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EXpR is not required for swarming but promotes slidng in Sinorhizobium meliloti.
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Swarming is a mode of translocation dependent ondtellar activity that allows
bacteria to move rapidly across surfaces. In severaacteria, swarming is a
phenotype regulated by quorum-sensing. It has beereported that the swarming
ability of the soil bacterium Sinorhizobium meliloti Rm2011 requires a functional
ExpR/Sin quorum sensing system. However, our previs published results
demonstrate that strains Rm1021 and Rm2011, both kwn to have a disrupted
copy of expR, are able to swarm on semisolid minimal medium. lrorder to clarify
these contradictory results, the role played by thé.uxR type regulator ExpR has
been re-examined. Results obtained in this work realed thatS. meliloti can move
over semisolid surfaces using at least two differértypes of motility. One type is
flagella-independent surface spreading or sliding fhich is positively influenced by
a functional expR gene mainly through the production of exopolysacdride Il
(EPS II). To a lesser extent, EPS ll-deficient stias can also slide on surfaces by a
mechanism that is at least dependent on the siderbpre rhizobactin 1021. The
second type of surface translocation shown b$. meliloti is swarming which is
greatly dependent on flagella and rhizobactin 102but does not require ExpR We
have extended our study to demonstrate that the pduction of normal amounts of
succinoglycan (EPS 1) does not play a relevant rol@ surface translocation but its

overproduction facilitates both swarming and slidirg motilities.
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Bacteria can move using different types of tramgion. Swimming is a flagella-
driven motility that takes place in liquid enviroents. Bacterial translocation over
surfaces can occur by twitching, gliding, slidingdaswarming (18,19). Twitching is a
slow cell movement on surfaces that is mediatethbyextension and retraction of type
IV pili. Gliding, a surface translocation extendiwatudied in myxobacteria, does not
require flagella or pili but involves focal-adhasicomplexes, cell surface-associated
complexes that anchors the bacterium to a substratenight act as a motor. Sliding or
spreading by expansion has been described as weassface translocation that is
powered by the outward pressure of bacterial gramith facilitated by compounds that
reduce friction between cells and surfaces. Swagnsra mode of surface translocation
dependent on rotating flagella characterized bydped and co-ordinated movement of
multicellular groups of bacteria. It is considergn fastest known type of bacterial
motility on surfaces, with speeds of translocatieny similar to the swimmer’s speeds
(up to 40 pm/s) (18). This allows swarmer cells rapidly colonize different
environments. An additional and distinguishing @eat of swarming is that it can
involve a complex process of morphological and pilggical differentiation. Cells
usually (but not always) become hyperflagellatedl alongated, and substantial
alterations in metabolic pathways and gene exmedsave been observed (24,33,46).
This process is known to be triggered upon integmatf several chemical and physical
signals (12,23,45). Swarming has been describeda aguorum sensing-regulated
phenotype in several bacteria (8). Quorum sensystesis have been reported to be
involved in the production of biosurfactants thet as wetting agents which reduce the
surface tension during surface migration, and iaraver cell differentiation.

Swarming motility is not well characterized in thal bacteria collectively known as

rhizobia that are able to establish nitrogen-fixaygbiosis with legume plants. To date,
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within rhizobia this surface motility has been désed in Snorhizobium meliloti,
Rhizobium etli and R. leguminosarum biovar viciae (7,42,44)R. €tli has been
demonstrated to have a quorum sensing-regulatedmsmga motility: mutations
affecting the cinlR quorum sensing system abolish surface translotaitio this
bacterium. Moreover, it has been shown thaacyl-homoserine lactones (AHLS)
carrying a long-chain fatty acid moiety have a diu@é in swarming ofR. etli: as
qguorum sensing signals and as biosurfactants wirmimote surface translocation (7).

S mdliloti possesses the ExpR/Sin quorum sensing system wghicimposed of two
transcriptional regulators, ExpR and SinR, andabuminducer synthase Sinl which is
responsible for the synthesis of several AHLs (d®)e sin AHLs together with ExpR
control the expression of a large number of geneslved in several free-living and
symbiotic cell functions such as the production tbé exopolysaccharides (EPS)
succinoglycan (EPS 1) and galactoglucan (EPS It)mwmtility (13,16,21,22). InS.
meliloti, the expression of motility genes is down-reguathigh population densities.
This control is exerted by the ExpR/Sin systemthi@avisNR operon which codes for
the master regulator of flagellar, motility and ofwaxis genes. At low cell densities
EXpR is required for the activation of motility-adééd genes whereas at high population
densities ExpR in conjunction with AHLs inhibitsatrscription of thevisSNR operon,
resulting in the repression of genes belongindgéofagellar regulon (16).

