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ExpR Is Not Required for Swarming but Promotes Sliding in

Sinorhizobium meliloti

Joaquina Nogales, Lydia Bernabéu-Roda, Virginia Cuéllar, and Maria J. Soto

Departamento Microbiologia del Suelo y Sistemas Simbidticos, Estacion Experimental del Zaidin, Consejo Superior de Investigaciones Cientificas (CSIC), Granada, Spain

Swarming is a mode of translocation dependent on flagellar activity that allows bacteria to move rapidly across surfaces. In sev-
eral bacteria, swarming is a phenotype regulated by quorum sensing. It has been reported that the swarming ability of the soil
bacterium Sinorhizobium meliloti Rm2011 requires a functional ExpR/Sin quorum-sensing system. However, our previous pub-
lished results demonstrate that strains Rm1021 and Rm2011, both known to have a disrupted copy of expR, are able to swarm on
semisolid minimal medium. In order to clarify these contradictory results, the role played by the LuxR-type regulator ExpR has
been reexamined. Results obtained in this work revealed that S. meliloti can move over semisolid surfaces using at least two dif-
ferent types of motility. One type is flagellum-independent surface spreading or sliding, which is positively influenced by a func-
tional expR gene mainly through the production of exopolysaccharide II (EPS II). To a lesser extent, EPS II-deficient strains can
also slide on surfaces by a mechanism that is at least dependent on the siderophore rhizobactin 1021. The second type of surface
translocation shown by S. meliloti is swarming, which is greatly dependent on flagella and rhizobactin 1021 but does not require
ExpR. We have extended our study to demonstrate that the production of normal amounts of succinoglycan (EPS I) does not
play a relevant role in surface translocation but that its overproduction facilitates both swarming and sliding motilities.

acteria can move using different types of translocation. Swim-

ming is a flagellum-driven motility that takes place in liquid
environments. Bacterial translocation over surfaces can occur by
twitching, gliding, sliding, and swarming (18, 19). Twitching is a
slow cell movement on surfaces that is mediated by the extension
and retraction of type IV pili. Gliding, a surface translocation ex-
tensively studied in myxobacteria, does not require flagella or pili
but involves focal adhesion complexes, cell surface-associated
complexes that anchor the bacterium to a substrate and might act
as a motor. Sliding or spreading by expansion has been described
as a passive surface translocation that is powered by the outward
pressure of bacterial growth and facilitated by compounds that
reduce friction between cells and surfaces. Swarming is a mode of
surface translocation dependent on rotating flagella characterized
by the rapid and coordinated movement of multicellular groups
of bacteria. It is considered the fastest known type of bacterial
motility on surfaces, with speeds of translocation very similar to
the swimmer’s speeds (up to 40 wm/s) (18). This allows swarmer
cells to rapidly colonize different environments. An additional
and distinguishing feature of swarming is that it can involve a
complex process of morphological and physiological differentia-
tion. Cells usually (but not always) become hyperflagellated and
elongated, and substantial alterations in metabolic pathways and
gene expression have been observed (24, 33, 46). This process is
known to be triggered upon integration of several chemical and
physical signals (12, 23, 45). Swarming has been described as a
quorum-sensing-regulated phenotype in several bacteria (8).
Quorum-sensing systems have been reported to be involved in the
production of biosurfactants that act as wetting agents which re-
duce the surface tension during surface migration and in swarmer
cell differentiation.

Swarming motility is not well characterized in the soil bacteria
collectively known as rhizobia that are able to establish nitrogen-
fixing symbiosis with legume plants. To date, within rhizobia, this
surface motility has been described in Sinorhizobium meliloti, Rhi-
zobium etli, and Rhizobium leguminosarum biovar viciae (7, 42,
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44). R. etli has been demonstrated to have a quorum-sensing-
regulated swarming motility: mutations affecting the cinIR quo-
rum-sensing system abolish surface translocation in this bacte-
rium. Moreover, it has been shown that N-acyl-homoserine
lactones (AHLs) carrying a long-chain fatty acid moiety have a
dual role in swarming of R. etli: as quorum-sensing signals and as
biosurfactants which promote surface translocation (7).

S. meliloti possesses the ExpR/Sin quorum-sensing system,
which is composed of two transcriptional regulators, ExpR and
SinR, and the autoinducer synthase Sinl, which is responsible for
the synthesis of several AHLs (26). The sin AHLs, together with
ExpR, control the expression of a large number of genes involved
in several free-living and symbiotic cell functions, such as the pro-
duction of the exopolysaccharides (EPS) succinoglycan (EPS I)
and galactoglucan (EPS II) or motility (13, 16, 21, 22). In S. meli-
loti, the expression of motility genes is downregulated at high pop-
ulation densities. This control is exerted by the ExpR/Sin system
via the visNR operon, which codes for the master regulator of
flagellar, motility, and chemotaxis genes. At low cell densities,
ExpR is required for the activation of motility-related genes,
whereas at high population densities, ExpR, in conjunction with
AHLs, inhibits transcription of the visNR operon, resulting in the
repression of genes belonging to the flagellar regulon (16).

