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Abstract: Ensifer alkalisoli YIC4027T is a dominant rhizobium that has been isolated from the root
nodules of Sesbania cannabina. Motility and chemotaxis are critical to maintaining competitiveness in
establishing the symbiotic relationship. E. alkalisoli carries two gene clusters, che1 and che2, containing
chemotaxis-related gene homologues. To determine the respective role of each gene cluster, we
constructed mutants and compared them with the wild type in a free-living state and in symbiosis
with the host plant. A swimming analysis revealed that the che1 cluster was the major pathway
controlling the chemotaxis and swimming bias, while the che2 cluster had a minor role in these
behaviors. However, the ∆che2 mutant was impaired in exopolysaccharide (EPS) production. During
symbiosis, the ∆che1 mutant was more severely impaired in its competitive root colonization and
nodulation ability than the ∆che2 mutant. Taken together, our data strongly suggested that both of
the che clusters contribute to the competitive symbiotic association, the che1-like homologue being
the main regulator of the chemotactic response and the che2 cluster regulating EPS production. These
data illustrated a novel strategy of motile rhizobia bacteria to utilize the two pathways containing
the homologous genes to enhance the efficiency of nodule formation by regulating distinct motility
parameters or other cellular functions.

Keywords: chemotaxis; Ensifer alkalisoli; symbiosis; competitive nodulation

1. Introduction

The symbiotic association between rhizobia and legumes is of importance in sustain-
able agriculture since, within root nodules, rhizobia convert atmospheric dinitrogen (N2)
gas into ammonia, resulting in increased plant growth and productivity [1,2]. The pioneer
legume Sesbania cannabina is widely cultivated for land reclamation in the area of the Yellow
River Delta (Shandong Province in China) due to its outstanding resistance to salt and
flooding stress [3,4]. An analysis of the rhizobia from S. cannabina root nodules led to
the identification of several species of the Ensifer genus, which is dominant in the local
isolates [5]. Among these, a novel group of Ensifer sp. was identified as belonging to a
new species, named Ensifer alkalisoli, due to its high tolerance to saline–alkaline growth
conditions, with YIC4027T as the type strain [6]. The strain shows high symbiotic efficiency
and a narrow host range that is limited to S. cannabina [7]. To better understand the molec-
ular basis of its symbiotic association with its host plant, the nucleotide sequence of the
complete genome of E. alkalisoli YIC4027T was determined and was fully annotated [7].
Of particular interest were the genes encoding chemotaxis since it is well established that
chemotaxis is crucial for nodulation competitiveness in the host plants [8,9].
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Chemotaxis, which was studied in detail in Esherichia coli, confers in bacteria the ability
to move towards attractants or away from repellents [10,11]. The chemotaxis system in
E. coli contains Che proteins, which are encoded by seven different genes in a single che
cluster, and chemoreceptors, which are also called methyl-accepting chemotaxis proteins
(MCPs) [12]. In brief, chemoreceptors, upon sensing environmental signals, regulate the
phosphorylated state of CheA via binding to CheW. Then, the phosphoryl group is trans-
ferred from the autophosphorylated CheA to the response regulator CheY. Phospho-CheY
then interacts with the flagellar motors to control cell swimming [13,14]. The process is
modulated by other Che proteins (CheC, X, D, V, and E) [15–18] in some motile chemotactic
bacteria that may carry multiple chemotactic systems [19–21]. The majority of chemosen-
sory pathways control flagellar motility (Fla) [22–24]; however, some are associated with
type IV pilus-based motility (TFP) or alternative cellular functions (ACFs) [19,25], such as
cell differentiation [26], cell–cell interactions [27,28], and biofilm formation [29–31].

Ensifer alkalisoli YIC4027T is a motile Alphaproteobacterium that contains two chemotaxis
(che) gene clusters, named che1 and che2, and thirteen putative chemoreceptor genes [7].
The che1 cluster (EKH55_0219 to EKH55_0228) encodes MCP, CheS, CheY1, CheY2, CheA1,
CheW, CheR, CheB, CheD, and CheT and is present on the chromosome [7]. The che2
cluster (EKH55_5525 to EKH55_5529), which is located on the chromid, contains the genes
encoding the CheR, CheW, MCP, CheA2-REC, and CheB proteins [7]. In a previous study,
we showed that the gene encoding the histidine kinase in the che1 cluster, cheA1, plays
a role in chemotaxis and the symbiotic association between YIC4027T and S. cannabina,
while that in cluster che2, cheA2, was dispensable in this regard [7]. Given the crucial role
of the chemotaxis system in bacterial recognition and competitive nodulation [32,33], it is
important to determine the respective role of each chemotaxis cluster.