It has been reported that swarming Sfmeliloti depends on the presence of a
functional ExpR/Sin quorum sensing system (2,13yo Tdifferent laboratories have
described that only strains carrying a functioeghR locus were able to swarm.
However, our recent data are in disagreement \wébhd findings. We have reported that
the commonly use& meliloti laboratory strain Rm1021 and the closely relategirs

Rm2011, both known to have a disrupted copgR, are able to swarm on semisolid
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minimal medium (32). To solve the discrepanciesben these reports, in this work
we have re-examined the role played by é¢kgR gene in swarming o meliloti. In
addition, we have extended our studies to invetiglae role of exopolysaccharides

EPS I and EPS Il on the surface motility of thisteaum.

MATERIALS AND METHODS

Bacterial strains, plasmids and growth conditionsBacterial strains and plasmids
used in this work and their relevant charactesstice listed in Table Escherichia coli
strains were grown in Luria-Bertani (LB) medium J2& 37°C;S. meliloti strains were
grown at 30°C either in complex tryptone yeast (médium (4), in Bromfield medium
(BM) (0.04% tryptone, 0.01% yeast extract, and %0CaC}.2H,O) or in minimal
medium (MM) containing glutamate (6.5 mM), mannit@5 mM), mineral salts
(K2HPQy, 1.3 mM; KHPO, . 3H0, 2.2 mM; MgSQ 7H,0, 0.6 mM; CaCGl 2H,0, 0.34
mM; FeCk 6H,0, 0.022 mM; NaCl, 0.86 mM) and vitamins (biotinZg/L); calcium
pantothenate (0.1 mg/L)) (37). To detect overprtidacof EPS I, calcofluor white
M2R (Fluorescent brightener 28, SIGMA) was added Yoor MM plates at a final
concentration of 0.02%. When required, antibiotdeye added at the following final
concentrations (in pg M): streptomycin (50), spectinomycin (100), and kayein
(50), forE. coli; nalidixic acid (10), streptomycin (200), spectimgcin (100), rifampin
(100), kanamycin (200), neomycin (120), hygromy@ib to 100) and oxytetracycline
(0.75) forS. meliloti. To improve reproducibility, all liquid cultured & meliloti were
routinely initiated from glycerol stocks. The atjliof the different strains to grow in
liquid TY, BM and MM was monitored every two hounsa Bioscreen C apparatus (Oy

Growth Curves Ab Ltd, Finland).
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Construction of S. meliloti strains. For the construction oéxpR" derivatives of
Rm1021 (1021R) and Rm2011 (2011R), the functierpiR gene of Rm8530 was PCR
amplified using primers Rpyc and SmmdvA2 (Table 2), cloned into pCR-XL-TOPO
and sequenced. This construct was digested wittREand the 1550 bp fragment
containing the functionadxpR gene was isolated and subcloned into pidi&acB to
yield plasmid pK18-expR. This plasmid was introdiiégeto Rm1021 and Rm2011 via
conjugation with S17-1, and allele replacement &vemere selected as described
previously (39). In this case, clones in which laleexchange occurred were easily
identified as they showed a very noticeable mugtidnotype. Strain QN102E&XpR)
was obtained by replacing the disrupgdR locus of Rm1021 comprising the insertion
sequence ISRm2011-1 and the IS-flanking losinc03896 and smc03899

(http://iant.toulouse.inra.fr/bacteria/annotatiomtgme.cg) (34) with an unmarked

deleted version. ThexpR deletion was generated vitro by overlap extension PCR
(20) using primers ExpR.1-ExpR.4 listed in TableTBe resulting fusion product in
which a deletion of 1943 bp was created, was cloméd pCR-XL-TOPO and
sequenced. Using the Hindlll and BamHI restrictsites included in the outside
primers, the insert was subcloned into vector pid&acB yielding plasmid pK18-
AexpR. This construction was introduced into Rm10ilconjugation with S17-1, and
allele replacement events were selected as dedcpbeviously (39). LikewiseS.
meliloti mutant strains containing deleted versiong@X andexoY were obtained by
allelic replacement using the same methodology. &mX and exoY mutant alleles
harboring in frame deletions of 274 and 501 bppeesvely, were generated vitro by
overlap extension PCR using primers listed in Tghlélhe resulting PCR products
were cloned into pCR-XL-TOPO, sequenced, and biyguthe restriction sites included

in the outside primers, subcloned into vector pid@sacB to yield plasmids pK18-
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AexoX and pK18AexoY. pK18AexoX was introduced into Rm1021 and after selection
of allele replacement, the EPS I-overproducer 102ttxin was obtained. pK18exoY
was introduced into Rm1021, Rm11601 and 1021X étdyihe corresponding mutant
strains defective in EPS | (1021Y, 11601Y, and 2021lrespectively). PhageM12
transduction (10) was employed to transfer mutatimmongst strains: i) TH&aA flaB
mutants 1021FekpR flaA flaB), 1021YF €xpR exoY flaA flaB), and 1021XF €xpR
exoX flaA flaB) were obtained by transferring tiddiaA flaB::Hy mutation from strain
Rm11601 éxpR’ flaA flaB) to strains Rm1021epR), 1021Y €xpR exoY), and 1021X
(expR exoX), respectively; ii) TheflgE mutants 2011RFgexpR" flgE) and 8530Fg
(expR" flgE) were obtained by transferring tliigE::mini-Tn5 mutation from strain
2011mTn5STM.1.03.E07 to 2011BxPR") and Rm85306&xpR"), respectively; iii) The
rhbA mutant 1021rhbA €pR rhbA) was obtained by transferring tmébA::Tn5lac
mutation from strain 2011rhbA62 to Rm102XdR); iv) Likewise, thewgeB mutants
8530W €expR" wgeB) and 11601W dxpR™ flaA flaB wgeB) were obtained by
transferring the mini-Th disrupted locusvgeB from strain 2011mTn5STM.4.06.G01 to
strains Rm8530 and Rm11601, respectively. All mistaonstructed in this work were
checked by PCR and Southern hybridization with $jggarobes.