It has been reported that swarming of S. meliloti depends on the
presence of a functional ExpR/Sin quorum-sensing system (2, 13).
Two different laboratories have reported that only strains carrying
a functional expR locus were able to swarm. However, our recent
data are in disagreement with these findings. We have reported
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TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristics”

Reference or source

S. meliloti strains

Rm2011 Wild type; Nal* Str* 6
Rm1021 SU47 expR102:ISRm2011-1; Str* 28
Rm8530 Rm1021 expR™; Str* 14
2011m.E07 2011mTn5STM.1.03.E07, Rm2011 flgE::mini-Tn5; Nal® Str* Neo* 35
2011mTn5STM.4.06.G01 Rm2011 wgeB::mini-Tn5; Nal® Str" Neo” 35
Sm2B3001 Rm2011 with a restored expR gene; Nal® Str" 2
Sm2B5005 Sm2B3001 flgE::mini-Tn5; Nal® Str Neo* 2
Sm2B6005 Sm2B3001 visN::Spt"; Nal" Str" Spt” 2
2011R Rm2011 with a restored expR gene; Nal® Str" This study
2011RFg 2011R fIgE::mini-Tn5; Nal" Str" Neo" This study
2011rhbA62 Rm2011 rhbA::Tn5lac; Str" Rif* Neo® 25
QN1021 Rm1021 with a fully deleted expR locus; Str" This study
1021F Rm1021 flaA flaB; Str* Hyg" This study
1021R Rm1021 with a restored expR gene; Str* This study
1021rhbA Rm1021 rhbA::Tn5lac; Str* Neo” This study
1021Y Rm1021 AexoY; Str" This study
1021YF 1021Y flaA flaB; Str" Hyg" This study
1021X Rm1021 AexoX; Str* This study
1021XF 1021X flaA flaB; Str" Hyg" This study
1021XY 1021X AexoY; Str* This study
Rm11601 Rm8530 flaA flaB; Str* Hyg" 16
8530Vis Rm8530 with full deletion of visN visR; Str* B. Scharf
8530Fg Rm8530 flgE::mini-Tn5; Str" Neo" This study
Rm9020 Rm8530 exoY::Tn5-132; Str" Otc” 15
11601Y Rm11601 AexoY; Str* Hyg" This study
8530W Rm8530 wgeB::mini-Tnb5; Str" Neo” This study
11601W Rm11601 wgeB::mini-Tn5; Str' Neo" This study
E. coli strains
DH5« supE44 AlacU169 $80d lacZAM15 recAl endAl gyrA96 thi-1 relAl hsdR171 Bethesda Research Lab
S17-1 thi pro recA hsdR hsdM; Rp4Tc::Mu, Km::Tn7; Tmp" Str” Spt” 41
Plasmids
pCR-XL-TOPO Cloning vector; Kan" Invitrogen
pK18mobsacB Suicide plasmid; Kan" 39
pK18-AexpR pK18mobsacB carrying the deleted version of the expR locus; Kan® This study
pK18-expR pK18mobsacB carrying the expR gene from Rm8530; Kan" This study
pK18-AexoY pK18mobsacB carrying the deleted version of the exoY locus; Kan" This study
pK18-AexoX pK18mobsacB carrying the deleted version of the exoX locus; Kan® This study

“ Nal’, Str*, Neo®, Spt, Rif*, Hyg", Otc’, Tmp", and Kan" indicate nalidixic acid, streptomycin, neomycin, spectinomycin, rifampin, hygromycin, oxytetracycline, trimethoprim, and

kanamycin resistance, respectively.

that the commonly used S. meliloti laboratory strain Rm1021 and
the closely related strain Rm2011, both known to have a disrupted
copy of expR, are able to swarm on semisolid minimal medium
(32). To solve the discrepancies between these reports, in this
work, we have reexamined the role played by the expR gene in
swarming of S. meliloti. In addition, we have extended our studies
to investigate the role of exopolysaccharides EPS I and EPS II in
the surface motility of this bacterium.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Bacterial strains and
plasmids used in this work and their relevant characteristics are listed in
Table 1. Escherichia coli strains were grown in Luria-Bertani (LB) medium
(38) at 37°C; S. meliloti strains were grown at 30°C either in complex
tryptone yeast (TY) medium (4), in Bromfield medium (BM) (0.04%
tryptone, 0.01% yeast extract, and 0.01% CaCl, - 2H,0), or in minimal
medium (MM) containing glutamate (6.5 mM), mannitol (55 mM), min-
eral salts (1.3 mM K,HPO,, 2.2 mM KH,PO, - 3H,0, 0.6 mM MgSO, -
7H,0, 0.34 mM CaCl, - 2H,0, 0.022 mM FeCl, - 6H,0, 0.86 mM NaCl),
and vitamins (0.2 mg/liter biotin, 0.1 mg/liter calcium pantothenate)
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(37). To detect overproduction of EPS I, calcofluor white M2R (fluores-
cent brightener 28; Sigma) was added to TY or MM plates at a final con-
centration of 0.02%. When required, antibiotics were added at final con-
centrations of 50 ug ml ™! streptomycin, 100 g ml ™' spectinomycin, and
50 pg ml~ " kanamycin for E. coli and 10 pg ml™ " nalidixic acid, 200 pg
ml ™" streptomycin, 100 wg ml~" spectinomycin, 100 ug ml™" rifampin,
200 g ml~! kanamycin, 120 pg ml~ ' neomycin, 75 to 100 ug ml ™’
hygromycin, and 0.75 g ml ™' oxytetracycline for S. meliloti. To improve
reproducibility, all liquid cultures of S. meliloti were routinely initiated
from glycerol stocks. The ability of the different strains to grow in liquid
TY, BM, and MM was monitored every 2 h in a Bioscreen C apparatus (Oy
Growth Curves Ab Ltd., Finland).