In the present work, we constructed deletion mutant strains covering each che gene
cluster, che1 and che2, to investigate the contribution of each cluster to the chemotaxis
response of E. alkalisoli YIC4027T and to investigate their effect on symbiotic nodulation. Our
results showed that the che1 cluster was essential for chemotaxis motility and that it directly
modulated the probability of swimming reversals, providing a competitive advantage for
root colonization and nodulation in E. alkalisoli YIC4027T. The che2 cluster had a minor role
in chemotaxis and swimming motility; however, the deletion of the che2 cluster resulted in
impaired EPS production and competitive root colonization and nodulation. Together, these
data documented how motile bacteria can utilize two chemotaxis pathways to regulate
their chemotactic motility pattern and competitive nodulation.

2. Results

2.1. Comparative Organization of the Chemotaxis Clusters in E. alkalisoli YIC4027T and
Other Alphaproteobacteria

The presence of two chemotaxis gene clusters, named che1 and che2, in the genome
of E. alkalisoli YIC4027T was previously reported [7]. Based on the phylogenomic classifi-
cation [19], che1 belongs to the F7 system of the Fla class, while che2 belongs to the ACF
class of unknown function. In an attempt to predict the function of the two clusters by com-
paring them with phylogenetically close microorganisms, we constructed a phylogenetic
tree by using the 16S rRNA locus (Figure 1B). From this comparison, it appeared that the
che1 cluster was extremely conserved and that it shared a common gene order with the
chemotaxis cluster controlling flagellar motility in E. meliloti, Rhizobium leguminosarum bv.
viciae, and Agrobacterium tumefaciens [34–36] as well as Rhizobium etli [37]. Indeed, the che1
cluster contained a complete set of genes coding for the chemotaxis proteins known to be in
E. coli [38], except cheZ, and included components that were not seen in E. coli, such as the
deamidase CheD and the auxiliary protein CheS. The cheT gene (orf EKH55_0228), located
downstream of cheD (Figure 1A,B), was not present in enteric bacteria [8]. Moreover, this set
of conserved genes was chromosomally located in all these strains. In addition, the flagellar-
motility-related genes (EKH55_0229 to EKH55_0274) (Figure 1A) were located downstream
of the che1 cluster, suggesting that che1 also controlled flagellar motility. In other strains
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which were less phylogenetically close to E. alkalisoli, the genes were conserved, but the
organization differed.

Agronomy 2023, 13, x FOR PEER REVIEW 3 of 17 
 

 

EKH55_0228), located downstream of cheD (Figure 1A,B), was not present in enteric bac-
teria [8]. Moreover, this set of conserved genes was chromosomally located in all these 
strains. In addition, the flagellar-motility-related genes (EKH55_0229 to EKH55_0274) 
(Figure 1A) were located downstream of the che1 cluster, suggesting that che1 also con-
trolled flagellar motility. In other strains which were less phylogenetically close to E. al-
kalisoli, the genes were conserved, but the organization differed. 

 
Figure 1. Genetic organization of the chemotaxis gene clusters of E. alkalisoli YIC4027T and compar-
ison with other Alphaproteobacteria. (A) Genetic organization of the two chemotaxis gene clusters 
che1 and che2 within the E. alkalisoli YIC4027T genome (previously reported in [7]). The double-
headed arrow line below each cluster indicates the deleted region in each che cluster mutant that 
yielded Δche1 and Δche2 mutant strains (see methods). The triangle indicates the insertion of the 
GmR cassette. GmR represents gentamicin resistance. Orf represents open reading frame. The open 
reading frames are drawn to scale. (B) Comparison of the chemotaxis gene clusters in the genome 
of E. alkalisoli YIC4027T and other Alphaproteobacteria. Enm represents Ensifer meliloti, Ena represents 
Ensifer alkalisoli, Rhl represents Rhizobium leguminosarum, Rhe represents Rhizobium etli, Agt repre-
sents Agrobacterium tumefaciens, Azc represents Azorhizobium caulinodans, Bj represents Bradyrhizo-
bium japonicum, Rpp represents Rhodopseudomonas palustris, Rbs represents Rhodobacter sphaeroides, 
Asb represents Azospirillum brasilense, and Ec represents Escherichia coli. Chemotaxis genes were 
identified using the MIST3.0 database [39]. The phylogenetic tree was based on 16S rRNA sequences. 
Strain details are given in Table S1. 

Figure 1. Genetic organization of the chemotaxis gene clusters of E. alkalisoli YIC4027T and compari-
son with other Alphaproteobacteria. (A) Genetic organization of the two chemotaxis gene clusters che1
and che2 within the E. alkalisoli YIC4027T genome (previously reported in [7]). The double-headed
arrow line below each cluster indicates the deleted region in each che cluster mutant that yielded
∆che1 and ∆che2 mutant strains (see methods). The triangle indicates the insertion of the GmR cassette.
GmR represents gentamicin resistance. Orf represents open reading frame. The open reading frames
are drawn to scale. (B) Comparison of the chemotaxis gene clusters in the genome of E. alkalisoli
YIC4027T and other Alphaproteobacteria. Enm represents Ensifer meliloti, Ena represents Ensifer alkalisoli,
Rhl represents Rhizobium leguminosarum, Rhe represents Rhizobium etli, Agt represents Agrobacterium
tumefaciens, Azc represents Azorhizobium caulinodans, Bj represents Bradyrhizobium japonicum, Rpp
represents Rhodopseudomonas palustris, Rbs represents Rhodobacter sphaeroides, Asb represents Azospiril-
lum brasilense, and Ec represents Escherichia coli. Chemotaxis genes were identified using the MIST3.0
database [39]. The phylogenetic tree was based on 16S rRNA sequences. Strain details are given in Table S1.