Motility assays. Swimming was examined on plates prepared with BMtaiaing
0.3% Bacto agar and inoculated with 3 pl dropldtsh@obial cultures grown in TY
(ODgoonm= 1). Surface motility was analyzed using two @liént methodologies: i) The
motility assay described by Bahlawane et al. (2ylmch 3 pl of overnight TY rhizobial
cultures were inoculated onto the surface of BMtammng 0.6% Bacto agar, and ii)
The motility test described in our previous worR,@) in which 2 pl of washed 10-
fold concentrated cultures grown in TY broth to tla¢e exponential phase were

inoculated onto semisolid MM plates. For swimmingdasurface motility tests



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

performed on BM, the migration zone was determimsdthe colony diameter in
millimeters. In the case of surface motility tegesformed on semisolid MM, in which
fractal patterns with characteristic tendrils wei@med, migration zones were
calculated as the average length of the two sidles rectangle exactly able to frame
each colony.
CAS siderophore assayThe determination of siderophores in liquid cultureas

performed using the Chrome azurol S (CAS) assaytisal described by Schwyn and
Neilands (40). Supernatants &fmeliloti cultures were mixed 1:1 with the CAS assay

solution. After reaching equilibrium, the absorbameas measured at 630 nm.

RESULTS
ExpR promotes flagella-independent surface spreadqof S. meliloti. Swimming

motility tests performed with Rm102&xpR), and Rm8530ekpR’) revealed the ability
of these strains to swim without significant difaces amongst them (Fig. 1A), thereby
confirming previously published results (2). Thensastrains were assayed for surface
motility on 0.6% agar BM highlighting different phetypes (Fig. 1B). Whereas
macrocolonies formed by Rm1021 were dry and did stwiw signs of significant
surface expansion after three days of incubatiorse formed by Rm8530 were highly
mucoid and clearly covered a larger surface areavener, neither the macroscopic
appearance nor the slow translocation over theserdéf BM shown by Rm8530 (Ca.
0.04 pm/s) was indicative of swarming motility. Theo new Rm1021 derivative
strains constructed in this study, QN102%pR) and 1021R&xpR"), showed the same
behavior as Rm1021eXpR) and Rm8530 expR’), respectively. Bahlawane and
coworkers described the surface expansion showthdiyS. meliloti expR" strains as

swarming based on the fact that Rm2@#dR"-derivative strains defective in flagellum
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production flgE andvisN mutants) were non-motile on semisolid BM (2). \Wstéd the
motility phenotype of three mutant derivative stsaof Rm8530: Rm1160B(pR" flaA
flaB) lacking functional flagellar filaments, 8530ViexpR" visN visR) lacking the
master regulator of flagellar, motility and chemdgagenes, and 8530FgxpR" flgE)
affected in the gene putatively coding for the &by hook protein. These three mutant
strains were devoid of flagella (16; data not shpamd consequently were incapable of
swimming (Fig. 1A). On the contrary, on 0.6% aga,Ball three strains showed the
same behavior as the flagellated parental straiB33® (Fig. 1B). These results were in
disagreement with the data presented by Bahlawara. en which non-flagellated
expR" derivatives of the closely related strain Rm201Xenshown to be non-motile
under the same conditions. To investigate if theeinces were due to strain-specific
effects, the motility of Rm2011e¢pR) and that of its derivatives Sm2B300xR"),
Sm2B5005 éxpR’ flgE) and Sm2B6005ekpR" visN), was tested on 0.6% agar BM (not
shown in Fig. 1). The behavior of Rm2011 and theN derivative mutant strain
Sm2B6005 was reproducible in all our assays andgreement with our results:
colonies formed by the ExpR deficient strain Rm2@&ke dry whereas those formed
by the non-flagellatecexpR’-derivative strain Sm2B6005 were highly mucoid and
spread over the surface of semisolid BM signifibanmtore than colonies formed by
Rm2011 (9.9 £ 0.2 mm versus 5.4 £ 0.2 mm). On thetrary, an unstable mucoid
phenotype was observed for strains 2B308&pR’) and 2B5005dxpR™ flgE), leading

to unreliable results. Therefore, we decided tostoict two new Rm2011 derivative
strains: 2011RekpR") and 2011RFgekpR’ flgE). As shown in Fig. 1B, the new strains
behaved as Rm8530expR’) and 8530Fg ekpR’ flgE). Altogether, these data

