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ABSTRACT Chemotaxis can provide bacteria with competitive advantages for sur-
vival in complex environments. The CheZ chemotaxis protein is a phosphatase, af-
fecting the flagellar motor in Escherichia coli by dephosphorylating the response reg-
ulator phosphorylated CheY protein (CheY�P) responsible for clockwise rotation. A
cheZ gene has been found in Azorhizobium caulinodans ORS571, in contrast to other
rhizobial species studied so far. The CheZ protein in strain ORS571 has a conserved
motif similar to that corresponding to the phosphatase active site in E. coli. The con-
struction of a cheZ deletion mutant strain and of cheZ mutant strains carrying a mu-
tation in residues of the putative phosphatase active site showed that strain ORS571
participates in chemotaxis and motility, causing a hyperreversal behavior. In addi-
tion, the properties of the cheZ deletion mutant revealed that ORS571 CheZ is in-
volved in other physiological processes, since it displayed increased flocculation, bio-
film formation, exopolysaccharide (EPS) production, and host root colonization. In
particular, it was observed that the expression of several exp genes, involved in EPS
synthesis, was upregulated in the cheZ mutant compared to that in the wild type,
suggesting that CheZ negatively controls exp gene expression through an unknown
mechanism. It is proposed that CheZ influences the Azorhizobium-plant association
by negatively regulating early colonization via the regulation of EPS production. This
report established that CheZ in A. caulinodans plays roles in chemotaxis and the
symbiotic association with the host plant.

IMPORTANCE Chemotaxis allows bacteria to swim toward plant roots and is benefi-
cial to the establishment of various plant-microbe associations. The level of CheY
phosphorylation (CheY�P) is central to the chemotaxis signal transduction. The
mechanism of the signal termination of CheY�P remains poorly characterized
among Alphaproteobacteria, except for Sinorhizobium meliloti, which does not con-
tain CheZ but which controls CheY�P dephosphorylation through a phosphate sink
mechanism. Azorhizobium caulinodans ORS571, a microsymbiont of Sesbania rostrata,
has an orphan cheZ gene besides two cheY genes similar to those in S. meliloti. In
addition to controlling the chemotaxis response, the CheZ-like protein in strain
ORS571 is playing a role by decreasing bacterial adhesion to the host plant, in con-
trast to the general situation where chemotaxis-associated proteins promote adhe-
sion. In this study, we identified a CheZ-like protein among Alphaproteobacteria
functioning in chemotaxis and the A. caulinodans-S. rostrata symbiosis.
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The chemotactic response is an important mechanism that motile prokaryotes have
developed to colonize appropriate niches, conferring a selective advantage to improve

viability in harsh environments (1–3). The response to external stimuli, detected by spe-
cialized chemoreceptors known as methyl-accepting chemotaxis proteins (MCPs), is medi-
ated through a signal transduction regulatory cascade controlling the flagellar motor,
leading to movement toward attractants or away from repellents (2, 4, 5).

The chemotaxis signal transduction system, best studied in Escherichia coli, involves
a histidine kinase CheA and a response regulator CheY (2, 4). MCP binding of a signal
molecule leads to a conformational change affecting the activity of CheA, which can be
autophosphorylated by ATP. The phosphorylated CheA (CheA�P) then phosphorylates
the response regulator CheY, and CheY�P binds to the flagellar motor protein enabling
flagellar clockwise rotation. The spontaneous dephosphorylation of CheY�P is accel-
erated by the phosphatase CheZ, modulating the cell’s response to external signal
stimulation.

CheZ dephosphorylation of CheY�P is essential to control flagellar rotation and to
improve chemotaxis efficiency (4). CheZ, first described in Gammaproteobacteria and
Betaproteobacteria (2), is also present in Campylobacter and Helicobacter belonging to
the epsilon subclass (5). However, in bacteria that do not possess a cheZ gene, other
mechanisms of CheY�P dephosphorylation are known (2, 6). For example, CheC and
FliY, belonging to another class of phosphatases, are found in Bacillus subtilis, and CheX
is found in spirochetes (7). The situation in Sinorhizobium meliloti, a member of
Alphaproteobacteria, shows another level of complexity, because this bacterium pos-
sesses two genes encoding the CheY proteins, cheY1 and cheY2 (8, 9). CheY2 is the
actual response regulator, which once phosphorylated by CheA�P, interacts with the
flagellar motor. Modulation of CheY2 phosphorylation is also achieved by CheA, which
can retransfer the phosphoryl group to CheY1. Thus, CheY1 functions only as a sink for
phosphoryl groups, and CheA together with another protein, CheS, can achieve de-
phosphorylation of CheY1 (8, 9). In addition, other proteins such as CheV and hybrid
CheA kinases, which have additional REC domains, may also play a role in CheY�P
dephosphorylation (10). Helicobacter pylori possesses a CheZ phosphatase (11) that is
distant from that of E. coli CheZ, but it also contains a hybrid CheAY protein, functioning
as a phosphate sink (12). Moreover, Wuichet and Zhulin (6), by performing an extensive
bioinformatics analysis of genomes, revealed the presence of CheZ protein families in
all subclasses of Proteobacteria, showing that CheZs from Epsilonproteobacteria and
Alphaproteobacteria structurally differ from those in the beta and gamma subgroups. To
date, there is no experimental evidence that CheZ proteins from the alpha subclass
have a function in chemotaxis.

Chemotaxis is known to play important roles in many processes, such as plant and
animal tissue colonization by pathogenic bacteria (13–15) and the colonization of soil
and plant root systems (16, 17). A significant correlation between chemotaxis and
attachment or adhesion in the process of colonization of plant roots or seeds has been
established (18–20). In the symbiotic association of rhizobia with legumes, the attach-
ment to the root surface of the host plant is considered an important prerequisite for
successful nodulation (17). Indeed, motility and chemotaxis toward root exudates play
roles in the interaction of rhizobia and the host system (16, 21), and it was reported
long ago that chemotactic mutations can decrease the efficiency or competitiveness of
nodulation (22). Recently, we reported that a soluble chemotactic receptor of Azorhi-
zobium caulinodans ORS571 was required for the nodulation of the host plant (23).