The che2 cluster had a gene order that was identical to that of the corresponding
orthologous cluster in phylogenetically closely related E. meliloti [8,40]. Although a che2
orthologue was present in E. meliloti, it had weak expression during liquid culture growth,
and its function remains to be determined [8,41]. Cluster 2 (EKH55_5525 to EKH55_5529)
contained another copy of mcp, cheR, cheW, and cheB as well as cheA2-REC but did not
contain cheY, the cheY2 gene being located in cluster 1. The absence of a cheY gene indicated
that the che2 cluster did not control flagella-mediated motility. The genes related to the Flp



Agronomy 2023, 13, 570 4 of 15

pilus assembly (EKH55_5530 to EKH55_5538) were located downstream of the che2 cluster,
suggesting that the che2 cluster may regulate type IV pilus-mediated motility.

The genes encoding the phosphatases that monitor the dephosphorylation of
CheY-P [15], such as the cheZ gene, were not present in Alphaproteobacteria, except for
in A. caulinodans, where cheZ was adjacent to a cheY gene outside of the main chemotaxis
cluster [42]. Other genes encoding phosphatases, such as cheC, which was found in one of
the four clusters of A. brasilense [24,43], were not present in E. alkalisoli. As phosphorylated
CheY1 autodephosphorylates constantly in E. meliloti, we can assume that CheY1 might
emulate the role of phosphatases in E. alkalisoli YIC4027T. A total of thirteen genes encoding
chemoreceptor proteins were annotated in the genome of the YIC4027T strain, two of them
being associated with the che clusters [7]. The presence of this large number of chemoreceptor
genes suggested that YIC4027T may sense a variety of chemoattractants or repellents.

2.2. Both the E. alkalisoli YIC4027T Chemotaxis Clusters were Involved in the Chemotactic
Response toward Different Carbon Sources

To characterize the contribution of the che clusters to the chemotactic response in
YIC4027T, we constructed strains with in-frame deletions of each che cluster from mcp
to cheD for the che1 cluster and from cheR to cheB for the che2 cluster as depicted in
Figure 1A. The chemotaxis behavior of the resulting strains, ∆che1 and ∆che2, was compared
to that of the wild type and the ∆cheA1 and ∆cheA2 mutant strains that were previously
constructed [7]. The data were quantified by measuring the chemotaxis diameter rings on
soft agar plates containing L3 medium supplemented with various carbon sources. The
deletion of the che1 cluster or the cheA1 gene resulted in a complete loss of the chemotactic
response regardless of the presence or absence of combined nitrogen, while the deletion of
the che2 cluster exhibited an approximately 27% reduction in the chemotaxis ring diameter
(Figure 2). However, as reported earlier, the deletion of cheA2 had no effect on the chemo-
taxis behavior (Figure 2) [7], suggesting that another gene in the che2 cluster was involved
in the chemotactic response. Both the che cluster deletion mutant strains displayed the
same growth rate in TY broth medium or L3 minimal medium (Supplementary Figure S1),
ruling out that differences in the chemotactic response were related to growth.
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Figure 2. Chemotaxis behavior of E. alkalisoli YIC4027T wild type and deletion mutant strains,
∆che1, ∆che2, ∆cheA1, and ∆cheA2, in soft agar plates; WT represents YIC4027T wild type.
(A) A representative of L3 plates with proline as the sole carbon source. (B) Size of chemotaxis diame-
ter rings produced by wild type and deletion mutants on L3 plates with proline, succinate, or malate
as carbon source and with (L3 + N) or without (L3 − N) NH4Cl as nitrogen source expressed as % of
the wild type. Error bars represent standard deviations of the means of three repetitions. * represents
p < 0.05 versus the WT strain; ** represents p < 0.01 versus the WT strain.

