
Flagellar-Dependent Motility in Mesorhizobium tianshanense
is Involved in the Early Stage of Plant Host Interaction:
Study of an flgE Mutant

Huiming Zheng • Yiling Mao • Jiao Teng •

Qingcheng Zhu • Jun Ling • Zengtao Zhong

Received: 29 May 2014 / Accepted: 17 August 2014 / Published online: 7 October 2014

� Springer Science+Business Media New York 2014

Abstract Bacterial motility is most likely a critical factor

for rhizobium to chemotactically colonize on the root

surface prior to infecting leguminous plant hosts. Several

studies of the rhizobium flagellar filament have been

reported, but little is known about the rhizobium flagellum

hook. To investigate the roles of the hook protein in fla-

gellum synthesis in Mesorhizobium tianshanense, the hook

protein-encoding gene flgE of M. tianshanense was

amplified by PCR and sequenced. Comparison of the

deduced amino acid sequences revealed pronounced simi-

larities in Domain 1 and lower similarities in Domain 2,

which are supposed to be related to hook structure

assembly and antigenic diversity, respectively. The level of

transcription of flgE increased along with the cell growth

and reached its maximum at the middle log phase. Dis-

ruption of the flgE gene caused a flagellar-less phenotype,

thereby causing complete loss of swimming ability, mod-

ified nutrient-related swarming ability and biofilm forma-

tion. Moreover, the absence of flagellar caused decreased

bacterial attachment on the root hair, suggesting that fla-

gellar is involved in the early stage of symbiosis process.

Introduction

Motile bacteria move toward favorable conditions and

escape from unfavorable ones in their living environments,

mainly depending on the motility driven by flagella. Rhi-

zobia, which can establish a nitrogen-fixing symbiosis

within the root of leguminous plants, are regularly motile.

The symbiosis process involves multiple biochemical

bacterium-host interaction events. The early stages of

nodulation involve bacterial motility and chemotaxis

toward the tips of a developing root hair by the types of

root exudates that are abundant in rhizospheres [43]. The

root exudates contain specific sugars, sugar alcohols,

dicarboxylic and hydroxyaromatic acids, flavonoids,

amino-acids, etc. [6]. The ability of rhizobia to reach the

rhizosphere of legumes and to colonize plant roots is an

important factor related to successful infection and sym-

biosis by rhizobia to the host plant. Most previous studies

have shown that motile bacteria are more efficient than

nonmotile ones in nodulation [36] or are more competitive

on the plant root [4, 21], including Rhizobium legumin-

osarum bv. Trifolii (formerly named as Rhizobium trifolii),

Sinorhizobium meliloti (formerly name as Rhizobium me-

liloti), etc.

The most frequent motility behaviors observed in rhi-

zobia are swimming motility or swarming motility, both of

which act through flagellar use. Swimming is described as

a movement of a single cell in low-viscosity liquid med-

ium, while swarming is related to the movement of a cell

population across a semisolid surface. The best-studied

example of flagellar composition, flagellar filament

assembly, and genetic organization is described in Salmo-

nella enterica. The flagellum of this enteric bacterium

consists of five substructures: the basal body (Fli, Flg), the

hook (FlgE), the hook-filament junction zone (FlgK and

Electronic supplementary material The online version of this
article (doi:10.1007/s00284-014-0701-x) contains supplementary
material, which is available to authorized users.

H. Zheng (&) � Y. Mao � J. Teng � Q. Zhu � J. Ling �
Z. Zhong (&)

Department of Microbiology, Nanjing Agricultural University,

Nanjing, China

e-mail: hmzheng@njau.edu.cn

Z. Zhong

e-mail: mol_microb@njau.edu.cn

123

Curr Microbiol (2015) 70:219–227

DOI 10.1007/s00284-014-0701-x

http://dx.doi.org/10.1007/s00284-014-0701-x


FlgL), the filament (FliC), and the filament cap (FlgD) [19].

The flagellum hook, which acts as a helical propeller by

connecting the flagellar motor (basal body) to the long

filament, is critical for intact flagellum assembly in several

bacteria species [18, 28]. Knowledge about flagellar

assembly and flagellar functions in rhizobia is limited for S.

meliloti and Rhizobium leguminosarum bv. viciae and is

completely focused on the flagellar filament [33, 38]. By

contrast, there is no information about the function of the

flagellar hook gene (flgE) in rhizobia, apart from reports

that FilK is the flagellar-hook-length regulator in S. meliloti

[8]. The flagellar hook length is closely defined, which is

apparently essential for the proper formation of the fla-

gellar filament bundles and therefore for efficient propul-

sion of the cell [14].

