ISR) (4–8). Bacillus
velezensis SQR9 (formerly Bacillus amyloliquefaciens SQR9) is a well-investigated plant
growth-promoting rhizobacterial (PGPR) strain with strong root colonization capabili-

Citation Xu Z, Zhang H, Sun X, Liu Y, Yan W,
Xun W, Shen Q, Zhang R. 2019. Bacillus
velezensis wall teichoic acids are required for
biofilm formation and root colonization. Appl
Environ Microbiol 85:e02116-18. https://doi
.org/10.1128/AEM.02116-18.

Editor Hideaki Nojiri, University of Tokyo

Copyright © 2019 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Ruifu Zhang,
rfzhang@njau.edu.cn.

Z.X. and H.Z. contributed equally to this paper.

Received 30 August 2018
Accepted 3 December 2018

Accepted manuscript posted online 14
December 2018
Published

ENVIRONMENTAL MICROBIOLOGY

crossm

March 2019 Volume 85 Issue 5 e02116-18 aem.asm.org 1Applied and Environmental Microbiology

20 February 2019

https://doi.org/10.1128/AEM.02116-18
https://doi.org/10.1128/AEM.02116-18
https://doi.org/10.1128/ASMCopyrightv2
mailto:rfzhang@njau.edu.cn
https://crossmark.crossref.org/dialog/?doi=10.1128/AEM.02116-18&domain=pdf&date_stamp=2018-12-14
https://aem.asm.org


ties and is commercially used as a biocontrol bacterium, being especially efficient
against soilborne pathogens (9, 10).

Microbial colonization on the plant roots is a crucial step in the ability of rhizobac-
teria to exert their beneficial effects on plants, which mainly depend on their ability to
form biofilms (11, 12). Biofilms are the conglomeration of multicellular community
attached to a surface and held together in a self-produced polymeric materials (13). The
biofilm polymeric matrix is extremely important, which provides complex architectural
structure for multicellular community (14, 15). The major components produced by
Bacillus species in biofilm are exopolysaccharides (EPS) and amyloid-forming protein
TasA, encoded by the epsA-epsO operon (epsA-O) and tapA-sipW-tasA operon, respec-
tively (15). In Bacillus subtilis, biofilm formation is triggered by several environmental
cues (16, 17). It has been reported that plant polysaccharides (arabinogalactan, pectin,
and xylan) served as signals and as the substrates for B. subtilis matrix synthesis, which
then stimulate root colonization (11, 18).

Despite intensive studies of the molecular mechanisms of B. subtilis biofilm forma-
tion, its role in plant root colonization has not been fully characterized (11). Detection
and identification of key proteins or genes involved in in situ root colonization can
improve our knowledge of rhizobacterial behavior on the root. Previous studies show
the important role for wall teichoic acids (WTAs) in adherence of the Gram-positive
bacteria to host cells in vitro (19). Hussain et al. (20) discovered that teichoic acids
strengthen the adhesion of Staphylococcus epidermidis to immobilized fibronectin.
Moreover, it has been reported that WTAs play a key role in the early stage of biofilm
development and that D-alanine-modified teichoic acids are necessary for adherence to
polar and nonpolar surfaces (21). In B. subtilis, WTAs are composed of two kinds of
forms, major and minor WTAs (22). The biosynthetic genes of the major WTA have been
identified, including tagABDEFOP and gtaB (23, 24). The minor WTA form is synthesized
by GgaA and GgaB, which consists of glucosyl-N-acetylgalactosamine 1-phosphate
(GlcGalNAcP) (23). The role of WTAs in biofilm formation and root colonization, how-
ever, has remained elusive.

The attachment of rhizobacteria to the roots of their host plants is considered the
initial step in the rhizosphere colonization process. Several WTA polymers and surface-
exposed proteins have been previously implicated in Staphylococcus aureus attachment
to nasal epithelial cells (23, 25). In this study, we compare the proteomes of the
wild-type and sfp mutant strains using the high-throughput isobaric tags for relative
and absolute quantitation (iTRAQ)-based quantitative proteomics approach. We iden-
tified two WTAs involved in in situ root attachment. We present evidence that two WTA
biosynthetic enzymes, GgaA and GtaB, are involved in root colonization and biofilm
formation. This research enhances the understanding of PGPR root colonization mech-
anisms and may help improve the application of Bacillus rhizobacteria as a biofertilizer.

RESULTS
Mutations in the sfp gene affect biofilm architecture and protein expression.

The sfp gene encodes a 4=-phosphopantetheinyl transferase, an enzyme that catalyzes
a necessary processing step in the biosynthesis of nonribosomal synthesized peptides
(26, 27). Previous studies demonstrated that Sfp is crucially involved in the production
of cyclic lipopeptides and polyketides in Bacillus spp. (2, 28); laboratory strain PY79
carries a mutation in the sfp gene and was shown to form atypical surface-associated
biofilm structures (15, 29). In addition, the sfp mutant strains of B. velezensis FZB42 were
simultaneously affected in their ability to form biofilm and to colonize plant roots (30).
Here, we also observed that an sfp gene mutant of SQR9 was unable to form biofilm
with normal architecture (Fig. 1A). The sfp deletion mutant exhibited significantly lower
levels of wrinkling on both the colony surface and pellicles (see Fig. S1 in the
supplemental material). Since several studies indicated that the onset of protein
production was correlated with the architecture of biofilms in different developmental
stages, we hypothesized that the protein composition would be different between the
biofilms of the wild-type and sfp mutant strains. Therefore, we investigated the profiles
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of biofilm matrix proteins from the wild-type and sfp mutant strains by SDS-PAGE
analysis. Interestingly, the protein profiles in the biofilm matrix were distinct between
the sfp mutant and wild-type strains (Fig. 1B). These results showed that the effect of
the sfp deletion on the biofilm and protein composition in the biofilm matrix may be
linked.