2.3. The che1 Cluster was Mainly Involved in the Control of the Swimming Motility Behavior

Chemotaxis ultimately controls the cell swimming motility patterns by affecting the
direction of flagellar rotation [10,13,44]. To further investigate the involvement of these two
clusters in swimming motility, we compared the swimming behavior of the YIC4027T wild
type and the mutant strains (Figure 3). The wild-type strain showed long runs of swimming
interrupted by sudden direction changes (reversals) with an average probability of about
1.14 reversals per second (Supplementary Movie S1). In contrast to the wild type, the ∆che1
and ∆cheA1 mutant strains swam in nearly straight lines or constantly ran without reversal
(Supplementary Movies S2,3). The ∆che2 (0.776 reversal/s) mutant displayed a frequency
of reversals that was lower than that of the wild-type strain (Supplementary Movie S4).
Meanwhile, the reversal frequency of the ∆cheA2 mutant (1.01 reversals) was similar to that
of the wild-type strain (Supplementary Movies S5). These results revealed that the che1
cluster was essential for changing the swimming direction of the bacterial cells. The lower
reversal frequency of the ∆che2 mutant suggested that the che2 cluster also played a role in
the swimming motility by decreasing the reorientation frequency.
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Figure 3. Analysis of swimming behaviors of E. alkalisoli YIC4027T and of ∆che1, ∆che2, ∆cheA1,
and ∆cheA2 mutants. (A) Swimming trajectories of E. alkalisoli YIC4027T and its mutants. The
tracks were obtained from digital microscope recordings and computerized motion analyses using
image processing software (ICY) software (Bioimage Analysis, Paris, France). (B) Swimming reversal
frequency. Reversals were determined with at least 50 free-swimming cells. Each strain was tested
by using at least three independent experiments. Error bars indicate standard deviations of data of the
independent experiments. * represents p < 0.05 versus the WT strain; ** represents p < 0.01 versus the WT strain.

2.4. The che2 Cluster was Involved in EPS Production

The genes controlling chemotaxis and motility in other systems have been reported to
affect EPS production [23,30,45,46], an important factor in the establishment of rhizobia–
legume symbiosis [47–50]. Thus, the production of EPS by the ∆che1 and ∆che2 mutants
was further compared with that of the wild type. EPS production by the ∆che2 mutant was
approximately 57% lower than that of the wild type, while no qualitative or quantitative
differences were observed between the wild type and the ∆che1 mutant in EPS production
(Figure 4). These data indicated that chemotaxis signaling via che2 modulated EPS production.
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Figure 4. Extracellular polysaccharide (EPS) production of E. alkalisoli YIC4027T wild type and of
∆che1 and ∆che2 gene cluster mutants. (A) Colonies were grown for 5 days on TY or L3 medium
plates containing 0.8% agar and 40 µg/mL of Congo red. (B) Quantitative determination of EPS
produced by YIC4027T wild type and che mutants. Error bars represent standard deviations of three
independent experiments. Asterisks indicate significant differences (p < 0.05) between the wild type
and the mutants.
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2.5. Both the Che Clusters Were Involved in the Competitive Colonization of S. cannabina Roots

Root colonization is the initial step in the establishment of the symbiotic associa-
tion after initial signaling between plants and rhizobia [51]. Chemotaxis is an important
competitive colonization trait, and chemotaxis toward the roots affects rhizobia–legume
associations [32,33]. We examined the role of the two chemotaxis gene clusters of E. alkalisoli
YIC4027T in root colonization. Seedlings that were 2 days old were placed in vermiculite
containing a mixture of the wild-type and mutant strains with ratios of 1:1, 1:5, and 1:10 for
5 days. The bacterial strains that were recovered from the inoculated roots were enumer-
ated. As shown in Figure 5, the wild type, when inoculated in numbers equal to each of the
mutant strains, performed better than the two chemotaxis cluster mutants, the ratios of the
∆che1 and ∆che2 recovered cells being approximately 15% and 39% of that of the wild type,
respectively (Figure 5). The number of ∆che1 and ∆che2 recovered cells could exceed that
of the wild type when the inoculation was performed with a ratio of 1:5 or 1:10 wild type
to mutants, the number of the bacteria colonizing the root system being more important
in the case of the ∆che2 mutant than in the case of the ∆che1 mutant (Figure 5). These
results suggested that the ∆che1 mutant was more severely impaired in its competitive
colonization ability than the ∆che2 mutant.
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2.6. Both the Che Clusters Modulated Competitive Nodulation

Root colonization is essential for the effective symbiotic nodulation of S. cannabina [51].
To further test whether the chemotaxis cluster mutants had any effect on symbiotic nodula-
tion, the nodulation ability was compared between the wild type and the mutants. When
inoculated alone in the roots of S. cannabina, the ∆che1 and ∆che2 mutants formed normal
root nodules with no obvious differences between their number and morphology and those
of the nodules induced by the wild type (Figure 6A). In addition, inoculated plant growth
did not differ (Figure 6B). Furthermore, the competitive nodulation ability in the roots was
compared between the wild type and the ∆che1 and ∆che2 mutants. Both the mutants were
impaired in their ability to compete with the wild type for root nodulation no matter what
ratio of bacterial wild-type–mutant strains was used for inoculation (Figure 6C,D).
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Figure 6. Nodulation assays of E. alkalisoli YIC4027T wild-type and mutant strains in the roots of
S. cannabina. (A) Root nodules induced by WT and ∆che1 and ∆che2 mutant strains. (B) Representative
photographs of the host plant S. cannabina inoculated with the wild type or ∆che1 or ∆che2 mutants
alone. (C) Competitive nodulation ability of WT and ∆che1 mutant. The x-axis indicates ratios
between WT and ∆che1 mutant. (D) Competitive nodulation ability of WT and ∆che2 mutant. The
plants were grown at 27 ◦C for 5 weeks. The x-axis indicates ratios between WT and ∆che2 mutant.
Error bars represent standard deviations of the means of three independent experiments.