Mesorhizobium tianshanense is a moderately growing

rhizobium that forms nodules on the root of the host plant

Glycyrrhiza uralensis (licorice), whose roots can be used as

important crude medicines in Asia and Europe [5]. In pre-

vious studies from our laboratory, we found that exopoly-

saccharide biosynthesis and quorum sensing are both

important for its symbiosis with the host plant [44, 45].

However, whether flagellar-related motility also has an

effect on the rhizobium symbiosis remains unknown. Earlier

studies, which have shown that motile strains have advan-

tages in competitiveness and nodulation efficiency com-

pared with nonmotile strains, are based on defective

phenotype strains other than the well genetically defined

flagellar-related bacteria mutants [1, 20, 21], and the exact

mechanisms of this observation are still not clear. In the

present study, we investigated the function of a specific hook

structural gene (flgE) in bacterial flagellum synthesis and its

role in symbiosis in M. tianshanense; the results revealed

that flgE is critical for flagellum synthesis and therefore

affects swimming and swarming ability, biofilm formation

and the early stage of symbiosis in M. tianshanense.

Materials and Methods

Bacterial Strains, Plasmids, and Culture Conditions

M.tianshanense (CCBAU 3306) strains were grown at 28 �C

in TY medium [3] or M1 minimal medium [34]. Escherichia

coli was grown at 37 �C in LB medium [30]. When required,

the antibiotics streptomycin (100 lg/ml) and kanamycin

(50 lg/ml) were added to the growth media. The primer

sequences designed to amplify the flgE genes by PCR were

as follows: GGGAATTCCATATGAGCATTTTCGGC

AGCAT and GGAAGCTTTTATCTC TTGAGGTTGAC

GA. The products of the PCR amplification were cloned into

the T vector (Takara) and sequenced. The flgE insertional

deletion was constructed by cloning the flgE internal

fragment into pVIK112 [15]. The resultant plasmid,

pHMT101, was then introduced into the M. tianshanense

chromosome by single-crossover homologous recombina-

tion. The insertional mutants were confirmed by PCR using

an flgE upstream primer and a lacZ primer. This process also

simultaneously generated an flgE–lacZ transcriptional

fusion. Plasmid pHMT102 that constitutively expressing

flgE was constructed by cloning this gene into plasmid

pYC12 [44], containing a constitutive Ptac promoter and

introduced into M. tianshanense strain by conjugation. In-

frame deletion in flgE gene was constructed by overlapping

PCR of flanking regions of the target gene and cloning into

the pEx18Gm suicide vector, and homologous recombina-

tion events were selected as previously described [45].

b-Galactosidase Activity Assays

Bacteria containing the flgE–lacZ transcriptional fusion

were grown in TY medium with appropriate antibiotics.

Samples were withdrawn at the time points indicated, and

the b-galactosidase activity was measured as described

previously [23].

Electron Microscopy

The M. tianshanense wild-type and flgE mutant strains

were examined by transmission electron microscopy for

the appearance of flagella. Strains were grown on TY plates

at 28 �C for 48 h, and a culture suspension was prepared by

gently washing the plate using sterile double distilled

water. Bacteria suspensions were spotted onto Formvar-

coated copper grids without excess liquid. Subsequent grid

staining was performed using 1 % phosphotungstic acid for

15 s. Samples were observed using a Hitachi-7650 trans-

mission electron microscope with images taken with an

AMT Image Capture Engine.

Motility Assay

Bacteria motility of the M. tianshanense wild-type and flgE

mutant strains were tested in two different media, a TY rich

medium and another, M1 minimal medium. Briefly, the M.

tianshanense strains were grown in the appropriate broth to

mid-log phase; the optical densities (OD600) of each culture

were standardized, and equal amounts of inoculum were

inoculated into the swimming (containing 0.25 % agar) and

swarming (containing 0.6 % agar) media, separately. The

swimming motility was determined using an inoculum

needle into a swimming agar tube or an agar plate. The

swimming diameter was measured 4 days after inoculation.