SQR9 wild-type and sfp mutant cells showed different proteomic profiles. To
further understand the physiological changes that resulted in the change in biofilm
architecture in the sfp mutant, we compared the complete proteomes of wild-type and
mutant strains by using an iTRAQ analysis. A total of 765 common proteins were
identified, of which 763 were quantified (see the supplemental material). In total, 87
and 107 proteins were upregulated (SQR9 sfp mutant, �4) and downregulated (SQR9
sfp mutant, �4) with treatment (P � 0.05), and all proteins were classified in clusters of
orthologous groups (COGs) (Tables S1 and S2 in the supplemental material). We next
performed cluster analysis by combining the protein abundance data using a hierar-
chical clustering algorithm according to the program instructions. The distribution of
these 194 proteins in different functional categories (e.g., cell envelope and cellular
processes, intermediary metabolism, information pathways, and other functions) for
these 194 proteins is shown in Fig. 2A. Previous studies have revealed the genetic basis
of rhizosphere adaptation and the plant-beneficial effects of strain SQR9, and we
compared proteins related to biocontrol (antibiotic production), detoxification, trans-
porters, cell motility, and biofilm formation (Fig. 2B). Some proteins involved in anti-
biotic production were decreased in the sfp mutant, including DfnJ, BacB, FenA, FenB,
and BmyB. However, six proteins with higher fold changes were associated with
detoxification (KatE, YceD, YceE, and YceC), transporters (OppA), and cell motility (Hag).
For biofilm formation, four proteins (LuxS, AhpC, SpeE, and GgaA) were decreased in
the sfp mutant. We noted that GgaA is a WTA biosynthetic enzyme, and WTA is involved
in cell division, host cell adhesion, and colonization in many Gram-positive bacteria;
GgaA showed a 4-fold decrease in expression in the sfp mutant, which implies that
GgaA is possibly involved in biofilm development in SQR9.

WTA biosynthetic enzyme GgaA is necessary for biofilm formation and root
colonization. Because the differences in proteome composition of the wild-type and
sfp mutant strains may affect biofilm development, we were interested in whether
distinct biofilm-specific proteins produced in wild-type biofilms might have important
implications for biofilm development. We therefore tested the biofilm formation of
seven B. velezensis mutant strains with mutations in proteins that displayed a �4-fold

FIG 1 The biofilm architecture and protein profiles were significantly different between the sfp mutant
and wild-type strains. (A) The complex colony morphology and microtiter plate assay of biofilm
formation by the sfp mutant and wild-type strains in MSgg medium at 24 h. (B) Biofilm matrix protein
profiles were distinct between the sfp mutant and wild-type strains. SDS-PAGE gel was stained with sliver
staining. Lane Marker, protein molecular weight markers in kilodaltons; lane SQR9, protein extraction
from biofilm formed by wild-type SQR9; lane Δsfp, protein extraction from biofilm formed by sfp mutant.
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increase in expression compared to the sfp mutant (Fig. 3A and Table S1). Biofilm
formation was indicated by the presence of pellicles (floating pellicles at the medium-
air interface). During this process, we observed a ggaA mutant that formed thin and flat
pellicles, while other mutants showed a biofilm architecture indistinct from that of the
wild type (Fig. 3A). Complementation of the ggaA gene in the ΔggaA mutant restored
its ability to form a normal biofilm (Fig. S2). At the 22-h time point, this pattern
correlated well with the measured values of pellicle biomass (Fig. 3B), thus reinforcing
the observation that the ggaA gene is needed for biofilm development by the SQR9
strain.

To further investigate whether SQR9 and the ggaA mutant differ in root colonization,
we monitored the populations of wild-type and mutant strains colonized on the
cucumber roots. After 2 days of incubation in a hydroponic system, green fluorescent
protein (GFP)-labeled B. velezensis mutant strains (SQR9-gfp, ΔggaA-gfp, and C-ΔggaA-
gfp) were investigated using confocal laser scanning microscopy (CLSM). The formation
of biofilms consisting of wild-type GFP-labeled cells on the root surface could be easily
observed. Comparatively, only a few small regions of the roots were colonized by ggaA
mutant cells, and complementation of the ggaA gene in the ΔggaA mutant restored
almost all root colonization ability (Fig. 4A). This was further confirmed by quantitative
measurement of the bacterial population that colonized the plant roots. The results
showed that approximately 105 CFU g�1 root of SQR9 cells were detected, but only 103

CFU g�1 root of ggaA mutant cells were colonized on the root. Similarly, there were no
significant differences in the populations of wild-type SQR9 and the C-ΔggaA-gfp
complemented strain that colonized on the roots (Fig. 4B).