3. Discussion

Ensifer alkalisoli YIC4027T, a dominant species in the saline–alkaline soils of the Yellow
River Delta, establishes a nitrogen-fixing symbiosis within the roots of S. cannabina and
possesses a high degree of nodulation competitiveness [5]. The two chemotaxis systems
of YIC4027T may account for its high nodulation competitivity compared to that of the
other rhizobia present in the same soil. In general, the chemotaxis pathways found in
bacterial genomes have been found to regulate flagellar motility [22,24] as established, for
example, in E. coli [52,53] or A. caulinodans ORS571 [23]. Many species of Alphaproteobacteria,
however, carry more than one che cluster; Rhodobacter sphaeroides, for instance, carries three
clusters containing chemotaxis genes, two of which can control the ability to stop flagellar
rotation [54]. In E. alkalisoli YIC4027T, both the chemotaxis signaling pathways function
in chemotaxis and the regulation of swimming reversal. The contribution of Che1 and
Che2 to these behaviors are, however, significantly different: the che1 cluster is essential for
chemotaxis responses and swimming reversal due to a lack of nontumbling ability, while
the che2 cluster has a minor role in chemotaxis and swimming reversal. Interestingly, the
che1 cluster of E. meliloti, which is very similar to that of E. alkalisoli, also controls chemotaxis
and the swimming speed [34,55]. The role of the che2 cluster in this species remains, as of
now, unknown. Since both the species are phylogenetically close, one could assume that
the E. meliloti che2 cluster could have a role similar to that found in YIC4027T.
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In particular, in this work, we reported a link between EPS synthesis and the chemo-
taxis cluster che2. The chemotaxis pathways have been implicated in EPS biosynthesis in
other organisms, such as A. caulinodans ORS571 [23,41,45], A. brasilense [23,27], Myxococcus
xanthus [56,57], and Nostoc punctiforme [58]. In A. caulinodans ORS571, several che genes were
also shown to be involved in EPS production through an unknown mechanism [23,41,45].
In A. brasilense, a chemotaxis-like pathway of the ACF class was predicted to regulate EPS
production [27]. In Myxococcus xanthus, the interactions between Dif and the Che7 pathway
have been implicated in EPS production [56,57]. In Nostoc punctiforme, a chemotaxis-like
gene cluster named hmp regulates EPS production by regulating the transcription of the hsp
genes [58]. The data reported here also suggested that the che2 cluster in YIC4027T plays a
role in the total amount of EPS produced as observed after the Congo red staining of the
colonies and after quantitative determination. Further studies are needed to determine
the mechanism underlying the link between chemotaxis and motility in the regulation
of EPS biosynthesis. The synthesis of EPS as well as cyclic glucan has been extensively
studied in E. meliloti, and a complex regulation circuitry involving quorum sensing has
been shown [59,60]. So far, the involvement of the che2 cluster in EPS synthesis has not
been shown in E. meliloti. It is possible that the two species have similar regulatory circuits
that share common genetic determinants; however, this remains to be elucidated.

Chemotaxis and motility are important for the ability to colonize roots (e.g., in Azospir-
illum [24]) and, therefore, also for the symbiotic association of rhizobia with their host plant.
According to the classification, the che1 cluster of E. alkalisoli YIC4027T is a representative of
the F7 class (Fla group) of the chemotaxis system, which was shown to be more important
in rhizospheric bacteria than in those occurring in bulk soils [19,61]. This chemotaxis
system is thought to provide the bacterial strains with a competitive advantage in this
environment [24]. In contrast, the che2 cluster of the YIC4027T strain belongs to the ACF
evolutionary class [19]. The results suggested that this system has a newly discovered
function in controlling EPS production and that it is important for competitive nodula-
tion, thus indicating that this pathway also contributes to the rhizosphere lifestyle of this
bacterial strain.

In conclusion, we demonstrated that the two chemotaxis clusters in E. alkalisoli
YIC4027T have distinct roles. The che1 cluster is required for chemotaxis motility and
competitive nodulation, while the che2 cluster provides a competitive advantage in root
nodulation through the regulation of EPS biosynthesis. Finally, the role of che2 in chemotaxis
and EPS production expands the range of cellular functions modulated by the chemosen-
sory pathways.