For the swarming assay, 1-ll droplets of the test cultures

were spotted onto the surface of the swarming plate and

incubated at 28 �C in the dark for 4 days.
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Biofilm Formation

Stationary cultures of M. tianshanense strains were separately

inoculated at a 1:100 dilution into TY broth or M1 minimal

medium with appropriate antibiotics and incubated in boro-

silicate glass tubes. After incubation at 28 �C for 3 day/6 day

with circular agitation (60 rpm), the content of each tube was

removed gently. The tubes were rinsed with water and stained

with 1 % crystal violet for 5 min; the tubes were then washed

and dried, and photographs were taken. The biofilm-associ-

ated crystal violet was dissolved in DMSO, and the OD570 of

the resultant solution was measured.

Root Hair Attachment Assay

The root hair attachment assay was performed as described

previously [45], with slight modifications. Briefly, Glycyr-

rhiza uralensis seeds were surface sterilized and germinated

as described above. Seedlings roots with well-developed

root hairs were obtained after germination on a 1.0 % agar

plate at 28 �C for 2 days. Similar developing roots of

approximately 1.5 cm in length were selected and incubated

for 2 h/6 h at 28 �C in 30 ml of 25 mM phosphate buffer

(pH 7.5) containing an equal amount of a wild-type or flgE

mutant cell suspension (with a cell density of approximately

1.0 9 106/107 cells/ml) by optical density (OD600) stan-

dardization. After incubation, five roots were selected and

separately washed twice in 2 ml phosphate buffer twice with

gentle shaking. The number of bacteria attached to each

seedling was determined by vortexing the roots with glass

beads and plating the cell suspension on TY medium plates.

There were five replicates for each inoculation.

Results

Sequence Determination of flgE Gene

in M. tianshanense

Because the genome sequence of M. tianshanense is not

available, we obtained gene information on this strain

based on another rhizobium, R. leguminosarum bv. viciae

3841, which is more related to the M. tianshanense genome

based on our previous genetic studies [44, 45]. To inves-

tigate the roles of flgE in flagellar assembly and function in

M. tianshanense, we performed a PCR using primers

derived from the genomic sequence of R. leguminosarum

bv. viciae 3841 and successfully amplified flgE homo-

logues in M. tianshanense. The PCR products were purified

and sequenced. The amino acid sequence of M. tianshan-

ense hook protein (GenBank accession number KJ866878)

deduced from the determined flgE DNA sequence was

compared to that of four other different rhizobium strains,

as well as that of Salmonella, in which the structure and

molecular universal joint mechanism of FlgE hook protein

have been well studied [29].

As shown in Fig. 1, the FlgE hook protein in M. tian-

shanense exhibited a higher similarity on the amino acid

level to those from three different specific rhizobia; the

highest identity (88 %) was obtained with that of R. le-

guminosarum and a relative lower identity with that of M.

loti and S. meliloti (55 % and 51 %, respectively). By

contrast, only 29 % amino acid identity was observed after

FlgE protein sequence alignment with that of Salmonella.

Notably, there were more pronounced similarities near the

N-terminal and C-terminal regions but limited similarities

in the central part of the hook protein among the strains

compared. Structural studies of the flagellar hook were

only conducted in Salmonella [29]. This enteric bacterium

FlgE fragment lacking unfolded terminal regions contained

two domains, D1 and D2. Domain D1 comprised two

segments, the amino-terminus and carboxy-terminus, while

the central segment made up domain D2 (as indicated in

Fig. 1). The more conserved amino acid sequence com-

position in the hook protein D1 domain applied by multiple

bacteria reported may imply its key roles in hook structure

assembly. By contrast, amino acid sequence variations in

the central part of the hook protein, which most likely

comprise the D2 domain, was speculated to be related to

bacteria antigenic diversity [16].

Transcription of the flgE Gene

To study the expression of the hook gene flgE, a genome-

integrated flgE–lacZ transcriptional fusion was constructed

by homologous recombination. This construction also dis-

rupted the flgE locus. The resultant strain was grown in TY

broth, and the flgE gene expression was measured at dif-

ferent growth phases by detecting LacZ activity. As shown

in Fig. 2, the flgE expression level increased with bacteria

growth during the entire exponential phase and decreased

when the cell growth reached the stationary phase. Nota-

bly, the entire expression level was relatively low and even

peaked at a LacZ activity level of approximately 50 Miller

Units at the mid- or late-exponential phase.