A. caulinodans ORS571 is a nitrogen-fixing bacterium belonging to the Alphaproteo-
bacteria subclass (24, 25), forming nodules on the roots and stems of the host Sesbania
rostrata (26, 27). Strain ORS571 can sense amino acid, sugar, and flavonoid substances
secreted by host plants and move toward plant roots (28). The complete nucleotide
sequence of the genome of strain ORS571 was determined (29), and this led us to
search for gene products possibly involved in chemotaxis in this bacterium. A. caulino-
dans contains two copies of the gene encoding CheY, similar to the situation found in
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S. meliloti, and a copy of the gene encoding CheZ (25), in agreement with the former
suggestion that CheZ was present in the Alphaproteobacteria subclass (30).

The present work reports a functional analysis of the cheZ gene product of A.
caulinodans ORS571 based on the construction of mutant strains. We found that CheZ
of strain ORS571 inhibited bacterial adhesion to the host plant, in contrast to the
general situation where the chemotaxis-associated proteins promote adhesion (31).
According to data obtained on the flocculation and biofilm formation of cheZ mutant
strains, it is proposed that the strong adhesion of the cheZ mutant to the host is the
result of multiple effects, including chemotaxis and exopolysaccharide (EPS) produc-
tion.

RESULTS
Presence of an orphan cheZ gene in the A. caulinodans ORS571 genome. The

presence of deduced protein products corresponding to CheZ in some members of
Alphaproteobacteria was reported (6), but this analysis did not contain A. caulinodans,
whose genome nucleotide sequencing was reported later (29). Using the MiST2.2
database (see Materials and Methods), a search for genes possibly involved in che-
motaxis in the genome of A. caulinodans ORS571 (GenBank accession no. AP009384.1)
was performed (25), and the organization of the che gene clusters was compared to
that of other members of Alphaproteobacteria and to that of E. coli and Salmonella
enterica serovar Typhimurium (Fig. 1; see also Fig. S1 in the supplemental material). In
the species exemplified by E. coli, cheZ is located in the conserved che cluster together
with cheA, cheW, cheR, and cheB (Fig. 1). The conservation of gene organization in
operons may reflect physical interaction between the encoded proteins within the
same cluster (32). However, in Alphaproteobacteria genomes, the organization of the
che clusters and the presence of a cheZ gene revealed major differences. Orphan cheZ
genes were located outside the che cluster and often were adjacent to a gene encoding
an orphan response regulator, CheY (Fig. S1). This is the case in A. caulinodans, which
contains a single copy of cheZ adjacent to a cheY gene (Fig. 1), and also in Methylo-
bacterium radiotolerans JCM 2831 (GenBank accession no. NC_010505.1), Nitrobacter
hamburgensis X14 (GenBank accession no. NC_007964.1), and Rhodospirillum centenum
SW (GenBank accession no. CP000613.2) (Fig. S1). This organization in Alphaproteobac-
teria is quite unique, and it raises the question as to whether ORS571 CheZ plays a role
in chemotaxis in A. caulinodans. Indeed, the presence of CheZ does not necessarily
mean its involvement in chemotaxis as reported in some members of the gamma
subclass, such as Vibrio cholerae (33). In contrast, no cheZ is present in S. meliloti (Fig.
1) (34), and none was found in Rhizobium leguminosarum, Rhizobium etli, or Bradyrhi-
zobium japonicum (25, 34) (Fig. S1). Thus, A. caulinodans differs from other rhizobia.

The CheZ polypeptide of 26,122 Da with 236 residues is similar in size to the CheZ
found in Gammaproteobacteria, and it shows significant similarity (44.1% and 43.9%)
and identity (25.6% and 26.6%) with those in E. coli and Salmonella Typhimurium,
respectively (Fig. 2). Within the Alphaproteobacteria (Fig. S1, Table S1), the similarity of
CheZ with A. caulinodans CheZ is approximately 50% and the identity is approximately

FIG 1 Comparison of the organization of the chemotaxis gene clusters in the chromosomes of S. meliloti, A. caulinodans, and E. coli. The genes encoding CheY
and CheZ are indicated in black and red, respectively. In A. caulinodans, cheY and cheZ, which are distant from che cluster, are orphan genes.
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36%. The highest values recorded are with M. radiotolerans JCM 2831, where CheZ
displays 58.6% and 45.6% similarity and identity, respectively (Table S1). An alignment
of ORS571 CheZ with those in E. coli and S. Typhimurium showed a significant
conservation of the motif responsible for the phosphatase activity in E. coli (DXXXQ)
(Fig. 2). In particular, Asp 165 and Gln 169 residues are conserved, but there is a
substitution, an Ile (at position 166 in the A. caulinodans sequence) instead of Lys, in the
active motif of ORS571 CheZ (see Fig. S2). These results suggest that CheZ in strain
ORS571 may have a similar function as those in E. coli and S. Typhimurium.