4. Materials and Methods
4.1. Phylogenetic Analysis and Chemotaxis Cluster Comparative Analysis

The phylogenetic tree based on 16S rRNA locus was constructed with the neighbor-
joining method using MEGA version 6.0 [62] with 1000 bootstrap replicates. The chemotaxis
gene clusters in the bacterial genome were searched for in the Microbial Signal Transduction
Database 3.0 (MIST3.0) (https://mistdb.com), which is allowed to access since November
2019 [39].

4.2. Bacterial Strains, Plasmids, and Culture Conditions

The bacterial strains and plasmids used in this study are listed in Table 1. Ensifer
alkalisoli YIC4027T wild-type strain and its derivative strains were grown at 30 ◦C with
shaking (180 rpm) in TY medium (5 g/L of tryptone, 3 g/L of yeast extract, and 0.83 g/L
of CaCl2·2H2O) or in L3 minimal medium (10 mM KH2PO4, 100 µg/mL of MgSO4·7H2O,
40 µg/mL of CaCl2·2H2O, 5.4 µg/mL of FeCl3·6H2O, 50 µg/mL of NaCl, 5 µg/mL of
Na2MoO4·2H2O, 2 µg/mL of biotin, 4 µg/mL of nicotinic acid, and 4 µg/mL of pantothenic
acid) supplemented with 10 mM carbon source [63]. When appropriate, 25 µg/mL of
nalidixic acid was added to the medium. Escherichia coli was grown in LB medium at

https://mistdb.com
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37 ◦C with the following concentrations of antibiotics as required: 50 µg/mL of kanamycin,
50 µg/mL of gentamycin, and 10 µg/mL of tetracycline.

Table 1. Bacterial strains and plasmids used in this study.

Strain or Plasmid Relevant Properties Source or Reference

Strains
E. coli
DH5α F_ supE44, lacA-U169, Ψ80 lacZ, ∆M15, hsdR17, recA1, endA1, gyrA96, thi-1 relA1 Transgen

Ensifer alkalisoli
YIC 4027T Wild-type strain, Nalr Li et al. [6]

∆che1 E. alkalisoli YIC 4027T derivative carrying a deletion in the che1 gene cluster
from mcp to cheD, Nalr, Gmr This study (see Figure 1)

∆che2 E. alkalisoli YIC 4027T derivative carrying a deletion in the che2 gene cluster
from cheR to cheB, Nalr, Gmr This study (see Figure 1)

∆cheA1 E. alkalisoli YIC 4027T derivative carrying a deletion of cheA1, which encodes
histidine kinase CheA1; Nalr; Gmr Dang et al. [7]

∆cheA2 E. alkalisoli YIC 4027T derivative carrying a deletion of cheA2, which encodes
histidine kinase CheA2; Nalr; Gmr Dang et al. [7]

Plasmids
pCM351 Mobilizable allelic exchange vector, Gmr, Tcr Marx and Lidstrom [64]
pRK2013 Helper plasmid, ColE1 replicon, Tra+, Kmr Figurski and Helinski [65]

Nalr represents nalidixic acid resistance, Gmr represents gentamicin resistance, Tcr represents tetracycline resis-
tance, and Kmr represents kanamycin resistance.

4.3. Plasmid and Strain Construction

To construct a che1 cluster mutant, a 6595 bp DNA region from mcp to cheD was deleted
from the genome of E. alkalisoli YIC4027T and was replaced with a gentamycin marker. This
was achieved as follows: an 815 bp fragment upstream of che1, including 146 bp of the mcp
gene, was amplified through PCR using the primer pair Che1UF and Che1UR (Table 2),
and an 824 bp downstream fragment, including 222 bp of the cheD, was amplified through
PCR using the primer pair Che1DF and Che1DR. The PCR product corresponding to the
upstream DNA fragment was digested with KpnI-NdeI and then was cloned into plasmid
pCM351 [64] to yield pCM351::UF. The PCR product corresponding to the downstream
fragment was digested with ApaI-AgeI and was cloned into pCM351::UF. The resulting
plasmid, pCM351::UF::DF, was used to transform E. coli DH5α, and the construction was
checked through DNA sequencing. The recombinant plasmid was transferred into E.
alkalisoli YIC4027T with the helper plasmid pRK2013 [65]. A deletion mutant resulting
from double homologous recombination was obtained by screening the recombinants for
gentamicin resistance and tetracycline sensitivity.

Table 2. Primers used in this study.