SQR9 lacking gtaB has a significant defect in biofilm formation. According to the
accepted knowledge of WTA synthesis in B. subtilis (11, 22), several genes (galE, ypfP,
tagE, and gtaB) are involved in the synthesis of WTAs and lipoteichoic acid (Fig. 5A), and
UDP-glucose (UDP-Glc) is a key precursor for WTA polymers. Reverse transcription-
quantitative PCR (RT-qPCR) results showed that the transcripts of gtaB were signifi-
cantly decreased (4-fold) in the ggaA mutant (Fig. 5B). GtaB is an �-glucose-1-
phosphate uridylyltransferase that catalyzes the formation of UDP-Glc and is involved
in the glucosylation of the major and minor WTAs (22, 31). We hypothesized that gtaB
may be involved in biofilm formation in SQR9. We constructed ΔgtaB and ΔgtaB-gfp
mutant strains and evaluated their biofilm formation and root colonization abilities
compared to those of the wild-type strain SQR9. On MSgg solid medium (see Materials
and Methods for ingredients), gtaB mutant colonies were smooth and lacked aerial
structures. Moreover, in MSgg liquid medium, the gtaB mutant formed very fragile

FIG 2 The sfp mutant and wild-type strains showed different proteomic profiles by iTRAQ analysis. (A) Distribution in various functional categories of proteins
altered in the sfp mutant strain. (B) Distribution of the rhizosphere proteins in the presence of various treatments. The abscissa shows the fold change in the
protein ratio of two treatments (SQR9/sfp mutant), and the ordinate represents various indicated proteins.
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pellicles that usually split and sank to the bottom of the culture vessel (Fig. 6A).
Quantitative analysis of the biofilm biomass showed that the gtaB mutant exhibited
significantly lower levels of biofilm biomass (Fig. 6B). In addition, the gtaB mutant
population was significantly decreased compared to that of the wild-type strain
(Fig. 6C). Overall, these results suggested that the gtaB gene is involved in biofilm
formation and root colonization in SQR9.

Response to plant polysaccharides depends on the UDP-glucose pyrophospho-
rylase GtaB. Beauregard et al. reported that plant polysaccharides (arabinogalactan,
pectin, and xylan) can be used as a carbohydrate source for building the biofilm matrix
in Bacillus subtilis and that the production of the EPS requires the synthesis of UDP-
galactose (11, 22). We therefore anticipated that a mutation in gtaB would block the
successive catalytic steps in UDP-Glc synthesis, which consequently may have been
responsible for the defect in biofilm development. To investigate this possibility, we

FIG 3 Impairment of the ggaA gene postponed the formation of cellular biofilms and decreased the root
colonization capability of the B. velezensis SQR9 strain. (A) Microtiter plate assay of biofilm formation by the
wild-type and mutant strains. (B) OD600 of solubilized crystal violet from the microtiter plate assay over time
for the wild-type and mutant strains. Error bars indicate the standard deviations based on three different
replicated experimental values. Different letters above the bars indicate significant differences (P � 0.05),
and the subscript numbers differentiate the different time points. Mutant designations Δ2739, Δ9906, and
Δ3020 represent mutants with deletions of the gene with the last four numbers of the GI accession number
of each gene in the SQR9 genome in the NCBI database (accession no. CP006890), i.e., V529_33780
(https://www.ncbi.nlm.nih.gov/protein/631802739), V529_05450 (https://www.ncbi.nlm.nih.gov/protein/
631799906), and V529_36590 (https://www.ncbi.nlm.nih.gov/protein/631803020), respectively.
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examined the capacity of plant polysaccharides to induce B. velezensis SQR9 and the
mutant strains to form biofilms in MSNc medium (see Materials and Methods for
ingredients). First, we tested whether the transcripts of ggaA or gtaB could be induced
by plant polysaccharides. Our results showed that the expression of gtaB can be
induced in the wild-type strain and that xylan had the strongest effect (5-fold) (Fig. S4).
Next, the results from our biofilm assay showed that the wild-type SQR9 and ΔggaA
mutant strains were able to form biofilm in the presence of plant polysaccharides.
These results suggest that plant polysaccharides can serve as an environmental cue for
biofilm formation, as has been reported in B. subtilis (Fig. 7). However, the ΔgtaB mutant
formed much weaker pellicles under the same conditions. Additionally, we compared
the EPS production of the wild-type and mutant strains. Our results showed that both
the ggaA and gtaB mutant strains were deficient in EPS production (Fig. S5). Finally, we
tested the attachment abilities of ggaA mutant, gtaB mutant, and wild-type strains on
the cucumber root surfaces. The results showed that wild-type strain SQR9 exhibited
significantly higher cell attachment than did the ggaA and gtaB mutant cells (Fig. S6).
These observations suggest that plant polysaccharides can be incorporated into the
EPS production by gtaB and that EPS is an important biofilm matrix for root attachment.

DISCUSSION

Gram-positive Bacillus species are attractive PGPR that are widely used as a biofer-
tilizers (32, 33). The colonization of PGPR strains in the rhizosphere is a prerequisite for
them to execute their specific functions (34). In this study, we have shown that the ggaA
and gtaB genes, which are required for the biosynthesis of WTAs in B. velezensis SQR9,
are essential for biofilm formation and root colonization. By using a proteomic ap-
proach to compare the proteomes of wild-type and sfp mutant strains, we noted that
the GgaA protein is much more abundant in wild-type cells than in sfp mutant cells.
Moreover, we showed that plant polysaccharides are used as a source for the synthesis
of biofilm matrix exopolysaccharides by GtaB.

The sfp gene encodes a phosphopantetheinyl transferase that is required for Bacillus
cells to produce lipopeptide antibiotics (35). In B. velezensis FZB42, an sfp gene mutant
was found to be impaired in biofilm formation and root colonization (28). Here, we
focused on the proteome of the biofilm produced by the sfp mutant compared to that

FIG 4 The ggaA mutant strain is deficient in cucumber root colonization. (A) CLSM micrographs of cucumber roots colonization
by GFP-tagged wild-type and ggaA mutant strains. Ck is a control which was not inoculated with GFP-tagged SQR9. (B) The
populations of wild-type and ggaA mutant strains colonizing cucumber seeding roots. Error bars indicate the standard
deviations from the results from three independent experiments. Different letters above the bars indicate significant
differences (P � 0.01).
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of the wild-type strain. First, we found that the expression of BmyB, FenA, FenB, DfnJ,
and BacB was indeed lower in the sfp mutant, and Sfp is crucially involved in the
biosynthesis of lipopeptides. Then, we found that four proteins (LuxS, AhpC, SpeE, and
GgaA) that influence biofilm formation were also decreased in the sfp mutant. Lom-

FIG 5 (A) Involvement of UDP-glucose in synthesis of WTAs and lipoteichoic acid. (B) Transcriptional
levels of galE, ypfP, tagE, and gtaB in the ggaA mutant strain relative to those in wild-type strain SQR9.
The experiments were carried out with pellicle obtained from microtiter plates when cells were grown
in MSgg medium for 24 h. The B. velezensis SQR9 recA gene was used as an internal reference gene. RQ
represents the relative expression level (relative quantification) compared to the wild-type strain. Bars
represent standard deviations of data from three biological replicates.