demonstrate tha® meliloti strains harboring a functionexpR gene are able to spread
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on the surface of semisolid BM but the mechanisedus not dependent on flagella

and therefore can not be described as swarmindityoti

EXpR is not required for swarming motility of S. meliloti. When surface motility
assays were performed on semisolid MM plates, serfdranslocation with
characteristic tendril formation could be observed the ExpR deficient strains
Rm1021, QN1021 and Rm2011, already 14 to 20 h afigculation (Fig 1C). To
corroborate that the surface motility shown 8ymeliloti ExpR deficient strains on
semisolid MM was dependent on flagella, the mgtitihenotype of 1021FeXpR flaA
flaB), and 2011mTn5STM.1.03.E0&xpR flgE) was assayed and compared to their
corresponding parental strains Rm1021 and Rm2@spectively. As expected for non-
flagellated bacteria, 1021F and 2011mTn5STM.1.08&Bre non-motile in swimming
assays performed in BM containing 0.3% agar (Fiy). Likewise, as expected for
ExpR deficient strains, they did not spread on OH% (Fig. 1B). On semisolid MM,
surface translocation of these two strains was regveaffected compared to their
parental strains, although not completely abolisagds the case for 2011rhbA62 and
1021rhbA, mutant strains unable to produce thergpt®re rhizobactin 1021, derived
from Rm2011 and Rm1021, respectively (Fig. 1C &@®))( This result demonstrates
that ExpR deficientS meliloti strains are able to show flagella-driven surface
translocation (i. e. swarming motility) on semigoMM and therefore, we can conclude
that ExpR is not required for swarming. The minorface spreading shown by non-
flagellated ExpR deficient strains reveals the texise of a second type of surface
motility which is not dependent on flagellar adyvi This ExpR and flagella-
independent surface motility seems to be regulatedutrient composition of media

since it is manifested only on semisolid MM and motsemisolid BM. The fact that

10
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gene mutationsrfib) and environmental conditions (high iron) whichodk the
synthesis of the siderophore rhizobactin 1021 rerlemeliloti Rm1021/Rm2011
completely non-motile on semisolid MM (see 1021rhibA=ig. 1C and (32)), suggests
that rhizobactin 1021 plays a role in both the dlagdriven as well as in flagella-
independent surface motilities shown by ExpR defits meliloti strains. CAS assays
performed with supernatants of Rm1021/Rm2011 cedtigrown in BM revealed the
lack of siderophore production (data not shown)clwhtould explain the absence of
surface motility on semisolid BM by these ExpR digint strains.

Surface motility assays on semisolid MM were alsdfgrmed forS. meliloti strains
harboring a functionakxpR gene (Fig. 1C). In contrast to the behavior shdwn
Rm1021/QN1021/Rm2011, colonies formed by 1021R/RBOSH11R €xpR™ strains)
were highly mucoid and showed smooth borders atthaome tendrils could also be
observed. Notably, thexpR" strains spread extensively over the surface cogesin
area which was almost twice as large as the areaized by ExpR deficient strains,
suggesting that ExpR promotes surface translocatbdmnly on semisolid BM but also
on semisolid MM. However, in contrast &3pR mutant strains, the surface spreading
displayed by Rm8530 was not significantly reducadthe absence of flagella as
revealed by the phenotypes exhibited by Rm11@RaR flaA flaB), 8530Vis éxpR"
visN VvisR), and 8530Fg e&kpR" flgE) (Fig. 1C). Similar behavior was observed for
2011R and its non-flagellated derivative strain ZREg. These results indicate that, as
on semisolid BM, the surface translocation shownekpR" strains ofS. meliloti on
semisolid MM is not dependent on flagellar activatyd therefore can not be described

as swarming.

11



[

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

EPS Il is not required for swarming and promotes sbing motility in S. méliloti.
The observed correlation between mucoidy and flagetlependent surface motility
shown byexpR" strains, together with the role assigned to ExpERS | and EPS I
synthesis (21), prompted us to investigate thetfanoof these exopolysaccharides in
the surface spreading exhibited ®ymeliloti.

It is known that ExpR-deficient strains &fmeliloti, such as Rm1021, do not produce
EPS Il at detectable levels unless they are growdeulow phosphate conditions (29).
Nevertheless, they are able to show swarming otk we have demonstrated in this
and previous work (32), indicating that EPS 1l & mequired for this flagella-driven
surface translocation. To investigate the role BiSHI on the motility ofS. meliloti
expR" strains we constructedgeB (formerly expE2) mutants impaired in a glycosyl
transferase involved in EPS Il synthesis (3). 88&@530W ¢xpR" wgeB) and the non-
flagellated 11601WekpR" flaA flaB wgeB) showed a nonmucoid phenotype in different
media, as expected f@& mdliloti strains unable to synthesize EPS II. Moreover, no
relevant differences in swimming rings were detgédietween these strains and their
corresponding parental strains (Rm8530 and Rmll@6&pectively) (Fig. 2A),
suggesting that EPS Il plays no role in swimmingiling However, in contrast to their
parental strains and all tlepR" strains tested in this work, 8530W and 11601W did
not spread over the surface of 0.6% BM, displaying same phenotype as ExpR
deficient strains (Fig. 2B). 8530W and 1161W did sloow defects in growth in liquid
BM (data not shown). Thus, these results clearlynalestrate that the flagella-
independent surface translocation shown by Exp&nstrof S meliloti on semisolid
BM is absolutely dependent on the production of HRPSTherefore, this mode of
translocation is most akin to sliding motility, wkby the production of EPS I

promotes passive movement of cells across thesagtace.