The downregulation of several of the flagellar motility

genes was observed in response to specific stressors, such

as osmotic stress, heat shock, nutrient starvation, and acidic

pH [12]. In this study, the effect of acidic pH on the flgE

gene expression in M. tianshanense was investigated. After

a shift from pH 7 to pH 5, as described for Campylobacter

jejuni [17], the flgE gene expression was measured in

various growth phases, but no significant change in

expression was observed (data not shown). This finding

indicated that the picture of flgE gene expression in dif-

ferent strains, even closely related species, is ambiguous.
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Disruption of flgE Gene Caused Flagellar Defective

Phenotype

To study the roles of the flgE gene in bacterial flagellar

synthesis or assembly, fresh cultures of the flgE insertion

mutant and the parent strain were collected from TY

medium plates, and the cells were analyzed by electron

microscopy. At least five flagella were found in the

majority of wild-type strain cells tested (Fig. 3a). This

characteristic is highly similar to that of S. meliloti cells,

which have five to ten peritrichous complex flagella around

the cell [26], whereas the findings were different from

those in another rhizobium, R. leguminosarum bv. viciae,

whose cells possess one to two subpolar flagella [24]. By

contrast, no obvious flagella characteristics were observed

in all flgE insertion mutants tested (Fig. 3b). To ascertain

that the flagella minus phenotype of flgE insertion mutant

was indeed due to the loss of the flgE gene, not due to other

possible polar effect that the lacZ vector insertion exerts on

the expression of the genes located downstream of flgE

gene. Recovering experiment was performed as Materials

and Methods described. However, the expression of flgE

gene in the flgE insertion mutant did not recover the bac-

teria flagella production (Data not shown). Since evidence

of flagellar absence in the flgE mutants has also been

reported in several other bacterial species, including an oral

spirochete organism, Treponema denticola [18], the caus-

ative agent of Lyme disease, Borrelia burgdorferi [28] and

a purple nonsulfur photosynthetic bacterium [2]. We then

made an in-frame deletion for flgE gene. Consequently,

Fig. 1 Alignment of the FlgE sequence from M. tianshanense

(M. tian) (GenBank Accession Number KJ866878), R. leguminosa-

rum (R. legu) (YP_766338.1), M. loti (M. loti) (NP_1042 59.1),

S. meliloti (S. meli) (NP_384785.1), and S. enterica (S. ente)

(NP_455670.1). The green shading indicates identity in at least three

sequences (60 % conserved). The boxed sequences indicate a fully

homologous sequence. The numbers indicate the amino acids in each

line, and the dashes represent gaps. Domain 1 and Domain 2 were

deduced according to flagellar hook fragment structure studies in

Salmonella [29], which named FlgE31, corresponding to residues

71–369 (solid line indicated) out of the full FlgE protein (402 aa)

(Color figure online)
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Fig. 2 The transcriptional expression flgE in M.tianshanense. A

genome-integrated flgE–lacZ fusion strain was incubated in TY

medium at 28 �C, and samples were withdrawn at the indicated time

points to measure the cell density (OD600, dash curve); the b-

galactosidase activity is reported in Miller Units [23]. The data are

expressed as the means and SD for three independent experiments
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flagella minus phenotype was observed once again in this

clean and unmarked flgE deletion mutant (data not shown),

this result indicated that the flgE gene was indeed essential

for flagellar synthesis in M. tianshanense.

Influence of Flagellar on Cell Motility

The effect of flagellar on cell motility was further inves-

tigated, and the flgE mutant created above did not exhibit a

significance difference of the growth rate in the TY culture

medium compared with the wild-type strain. To investigate

the roles of flagellar on the cell motility ability, the

swimming behavior was analyzed in 0.25 % soft agar by

two different methods: one involved stab inoculating the

fresh culture into agar medium in a tube, and the other was

conducted using a swimming plate. In the tube swimming

system, the flgE insertion mutant and the in-frame deletion

mutant all formed only a growth line along the inoculation

area both in the TY complete medium and in the M1

minimal medium tested, whereas the wild-type strain

exhibited diffused funnel-shaped growth in the two dif-

ferent types of media (Fig. 4a and Fig. S2). Likewise, in

soft agar plate detection system, the flgE mutant failed to

diffuse outwardly compared to the wild-type strain

(Fig. 4b). The complete loss of swimming ability in the

flgE mutant most likely was caused by defective flagellar

synthesis.