FIG 6 GtaB is involved in biofilm formation and cucumber root colonization by B. velezensis SQR9. (A) The complex colony morphology and microtiter plate
assay of biofilm formation by the gtaB mutant and wild-type strains at 24 h. (B) OD600 of solubilized crystal violet from the microtiter plate assay for the wild-type
and gtaB mutant strains at 24 h. (C) The populations of wild-type and gtaB mutant strains colonizing cucumber seeding roots. Error bars indicate the standard
deviations from three independent experiments. Different letters above the bars indicate significant differences (P � 0.05).
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bardia et al. (36) reported that LuxS activity was required for the formation of sophis-
ticated aerial colonies and biofilm formation. Zwick et al. (37) demonstrated that AhpC
is highly expressed in both stationary-phase planktonic cells and biofilms and that
strains lacking ahpC do not form a biofilm. In addition, SpeE is a spermidine synthase,
and Hobley et al. (38) found that spermidine promotes B. subtilis biofilm formation by
activating the expression of the matrix regulator slrR. Overall, it is likely that the lower
expression of these proteins affects the biofilm development of the sfp mutant. The
defect in surfactant activity of the sfp mutant might also influence the biofilm forma-
tion, since both bacillomycin D and fengycin have surfactant properties. However, the
addition of the lipopeptide surfactin, which is a more powerful surfactant than those
two lipopeptides (Fig. S1), did not restore the biofilm-defective phenotype of sfp
mutant. These results indicated that a more intricate mechanism was involved in this
biofilm-defective mutant.

The ggaA gene is required for biosynthesis of the galactosamine-containing minor
WTA (39). However, relatively little is known regarding the biological function of this
gene in plant-microorganism interactions. As major components of the cell envelope,
one of the main roles of WTAs is the maintenance of the global negative charge of the
cell surface (40). Here, we present results demonstrating that the GgaA protein is
involved in the rhizobacterium SQR9 colonization of cucumber roots and that this
protein may also be responsible for the sfp mutant defect in biofilm development. We
also constructed two mutants lacking YpfP and TagE, which are required for the
synthesis of major teichoic acid and lipoteichoic acid, that still formed normal archi-
tecture pellicles similar to the wild-type strain in biofilm formation (data not shown).
These results suggest a specificity role of GgaA in biofilm formation by B. velezensis
SQR9. Several studies have revealed that bacterium-environment interactions can be
influenced by WTAs (41, 42). In Staphylococcus aureus, WTA mutants affected in the
early stage of cell attachment to artificial surfaces. Similarly, WTA null mutants are
defective both in biofilm development and colonization of nasal passages of mice (41).
Taken together, these findings highlight the phenomenon that WTAs are involved in
biofilm formation and the colonization process.

In Gram-positive bacteria, the gtaB gene encodes UTP glucose-1-phosphate-uridilyl-
transferase, which is partly controlled by sigma B (43). In addition, GtaB is needed for
nucleotide sugar phosphates involved in EPS biosynthesis (44). In our study, we showed
that gtaB null mutants are impaired in biofilm formation and root colonization and that
wild-type and gtaB mutant strains showed indistinguishable growth curves (Fig. S3). In
accordance with these results, Lazarevic et al. (22) discovered that gtaB-deficient
mutants were also deficient in biofilm formation. UDP-Glc serves as a glucosyl donor for

FIG 7 The response to plant polysaccharides depends on the UDP-glucose pyrophosphorylase, GtaB.
Top-down view of biofilm assay in which the indicated mutant cells were incubated for 24 h in the
presence of UDP-glucose (UDPG), arabinogalactan (AG), pectin, or xylan in MSNc medium. Biofilm
formation of wild-type and mutant cells in MSNc without supplements were used as a control (CK).
Results are representative of three experiments.
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the synthesis of all phosphate-containing anionic envelope polymers, including lipo-
teichoic acid, major teichoic acid, and minor teichoic acid (22). The absence of UDP-Glc
in the gtaB mutant might explain the deficiency in biofilm formation, since UDP-Glc is
an important precursor for the extracellular matrix required for biofilm development. In
many environmental bacteria, UDP-Glc is necessary for the synthesis of exopolysaccha-
rides (EPS) (44, 45). For example, a Bradyrhizobium japonicum mutant that lacks UDP-
Glc-4=-epimerase activity produces less extracellular EPS than does the wild-type strain
(46). Additionally, in another report, UDP-Glc and UDP-galactose were shown to be
involved as signaling molecules or as precursors for the synthesis of EPS (44). In our
study, EPS production was indeed lower in gtaB-deficient mutants than in the wild-type
strain. In the rhizosphere, the production of extracellular matrix, including both EPS and
protein components, is essential for root colonization, as Bacillus strains carrying
knockout mutations in either component failed to colonize on the plant root.