12
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ThewgeB mutation also led to a significant reduction (2B?&he case of flagellated
Rm8530, and 37% for the non-flagellated Rm1160lthesurface motility shown by
expR" strains ofS. meliloti on semisolid MM (Fig. 2C). No differences in growates
were detected in MM broth between the twgeB mutants and their corresponding
parental strains (data not shown). Therefore, ats®M, EPS Il contributes to flagella-
independent surface translocation or sliding wisebms to be the predominant mode
of translocation oéxpR" strains. Interestingly, when EPS Il productiobliscked, these
strains exhibit swarming motility, manifested by tba. 4.25 mm difference in surface
spreading displayed by 8530WkPR" wgeB) (15.9 mm) and 11601W\eXpR’ flaA flaB
wgeB) (11.6 mm) which indeed is very similar to thefgliénce in surface spreading (5
mm) shown by Rm1021e{pR) (12.2 mm) and 1021Fe{pR, flaA flaB) (7.2 mm).
These results indicate that likeerpR mutants, EPS Il is not essential for the swarming
motility of expR" strains. The sliding motility promoted by EPS llows for a larger
surface colonization than the swarming motility ixied by the same strain when EPS
Il synthesis is blocked. This makes it difficult tetermine if swarming and sliding
coexist inexpR" strains or if alternatively, EPS Il production ibits flagella-driven
surface motility. In either case, our data revedleat, once EPS Il production is
impeded, EXpR does not significantly influence swiag motility in S. meliloti.

As is the case for the non-flagellated strain 1028R flaA flaB), the ability of
11601W ExpR" flaA flaB wgeB) to move over the surface of semisolid MM was not
abolished. Indeed, the flagella-independent surtaaeslocation shown by 11601W
seemed to be enhanced compared to that shown dyr1This behavior could be the
result of the better growth rate shown by 1161Wqgunid MM compared to 1021F (data
not shown). Regardless of the effect of growth arfage translocation, our results

suggest that an ExpR-controlled factor might plagle in flagella-independent surface

13
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translocation. It is tempting to speculate thas tactor might be rhizobactin 1021 based
on the role played by this siderophore in surfacdility of ExpR deficient strains, and
on the reported transcriptomic data which revealgtier expression of thdrA gene
(encoding the AraC-like regulator which positivelggulates the production and
transport of rhizobactin 1021) in Rm853exgR") than in Rm1021 ekpR) (21).

However this hypothesis has not been investigatee. h

Overproduction of EPS | promotes both sliding and warming motilities in
ExpR deficient S. meliloti strains. To investigate the role of EPS | in the different
types of motility shown by meliloti, severalkexoY mutants lacking a sugar transferase
essential in EPS | synthesis (30), were gener@sdhown in Fig. 2, under the three
conditions tested, the phenotype exhibited by ek’ mutants 1021Y &pR exoY),
1021YF expR exoY flaA flaB), Rm9020 éxpR’ exoY) and 11601Y dxpR’ flaA flaB
exoY) was similar to that of their corresponding isagestrains harboring a functional
exoY locus Rm1021, 1021F, Rm8530 and Rm11601, resmhetivihese results
demonstrate that the production of normal amouh&R& | does not play a significant
role in either swimming, swarming (observed on Exgdlicient strains on semisolid
MM) or flagella-independent surface spreading (sholy expR’™ strains on both
semisolid BM and MM, and by ExpR deficient straomssemisolid MM).

We decided to test if an increased production oS BERcould have an effect on
motility, similar to the effect caused by the lammount of EPS |l produced lexpR"
strains. The overproduction of EPS | was achieveddéleting most of the coding
sequence of thexoX gene whose disruption has been shown to causprodeiction of
low-molecular-weight EPS 1 is. meliloti (36). The gene deletion eliminates essential

amino acids required for the inhibitory effect ofdX on exopolysaccharide synthesis,

14
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an effect that it is thought to occur posttransiadily in a mechanism in which the
stoichiometry with ExoY is important.