Primer Sequence (5′-3′) * Purpose

Che1UF-KpnI GGGGTACCGGTTGAGCGGTGAAGTGAA ∆che1 construction
Che1UR-NdeI GGAATTCCATATGAACGCAAGCTCGATACGC ∆che1 construction
Che1DF-ApaI GGGGGCCCGCTACGGCGTGCATCTGA ∆che1 construction
Che1DR-AgeI CGAGCTCGTGCGGCGGTATGAATGA ∆che1 construction
Che2UF-KpnI GGGGTACCGTGACATTCTGACCGCTTTGG ∆che2 construction
Che2UR-NdeI GGAATTCCATATGGGAAGAAGTGCGTTTCCCGTA ∆che2 construction
Che2DF-AgeI GACCGGTCGAGGCCATAGGCGAGAAG ∆che2 construction
Che2DR-SacI CGAGCTCCAGGAACAAGACAGCCAAACG ∆che2 construction

CheA1-F GTCAGCGGCACCACCAGAGT Validation of che1 and che2
CheA1-R CCAACAGGCTTGAACCCACA Validation of che1 and che2
CheA2-F GCGTCGGTACAGGAGATTGTG Validation of che1 and che2
CheA2-R GCGAGGAGTTGCGTGAGGAT Validation of che1 and che2

* Engineered restriction sites are underlined.
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To construct a che2 gene cluster deletion mutant, a 3086 bp DNA region from cheR
to cheB was deleted. To obtain such a mutant, an 810 bp upstream fragment, including
175 bp of cheR, was amplified through PCR from the genomic DNA of YIC4027T using the
primer pair Che2UF and Che2UR, and a 686 bp downstream fragment, including 58 bp
of cheB, was amplified through PCR using the primer pair Che2DF and Che2DR. The
upstream fragment was digested with KpnI-NdeI and then was inserted into pCM351 to
yield pCM351::UF2. The downstream fragment was digested with AgeI-SacI and then was
cloned into pCM351::UF2. The plasmid pCM351::UF::DF2 was transferred into E. alkalisoli
YIC4027T through triparental conjugation using pRK2013 as helper plasmid. Correct re-
combination was verified by screening for gentamicin resistance and tetracycline sensitivity
as stated above.

4.4. Soft Agar Chemotaxis Assay

For the soft agar assay, YIC4027T wild type and ∆che1, ∆che2, ∆cheA1, and ∆cheA2
mutants were grown overnight in TY medium and then were washed three times with
chemotaxis buffer (10 mM K2HPO4, 10 mM KH2PO4, and 0.1 mM EDTA [pH 7.0]) [66].
The cultures were then adjusted to an optical density of 1.0 at 600 nm (OD600). Thereafter,
5 µL aliquots of cell suspensions were stabbed into the L3 soft agar plates (0.3% agar)
containing various 10 mM carbon sources, such as proline, succinate, and malate, with or
without NH4Cl as a nitrogen source. Photographs were taken after 5 days of incubation
at 30 ◦C. The diameter of the chemotaxis ring formed by each tested strain was measured.
Experiments were performed three times, with three replicates per sample.

4.5. Growth Curve Assays

To compare the growth of YIC4027T wild type and ∆che1 and ∆che2 mutants, cell
density was measured as previously described [7,67] with the following modifications:
Cells were cultured overnight in TY medium at 30 ◦C with shaking (180 rpm). The cultures
were washed three times with PBS buffer. Then, cells were inoculated in 50 mL of TY
medium or in L3 medium containing 10 mM carbon sources and 10 mM NH4Cl and were
adjusted to an OD600 of 0.02. Cultures were grown at 30 ◦C with shaking (180 rpm), and
cell density at OD600 was monitored every 2 h. The experiment was carried out three times,
with three replicates per sample.

4.6. Analysis of Swimming Behavior

Swimming behavior assay was performed as described in [68]. To test motility,
YIC4027T wild type and ∆che1, ∆che2, ∆cheA1, and ∆cheA2 mutants were grown in rhizo-
bium basal (RB) medium (3.9 mM KH2PO4, 6.1 mM K2HPO4, 1 mM (NH4)2SO4, 1 mM
MgSO4, 0.1 mM NaCl, 0.1 mM CaCl2, 0.001 mM FeSO4, 0.01 mM Na2MoO4, 20 µg/L biotin,
and 100 µg/L thiamine) with 0.2% mannitol as the sole carbon source [68]. After that,
cells were resuspended in RB medium containing 10 mM proline as a chemotactic stimu-
lant [7,68]. A total of 5 microliters of the suspension was introduced to a microscope slide,
and the swimming behavior was recorded using an Olympus DP73 digital microscope
camera on an Olympus BX53 system microscope at ×40 and ×100 magnifications. The
swimming paths of each strain were manually tracked on video recordings by using ICY
software [69]. Videos were analyzed to observe the cell paths for 3–4 s. The reorientation
frequency was determined by counting the number of changes in swimming direction
within 5 s per cell. The reorientation frequencies of at least 50 cells were measured in each
experiment. For each strain, at least 3 independent experiments were performed.