ORS571 CheZ plays a role in chemotaxis. To determine if strain ORS571 plays a
role in chemotaxis, we constructed a mutant strain, AC601, in which the cheZ gene is
disrupted. The growth rate of the mutant strain was the same as that of the wild type
(data not shown). The chemotactic behavior of the cheZ mutant was analyzed in the
semisoft agar assay. In this assay, cells can sense and migrate toward different attract-
ant gradients, resulting in a characteristic ring (7). With succinate as the sole carbon
source, the wild type (ORS571) can form a sharp and large-diameter chemotactic ring,
while the cheZ mutant (AC601) cannot (Fig. 3A), suggesting its chemotactic response
was abolished. Similar data were obtained when malate was the carbon source
(Fig. 3A). Bacteria were picked up from the edge of the chemotactic ring and observed
under a microscope. Both the mutant and wild-type strains were able to move rapidly,
suggesting that the defect in ring formation was not due to a defect of motility in the
mutant strain. Interestingly, compared to those in strain ORS571, bacterial cells of the
mutant strain were located preferentially on the edge of the microscope coverslip (see
Movies S1 and S2). Furthermore, chemotactic behavior was restored when strain AC601
was complemented with a broad-host-range vector expressing the wild-type cheZ gene
(strain AC602) (Fig. 3B). By measuring the relative expression level of cheZ gene using
reverse transcriptase quantitative PCR (RT-qPCR), we can see the expression level of
cheZ in strain AC602 is 1.25 times higher than that in the wild type, and there is no cheZ
mRNA detected in strain AC601 (see Fig. S3). So, the complementation strain AC602
does not fully restore the wild-type chemotaxis phenotype. This clearly indicates that
the defect of chemotactic behavior of strain AC601 is caused by the inactivation of the
cheZ gene.

To quantitatively compare the chemotactic behaviors of the wild type and the cheZ
mutant, a competitive capillary assay was performed using 10 mM succinate as an

FIG 2 Amino acid sequence alignment of CheZ proteins from A. caulinodans ORS571, E. coli, and S. Typhimurium. The numbers on the
left and right show the positions of the residues in E. coli, S. Typhimurium, and A. caulinodans. Gaps indicated by dashes are introduced
to maximize the alignments. The similarity between the homologous proteins is highlighted by different shading: black, all amino acids
in a column are identical; gray, the amino acids in a column belong to a weak similarity group. The conserved phosphatase active-site
motif in E. coli is boxed, and the two key amino residues in the motif, D and Q, are marked with asterisks.
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attractant and phosphate-buffered saline (PBS) as a control. These capillaries were
immersed in a bacterial suspension with a 1:1 mixture of strains ORS571 and AC601. As
can be seen in Fig. 3C, the total number of bacterial cells from the suspension entering
the capillaries containing succinate as the chemoattractant was approximately three
times more than that entering the capillary containing only PBS. The ratio of the
wild-type and AC601 strains was close to 4:1 in the presence of the chemoeffector,
while it remained 1:1 when using only PBS, confirming that the chemotactic ability of
strain AC601 was impaired (Fig. 3C). The chemotactic ability of strain AC602 is similar
to that of the wild-type strain (Fig. 3C). Thus, it is clear that CheZ plays an important role
in the chemotaxis to organic acid in strain ORS571.

CheZ controls the swimming motility bias. In E. coli, CheY�P can interact with the
flagellar motor proteins, especially FliM, to change the rotational bias of the motor (35),
resulting in an increase in the reorientation frequency (36). CheZ controls the reorien-
tation by accelerating the dephosphorylation of CheY�P. The inactivation of cheZ in E.
coli mutant strains decreases CheY�P dephosphorylation, causing an increase in the
reorientation frequency (37).

To examine the swimming behavior of the A. caulinodans cheZ mutant, the swim-
ming pattern was recorded and analyzed. Strains ORS571 and AC602 tended to swim
smoothly, and their trajectories were predominantly linear. Strain AC601 tended to
swim in circles with constant changes in direction (Fig. 4A). We calculated the average

FIG 3 A. caulinodans chemotaxis behavior. (A) Comparison of the chemotactic responses of the wild-type ORS571 and the cheZ deletion mutant, AC601. The
chemotactic ring diameters were measured after 48 h for each strain in the presence of the desired chemoeffector, succinate or malate, in a soft agar plate
assay with or without NH4Cl as a nitrogen source. (B) Comparison of the chemotactic responses of ORS571(pBBR1MCS-2), AC601(pBBR1MCS-2), and
AC602(pBBR2CheZ) complemented mutants and AC603(pBBR2CheZD165A) and AC604(pBBR2CheZQ169A) mutant strains obtained after site-directed mu-
tagenesis of the putative phosphatase active site. Examples of the chemotaxis rings observed after 48 h in the presence of succinate and NH4Cl by each
counterpart strain are shown in panels A and B. (C) Competitive chemotactic responses of A. caulinodans strains using the quantitative capillary assay. Strains
were mixed in equal ratios; the capillary contained either 10 mM succinate or PBS only as a control. (D) Chemotaxis ring formation of the E. coli wild type (RP437),
the cheZ mutant (UU2685), and strain UU2685CheZ containing the ORS571 cheZ gene. Error bars in panels A, B, and C show standard deviations of the means
from triplicates. The scale bars in panels A and B represent 10 mm.
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velocity of the bacteria, and there were no significant differences between wild-type
and cheZ mutant strains (data not shown). To further recognize the differences in
swimming behavior, the motility bias was quantified by measuring the frequencies of
direction changes. The cheZ mutant displayed a reorientation frequency of 1.58 per
second, almost 2-fold that recorded for the wild type (0.77 per second) (Fig. 4B), while
the reorientation frequency was 0.34 per second in strain AC602 (Fig. 4B), whose cheZ
gene was overexpressed (Fig. S3). These results suggested that the hyperreversal
behavior was associated with the loss of function of CheZ in strain ORS571, as also
reported for E. coli.

Key amino acid residues of phosphatase activity for CheZ are essential. The
CheZ protein contributes to chemotaxis by regulating the swimming bias in strain
ORS571, and the CheZ motif involved in catalysis in E. coli is relatively well conserved
in strain ORS571, at residues 165 to 169 (Fig. 2). In particular, two key amino acid
residues, D143 and Q147, which are playing a key role in the catalysis of E. coli CheZ,
are also conserved in strain ORS571, at locations 165 and 169, respectively (Fig. 2).
Therefore, we constructed mutant strains by site-directed mutagenesis, in which resi-
dues D165 and Q169 were replaced by alanine residues (CheZD165A and CheZQ169A,
respectively), named AC603 and AC604, respectively. The chemotactic behaviors of
these two mutants were assayed. As can be seen in Fig. 3B, strains AC603 and AC604
do not form normal chemotaxis rings, indicating that CheZ in strain ORS571 plays an
essential role in chemotaxis, which could possibly be linked through phosphatase
activity, as in E. coli.