The exoX derivative mutant strains 1021X and 1021XF wergamaucoid on MM
plates than the corresponding parental strains Rha@d 1021F. Moreover, the higher
fluorescence shown under long-wave UV light by X02Zihd 1021XF grown on TY
plates supplemented with the fluorescent dye Clalogf compared to their parental
strains confirmed EPS | overproduction (data notst). Motility tests performed with
these strains revealed no significant differenoceswimming (Fig. 2A). In addition, no
surface translocation associated with ék@X mutation could be observed on semisolid
BM (Fig. 2B). Interestingly, on semisolid MM, 1021(¥xpR exoX) that showed similar
growth rate in liquid MM as the parental strain,hisited the largest surface
translocation of all the strains tested in this kyamlonizing a surface area which was
2.4 fold wider than that of the parental strain Rl (Fig. 2C). This movement was
strongly diminished in the absence of flagella egealed by the behavior of 1021XF
(expR exoX flaA flaB), demonstrating that 1021X shows swarming motility
Furthermore, the flagella-promoted surface sprepdixhibited by 1021 XekpR exoX)
(Ca. 16 mm) was approximately 3 fold larger thar thagella-driven surface
translocation shown by Rm102¥xpR) (Ca. 5 mm) (Fig. 2C), indicating that
overproduction of EPS | promotes swarming motili@n the other hand, EPS I-
overproduction also promotes flagella-independenfase translocation on MM as
revealed by the larger area colonized by 1021ePBR exoX flaA flaB) compared to the
surface area colonized by 1021&pgR flaA flaB) (Fig. 2C). Introducing arexoY
mutation into the 1021X strain led to phenotypesdaidy, calcofluor brighteness, and

surface motility) similar to those shown by Rm102%pR) and 1021Y éxpR exoY)
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1 (data not shown), demonstrating that the overpricluof EPS | was the only cause of
2 the observed effects axoX mutants.
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DISCUSSION

This work was aimed at solving the existing disergpes concerning the role of the
LuxR type regulator ExpR in the swarming motility® meliloti. Two different groups
reported independently that swarming @f meliloti depends on the presence of a
functional expR locus (2,13). However, we recently reported thediiss Rm1021 and
Rm2011, both known to have a disrupted copgxpR, are able to swarm on semisolid
medium (32). We have re-examined the role playeBxpR by using different mutants
in different genetic backgrounds and assaying theatility phenotypes under the
experimental conditions described in the contraatjcpublications.

The new data showed that although ExpR deficiematirst do not display surface
translocation on semisolid BM as it was reportedBlaylawane et al. (2) they exhibit
flagella-driven surface translocation on semistill. Therefore, we can conclude that
ExpR is not essential for swarming motility. Moreoy it became clear that, as
previously reported for & meliloti fadD mutant (42), the swarming motility of ExpR-
deficient strains is greatly influenced by nutriecdmposition of media. Besides
flagella, the production of the siderophore rhiztia1021 which requires the presence
of low iron concentrations in the medium, is théydactor known up to now to play an
essential role in the swarming motility of ExpRident strains.

In addition to demonstrating the dispensabilityeofpR for swarming motility irS.
meliloti, this study has unveiled the existenceSinmeliloti of an additional mode of
surface translocation which does not require flagelctivity. This type of movement
was especially noticeable in strains harboringrectionalexpR locus in both semisolid
BM and MM. By using up to 4 different non-flagebait derivative mutants (including
those used in Bahlawanes’s work), we clearly demnatesl that the surface spreading

shown byexpR" strains on semisolid media was not significantiyidished by the
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absence of flagella, and therefore cannot be cereidswarming. However, when
synthesis of galactoglucan (EPS Il) was blockeddyeratingvgeB mutations, surface
spreading okxpR" strains was completely abolished on BM, and sigmiftly reduced
on MM. Considering these data, the surface traasime shown byexpR’ strains ofS
meliloti is most akin to sliding motility (18,19), whereblget production of EPS I
promotes passive movement of cells across thesagtace.

To the best of our knowledge, this work represémsfirst report on sliding motility
in Rhizobium. Sliding or spreading by expansion has been destrfior a diverse group
of bacteria such as mycobacteriBacillus subtilis, Vibrio cholerae, Serratia
mar cescens, Pseudomonas aeruginosa and Legionella pneumophila (1,5,9,27,31,43), in
which a strong correlation between sliding and ghaduction of surfactants has been
established. For example, the production of rhaipid in Pseudomonas, the
lipopeptides surfactin and serrawettin Bacillus and Serratia, respectively, or a
surfactant-like material in Legionella facilitate flagella-independent surface
translocation in these bacteria. Most of theseastahts also play a crucial role in
swarming motility (reviewed in (8,23,45)). We aret mware of the possible surfactant
properties of the galactoglucan producedsbineliloti and we can only speculate about
its role in sliding motility. It might be possibthat the high levels of EPS Il excreted by
expR’ strains serve either as a hydrated milieu thagggaufficient moisture to facilitate
the spreading of the colony or as a lubricant tleduces friction between cells and
surfaces. In any case and in contrast to surfactsunth as rhamnolipids, surfactin or
serrawettin, EPS Il is not essential for the swagmmotility of S meliloti as indicated
by the flagella-dependent translocation shown b$ HRlefective strains, regardless of

having or not a functional ExpR regulator.