Construction of S. meliloti strains. For the construction of expR™
derivatives of Rm1021 (1021R) and Rm2011 (2011R), the functional expR
gene of Rm8530 was PCR amplified using primers Rmpyc and SmndvA2
(Table 2), cloned into pCR-XL-TOPO, and sequenced. This construct was
digested with EcoRI, and the 1,550-bp fragment containing the functional
expR gene was isolated and subcloned into pK18mobsacB to yield plasmid
pK18-expR. This plasmid was introduced into Rm1021 and Rm2011 via
conjugation with E. coli strain S17-1, and allele replacement events were
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TABLE 2 Primers used in this study

Role of ExpR in Surface Motility

Primer Sequence (5" to 3")° Use

Rmpyc AGAGTGGCGTGAACATTCGG expR restoration
SmndvA2 TCCTTCTGTGACGAGATCG expR restoration
ExpR.1 AAAAAGCTTGCTTTTCGAGATAGACCTCG (HindIII) expR deletion
ExpR.2 CGTACAGTTTCTGGCTGGTACATGAACG expR deletion
ExpR.3 CGTTCATGTACCAGCCAGAAACTGTACGAGC expR deletion
ExpR.4 AAAGGATCCCGTGAACTTCTTCAGTTCGC (BamHI) expR deletion
delexoY.1 AAAGGATCCACCTCATAAGAGTTGTTGCC (BamHI) exoY deletion
delexoY.2 GGACATATTGCGTGTTTGCCATACCTCC exoY deletion
delexoY.3 GGAGGTATGGCAAACACGCAATATGTCC exoY deletion
delexoY.4 AAAGGATCC AATACCGTCAAATTGGGAGC (BamHI) exoY deletion
exoX1 AATAAGCTTGGACTTCATAGAGGTGACTC (HindIII) exoX deletion
exoX2 GCTCAGGAATTGAGGGTGCGAACATGGC exoX deletion
exoX3 GCCATGTTCGCACCCTCAATTCCTGAGCGGC exoX deletion
exoX4 AATGGATCCGAGCGTAGAGATCGTAATC (BamHI) exoX deletion

“ Restriction sites used for cloning (underlined) are given in parentheses after the sequence.