Rhizobacteria in the rhizosphere sense plant extracts and root exudate components
released by plants (47, 48). For instance, organic acids, such as malic acid and citric acid,
in root exudates recruit Bacillus spp. in the rhizosphere (49). After that, other molecules
that PGPR encounter on the plant root include the polysaccharides from the plant cell
wall. Beauregard et al. reported that plant polysaccharides (arabinogalactan, pectin,
and xylan) act both as an environmental cue and as a substrate for the synthesis of the
B. subtilis 3610 biofilm matrix and that these plant polysaccharides promote biofilm
development in various plant growth-promoting Bacillus strains, including B. subtilis
GB03 and B. amyloliquefaciens FZB42 (11). In this study, we provide evidence that loss
of the gtaB gene affects the ability of SQR9 to sense plant polysaccharides and form a
biofilm, which can partially explain the defect of the gtaB strain in cucumber root
colonization.

Over the past few decades, research on the process of Bacillus biofilm formation has
been well studied under laboratory conditions (13, 14, 18). However, relatively little is
known about how this bacterium colonizes plant roots. We showed that WTAs may play
important roles in the root colonization process. Although there is evidence that two
WTA biosynthetic enzymes, GgaA and GtaB, positively influence biofilm formation and
root colonization, determining exactly how WTAs affect the root colonization process
will be an important challenge for the future.

MATERIALS AND METHODS
Strains and culture conditions. The strains and plasmids used in this study are listed in Table 1. B.

velezensis strain SQR9 (CGMCC accession no. 5808; China General Microbiology Culture Collection Center)
was used throughout this study. Escherichia coli DH5� was used as the host strain for all plasmids. B.

TABLE 1 Microorganisms and plasmids used in this study

Strain or plasmid Description or genotypea Source or reference

Strains
E. coli DH5� �80dlacZΔDM15 recA1 endA1 gyrA96 thi-1 hsdR17

(rK
� mK

�) supE44 relA1 deoR Δ(lacZYA-argF)U169 phoA
Invitrogen (Shanghai, China)

E. coli BL21
Bacillus velezensis SQR9 Wild type CGMCC no. 5808
B. velezensis SQR9-gfp GFP-labeled SQR9 (Kanr)
B. velezensis SQR9M6 SQR9 Δsfp::cm 60

SQR9 ΔggaA This study
GFP-labeled SQR9 ΔggaA (Cmr) This study
SQR9 Δ3020 This study
GFP-labeled SQR9 Δ3020 (Cmr) This study
SQR9 ΔgtaB This study
GFP-labeled SQR9 ΔgtaB (Cmr) This study

Plasmids
pTPC pMD19-T harboring the Pbc-pheS*-cat(PC) cassette 54
pNW33n Cmr; MCS BGSC
pNW33n-GFP This study

aKanr, kanamycin resistance; Cmr, chloramphenicol resistance; MCS, multiple-cloning site; Δ3020, mutant with deletion of V529_36590
(https://www.ncbi.nlm.nih.gov/protein/631803020).
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velezensis strains were grown in Luria-Bertani medium and, where appropriate, in minimal medium
(MSgg; 5 mM potassium phosphate, 100 mM morpholinepropanesulfonic acid [MOPS] [pH 7], 2 mM
MgCl2, 700 �M CaCl2, 50 �M MnCl2, 50 �M FeCl3, 1 �M ZnCl2, 2 mM thiamine, 0.5% glycerol, 0.5%
glutamate, 50 �g ml�1 tryptophan, 50 �g ml�1 phenylalanine, and 50 �g ml�1 threonine) (15). For
transformant selection, colonies were selected on MGY-Cl agar plates (minimal medium-glucose-yeast
extract [MGY] medium contained glucose [5 g/liter], yeast extract [4 g/liter], NH4NO3 [1 g/liter], NaCl [0.5
g/liter], K2HPO4 [1.5 g/liter], KH2PO4 [0.5 g/liter], and MgSO4 [0.2 g/liter], and MGY-Cl medium is an
MGY-based medium supplemented with 5 mM p-Cl-Phe [Sigma]). Biofilm assays were performed in
48-well plates with 1 ml of MSNc (5 mM potassium phosphate buffer [pH 7], 0.1 M MOPS [pH 7], 2 mM
MgCl2, 0.05 mM MnCl2, 1 �M ZnCl2, 2 �M thiamine, 700 �M CaCl2, 0.2% NH4Cl, and 0.5% cellobiose)
medium supplemented or not with the purified plant polysaccharides (11). B. velezensis strains were
incubated at 37°C. Antibiotics were added as required at the following concentrations: 20 �g ml�1

zeocin, 5 �g ml�1 chloramphenicol, and 100 �g ml�1 ampicillin for E. coli strains.
Protein extraction analysis. Biofilms were incubated in MSgg medium and harvested at the 24-h

time point. Protein extraction was carried out as described by Kierul et al. (50). The cells were removed
by centrifugation (11,000 � g, 4°C, 20 min) and filtered through a 0.22-�m-pore-size membrane (Milli-
pore). Trichloroacetic acid was added to the filtered exudates to a final concentration of 10%, and the
solution was stored at 4°C overnight. Subsequently, extracellular proteins were collected by centrifuga-
tion (15,000 � g, 4°C, 30 min). The protein pellet was washed three times with 1 ml of ice-cold acetone
and centrifuged (15,000 rpm, 4°C, 20 min). Similarly, two washing steps with 96% ice-cold ethanol were
performed. The extracellular proteins obtained were stored in 96% ethanol at �20°C.

iTRAQ labeling and automated two-dimensional liquid chromatography with tandem mass
spectrometry protein identification. The protein samples were resuspended in lysis buffer (7 M urea,
2 M thiourea, 0.1% 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate [CHAPS]), thoroughly
sonicated, and then incubated at 37°C for 30 min. After centrifugation at 20,000 � g at 4°C for 30 min, the
supernatant was collected. Protein concentration and quality were determined using a Bradford assay.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed using the method
described by Laemmli (51), and the SDS-PAGE gel was stained with sliver staining (52).