18



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

In addition to swarming and EPS II-promoted slidingtilitg, S. meliloti strains can
also spread over surfaces, although to a lessentextsing a flagella and EPS II-
independent type of motility. In ExpR deficient astrs, this motility relies on the
production of the rhizobactin 1021 siderophore airabolishment of its synthesis
renders Rm1021/Rm201dirains completely non-motile. Therefore, rhizobad021
plays a crucial role in both swarming and flagéldependent surface translocation
shown byexpR strains ofS. meliloti. We recently observed that purified rhizobactin
1021 shows drop collapse activity (our unpublistredults), a property probably
conferred by the presence of the long-chain fattid gE)-2-decenoic acid in its
chemical structure. Thus, it is very probable thatreported for other surfactants which
play roles in swarming and sliding motilities, rbioactin 1021 contributes to the surface
migration ofS. meliloti by acting as a wetting agent. We have not dematestrin this
work if rhizobactin 1021 also accounts for the 8lig and EPS II-independent surface
translocation exhibited bgxpR" strains on semisolid MM, although this possibilisy
very likely.

The results presented in this work also providéhurinsights into additional factors
contributing to surface translocation & meliloti. The phenotype exhibited lBxoX
derivative mutants of Rm1021 demonstrate that tleeppoduction of EPS I, but not the
production of normal amounts of this EPS, faciitatboth sliding and swarming
motilities. Extracellular polysaccharides have bewmlved in surface translocation in
other bacteria. Thus, the acidic capsular polysaidé produced biProteus mirabilis
known as colony migration factor (Cmf) which is anportant component of the
extracellular matrix that surrounds swarmer cgllays a key role in swarming motility
by reducing surface friction during translocatid). A similar role could be attributed

to EPS I but only at high levels of production.
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This work has unveiled the unexpected complexitysofface translocation i
meliloti raising questions that require further investmatilt is clear that EPS II-
dependent sliding is the most relevant type ofasierftranslocation displayed bypR"
strains ofS. meliloti, allowing these bacteria to colonize surfaces nedfieiently than
strains displaying only swarming motility. If swamg and sliding take place at the
same time irexpR" strains or if EPS Il inhibits swarming motility ktiemains unclear.
Furthermore, although we show here that ExpR is neguired nor significantly
influences swarming motility irS. meliloti, we can not rule out the possibility of
population density regulation of swarming motilitythis bacterium. Therefore, efforts
should be continued to identify and characterireiotegulators and components which
play key roles in sliding and/or swarming. Anotleresting question to be solved is
the role these types of surface motilities playha different lifestyles oRhizobium.
Whereas the role of swarming motility in the estbhent of theRhizobium-legume
symbiosis is still unclear, sliding motility mayl@av S. meliloti to colonize surfaces
under conditions where flagellar expression is doggulated, for instance at high cell
population densities and during the invasion precés line with this, a collective
sliding movement of bacteria toward the infectitmetd tip has been proposed to
contribute to colonization of the thread (11). Tielogical significance of the ability to

slide or swarm in th&hizobium-legume symbiosis remains to be elucidated.
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FIGURE LEGENDS

Figure 1- Role of ExpR in motility ofS. meliloti. (A) Swimming test in Bromfield
(0.3% agar). (B) Surface motility on semisolid Bifeetd medium (0.6% agar). (C)
Surface motility on semisolid MM (0.6% agar). Relat genotype is indicated under
the name of each strain. Pictures were taken 2 @9y$8 days (B) or 20 hours (C) after
inoculation. Under each image, the mean and stdndaviation of migration zones
(given in millimeters and measured as describatientext) obtained from at least nine

measurements is indicated.

Figure 2.- Role of exopolysaccharides EPS | and EPS Il iilityoof S. meliloti.
(A) Swimming test in Bromfield (0.3% agar). (B) $ace motility on semisolid
Bromfield medium (0.6% agar). (C) Surface motildg semisolid MM (0.6% agar).
Relevant genotype is indicated under the name cii s#rain. Pictures were taken 2
days (A), 3 days (B) or 20 hours (C) after inodolat Under each image, the mean and
standard deviation of migration zones (given inlimegters and measured as described

in the text) obtained from at least nine measuresisrindicated.
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1 TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristics Reference or

source

S mdliloti strains

Rm2011 Wild type; NxSni (6)

Rm1021 SU4&xpR102::1ISRM2011-1; Srh (28)
RM8530 RM102&xpR’"; S (14)
2011m..EO7 2011mTn5STM.1.03.E07, Rm2011 (35)

flgE::mini-Tn5; Nx" Sl Nm'

2011mTn5STM.4.06.G01  Rm20%igeB::mini-Tn5; Nx' S Nm"  (35)