4.7. Exopolysaccharide Production

For the examination of EPS production, YIC4027T wild type and ∆che1 and ∆che2
mutant strains were grown overnight and were adjusted to an OD600 of 1.0. Then 10 µL of
bacterial suspension was dropped onto plates and incubated at 30 ◦C for 5 days. Qualita-
tive production of EPS was examined on L3 or TY 0.8% agar plates containing Congo red
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(40 µg/mL) as described previously [64]. Quantification of EPS production was per-
formed with the anthrone method according to Nakajima et al. [64] using modifications
described in [64]. EPS concentration was determined at OD620 by referencing a D-glucose
standard curve.

4.8. Root Colonization Assay

Sesbania cannabina seeds were surface sterilized with concentrated sulfuric acid for
30 min and then washed 5 times with sterile water. The seeds were germinated through
incubation in the dark on inverted water–agar plates for 2 days at 30 ◦C. Two germi-
nated seedlings were planted in vermiculite growth chamber and were moisturized
with Fahraeus mineral solution (0.1 g/L of CaCl2; 0.12 g/L of MgSO4·7H2O; 0.15 g/L
of Na2HPO4·2H2O; 0.1 g/L of KH2PO4; 5 mg/L of Fe-citrate; and 0.07 mg/L each of
CuSO4·5H2O, MnCl2·4H2O, ZnCl2, H3BO3, and Na2MoO4·2H2O) [70]. Ensifer alkalisoli
YIC4027T wild type and ∆che1 and ∆che2 mutants grown in TY medium were transferred
to RB medium to find mid-log exponential phase and to ensure motility. Then, the cells
were washed and suspended at OD600 = 0.4 in Fahraeus medium. YIC4027T wild type
was mixed with ∆che1 or ∆che2 mutant strain, respectively, at ratios of 1:1, 1:5, and 1:10.
Two microliters of the bacterial mixtures were then inoculated in the center of the vermi-
culite growth chamber. Each of the 6 treatments was applied to 5 chambers, and the assay
was repeated 3 times. The roots were harvested after 5 days, and serial dilutions of the
homogenized root samples were plated in TY medium containing nalidixic acid. After
2 days of growth at 30 ◦C, colonies were further identified through PCR using the primer
pairs CheA1-F and CheA1-R or CheA2-F and CheA2-R (Table 2). For each competition
experiment, at least 100 colonies were verified through PCR.

4.9. Nodulation and Competitive Nodulation Assays

Nodulation and competitive nodulation assays were carried out as previously de-
scribed [71] with the following modifications: Ensifer alkalisoli YIC4027T wild type and ∆che1
and ∆che2 mutant strains were grown in RB medium to find mid-log phase. Afterwards,
centrifugation cells were washed 3 times with Fahraeus mineral solution at an OD600 of 0.4.
YIC4027T wild type was mixed with ∆che1 or ∆che2 mutant, respectively, in 1:1, 1:5, and
1:10 ratios. The mixture and each strain alone were inoculated with germinated seedlings
of S. cannabina planted as described above. Each treatment was applied to 10 chambers
and was repeated at least 3 times. Plants were grown at 27 ◦C in the greenhouse with a
daylight illumination period of 12 h for 5 weeks and were watered with sterile distilled
water every 5 to 7 days. Nodules were harvested, surface sterilized with H2O2 (20%) for
10 min, and rinsed with sterilized water 5 times [71]. Then, the nodules were crushed and
were plated in TY agar plates supplemented with nalidixic acid. Finally, the colonies were
verified by PCR through the use of primer pairs CheA1-F and CheA1-R or CheA2-F and
CheA2-R (Table 2).

4.10. Statistical Analysis

To compare the YIC4027T wild type and mutant phenotypes (chemotaxis, swimming
behavior, and EPS quantitation assay), statistical analysis was performed via a one-way
analysis of variance by using Statistical Package for the Social Sciences (SPSS) 17.0 software
package (IBM, New York, USA). A Student’s t-test assuming equal variances was used
to calculate the p values of two means. p values < 0.05 were considered to be significant
differences. Each experiment was repeated at least three times.
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Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/agronomy13020570/s1: Movie S1: Swimming paths of YIC4027T

wild-type strain. The cells are hyperactive with long runs alternating with sudden changes in
swimming direction. Movie S2: Swimming paths of ∆che1 mutant cells. The cells are swimming
in straight lines without direction changes. Movie S3: Swimming paths of ∆cheA1 mutant cells.
Nearly all cells are swimming in straight lines without direction changes. Movie S4: Swimming paths
of ∆che2 mutant cells. The cells are hyperactive with long runs alternating with sudden direction
changes. Movie S5: Swimming paths of ∆cheA2 mutant cells. The cells are hyperactive with long
runs alternating with sudden direction changes. Figure S1. Growth curves of YIC4027T wild type
and ∆che1 and ∆che2 mutant strains in TY medium (A) or L3 minimal medium containing 10 mM
proline and 10 mM NH4Cl (B). OD600 was measured every two hours. Error bars represent standard
deviations of the means of three repetitions.
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