selected as described previously (39). In this case, clones in which allelic ex-
change occurred were easily identified, as they showed a very noticeable mu-
coid phenotype. S. meliloti strain QN1021 (expR) was obtained by replacing
the disrupted expR locus of Rm1021 comprising the insertion sequence (IS)
ISRm2011-1 and the IS-flanking loci s71c03896 and smc03899 (http://iant
.toulouse.inra.fr/bacteria/annotation/cgi/rhime.cgi) (34) with an unmarked
deleted version. The expR deletion was generated in vitro by overlap extension
PCR (20) using primers ExpR.1 to ExpR.4, listed in Table 2. The resulting
fusion product, in which a deletion of 1,943 bp was created, was cloned into
pCR-XL-TOPO and sequenced. Using the HindIII and BamHI restriction
sites included in the outside primers, the insert was subcloned into vector
pK18mobsacB, yielding plasmid pK18-AexpR. This construction was intro-
duced into Rm1021 via conjugation with S17-1, and allele replacement events
were selected as described previously (39). Likewise, S. meliloti mutant strains
with deletion-containing versions of exoX and exoY were obtained by allelic
replacement using the same methodology. The exoX and exoY mutant alleles
harboring in-frame deletions of 274 and 501 bp, respectively, were generated
in vitro by overlap extension PCR using primers listed in Table 2. The result-
ing PCR products were cloned into pCR-XL-TOPO, sequenced, and, by us-
ing the restriction sites included in the outside primers, subcloned into vector
pK18mobsacB to yield plasmids pK18-AexoX and pK18-AexoY. pK18-
AexoX was introduced into Rm1021, and after selection of allele replacement,
the EPS I-overproducer 1021X strain was obtained. pK18-AexoY was intro-
duced into Rm1021, Rm11601, and 1021X to yield the corresponding mutant
strains defective in EPS I (1021Y, 11601Y, and 1021XY, respectively). Phage
®M12 transduction (10) was employed to transfer mutations among strains
in the following manners. (i) The flaA flaB mutants 1021F (expR flaA flaB),
1021YF (expR exoY flaA flaB), and 1021XF (expR exoX flaA flaB) were ob-
tained by transferring the AflaA flaB:Hyg mutation from strain Rm11601
(expR™ flaA flaB) to strains Rm1021 (expR), 1021Y (expR exoY), and 1021X
(expR exoX), respectively. (ii) The flgE mutants 2011RFg (expR™ flgE) and
8530Fg (expR ™" fIgE) were obtained by transferring the flgE::mini-Tn5 muta-
tion from strain 2011mTn5STM.1.03.E07 to 2011R (expR™) and Rm8530
(expR™), respectively. (iii) The rhbA mutant 1021rhbA (expR rhbA) was ob-
tained by transferring the rhbA:Tn5lac mutation from strain 2011rhbA62 to
Rm1021 (expR). (iv) Likewise, the wgeB mutants 8530W (expR™* wgeB) and
11601W (expR™ flaA flaB wgeB) were obtained by transferring the mini-Tn5
disrupted locus wgeB from strain 2011mTn5STM.4.06.GO1 to strains
Rm8530 and Rm11601, respectively. All mutants constructed in this work
were checked by PCR and Southern hybridization with specific probes.
Motility assays. Swimming was examined on plates prepared with BM
containing 0.3% Bacto agar and inoculated with 3-ul droplets of rhizobial
cultures grown in TY (optical density at 600 nm = 1). Surface motility was
analyzed using two different methodologies: (i) the motility assay de-
scribed by Bahlawane et al. (2) in which 3 ul of overnight TY rhizobial
cultures was inoculated onto the surface of BM containing 0.6% Bacto
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agar and (ii) the motility test described in our previous work (32, 42) in
which 2 ul of washed, 10-fold-concentrated of cultures grown in TY broth
to the late exponential phase was inoculated onto semisolid MM plates.
For swimming and surface motility tests performed on BM, the migration
zone was determined as the colony diameter in millimeters. In the case of
surface motility tests performed on semisolid MM, in which fractal pat-
terns with characteristic tendrils were formed, migration zones were cal-
culated as the average length of the two sides of a rectangle able to exactly
frame each colony.

CAS siderophore assay. The determination of siderophores in liquid
cultures was performed using the chrome azurol S (CAS) assay solution
described by Schwyn and Neilands (40). Supernatants of S. meliloti cul-
tures were mixed 1:1 with the CAS assay solution. After reaching equilib-
rium, the absorbance was measured at 630 nm.

RESULTS

ExpR promotes flagellum-independent surface spreading of S.
meliloti. Swimming motility tests performed with Rm1021 (expR)
and Rm8530 (expR™) revealed the abilities of these strains to swim
without significant differences between them (Fig. 1A), thereby con-
firming previously published results (2). The same strains were as-
sayed for surface motility on 0.6% agar BM highlighting different
phenotypes (Fig. 1B). Whereas macrocolonies formed by Rm1021
were dry and did not show signs of significant surface expansion after
3 days of incubation, those formed by Rm8530 were highly mucoid
and clearly covered a larger surface area. However, neither the mac-
roscopic appearance nor the slow translocation over the surface of
BM shown by Rm8530 (ca. 0.04 wm/s) was indicative of swarming
motility. The two new Rm1021 derivative strains constructed in this
study, QN1021 (expR) and 1021R (expR ™), showed the same behav-
ior as Rm1021 (expR) and Rm8530 (expR ™), respectively. Bahlawane
and coworkers described the surface expansion shown by their S.
meliloti expR™ strains as swarming based on the fact that Rm2011
expR™" derivative strains defective in flagellum production (flgE and
visN mutants) were nonmotile on semisolid BM (2). We tested the
motility phenotype of three mutant derivative strains of Rm8530:
Rm11601 (expR™ flaA flaB), lacking functional flagellar filaments,
8530Vis (expR™ visN visR), lacking the master regulator of flagellar,
motility, and chemotaxis genes, and 8530Fg (expR™ flgE), affected in
the gene putatively coding for the flagellar hook protein. These three
mutant strains were devoid of flagella (16) (data not shown) and
consequently were incapable of swimming (Fig. 1A). On the con-
trary, on 0.6% agar BM, all three strains showed the same behavior as
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FIG 1 Role of ExpR in motility of S. meliloti. (A) Swimming test in Bromfield medium (0.3% agar). (B) Surface motility on semisolid Bromfield medium (0.6%
agar). (C) Surface motility on semisolid MM (0.6% agar). The relevant genotype is indicated under the name of each strain. Pictures were taken 2 days (A), 3 days
(B), or 20 h (C) after inoculation. Under each image, the mean and standard deviation of the migration zones (given in millimeters and measured as described

in the text) obtained from at least nine measurements are indicated.