Sm2B3001 Rm2011 with a restoregR gene; NX  (2)
Sni
Sm2B5005 Sm2B300fgE::mini-Tn5; Nx' Smi (2)
Nm'
Sm2B6005 Sm2B300disN::Speé, Nx' Sml Spe¢  (2)
2011R Rm2011 with a restoregpR gene; NX  This study
Sni
2011RFg 2011RgE::mini-Tn5; Nx" S Nm' This study
2011rhbA62 Rm201thbA::Tn5lac; S Rif" Nm' (25)
QN1021 Rm1021 with a full deletestpR locus; This study
Sni
1021F Rm102flaA flaB; Sl Hy This study
1021R Rm1021 with a restoregbR gene; S This study
1021rhbA Rm102thbA::Tn5lac; S Nm' This study
1021Y Rm1021AexoY; S This study
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1021YF 1021YflaA flaB; S Hy' This study

1021X Rm1021AexoX; S This study
1021XF 1021XflaA flaB; S Hy' This study
1021XY 1021XAexoY; Sm This study
Rm11601 Rm853€aA flaB: Sni Hy' (16)
8530Vis Rm853@vith full deletion ofvisN visR;  B. Scharf
Sni

8530Fg RmM853@AgE::mini-Tn5; Sm Nm' This study
Rm9020 Rm853@exoY::Tn5-132; Sni Otd (15)
11601Y Rm1160AexoY; Sni Hy' This study
8530W Rm853@vgeB::mini-Tn5; Sni Nm' This study
11601W Rm1160WgeB::mini-Tn5; Sn Nm' This study

Escherichia coli strains

DH50 supE44, AlacU169, 80, lacZAM1, Bethesda
recAl, endAl, gyrA96, thil, relAl, Research Ldb
5hsdR171

S17.1 thi, pro, recA, hsdr, hsdM, Rp4Tc::Mu, (41)

Km::Tn7; Tp', Sn, Spet

Plasmids

pCR-XL-TOPO Cloning vector; Kin Invitrogen

pK18mobsacB Suicide plasmid; K (39)

pK18-AexpR pK18nobsacB carrying the deleted This study
version of theexpR locus; Km

pK18-expR pK18&wobsacB carrying theexpR gene  This study

from Rm8530; Km
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pK18-AexoY pK18nobsacB carrying the deleted This study
version of theexoY locus; Kni
pK18-AexoX pK18nobsacB carrying the deleted This study

version of theexoX locus; Km

& Nx" Sl Nm' Spet Rif" Hy' Otd Tp' Km": nalidixic acid, streptomycin, neomycin,
spectinomycin, rifampin, hygromycin, oxytetracydjntrimethoprim, and kanamycin

resistance, respectively.
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TABLE 2. Primers used in this study

Primer Sequence (5" to 39 Used for
Rmpyc AGAGTGGCGTGAACATTCGG expR restoration
SmdvA2 TCCTTCTGTGACGAGATCG expR restoration

ExpR.1 AAAAAGCTTGCTTTTCGAGATAGACCTCG (Hindlll) expR deletion
ExpR.2 CGTACAGTTTCTGGCTGGTACATGAACG expR deletion
ExpR.3 CGTTCATGTACCAGCCAGAAACTGTACGAGC expR deletion
ExpR.4 AAAGGATCCCGTGAACTTCTTCAGTTCGC (BamHI) expR deletion
delexoY.l AAAGGATCCACCTCATAAGAGTTGTTGCC (BamHI) exoY deletion
delexoY.2 GGACATATTGCGTGTTTGCCATACCTCC exoY deletion
delexoY.3 GGAGGTATGGCAAACACGCAATATGTCC exoY deletion
delexoY.4  AAAGGATCC AATACCGTCAAATTGGGAGC (BamHI)  exoY deletion
exoX1 AATAAGCTTGGACTTCATAGAGGTGACTC (Hindlll) exoX deletion
exoX2 GCTCAGGAATTGAGGGTGCGAACATGGC exoX deletion
exoX3 GCCATGTTCGCACCCTCAATTCCTGAGCGGC exoX deletion

exox4 AATGGATCCGAGCGTAGAGATCGTAATC (BamHI) exoX deletion

2 Restriction sites used for cloning (underlined given in parenthesis
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Figure 1

A Rm1021 QN1021 1021F 1021rhbA 2011 2011m..E07
expR expR expR flaAflaB expR rhbA expR expR flgE
. . - 3
11+£0.21 10.5+0.28 3.5+0.15 9.6+0.18 10.4+0.19 3.9+0.19
Rm8530 1021R Rm11601 8530Vis 8530Fg 2011R 2011RFg
v expR* expR* expR*flaAflaB  expR*visNvisR expR* expRflgE
” “ . .
10.9+0.23 10.4+0.32 4.6+0.21 5+0.63 4.5+0.67 7.4+0.31 43+0.14
B Rm1021 QN1021 1021F 1021rhbA 2011 2011m..E07

expR expR

expR flgE

exiR “(ZA IaB exiR rhbA

4.9+0.07 4.8+0.16 4.8+0.17 43+0.21
Rm8530 1021R Rm11601 8530Vis 8530Fg

expR* exiR ’|]aA “HB exiR "visNvisR
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