Flagella are reportedly required for bacteria to move

across semisolid surfaces in S. meliloti [37]. In light of this

report, we intended to determine whether the flgE mutant

also displayed an altered swarming phenotype. Equal ali-

quots of cell cultures of the flgE mutant and the wild-type

strain were spotted onto the surface of a 0.6 % agar plate

for the swarming assay. Interestingly, the flgE mutant cells

showed a different, altered swarming capacity in the two

types of media tested, compared with the wild-type strain.

In TY complete medium, the flgE mutant displayed more

spreading than did the wild-type strain after a 4-day

Fig. 3 Transmission electron

microscopy of flagella produced

in the wild-type (a) strain and in

the flgE-mutant (b) strain

(negative staining with 1 %

phosphotungstic acid, 15 s)

Fig. 4 Motility phenotype of the flgE mutant tested in TY complete

medium and M1 minimal medium. a, b Swimming motility in the

0.25 % agar medium. Equal amount of M. tianshanense strains grown

to the mid-log phase in the responding growth medium were stab

inoculated into swimming tubes (a) and plates (b), separately.

c Swarming motility on a 0.6 % agar plate. One microliter equal-

droplet cultures were spotted onto the swarming plate surface and

were incubated at 28 �C in the dark for 4 days
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incubation (Fig. 4c), this may indicated that there possibly

was a second type of motility behavior besides of flagellar-

dependent movement in M. tianshanense. Of note, the

increased swarming ability observed in the flgE mutant was

limited to the TY complete medium. In the M1 minimal

system, the flagellar mutant only displayed a reduced sur-

face swarming ability (Fig. 4c), which indicated that M.

tianshanense might use different motility techniques to

better adapt to surrounding environments.

Involvement of Flagellar in Biofilm Formation

in Minimal Medium

The development of bacterial biofilms is initiated by

reaching a surface, and flagellar have been implicated in

surface attachment in several bacteria, including P. aeru-

ginosa [22], and E. coli [41]. In S. meliloti, flagellar

mutants displayed reduced biofilm formation ability [9]. To

investigate whether biofilm formation was affected by the

absence of flagellar in M. tianshanense, the wild-type strain

and the flgE flagellar mutant were incubated into a glass

tube system containing TY complete medium and M1

minimal medium, separately. As shown in Fig. 5, the flgE

flagellar mutant displayed a comparable biofilm ability to

the wild-type strain in TY complete medium at the two

incubation times indicated but displayed increased biofilm

formation (compared with the wild-type strain) in M1

minimal medium at long incubation time (6-days). Mean-

while, the biofilm formation in the M1 medium was

obviously stronger than that in the TY medium, indicating

that nutrient limitation could promote biofilm formation

(Fig. 5); this phenomena was in accordance with the report

regarding S. meliloti [27], supporting the hypothesis that

biofilm formation represents a strategy for bacterial sur-

vival in nutritionally limited environments, especially in

soil niches in the absence of a plant host. The observation

that the flagellar mutant displayed greater biofilm forma-

tion in the minimal medium might indicate an advantage of

nonmotile cells, which are not easily dispersed from late-

stage biofilms due to lack of the swimming-associated

flagellar apparatus; this finding has been reported in P.

aeruginosa, indicating that a phenotypic adaptation toward

dispersion from a mature biofilm in response to environ-

mental changes is correlated with a motility switch, with an

increased expression of flagellum biosynthesis genes (filC

gene transcription) and a decreased expression of pilus

biosynthesis genes (pilA gene transcription) [32].