However, when a broad-host-range vector expressing the ORS571 cheZ wild-type
gene was transferred into an E. coli cheZ mutant strain, UU2685 (38) (Table 1), the loss
of chemotactic behavior of strain UU2685 could not be complemented on a soft agar

FIG 4 Analysis of swimming behaviors of A. caulinodans wild-type ORS571, cheZ mutant AC601, and
complemented strain AC602. (A) Sample trajectories. Individual motile cells were tracked over time and
their motion was compiled into trajectories that trace their movement. To track motile cells, we used
high frequency (10-ms interval) phase contrast imaging. Some swimming direction changes are labeled
with arrows as examples. (B) Flagellar rotation frequency. Up to 50 cells were examined for each strain;
the average frequency of direction changes for each strain is indicated by black solid lines. Dashed line
indicates the baseline for smooth swimming in the wild-type strain, which was observed immediately
after adding an attractant. Each strain was tested by using at least three biological replicates.
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plate (Fig. 3D). The lack of complementation may be due to poor expression of the
complementing plasmid in E. coli or more likely, to the fact that CheZ lacks the
CheA-binding region (30) critical for the interaction between CheA and CheZ in E. coli.
This implies that the mechanisms of CheZ function in the N terminus or in other
regions, except phosphatase active sites, differ between strain ORS571 and E. coli.

CheZ impairs EPS production and flocculation properties of strain ORS571.
Previous observations revealed that the AC601 mutant had an increased tendency to
adhere to coverslips. The efficiency of bacterial attachment can be facilitated by
polysaccharides, proteins, and nucleic acids (39). Thus, we hypothesized that the
adhesion phenotype of the cheZ mutant may result from an increased EPS production.
Indeed, the cheZ mutant on Congo red plates containing succinate formed colonies
more viscous than those of the wild type (Fig. 5A). Quantitative data also showed that
the mutant produced a significant excess of polysaccharides, which were increased by
42.5% compared to that in the wide type (Fig. 5B). To further assay the relationship
between CheZ and extracellular polysaccharide production, we performed RT-qPCR
analyses of exp genes, responsible for the synthesis of EPS (40, 41). Three exp genes
(AZC_1833, AZC_1834, and AZC_3326) (42) distributed in two gene clusters were
selected. It was found that the relative expression levels of the genes in strain AC601
were approximately 2-fold higher than those in strain ORS571, while the relative
expression levels of the genes in strain AC602 were approximately 6-fold lower than
those in strain ORS571 (Fig. 5C). These results indicate that CheZ negatively regulates
the expression of the exp genes in strain ORS571 through an unknown mechanism.

In addition, a positive correlation between chemotactic behavior and flocculation
was reported in Azospirillum brasilense (43). Therefore, we analyzed the differences of
flocculation between strains ORS571 and AC601. The measurements of flocculation
formation after 24 h, 48 h, and 72 h revealed a significant increase in the total amount
of flocculation by both strains (Fig. 6), but the flocculation rate was significantly higher
with the AC601 cheZ mutant than with strain ORS571. Microscopic examination showed
larger, denser, and thicker flocs formed by strain AC601 than by strain ORS571 (Fig. 6A
and B; see also Fig. S4), suggesting that the mutant tended to form bigger clumps. In

TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristicsa

Source or
reference

Strains
E. coli

DH5� F� supE44 lacA-U169 �80lacZΔM15 hsdR17 recA1 endA1 gyrA96 thi-1 relA1 Transgen
RP437 thr(Am)-1 leuB6 his-4 metF(Am)159 eda-50 rpsL136 [thi-1 ara-14 lacY1 mtl-1 xyl-5 tonA31

tsx-78]b

37

UU2685 (cheZ)Δ4211 thr(Am)-1 leuB6 his-4 metF(Am)159 rpsL136 [thi-1 ara-14 lacY1 mtl-1 xyl-5
tonA31 tsx-78]

38

UU2685CheZ UU2685 derivative, contains pBBRCheZ; Kmr This study
Azorhizobium caulinodans

ORS571 Type strain; Ampr, Nalr 24
AC601 ORS571 derivative, ΔcheZ; Ampr, Nalr, Gmr This study
AC602 AC601 derivative, contains pBBRCheZ; Kmr, Ampr, Nalr, Gmr This study
AC603 AC601 derivative, contains the mutated plasmid pBBRCheZD150A; Ampr, Nalr, Gmr, Kmr This study
AC604 AC601 derivative, contains the mutated plasmid pBBRCheZQ154A; Ampr, Nalr, Gmr, Kmr This study

Plasmids
pCM351 Allelic exchange vector; Gmr, Tcr 61
pRK2013 Helper plasmid, ColE1 replicon; Tra�, Kmr 62
pBBR1MCS-2 Broad-host-range plasmid; Kmr 63
pBBRCheZ pBBR1MCS-2 with cheZ open reading frame and 406-bp upstream promoter region; Kmr This study
pBBRCheZD150A pBBRCheZ carrying D150A substitution This study
pBBRCheZQ154A pBBRCheZ carrying Q154A substitution This study

aAmpr, ampicillin resistance; Gmr, gentamicin resistance; Kmr, kanamycin resistance; Nalr, nalidixic acid resistance; Tcr, tetracycline resistance.
bthr(Am)-1 and metF(Am)159 are amber (UAG) nonsense mutations in genes that cause auxotrophic requirements for the amino acids threonine and methionine,
respectively. Other genetic markers are listed in the brackets.
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addition, the kinetics of floc formation differed; big clumps were formed earlier in strain
AC601 (Movie S2).