the flagellated parental strain Rm8530 (Fig. 1B). These results were in
disagreement with the data presented by Bahlawane et al. in which
nonflagellated expR ™" derivatives of the closely related strain Rm2011
were shown to be nonmotile under the same conditions. To investi-
gate if the differences were due to strain-specific effects, the motility of
Rm2011 (expR) and that of its derivatives Sm2B3001 (expR™),
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Sm2B5005 (expR ™ flgF), and Sm2B6005 (expR ™ visN) were tested on
0.6% agar BM (not shown in Fig. 1). The behavior of Rm2011 and the
visN derivative mutant strain Sm2B6005 was reproducible in all our
assays and in agreement with our results: colonies formed by the
ExpR-deficient strain Rm2011 were dry, whereas those formed by the
nonflagellated expR™* derivative strain Sm2B6005 were highly mu-
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coid and spread over the surface of semisolid BM significantly more
than colonies formed by Rm2011 (9.9 = 0.2 mm versus 5.4 * 0.2
mm, respectively). On the contrary, an unstable mucoid phenotype
was observed for strains 2B3001 (expR ™) and 2B5005 (expR™ flgE),
leading to unreliable results. Therefore, we decided to construct two
new Rm2011 derivative strains: 201 1R (expR™) and 201 1RFg (expR™
flgE). As shown in Fig. 1B, the new strains behaved like Rm8530
(expR™) and 8530Fg (expR™ fIgE), respectively. Altogether, these data
demonstrate that S. meliloti strains harboring a functional expR gene
are able to spread on the surface of semisolid BM but that the mech-
anism used is not dependent on flagella and therefore cannot be de-
scribed as swarming motility.

ExpR is not required for swarming motility of S. meliloti.
When surface motility assays were performed on semisolid
MM plates, surface translocation with characteristic tendril
formation could be observed for the ExpR-deficient strains
Rm1021, QN1021, and Rm2011 by 14 to 20 h after inoculation
(Fig. 1C). To corroborate that the surface motility shown by S.
meliloti ExpR-deficient strains on semisolid MM was depen-
dent on flagella, the motility phenotypes of 1021F (expR flaA
flaB) and 2011m.E07 (expR fIgE) were assayed and compared to
those of their corresponding parental strains Rm1021 and
Rm2011, respectively. As expected for nonflagellated bacteria,
1021F and 2011m.E07 were nonmotile in swimming assays
performed in BM containing 0.3% agar (Fig. 1A). Likewise, as
expected for ExpR-deficient strains, they did not spread on
0.6% BM (Fig. 1B). On semisolid MM, surface translocation of
these two strains was severely affected compared to that of their
parental strains although not completely abolished, as is the
case for 2011rhbA62 and 1021rhbA, mutant strains unable to
produce the siderophore rhizobactin 1021 that are derived
from Rm2011 and Rm1021, respectively (Fig. 1C) (32). This
result demonstrates that ExpR-deficient S. meliloti strains are
able to show flagellum-driven surface translocation (i.e.,
swarming motility) on semisolid MM, and therefore, we can
conclude that ExpR is not required for swarming. The minor
surface spreading shown by nonflagellated ExpR-deficient
strains reveals the existence of a second type of surface motility
which is not dependent on flagellar activity. This ExpR- and
flagellum-independent surface motility seems to be regulated
by the nutrient composition of the medium since it is mani-
fested only on semisolid MM and not in semisolid BM. The fact
that gene mutations (rhb) and environmental conditions (high
iron) which block the synthesis of the siderophore rhizobactin
1021 render S. meliloti Rm1021/Rm2011 completely nonmotile
on semisolid MM (Fig. 1C, 1021rhbA) (32) suggests that rhi-
zobactin 1021 plays a role in both the flagellum-driven and the
flagellum-independent surface motilities shown by ExpR-defi-
cient S. meliloti strains. CAS assays performed with superna-
tants of Rm1021/Rm2011 cultures grown in BM revealed a lack
of siderophore production (data not shown), which could ex-
plain the absence of surface motility on semisolid BM by these
ExpR-deficient strains.

Surface motility assays on semisolid MM were also performed
for S. meliloti strains harboring a functional expR gene (Fig. 1C).
In contrast to the behavior shown by Rm1021/QN1021/Rm2011,
colonies formed by 1021R/Rm8530/2011R (expR™ strains) were
highly mucoid and showed smooth borders, although some ten-
drils could also be observed. Notably, the expR™ strains spread
extensively over the surface, covering an area which was almost
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twice as large as the area colonized by ExpR-deficient strains, sug-
gesting that ExpR promotes surface translocation not only on
semisolid BM but also on semisolid MM. However, in contrast to
expR mutant strains, the surface spreading displayed by Rm8530
was not significantly reduced in the absence of flagella, as revealed
by the phenotypes exhibited by Rm11601 (expR™ flaA flaB),
8530Vis (expR™ visN visR), and 8530Fg (expR™ flgE) (Fig. 1C).
Similar behavior was observed for 2011R and its nonflagellated
derivative strain 2011RFg. These results indicate that, as on semi-
solid BM, the surface translocation shown by expR™ strains of .
meliloti on semisolid MM is not dependent on flagellar activity
and therefore cannot be described as swarming.