The Flagellar Mutant Showed Reduced Root Hair

Attachment

The symbiosis between rhizobia and plants was proposed to

be initiated by root hair attachment by the rhizobium. To

explore whether the flagellar structure plays a role during the

early stage, root hair attachment in the Asian licorice (G.

uralensis) root was performed using wild-type and flgE fla-

gellar mutant strains. Rhizobia cells were suspended in AT

buffer containing well-grown seedlings with abundant root

hair. After incubation at 28 �C for 2 and 6 h, separately, the

attached cell numbers per seedling were estimated by plate

counting. At the low cell inoculum (approximately

1.0 9 106 cells/ml) (Fig. 6), the attachment cell number of

both the flgE mutant and the parent strain increased with

elongation of the incubation time, but the capacity of the

attached number of the flgE mutant was lower than that of the

wild-type strain (approximately 36 and 59 % compared with

the parent strain at 2 and 6 h, respectively). At the high cell

inoculum (approximately 1.0 9 107 cells/ml) (Fig. 6), the

cell number of attachment reached its maximum content at

2 h in both the wild-type and the flgE mutant and maintained

this content up to 6 h. Consistently with the observation at the

low cell inoculum, approximately 35 % of the flgE mutant

compared with the wild-type strain attached to a single root.

These results suggested that flagellum mutant strains are

defective in root hair attachment in a liquid test system. The

role of facilitating the early stage of attachment by bacteria

flagellar has also been shown on abiotic surfaces, e.g.,

stainless steel attachment of Listeria monocytogenes [42].

Discussion

In this study, we identified the gene sequence of the fla-

gellar hook structure, flgE, in M. tianshanense and studied
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Fig. 5 Biofilm formation of the wild-type and the flgE mutant.

Strains were grown in TY and M1 medium separately at 28 �C for 3

and 6 days. Biofilms were visualized by staining with 1 % crystal

violet for 5 min (bottom), and the amounts of biofilm mass were

quantified by measuring the OD570 (top). Data are the combination of

nine individual experiments. Statistical analysis was performed using

the Student’s t test comparing biofilm formation to that of wild-type.

NS no significance, ***P \ 0.0001

224 H. Zheng et al.: M. tianshanense Flagellar Function

123



its gene transcription and functions. The amino acid

alignment indicated that the FlgE hook protein of M.

tianshanense most strongly resembled that of the R. legu-

minosarum (88 %) strain but not the closely related Mes-

orhizobium (55 %) genus, which may imply that the

sequence consensus is not strictly related to the taxonomy

content. A similar case occurred when we compared the

N-acyl homoserine lactone (AHL) synthase of M. tian-

shanense with some other rhizobia [45]. The N-terminal

and C-terminal regions of FlgE are much conserved among

different species of bacteria (including the FlgE protein of

M.tianshanense in our study), indicating that the flagellar

hook protein assembly is conserved. By contrast, fewer

amino acid sequence similarities are observed in the central

part of the hook protein. In Campylobacter jejuni, the

sequence of the central part of the hook protein varies

greatly among different species and even in one serotype,

and the corresponding domains are likely to be exposed to

the surface based on the immunoelectron microscopy

observation that MAbs bind to the intact hook [10]. These

observations suggest that the conserved and variable

characteristics in the hook protein sequence play an

important role in hook structure consensus and immune

diversity.

The flgE gene transcriptional levels with respect to

growth were examined, revealing that the flgE gene

expression level is relative low. The gene expression of

seven flagellar filaments of R. leguminosarum bv. viciae

and its role in the structure composition of the flagellar

filament has been previously studied [38, 39], demon-

strating that major components of the flagellar filament are

expressed at high levels, while the minor components have

a lower expression activity. However, it has also been

claimed that two filament subunit genes, flaE and flaH,

which have lower expression levels (68 and 79 Miller

Units, respectively), may still play more important roles in

flagellar filament synthase in the R. leguminosarum bv.

viciae 3841 strain. Therefore, although the flgE gene is

expressed with a lower transcriptional activity, it is obvi-

ously critical for intact flagellum synthesis.

The behavior of the flgE deletion strain, which loses the

capacity to synthesize flagellum, was explored, including

its swimming, swarming, biofilm formation and root hair

attachment capacity. Interestingly, the behavior of the flgE

flagellum-defective strain differed in the various testing

systems. In the swimming assay, the flgE flagellum mutant

displayed a diminished swimming ability because swim-

ming is described as a movement of a single cell in a low-

viscosity liquid medium. Meanwhile, during the root hair

attachment assay, which was conducted in a liquid medium

system, the number of attached flgE flagellum mutants

decreased by 41 or 65 %. Notably, root hair surface

attachment is a complex process, which may be affected by

lipopolysaccharide production, cell surface proteins, other

chemicals released by the host plant and bacteria motility

[31, 35]. The lower attachment ability of the flgE flagellum

mutant may be partly caused by the loss of swimming

ability, especially in a liquid testing system.