CheZ negatively regulates colonization of strain ORS571 on Sesbania roots.
Chemotaxis plays an essential role in microbial colonization and symbiosis with plant
hosts (13, 44, 45), and numerous studies have shown that chemotaxis affects
Rhizobium-host interactions (16). The colonization of Rhizobium on the roots of the host
was seen as an essential step for successful nodulation (17). To further assess the
biological significance of ORS571 CheZ in the symbiotic relationship with the host

FIG 5 EPS staining and production and relative expression of exp genes in A. caulinodans. (A) Wild-type ORS571 (left) and cheZ deletion mutant AC601 (right)
colony morphologies on Congo red plates. Photographs were taken after 3 days of growth. (B) EPS production by the wild type and the cheZ mutant. The EPS
was extracted and quantified as described in Materials and Methods. Error bars show the standard deviations from the means. *, P � 0.05 versus the wild-type
strain. (C) RT-qPCR analyses of exp genes AZC_1833, AZC_1834, and AZC_3326. The expression levels were assessed by normalization to the 16S rRNA level.

FIG 6 Comparative flocculation of wild-type ORS571 and cheZ mutant AC601 in L3 minimal medium containing low nitrogen. (A) Observation of floc formation
in plate assays at 48 h. (B) Enlargements of boxes in panel A for flocs formed after 48 h. (C) Quantification of flocculation formation. There are obvious differences
in the total flocculation formation between the wild type and strain AC601 after 24 h, 48 h, and 72 h. (D) Complementation assays of the cheZ mutant.
Flocculation formation of strain AC602 was quantified after 24 h. Strains ORS571 and AC601 harboring the empty plasmid pBBR1MCS-2 were used as controls.
*, P � 0.05 versus the wild-type strain.
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plant, we performed competitive colonization experiments with Sesbania roots. The
incubation of roots with equal proportions of wild-type and mutant strains revealed
that the cheZ mutant had a competitive advantage over the wild type, since the
estimation of the relative number of bacteria of the mutant strain AC601 colonized on
the roots was approximately 2 times of that of the wild type (Fig. 7A). When strains
AC602 and AC601 were mixed equally to inoculate the roots of Sesbania, the compet-
itive advantage of strain AC601 was more noticeable (Fig. 7A). This suggested that CheZ
plays a negative role in the colonization ability at the root surface. To confirm these
results, the wild type and the mutant were further mixed in the proportions of 2:1 and
1:5, respectively, and the mixtures of bacteria were used to conduct competitive root
colonization tests. The results showed that the cheZ mutant had an increased ability to
colonize the root surface compared to that of the wild type, regardless of the inocu-
lation ratios and time (Fig. 7A). When strains AC602 and AC601 were mixed in the
proportions of 2:1 and 1:5, respectively, strain AC602 remained less competitive than
the mutant AC601 and barely colonized the roots (Fig. 7A).

It was reported that adhesion is critical for the formation of biofilms (46). To
investigate whether the ability of biofilm formation was affected, a biofilm formation
experiment with the wild type and the mutant on abiotic surfaces was performed. Glass
was used as the adhesion medium, and the culture was carried out for 3 days. The
results showed that the biofilm formation ability of strain AC601 was stronger than that
of the wild type under both N-free and N-sufficient conditions (43% and 16%, respec-
tively) (Fig. 7B), and this was consistent with the results of competitive colonization
experiments. Biofilm formation of both ORS571 and AC601 strains under nitrogen-
limiting conditions was more pronounced than that under N-sufficient conditions. This
is consistent with the ability of bacteria to form biofilms to improve their stress-resistant
abilities in unfavorable environments (47, 48).

DISCUSSION

The present work establishes unambiguously that the orphan cheZ gene found in A.
caulinodans ORS571 encodes a functional protein playing an essential role in the
chemotaxis process affecting the swimming behavior of the bacteria (Fig. 3 and 4).
However, the chemotactic response of the cheZ mutant strain (AC601) was not fully
complemented when the wild-type gene was introduced in the mutant strain (AC602).
This may be due to the high expression in strain AC602 of cheZ, which is approximately
1.25-fold higher than in strain ORS571 (see Fig. S3).

The CheZ product showed extensive similarity with E. coli CheZ (Fig. 2), suggesting

FIG 7 Surface adhesion properties of the A. caulinodans wild type and the cheZ mutant. (A) Competitive adhesion to plant roots of S. rostrata between strain
ORS571 and the cheZ deletion mutant AC601 and between the complemented strains AC602 and AC601. The pattern of competitive colonization of the strains
at different ratios is expressed on the x axis and the ratios of the strains (ORS571 to AC601 or AC602 to AC601) are indicated below each column. (B) Biofilm
formation of the cheZ mutant compared to the wild type. Cells were grown for 72 h in L3 medium with or without a nitrogen source. The biofilm is stained
with CV, and the amount of CV staining was quantified as described in Materials and Methods. Error bars show standard errors of the means from at least three
replicates.
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it may also be a phosphatase. Indeed, the motif responsible for the phosphatase active
site identified in E. coli (49–51), DXXXQ (Fig. 2), is conserved in ORS571 CheZ. In
addition, this motif is well conserved in the 200 CheZ proteins aligned from the gamma
and alpha subclasses of Proteobacteria. Moreover, the substitution of alanine for the key
amino acids D165 and Q169 in the ORS571 CheZ protein resulted in mutant strains
(AC603 and AC604) incapable of chemotaxis (Fig. 3B). As ORS571 cheZ is adjacent to a
cheY gene (Fig. 1), it is hypothesized that CheZ is playing a role in the chemotactic
process by hydrolyzing CheY�P, similar to that established in E. coli.