EPS II is not required for swarming and promotes sliding
motility in S. meliloti. The observed correlation between mu-
coidy and flagellum-independent surface motility that was shown
by expR™ strains, together with the role assigned to ExpR in EPS I
and EPS II synthesis (21), prompted us to investigate the function
of these exopolysaccharides in the surface spreading exhibited by
S. meliloti.

It is known that ExpR-deficient strains of S. meliloti, such as
Rm1021, do not produce EPS I at detectable levels unless they are
grown under low-phosphate conditions (29). Nevertheless, they
are able to show swarming motility, as we have demonstrated in
this and previous works (32), indicating that EPS II is not required
for this flagellum-driven surface translocation. To investigate the
role of EPS II in the motility of S. meliloti expR™ strains, we con-
structed wgeB (formerly expE2) mutants impaired in a glycosyl
transferase involved in EPS II synthesis (3). Strain 8530W (expR™
wgeB) and nonflagellated 11601W (expR ™ flaA flaB wgeB) showed
a nonmucoid phenotype in different media, as expected for S.
meliloti strains unable to synthesize EPS II. Moreover, no relevant
differences in swimming rings were detected between these strains
and their corresponding parental strains (Rm8530 and Rm11601,
respectively) (Fig. 2A), suggesting that EPS II plays no role in
swimming motility. However, in contrast to their parental strains
and all the expR™ strains tested in this work, 8530W and 11601W
did not spread over the surface of 0.6% BM, displaying the same
phenotype as ExpR-deficient strains (Fig. 2B). 8530W and 1161W
did not show defects in growth in liquid BM (data not shown).
Thus, these results clearly demonstrate that the flagellum-inde-
pendent surface translocation shown by ExpR strains of S. meliloti
on semisolid BM is absolutely dependent on the production of
EPS II. Therefore, this mode of translocation is most akin to slid-
ing motility, whereby the production of EPS II promotes passive
movement of cells across the agar surface.

The wgeB mutation also led to a significant reduction (23% in
the case of flagellated Rm8530 and 37% for nonflagellated
Rm11601) in the surface motility shown by expR™ strains of .
meliloti on semisolid MM (Fig. 2C). No differences in growth rates
were detected in MM broth between the two wgeB mutants and
their corresponding parental strains (data not shown). Therefore,
EPS II also contributes to flagellum-independent surface translo-
cation or sliding, which seems to be the predominant mode of
translocation of expR ™ strains, on MM. Interestingly, when EPS I1
production is blocked, these strains exhibit swarming motility,
manifested by the ca. 4.25-mm difference in surface spreading
displayed between 8530W (expR™ wgeB) (15.9 mm) and 11601W
(expR™ flaA flaB wgeB) (11.6 mm) which, indeed, is very similar to
the difference in surface spreading (5 mm) shown by Rm1021
(expR) (12.2 mm) and 1021F (expR, flaA flaB) (7.2 mm). These
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FIG 2 Role of exopolysaccharides EPS I and EPS II in motility of S. meliloti. (A) Swimming test in Bromfield medium (0.3% agar). (B) Surface motility on
semisolid Bromfield medium (0.6% agar). (C) Surface motility on semisolid MM (0.6% agar). The relevant genotype is indicated under the name of each strain.
Pictures were taken 2 days (A), 3 days (B), or 20 h (C) after inoculation. Under each image, the mean and standard deviation of the migration zones (given in
millimeters and measured as described in the text) obtained from at least nine measurements are indicated.

results indicate that as in expR mutants, EPS II is not essential for
the swarming motility of expR ™ strains. The sliding motility pro-
moted by EPS II allows for a larger surface colonization than the
swarming motility exhibited by the same strain when EPS II syn-
thesis is blocked. This makes it difficult to determine if swarming
and sliding coexist in expR™ strains or if, alternatively, EPS II
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production inhibits flagellum-driven surface motility. In either
case, our data revealed that once EPS II production is impeded,
ExpR does not significantly influence swarming motility in S.
meliloti.

As is the case for the nonflagellated strain 1021F (expR flaA
flaB), the ability of 11601W (expR™ flaA flaB wgeB) to move over
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the surface of semisolid MM was not abolished. Indeed, the flagel-
lum-independent surface translocation shown by 11601W
seemed to be enhanced compared to that shown by 1021F. This
behavior could be the result of the better growth rate shown by
1161W inliquid MM compared to that of 1021F (data not shown).
Regardless of the effect of growth on surface translocation, our
results suggest that an ExpR-controlled factor might play a role in
flagellum-independent surface translocation. It is tempting to
speculate that this factor might be rhizobactin 1021 based on the
role played by this siderophore in surface motility of ExpR-defi-
cient strains and on the reported transcriptomic data which re-
vealed higher expression of the rhrA gene (encoding the AraC-like
regulator, which positively regulates the production and transport
of rhizobactin 1021) in Rm8530 (expR™*) than in Rm1021 (expR)
(21). However, this hypothesis has not been investigated here.