Although the flgE flagellar mutant showed defectiveness

in the swimming assays and in the root hair attachment

assay, it was differently affected in the population move-

ment across a semisolid surface. In the minimal medium,

swarming is positively related to the flagella, but in the

nutrient-rich TY medium, swarming is not dependent on

the existence of flagella and perhaps gains other motility

characteristics, such as pili-dependent twitching motility or

sliding motility on surfaces by polysaccharides production

[11]. The ‘‘sliding’’ motility, which has been proposed as a

type of surface movement/translocation facilitated by

exopolysaccharide (EPS) production [25], surfactant or a

surface-wetting agent derived from the bacteria cells [13],

as reported in various bacteria [12]. In our study, the fla-

gellar mutant of M. tianshanense displayed increased sur-

face motility, which might imply that this second type of

motility (possibly sliding) was inhibited by flagellar for-

mation in M. tianshanense. An alternative explanation for

the enhanced surface motility by the flgE mutant in TY rich

medium might be that M.tianshanense has two parallel

flagellar sysetems and one of which has a more important

role in surface motility, which case has been reported in

Bradyrhizobium japonicum [7].

2 hr 6 hr 2 hr 6 hr
0

1.0×104
2.0×104
3.0×104
4.0×104
5.0×104
5.0×104

1.0×105

1.5×105

2.0×105

2.5×105
WT
flgE -

1.0 × 106 cell/ml 1.0 × 107 cell/ml

* NS

*** NS
At

ta
ch

ed
 b

ac
te

ria
 p

er
 r

oo
t (

C
FU

s)

Fig. 6 Root hair attachment of the wild-type and flgE mutant.

G. uralensis roots with well-developed root hairs were incubated into

25 mM phosphate buffer (pH 7.5) containing equal amounts of wild-

type or flgE-mutant cells, with an estimated cell density at approx-

imately 1.0 9 106 and 1.0 9 107 cell number/ml. The number of

bacteria attached to each root at 2 and 6 h post inoculation were

determined by plate counting, as described in the materials and

methods section. For each treatment, five roots were examined. The

data shown are the means and SD. Statistical analysis was performed

using the Student’s t test comparing to that of wild-type. NS no

significance, ***P \ 0.0001
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The surface movement of the flgE mutant differed in

two types of testing media, suggesting a nutrient strategy

application used by M.tianshanense. A similar nutritional

dependence of the surface movement also have been

described in P. aeruginosa, in which both the swarming

and sliding motilities vary with the carbon and glucose

sources provided [25]. Moreover, biofilm formation on

glass surfaces is also affected by the nutrient content, with

a number of dense biofilms in nutrient-limited media but

weak biofilms in nutrient-rich medium. Even the flgE fla-

gellum mutant displayed heavier biofilm formation in the

minimal medium. All of these results suggest that M.

tianshanense rhizobia behave differently according to dif-

ferent nutrient contents in the environment. The mecha-

nism of how the bacterium regulates its physical functions

and which process flagellum was involved is not clear, but

these findings indicate what the rhizobium may do to better

adapt to surrounding environments, particularly involving

the nutrient content. For instance, in E. coli, in response to

limited nutrient availability, the expression of a small RNA

McaS increases, and then activates flhD, the master tran-

scription regulator of flagella synthesis, to modulate steps in

the progression from a planktonic to a sessile lifestyle [40].

It has been claimed that nonmotile rhizobia are less

efficient than motile ones in nodulation [36] or competi-

tiveness on the plant root, but the mechanism was not

understood completely. In our study, we created a flagellar

deficient mutant, flagellar hook structure gene (flgE)

mutant, and studied its motility, biofilm formation and root

hair attachment capacity. Our results suggested that less

efficient in symbiosis caused by nonmotile rhizobia

reported before might be partly due to the reduced root hair

attachment ability, and implied a role of the flagellar

structure in the legume-rhizobium symbiosis interaction.

These findings give a better understanding of the process of

plant-rhizobia interaction, especially the early stage of

symbiosis.
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