The phosphate sink model, involving two CheY proteins (encoded by different cheY
genes), was regarded as the most common mechanism for dephosphorylating CheY�P
in other rhizobia, such as S. meliloti, not containing cheZ genes (52). As two cheY genes
are also present in strain ORS571 (Fig. 1), this raises the question as to whether a
phosphate sink is also functioning in A. caulinodans. CheY1 (whose gene is located next
to cheZ) shares 57.7% amino acid sequence identity with CheY in E. coli and 33.9%
identity with CheY2 in S. meliloti. CheY2 shares 38.3% amino acid sequence identity
with E. coli CheY and 36.8% identity with S. meliloti CheY1, shown to act as a phosphate
sink (52). Further experiments are required to establish if the two CheY�P dephos-
phorylation patterns, CheZ, and the phosphate sink are functional in strain ORS571.
However, as the chemotactic response of strain ORS571 was completely lost when the
cheZ gene was deleted, it can be concluded that the CheY�P dephosphorylation
mechanisms differ between A. caulinodans and S. meliloti. In addition, the conservation
of the che operon and cheZ gene in a number of species from Alphaproteobacteria (see
Fig. S1 and Table S1 in the supplemental material) suggests that the control of
chemotaxis through CheZ phosphatase may be more common among Alphaproteo-
bacteria than initially thought.

In addition to a role in the control of the chemotactic response, A. caulinodans CheZ
appears to be involved in other cellular processes, such as the formation of cellular
aggregates (referred to as flocculation), the production of polysaccharides, and adhe-
sion to biotic (root) and abiotic surfaces (Fig. 5, 6, and 7).

In a hostile environment, bacteria can regulate transient cell flocculation to adapt to
changes in signal perception before forming biofilms. In Azospirillum brasilense, floc-
culation and biofilm formation are related to the production of extracellular polysac-
charides (53). During biofilm formation, EPS production was seen as the result of the
stimulation of mechanosensing signals caused by flagellar rotation (54), and the
accumulation of EPS can promote the attachment of cells. In addition, chemotactic
responses can disrupt the formation of flocs in Azospirillum by regulating the direction
of motility (43). Interestingly, the flocculation under adverse conditions observed with
the cheZ mutant, strain AC601, was higher than that of the wild-type ORS571 (Fig. 6),
suggesting that CheZ might be involved in controlling floc formation by mechanisms
not directly related to the control of chemotaxis. The increase in flocculation was
correlated with an increase in polysaccharide production and an increased expression
of exp genes by the cheZ mutant compared to those by the wild type (Fig. 5). Therefore,
it is likely that the increased flocculation and EPS production resulted from the
increased expression of exp genes.

In the particular case of the Dif system, one of the chemotaxis pathways of
myxobacteria, it was found that DifE (CheA-like protein) regulates the production of
polysaccharides by phosphorylating EpsW, a specific response regulator responsible for
EPS biosynthesis. DifD (CheY-like) and DifG (CheZ-like) proteins in the pathway can
indirectly affect polysaccharide production by diverting the phosphorylation of DifE
(55). Hence, in strain ORS571, a similar mechanism may account for the regulatory role
of CheZ in eps gene expression and the inhibition of the production of polysaccharides.
To date, no gene homologous to myxobacterial epsW has been found in the ORS571
genome. Moreover, among Proteobacteria, the amino acid sequences of the C-terminal
regions of CheZ proteins are more conserved than those of the highly variable
N-terminal regions. In particular, CheZ proteins in Alphaproteobacteria lack the CheA-
binding regions presented in those in Betaproteobacteria, Gammaproteobacteria, and
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Epsilonproteobacteria (30). These structural differences may account for the differences
in the regulatory circuity of CheZ phosphatases/response regulators controlling other
physiological processes, including polysaccharide synthesis.

Chemotaxis was reported to enhance the interactions between rhizobia and their host
plants (16). It is generally believed that chemotaxis promotes Rhizobium adherence to the
host root hair surfaces (17). In the particular case of A. caulinodans, the isolation of a
deletion mutant strain of the main che operon led to a strain that displayed less adhesion
to the host roots (W. Liu, Y. Sun, X. Dang, X. Liu, F. Sui, Y. Li, Z. Zhang, G. Alexandres. C.
Elmerich, and Z. Xie, unpublished data). Surprisingly, compared with strain ORS571, strain
AC601 displays an increased colonization of the host root surface (Fig. 7A). This phenom-
enon is in contradiction to the belief that chemotaxis could improve the ability of the
bacteria to colonize the plants (56), suggesting CheZ of strain ORS571 may have an unusual
function, not like known CheZs in other organisms. Generally, EPS secreted by bacteria can
promote the process of infection (57, 58). In the case of A. caulinodans, it was previously
reported that a strain with a mutation affecting the production of extracellular polysaccha-
rides had impaired nodulation properties (59). The improvement of colonization for strain
AC601 is in agreement with the increased EPS production and biofilm formation (Fig. 7B).
Thus, CheZ in the wild type, by downregulating EPS production, may have a negative
regulatory role in the adhesion process.

It was observed that the motility process was strongly impaired in the cheZ mutant,
which showed a hyperreversal phenotype (Fig. 4). This phenotype may prevent bacteria
from moving specifically toward the root system. Recently, Zhou and Nan (60) reported that
EPS can inhibit cellular reversal in Myxococcus xanthus in social motility (S motility). Though
S motility is not found in strain ORS571, EPS may play a role, to some extent, in increasing
the colonization of the cheZ mutant by inhibiting the hyperreversal behavior.

Taken together, the results from this study expand the horizon with regard to
chemotaxis in Alphaproteobacteria. However, the specific mechanism of regulating EPS
production through CheZ is not elucidated, and the functions of CheZ in the processes
of crack entry and nodulation formation need to be further studied.