Overproduction of EPS I promotes both sliding and swarm-
ing motilities in ExpR-deficient S. meliloti strains. To investigate
the role of EPS I in the different types of motility shown by S.
meliloti, several exoY mutants lacking a sugar transferase essential
in EPS I synthesis (30) were generated. As shown in Fig. 2, under
the three conditions tested, the phenotypes exhibited by the exoY
mutants 1021Y (expR exoY), 1021YF (expR exoY flaA flaB),
Rm9020 (expR " exoY), and 11601Y (expR ™" flaA flaB exoY) were
similar to those of their corresponding isogenic strains harboring
a functional exoY locus (Rm1021, 1021F, Rm8530, and Rm11601,
respectively). These results demonstrate that the production of
normal amounts of EPS I does not play a significant role in either
swimming, swarming (observed in ExpR-deficient strains on
semisolid MM), or flagellum-independent surface spreading
(shown by expR™ strains on both semisolid BM and MM and by
ExpR-deficient strains on semisolid MM).

We decided to test if an increased production of EPS I could
have an effect on motility similar to the effect caused by the large
amount of EPS II produced by expR ™ strains. The overproduction
of EPS I was achieved by deleting most of the coding sequence of
the exoX gene, whose disruption has been shown to cause over-
production of low-molecular-weight EPS I in S. meliloti (36). The
gene deletion eliminates essential amino acids required for the
inhibitory effect of ExoX on exopolysaccharide synthesis, an effect
that it is thought to occur posttranslationally in a mechanism in
which the stoichiometry with ExoY is important.

The exoX derivative mutant strains 1021X and 1021XF were
more mucoid on MM plates than the corresponding parental
strains Rm1021 and 1021F. Moreover, the higher fluorescence
shown under long-wave UV light by 1021X and 1021XF, grown on
TY plates supplemented with the fluorescent dye calcofluor white,
compared to that by their parental strains confirmed EPS I over-
production (data not shown). Motility tests performed with these
strains revealed no significant differences in swimming (Fig. 2A).
In addition, no surface translocation associated with the exoX mu-
tation could be observed on semisolid BM (Fig. 2B). Interestingly,
on semisolid MM, 1021X (expR exoX), which showed a growth
rate in liquid MM that was similar to that of the parental strain,
exhibited the largest surface translocation of all the strains tested
in this work, colonizing a surface area which was 2.4-fold wider
than that of the parental strain Rm1021 (Fig. 2C). This movement
was strongly diminished in the absence of flagella, as revealed by
the behavior of 1021XF (expR exoX flaA flaB), demonstrating that
1021X shows swarming motility. Furthermore, the flagellum-pro-
moted surface spreading exhibited by 1021X (expR exoX) (ca. 16
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mm) was approximately 3-fold larger than the flagellum-driven
surface translocation shown by Rm1021 (expR) (ca. 5 mm) (Fig.
2C), indicating that overproduction of EPS I promotes swarming
motility. On the other hand, EPS I overproduction also promotes
flagellum-independent surface translocation on MM, as revealed
by the larger area colonized by 1021XF (expR exoX flaA flaB) com-
pared to the surface area colonized by 1021F (expR flaA flaB) (Fig.
2C). Introducing an exoY mutation into the 1021X strain led to
phenotypes (mucoidy, calcofluor brightness, and surface motil-
ity) that were similar to those shown by Rm1021 (expR) and
1021Y (expR exoY) (data not shown), demonstrating that the
overproduction of EPS I was the only cause of the observed effects
in exoX mutants.

DISCUSSION

This work was aimed at solving the existing discrepancies con-
cerning the role of the LuxR-type regulator ExpR in the swarming
motility of S. meliloti. Two different groups reported indepen-
dently that swarming of S. meliloti depends on the presence of a
functional expR locus (2, 13). However, we recently reported that
strains Rm1021 and Rm2011, both known to have a disrupted
copy of expR, are able to swarm on semisolid medium (32). We
have reexamined the role played by ExpR by using different mu-
tants in different genetic backgrounds and assaying their motility
phenotypes under the experimental conditions described in the
contradicting publications.

The new data showed that although ExpR-deficient strains do
not display surface translocation on semisolid BM, as reported by
Bahlawane et al. (2), they exhibit flagellum-driven surface trans-
location on semisolid MM. Therefore, we can conclude that ExpR
is not essential for swarming motility. Moreover, it became clear
that, as previously reported for a S. meliloti fadD mutant (42), the
swarming motility of ExpR-deficient strains is greatly influenced
by the nutrient composition of the medium. Besides flagella, the
production of the siderophore rhizobactin 1021, which requires
the presence of low iron concentrations in the medium, is the only
factor known up to now to play an essential role in the swarming
motility of ExpR-deficient strains.

In addition to demonstrating the dispensability of ExpR for
swarming motility in S. meliloti, this study has unveiled the exis-
tence in S. meliloti of an additional mode of surface translocation
which does not require flagellar activity. This type of movement
was especially noticeable in strains harboring a functional expR
locus in both semisolid BM and MM. By using up to 4 different
nonflagellated derivative mutants (including those used in the
study by Bahlawane et al.), we clearly demonstrated that the sur-
face spreading shown by expR™ strains on semisolid medium was
not significantly diminished by the absence of flagella and there-
fore cannot be considered swarming. However, when synthesis of
galactoglucan (EPS II) was blocked by generating wgeB mutations,
surface spreading of expR™ strains was completely abolished on
BM and significantly reduced on MM. Considering these data, the
surface translocation shown by expR " strains of S. meliloti is most
akin to sliding motility (18, 19), whereby the production of EPS I
promotes passive movement of cells across the agar surface.