Protein digestion and labeling were carried out by the method of Qiu et al. (53), and the peptide
samples were labeled using the iTRAQ reagent multiplex kit (Applied Biosystems, Foster City, CA). The
automated two-dimensional liquid chromatography with tandem mass spectrometry (2D LC-MS/MS)
analysis was similar to what has been previously described (53). Peptides were desalted using ZipTip C18

reverse resin (Millipore Corporation, Billerica, MA) and separated via C18 reversed-phase column by
high-performance liquid chromatography (HPLC; Agilent Technologies, Santa Clara, CA). MS was per-
formed using an LTQ Orbitrap mass spectrometer (Thermo Electron Corp.), and data were collected using
the Xcalibur software (Thermo Electron).

Protein identification and quantification were performed with the ProteinPilot 4.0 software (Applied
Biosystems, USA). The database used for searching was the B. velezensis SQR9 (GenBank accession no.
CP006890) entry in the National Center for Biotechnology Information (NCBI) database. Proteins with fold
changes significantly �4.0 or �0.25 were considered differentially expressed (P � 0.05).

B. velezensis SQR9 mutant construction. The marker-free deletion strains of targeted genes were
constructed using the Pbc-pheS*-cat (PC) cassette and an overlap PCR-based strategy, essentially as has
been previously described (54). To delete the targeted genes in B. velezensis SQR9, 1-kb fragments
located upstream and downstream of the target gene were amplified. The 1.1-kb chloramphenicol
resistance gene (Cmr) was amplified from pNW33N, and the PC cassette was amplified from pTPC as a
template. These four fragments were fused using overlap PCR and directly transformed into SQR9. The
transformants were selected on LB plates containing Cm. Cmr colonies were cultivated to an optical
density at 600 nm (OD600) of 1.0 without Cm, and a 100-�l aliquot of a 10-fold dilution of the cultures
(approximately 105 cells) was plated on MGY-Cl medium (54). Mutants growing on MGY-Cl were further
confirmed by PCR and DNA sequencing. The primers used in this experiment are listed in Table 2.

Complementation of disrupted ggaA and gtaB genes. The ggaA and gtaB gene fragments were
complemented at the amyE locus in each mutant strain. The left flanking (LF) region (�1,000 bp),
complement gene (CG) sequences, and right flanking (RF) region (�1,000 bp) were amplified from the
SQR9 strain using the primer pairs ggaALF-F/ggaALF-R and gtaBLF-F/gtaBLF-R, ggaACG-F/ggaACG-R and
gtaBCG-F/gtaBCG-R, and ggaARF-F/ggaARF-R and gtaBRF-F/gtaBRF-R, respectively. The Cm region
(�1,000 bp) was amplified with the primer pairs ggaACm-F/ggaACm-R and gtaBCm-F/gtaBCm-R using
pNW33N as the template. These four fragments were fused and directly transformed into the ΔggaA and
ΔgtaB mutant strains. The transformants were selected on LB plates containing Cm.

Biofilm assays of B. velezensis SQR9 and mutants. The biofilm assay was carried out in 48-well
microtiter plates in MSgg medium, as described by Hamon and Lazazzera (55). Biofilm formation was
quantified by staining with crystal violet (CV). Cells of a biofilm were stained with CV, and then unbound
CV was removed with distilled water. The remaining CV was solubilized with 1 ml of 80% ethanol–20%
acetone. The absorbance of CV at 570 nm was measured using the SpectraMax i3x analysis system
(Molecular Devices Corporation, CA).

Root colonization assay. The bacterial suspensions of SQR9 and mutants were inoculated into
sterile cucumber seedlings in 1/4 Murashige and Skoog (MS) culture medium. After 4 days, the cells
colonized on the cucumber roots were collected and quantified using the method described by Qiu
et al. (53).

Congo red binding assay. Strains were incubated at 37°C overnight in Luria-Bertani medium, and
1 ml of cells was collected by centrifugation (10,000 � g, 4°C, 2 min). The supernatant was removed, the
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TABLE 2 Primers used in this study