MATERIALS AND METHODS
Media and growth conditions. The bacterial strains and plasmids used in this study are listed in

Table 1. A. caulinodans ORS571 (24) and its derivatives were grown at 37°C in tryptone-yeast extract (TY)
medium or in L3 minimal medium containing 10 mg/ml DL-sodium lactate (23, 40), which was or was not
supplemented with 10 mM NH4Cl (designated L3�N or L3�N medium, respectively). In L3 medium,
sodium lactate can be replaced with other carbon sources as the sole carbon source functioning as the
attractant. Antibiotics at the following final concentrations were added: ampicillin (Amp), 100 �g/ml;
nalidixic acid, 25 �g/ml; gentamicin, 50 �g/ml; and kanamycin, 50 �g/ml.

Plasmid and strain construction. To construct the cheZ mutant, a 785-bp upstream fragment (UF)
and a 725-bp downstream fragment (DF) of the cheZ gene were amplified by PCR by using two primer
pairs, cheZUF-cheZUR and cheZDF-cheZDR (Table 2). The amplicons were digested with appropriate
restriction enzymes (for UF, KpnI and NdeI; for DF, AgeI and SacI) before linking them together to
generate a KpnI-SacI fragment. The DNA fragment obtained was inserted into an allelic exchange vector,
pCM351 (61), digested with KpnI-SacI. This resulting construct was introduced into the wild-type strain
by triparental conjugation for allelic exchange (using the helper pRK2013) (Table 1), as described
previously (62).

Homologous recombinants lacking the cheZ gene were selected by antibiotics on TY plates. The cheZ
mutant can grow on TY plates containing ampicillin, nalidixic acid, and gentamicin (final concentrations,
100 �g/ml) but not on TY plates containing tetracycline (final concentration, 100 �g/ml), and correct
recombination was verified by PCR. One resulting mutant strain was named AC601 (Table 1) and was
used in subsequent experiments.

To complement the cheZ mutant strain AC601, a fragment encompassing the 406-bp region
upstream of the promoter of the cheZ gene and the intact open reading frame for cheZ was amplified
by PCR using the primer pair cheZcomF-cheZcomR (Table 2). The amplified fragment was cloned into the
KpnI and BamHI sites of the broad-host-range vector pBBR1MCS-2 (63), and the DNA sequence was
verified by sequencing. Then, the resulting plasmid was introduced into strain AC601 via triparental
mating and selecting for kanamycin resistance. The resulting strain was named AC602 (Table 1).

Swim plate and competitive capillary assays for chemotaxis. The soft agar plate and capillary
assays for chemotaxis in A. caulinodans ORS571 were performed essentially as previously described (64,
65), with some modifications. For the soft agar assay, 5 �l of cells suspended in chemotaxis buffer (10
mM K2HPO4, 10 mM KH2PO4, 0.1 mM EDTA [pH 7.0]) at an optical density at 600 nm (OD600) of 0.6 was
inoculated at the center of L3 minimal soft agar plates solidified with 0.3% agar and containing different
carbon sources added to a final concentration of 10 mM. Photographs were taken after 48 h of
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incubation at 37°C. E. coli cells were inoculated into VBC minimal medium (66) with 0.3% agar for 24 h
at 37°C. Experiments were performed at least three times, with a minimum of six replicates per sample.

For the quantitative capillary assay, cells were grown in TY medium and centrifuged and washed 3
to 5 times with PBS, and the suspension was adjusted to an OD600 of 0.01. The wild-type and mutant
strains were mixed at 1:1 ratios, and 200 �l of the mixed bacterial solution was added to the 96-well
plate. The capillary is open at one end and sealed by flame at the other end. The capillary is gently swept
over the flame and then quickly inserted into the PBS or 10 mM succinate solution for 3 to 5 min, so that
the capillary liquid height stabilized at about 1 cm. Capillary tubes inserted into both kinds of solutions
were moved to 96-well plates containing the mixed bacteria solution. The bacteria were cultured at 37°C
for 1 h. The liquid in the capillaries was then pipetted into 1 ml PBS and plated on TY solid medium
containing nalidixic acid and ampicillin. The numbers of colonies on the plates were counted, and PCR
amplification was carried out using specific primers to determine the ratios of wild-type and mutant
strains in the bacterial solutions entering the capillaries.

Analyses of swimming behavior. A. caulinodans strains were cultured overnight with shaking in TY
medium. Five microliters of culture was added to a microscope slide, and the swimming behavior of
strains was recorded using cellSens Dimension 1.7 imaging software (Olympus Inc.) and an Olympus
DP73 digital camera on an Olympus BX53 system microscope at �40 and �100 magnifications. Every
culture selected from more than 3 independent biological replicates was recorded at least 3 times. For
each A. caulinodans strain, the swimming paths from at least 50 cells were manually tracked on video
recordings with ICY software (67). Each cell was tracked until it was not visible for more than two frames.
The reorientation frequency of each strain was determined by counting the number of changes in
swimming direction in 5 s.

Flocculation formation assay. Flocculation was estimated using the method described in reference
68, with the following modifications reported in reference 23. Bacterial cells in 50-ml conical centrifuge
tubes containing L3 minimal medium with 5 mM NH4Cl were incubated at 37°C and 200 rpm for 24, 48,
and 72 h and allowed to stand at room temperature for half an hour so that flocs settled to the bottoms
of the tubes. The OD600 values of the nonflocculated cells remained in suspension (ODs), and the total
turbidity (ODt) was determined after the cultures were dispersed by treatment in a tissue homogenizer
for 1 min. The percentage of flocculation was estimated as follows: % flocculation � ([ODt � ODs] �
100)/ODt. The experiment was carried out at least three times, with three replicates per sample.