To the best of our knowledge, this work represents the first
report on sliding motility in Rhizobium. Sliding or spreading by
expansion has been described for a diverse group of bacteria, such
as mycobacteria, Bacillus subtilis, Vibrio cholerae, Serratia marc-
escens, Pseudomonas aeruginosa, and Legionella pneumophila (1, 5,
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9,27,31,43),in which a strong correlation between sliding and the
production of surfactants has been established. For example, the
production of rhamnolipids in Pseudomonas, the lipopeptides
surfactin and serrawettin in Bacillus and Serratia, respectively, or a
surfactant-like material in Legionella facilitates flagellum-inde-
pendent surface translocation in these bacteria. Most of these sur-
factants also play a crucial role in swarming motility (reviewed in
references 8, 23, and 45). We are not aware of the possible surfac-
tant properties of the galactoglucan produced by S. meliloti, and
we can only speculate about its role in sliding motility. It is possi-
ble that the high levels of EPS II excreted by expR™ strains serve
either as a hydrated milieu that gives sufficient moisture to facili-
tate the spreading of the colony or as a lubricant that reduces
friction between cells and surfaces. In any case, and in contrast to
surfactants such as rhamnolipids, surfactin, or serrawettin, EPS II
is not essential for the swarming motility of S. meliloti, as indicated
by the flagellum-dependent translocation shown by EPS II-defec-
tive strains, regardless of whether they have a functional ExpR
regulator.

In addition to swarming and EPS II-promoted sliding motility,
S. meliloti strains can also spread over surfaces, although to a lesser
extent, using a flagellum- and EPS II-independent type of motil-
ity. In ExpR-deficient strains, this motility relies on the produc-
tion of the rhizobactin 1021 siderophore, since abolishment of its
synthesis renders Rm1021/Rm2011 strains completely nonmotile.
Therefore, rhizobactin 1021 plays a crucial role in both swarming
and flagellum-independent surface translocation shown by expR
strains of S. meliloti. We recently observed that purified rhizobac-
tin 1021 shows drop collapse activity (our unpublished results), a
property probably conferred by the presence of the long-chain
fatty acid (E)-2-decenoic acid in its chemical structure. Thus, it is
very probable that, as reported for other surfactants which play
roles in swarming and sliding motilities, rhizobactin 1021 contrib-
utes to the surface migration of S. meliloti by acting as a wetting
agent. We have not demonstrated in this work if rhizobactin 1021
also accounts for the flagellum- and EPS II-independent surface
translocation exhibited by expR™ strains on semisolid MM, al-
though this possibility is very likely.

The results presented in this work also provide further insights
into additional factors contributing to surface translocation in S.
meliloti. The phenotype exhibited by exoX derivative mutants of
Rm1021 demonstrates that the overproduction of EPS I, but not
the production of normal amounts of this EPS, facilitates both
sliding and swarming motilities. Extracellular polysaccharides
have been involved in surface translocation in other bacteria.
Thus, the acidic capsular polysaccharide produced by Proteus mi-
rabilis that is known as colony migration factor (Cmf), which is an
important component of the extracellular matrix that surrounds
swarmer cells, plays a key role in swarming motility by reducing
surface friction during translocation (17). A similar role could be
attributed to EPS I but only at high levels of production.

This work has unveiled the unexpected complexity of surface
translocation in S. meliloti, raising questions that require further in-
vestigation. It is clear that EPS II-dependent sliding is the most rele-
vant type of surface translocation displayed by expR™ strains of S.
meliloti, allowing these bacteria to colonize surfaces more efficiently
than strains displaying only swarming motility. Whether swarming
and sliding take place at the same time in expR™ strains or whether
EPS II inhibits swarming motility still remains unclear. Furthermore,
although we show here that ExpR is not required and does not signif-
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icantly influence swarming motility in S. meliloti, we cannot rule out
the possibility of population density regulation of swarming motility
in this bacterium. Therefore, efforts should be continued to identify
and characterize other regulators and components which play key
roles in sliding and/or swarming. Another interesting question to be
solved is the role these types of surface motilities play in the different
lifestyles of Rhizobium spp. Whereas the role of swarming motility in
the establishment of the Rhizobium-legume symbiosis is still unclear,
sliding motility may allow S. meliloti to colonize surfaces under con-
ditions where flagellar expression is downregulated, for instance, at
high cell population densities and during the invasion process. In line
with this, a collective sliding movement of bacteria toward the infec-
tion thread tip has been proposed to contribute to colonization of the
thread (11). The biological significance of the ability to slide or swarm
in Rhizobium-legume symbiosis remains to be elucidated.
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