Primera Oligonucleotide sequence (5=–3=)
PggaALF-F TTTTGTATCAAAGCCTATCGT
PggaALF-R GCTAGACAATAAGAGGAGAATTTAAAGTGATGATTGTGATTGGATATG
PggaADR-F CGTATAGCATACATTATACGAACGGCGGTTCATCGCCATCTTCTC
PggaADR-R TAGCGGTAGTCGTTCCTGTT
PggaARF-F CATATCCAATCACAATCATCACTTTAAATTCTCCTCTTATTGTCTAGC
PggaARF-R CGCAGTTTAAACAGGCGTAATAAAGTTCAACCTGCAAAAACAAAAAAAGG
PggaAPS-F CCTTTTTTTGTTTTTGCAGGTTGAACTTTATTACGCCTGTTTAAACTGCG
PggaAPS-R GAGAAGATGGCGATGAACCGCCGTTCGTATAATGTATGCTATACG
PgtaBLF-F TCAAACTCTTCAACGACTCT
PgtaBLF-R GGATTCGGCAGCTTTTTTGAATAACACCATCCTTGT
PgtaBDR-F CGTATAGCATACATTATACGAACGGTGCTTCCAATCGTTGATAAG
PgtaBDR-R GGCGTCCGTTAATTGAATT
PgtaBRF-F ACAAGGATGGTGTTATTCAAAAAAGCTGCCGAATCC
PgtaBRF-R CGCAGTTTAAACAGGCGTAATAAGACGGATGTTCAGCTTAATG
PgtaBPS-F CATTAAGCTGAACATCCGTCTTATTACGCCTGTTTAAACTGCG
PgtaBPS-R CTTATCAACGATTGGAAGCACCGTTCGTATAATGTATGCTATACG
PnucBLF-F ATCAGGGTCTGCTTTTGTTT
PnucBLF-R AAACTCCGGCGAACCGGAGAAGCTATCACATCCTCCTTAAGAAGT
PnucBDR-F CGTATAGCATACATTATACGAACGGTTGGTGATCTCTCTTCAGTTCG
PnucBDR-R CTCTCGTGCCGTCGGAATA
PnucBRF-F ACTTCTTAAGGAGGATGTGATAGCTTCTCCGGTTCGCCGGAGTTT
PnucBRF-R CGCAGTTTAAACAGGCGTAATAAGTTACCGCAGGGGGCCAGAATGATT
PnucBPS-F AATCATTCTGGCCCCCTGCGGTAACTTATTACGCCTGTTTAAACTGCG
PnucBPS-R CGAACTGAAGAGAGATCACCAACCGTTCGTATAATGTATGCTATACG
PyngKLF-F TCCGCCCGCCGTCTAATGTATATAAAAATT
PyngKLF-R AAGCAGAGAGGGGGAAAAACTAGCATTATTAATAAAACTGACAGTTGCGGCGC
PyngKDR-F CGTATAGCATACATTATACGAACGGGAAGCCTGTCAACGGAAGTAACGATAT
PyngKDR-R GGGTGCGGAACTACGATGATTTATACG
PyngKRF-F GCGCCGCAACTGTCAGTTTTATTAATAATGCTAGTTTTTCCCCCTCTCTGCTT
PyngKRF-R CGCAGTTTAAACAGGCGTAATAAGATCATTCTTGCCAGCTACC
PyngKPS-F GGTAGCTGGCAAGAATGATCTTATTACGCCTGTTTAAACTGCG
PyngKPS-R ATATCGTTACTTCCGTTGACAGGCTTCCCGTTCGTATAATGTATGCTATACG
PyyaHLF-F GCAGGCTACTTAGGGCT
PyyaHLF-R AGAAAAAAAGGGAGGCGGACATTAACAGTGCGGGGGAAC
PyyaHDR-F CGTATAGCATACATTATACGAACGGCCATCCTCTATCACGCTCTCAT
PyyaHDR-R GCAGCGATATGGGTGAAAGATT
PyyaHRF-F GTTCCCCCGCACTGTTAATGTCCGCCTCCCTTTTTTTCT
PyyaHRF-R CGCAGTTTAAACAGGCGTAATAATTCTGGTCGGATGCCATGATAT
PyyaHPS-F ATATCATGGCATCCGACCAGAATTATTACGCCTGTTTAAACTGCG
PyyaHPS-R ATGAGAGCGTGATAGAGGATGGCCGTTCGTATAATGTATGCTATACG
P2739LF-F TTACGACGAAAAAGTATCCGAC
P2739LF-R AGGAACATGGTGACTGTCCTTGATATGACATATCGAACACCG
P2739DR-F CGTATAGCATACATTATACGAACGGACCATTCCAGCGTTCTCCAT
P2739DR-R CCGACAGATCATGCCGATTATG
P2739RF-F CGGTGTTCGATATGTCATATCAAGGACAGTCACCATGTTCCT
P2739RF-R CGCAGTTTAAACAGGCGTAATAATTGACCACTCCGTCGTATTC
P2739PS-F GAATACGACGGAGTGGTCAATTATTACGCCTGTTTAAACTGCG
P2739PS-R ATGGAGAACGCTGGAATGGTCCGTTCGTATAATGTATGCTATACG
P9906LF-F AGATATCGATCCTGCGATTT
P9906LF-R CGGCTTTTGCGGTCTTTTTATTCAAGAACTCCTTTGCCTT
P9906DR-F CGTATAGCATACATTATACGAACGGAACAGCCAATCTTCAGGAG
P9906DR-R CGTCAGTCGGTGTATAGTC
P9906RF-F AAGGCAAAGGAGTTCTTGAATAAAAAGACCGCAAAAGCCG
P9906RF-R CGCAGTTTAAACAGGCGTAATAACTACTTTGCGCCTTTTTTGG
P9906PS-F CCAAAAAAGGCGCAAAGTAGTTATTACGCCTGTTTAAACTGCG
P9906PS-R CTCCTGAAGATTGGCTGTTCCGTTCGTATAATGTATGCTATACG
P3020LF-F CGTATAACGTTTCTGTCGCATTAC
P3020LF-R CTATTGAAAAGGGGAAAAAGCATAAGAAAAGGTGCCGTTTATCG
P3020DR-F CGTATAGCATACATTATACGAACGGATGAACTCGCTGCCATTGTAA
P3020DR-R GCTCGGATTGATGCTGACTG
P3020RF-F CGATAAACGGCACCTTTTCTTATGCTTTTTCCCCTTTTCAATAG
P3020RF-R CGCAGTTTAAACAGGCGTAATAAGACTTTGAATGGAAACGAAACG
P3020PS-F CGTTTCGTTTCCATTCAAAGTCTTATTACGCCTGTTTAAACTGCG
P3020PS-R TTACAATGGCAGCGAGTTCATCCGTTCGTATAATGTATGCTATACG
ggaA-qF GTCCAAGCCGTCCGTAGAAG
ggaA-qR ACAGGAACGACTACCGCTACCT

(Continued on next page)
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pellet was resuspended in 1 ml of tryptone broth (10 g/liter tryptone), and 500 �l of cells was transferred
to a new tube. A total of 5 �l of Congo red (CR) stock solution (4 mg/ml CR, filtered) was added to 500 �l
cells and 500 �l T-broth as a blank. Subsequently, the tubes were mixed well and shaken vigorously at
30°C for 2 h. The OD600 value was measured using the remaining cells (10� dilution, 100 �l cells plus
900 �l medium). After 2 h of incubation, samples were centrifuged at 15,000 rpm for 5 min, and the
OD490 value of the supernatant was measured. The amount of CR bound to the cells was calculated as
follows: CR (�g/OD600) 	 [(OD490-blank – OD490-sample) � 44.676/OD600] (56).