Site-directed mutagenesis. Site-specific mutations were generated by overlapping PCR (69). Strain
AC603 was constructed by expressing the mutated cheZD165A gene from its native promoter in plasmid
pBBR1MCS-2 (pBBRCheZD165A) (63). The primers (SDMDF/SDMDR) that replaced A with C in the GAC
encoding aspartic acid were designed. The other pair of primers was the same as the upstream and
downstream primers of cheZcomF/cheZcomR (containing sequences for two endonucleases, KpnI and
BamHI, respectively). First, two pairs of primers, cheZcomF/SDMDR and SDMDF/cheZcomR, were used for
amplification. Then, PCR products were directly mixed as the template, and the PCR was carried out using
cheZcomF/cheZcomR as primers. Amplification products were ligated into the pEASY plasmid,
pEASYCheZD165A. The pEASYCheZD165A and pBBR1MCS-2 plasmids were digested separately with KpnI
and BamHI endonucleases. The two digested fragments were then ligated with T4 ligase to construct the
pBBRCheZD165A plasmid. The plasmid was transformed into strain AC601 by triparental mating. The
CheZQ169A site-specific mutant strain, AC604, was constructed using a similar method. All constructed
plasmids were verified by sequencing.

TABLE 2 PCR primers used in this study

Primers Sequences (5=¡3=)a

Source or
reference

cheZUF KpnI GGGGTACCTGCCCTTCAGCGTCTGC This study
cheZUR NdeI GGAATTCCATATGGCGTCCTGGATCGTCTC This study
cheZDF AgeI GACCGGTCGACCGACGAGAATGTGG This study
cheZDR SacI CGAGCTCGCTGCCGATCCTCTATGC This study
cheZcomF KpnI GGGGTACCGAAATCACGAGGCCGTAC This study
cheZcomR BamHI CGGGATCCCATCCATCAAGCCAGCAA This study
SDMDF TTCCAGGCCATCACCGGCCA This study
SDMDR TGGCCGGTGATGGCCTGGAA This study
SDMQF CATCACCGGCGCGCGCATC This study
SDMQR GATGCGCGCGCCGGTGATG This study
RT-cheZ-F AACCATCGACAATTCCATCG This study
RT-cheZ-R TGAAGACCATCAGCTTCACG This study
RT-1833-F GCGGTTGTCGAGATACCAGT This study
RT-1833-R ACCTCATCACCTTCGTGACC This study
RT-1834-F TAGATGAAGGGGCTGTCGAG This study
RT-1834-R GCGTGCTCTACAAGGTGGAC This study
RT-3326-F GGTTCCACGACGTGATCTTC 40
RT-3326-R CGTCTCCTGAGTTTCCGAAC 40
RT-16S-F ACGGATTTCTTCCAGCAATG 40
RT-16S-R ACCGGCAGTCCCTTTAGAGT 40
aEngineered restriction sites are underlined.
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Plant growth and colonization of Sesbania roots. Sesbania seeds were surface sterilized by
treatment with concentrated sulfuric acid for 20 min, followed by three washes with sterile water. All
seeds were germinated in sterile petri dishes in the dark at 37°C for 48 to 72 h. A. caulinodans and AC601
cells were grown overnight in TY liquid medium to an OD600 of 0.8 to 1.0. Germinated seeds were soaked
in a mixture of different proportions of the wild-type and mutant strains for 4 or 24 h. The surfaces of
roots were washed 4 times with sterile water and then were mashed with sterile pipette tips sealed by
flame. Bacteria were reisolated from root surfaces by using serial dilutions plated on TY agar plates
containing ampicillin and nalidixic acid. After 24 to 36 h of growth at 37°C, single colonies were identified
by PCR amplification of the cheZ gene using the primers cheZcomF and cheZcomR. For each competition
experiment, at least 100 colonies were PCR amplified. In addition, since strain AC601 is Gmr, the growth
of the colonies was also assayed on TY agar plates with gentamicin.

Biofilm formation measurement and quantification of EPS. The quantification of biofilm forma-
tion was performed using the crystal violet (CV) staining method (70) according to a protocol previously
described (23). The OD540 was determined using a microplate reader (Tecan Infinite M200) to quantify the
amount of biofilm. The quantification of EPS was performed according to reference 40, with modifica-
tions previously reported (23). The EPS content was estimated using D-glucose as the standard. For
qualitative evaluation of EPS production, bacteria grown on L3�N plates containing Congo red (40
�g/ml) were observed and photographed after 3 days.

Expression analyses of EPS production-related genes. Total RNA was isolated from 25 ml of A.
caulinodans bacterial cells grown in TY medium, using the TransZol Up Plus RNA kit (Transgen Biotech,
China) according to the instructions. The concentration and quality of RNA were determined by a
Nanodrop 2000. One thousand nanograms of cDNA was synthesized with a One-Step gDNA removal kit
(Transgen Biotech, China). The synthesized cDNA was diluted 10-fold and 105-fold with RNA-free water
and then was used in the subsequent RT-qPCR. The comparative CT method (71) was used to analyze the
expression levels of EPS genes.

Bioinformatics analysis. CheZ amino acid sequences were selected from the Mist2.2 database
(http://mistdb.com/proteins/slice?repcon_id�1804&class�chemotaxis) (72). The selected amino acid
sequences of CheZ were aligned using MEGA5. The evolutionary tree was inferred using the neighbor-
joining method. The analysis involved 13 16S RNA sequences and was conducted in MEGA5. The
alignment of CheZ sequences from A. caulinodans, E. coli, and S. Typhimurium was performed using
Bioedit (73). Chemotaxis genes and proteins present in the bacterial genome were searched in the
Mist2.2 database, and the information on the distribution and organization of chemotaxis genes was also
collected from Mist2.2. The protein sequences selected randomly were aligned using MEGA5, and the
alignment file was put into Jalview to develop a graphical representation, which showed the level of
amino acid conservation (74). An amino acid region near the phosphatase active site was the most
conserved and was selected and put into WebLogo (75).

Statistical analysis. Statistical analyses for behavioral assays, expression assays, and competitive
colonization experiments were performed using SPSS. Student t tests assuming equal variances (P �
0.05) were used to determine significant differences between conditions. Chi-square tests were used to
determine differences between inoculation and recovery ratios (P � 0.001 and P � 0.05 were tested).
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