Bacterial attachment assay. The B. velezensis attachment assay was carried out using the methods
from Smit et al. (57) and Dardanelli et al. (58). Strains were incubated at an OD600 of 1.0, pelleted by
centrifugation (6,000 � g, 4°C, 10 min), and then washed three times with phosphate-buffered saline (PBS
[pH 7.4]). The pellet was suspended in the same solution to a final OD600 of 0.1. Three sterile cucumber
roots were immersed in 50 ml of bacterial suspension for 2 h at room temperature under gentle agitation.
Then, the roots were washed 10 times with sterile distilled water and ground up in a sterilized mortar.
The number of bound bacteria was quantified by dilution plate counting.

Microscopy. To determine if B. velezensis colonized the cucumber root surface, SQR9-gfp-, ΔggaA-gfp
mutant-, and ΔgtaB-gfp mutant-colonized roots were investigated at 2 days after inoculation in hydro-
ponics. The roots were washed with distilled water and viewed by a confocal laser scanning microscope
(CLSM; model TCS SP2; Leica, Heidelberg, Germany). Images were taken using Leica confocal software,
version 2.61 (12).

Quantification of gene transcription by real-time PCR. Total RNA was obtained from biofilms
formed by B. velezensis using the E.Z.N.A. bacterial RNA kit (Toyobo, Japan), according to the instructions.
The RNA was detected on a 1% agarose gel, and a NanoDrop ND-2000 spectrophotometer (Thermo
Fisher Scientific, Wilmington, DE) was used to check the quality and concentration. RNA was reverse
transcribed using the PrimeScript RT reagent kit with a genomic DNA (gDNA) eraser (Toyobo). Transcript
levels of ggaA and gtaB were measured by reverse transcription-quantitative PCR (RT-qPCR) using a SYBR
Premix Ex Taq (perfect real time) kit (TaKaRa, Dalian, China). The recA gene was used as an internal
control. Reactions were carried out on an ABI 7500 system (Applied Biosystems, USA) under the following
conditions: cDNA was denatured for 10 s at 95°C, followed by 40 cycles consisting of 5 s at 95°C and 34 s
at 60°C. The 2�ΔΔCT method was used to analyze the RT-qPCR data (59).

Statistical analysis. Differences among the treatments were calculated and statistically analyzed
with a one-way analysis of variance (ANOVA). Duncan’s multiple-range test was used when one-way
ANOVA indicated a significant difference (P � 0.05). All statistical analyses were performed with IBM SPSS
Statistics 20. To identify and classify differentially expressed proteins, the Gene Ontology (GO) (www
.geneontology.org) and Kyoto Encyclopedia of Genes and Genomes (KEGG) (http://www.genome.jp/
kegg/) databases were used.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/AEM

.02116-18.
SUPPLEMENTAL FILE 1, PDF file, 0.8 MB.

TABLE 2 (Continued)

Primera Oligonucleotide sequence (5=–3=)
gtaB-qF CGTTGATAAGCCGACAATTCAG
gtaB-qR CATTGTCGAAATGGTCTTCTATTG
ggaALF-F GAGAAGGCGTCGTAAAC
ggaALF-R TAACGGCAGTAAAGAGGT
ggaACm-F ATTCAAAACCTCTTTACTGCCGTTAGCATAAAGTGTAAAGCCTGGGG
ggaACm-R CCTTTCGCTGAAAGTAACAAAATGAAATGTGGAATTGGGAACGGAAA
ggaACG-F TCATTTTGTTACTTTCAGCG
ggaACG-R ATACAAACCATTCTGCACATAATCAGAACACAGAAAGCTGATTCT
ggaARF-F TGATTATGTGCAGAATGGT
ggaARF-R TCTCGATAATATGGTAGGC
gtaBLF-F GAGAAGGCGTCGTAAAC
gtaBLF-R TAACGGCAGTAAAGAGGT
gtaBCm-F ATTCAAAACCTCTTTACTGCCGTTAGCATAAAGTGTAAAGCCTGGGG
gtaBCm-R AAAACCAGATATCGTTTTGGTCCACAATGTGGAATTGGGAACGGAAA
gtaBCG-F GTGGACCAAAACGATATCT
gtaBCG-R ATACAAACCATTCTGCACATAATCACTATTCGTCAGCTTCTTCTT
gtaBRF-F TGATTATGTGCAGAATGGT
gtaBRF-R TCTCGATAATATGGTAGGC
aDesignations 2739, 9906, and 3020 refer to the genes with the last four numbers of the GI accession
number in the SQR9 genome in the NCBI database (accession no. CP006890), i.e., V529_33780 (https://www
.ncbi.nlm.nih.gov/protein/631802739), V529_05450 (https://www.ncbi.nlm.nih.gov/protein/631799906), and
V529_36590 (https://www.ncbi.nlm.nih.gov/protein/631803020), respectively.
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