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Sinorhizobium meliloti is a soil bacterium that elicits the formation of root organs called nodules on its host
plant, Medicago sativa. Inside these structures, the bacteria are able to convert atmospheric nitrogen into
ammonia, which is then used by the plant as a nitrogen source. The synthesis by S. meliloti of at least one
exopolysaccharide, succinoglycan or EPS II, is essential for a successful symbiosis. While exopolysaccharide-
deficient mutants induce the formation of nodules, they fail to invade them, and as a result, no nitrogen fixation
occurs. Interestingly, the low-molecular-weight fractions of these exopolysaccharides are the symbiotically
active forms, and it has been suggested that they act as signals to the host plant to initiate infection thread
formation. In this work, we explored the role of these rhizobial exopolysaccharides in biofilm formation and
their importance in the symbiotic relationship with the host. We showed that the ExpR/Sin quorum-sensing
system controls biofilm formation in S. meliloti through the production of EPS II, which provides the matrix
for the development of structured and highly organized biofilms. Moreover, the presence of the low-molecular-
weight fraction of EPS II is vital for biofilm formation, both in vitro and in vivo. This is the first report where
the symbiotically active fraction of EPS II is shown to be a critical factor for biofilm formation and root
colonization. Thus, the ability of S. meliloti to properly attach to root surfaces and form biofilms conferred by
the synthesis of exopolysaccharides may embody the main function of these symbiotically essential molecules.

The gram-negative soil bacterium Sinorhizobium meliloti
fixes atmospheric nitrogen in association with its host plant,
Medicago sativa (alfalfa). This symbiotic relationship involves a
series of intricate signaling events between the two partners
(23, 28). Initially, alfalfa releases flavonoids that attract bacte-
ria from the surrounding environment to the roots and induce
the production of bacterial lipochitooligosaccharide signal
molecules referred to as Nod factors (29). The Nod factors
elicit root hair deformation and trigger the plant meristematic
cells to divide and differentiate, leading to the formation of
plant nodules. Root nodule invasion requires the action of
additional factors such as the exopolysaccharides produced by
S. meliloti. Once inside the plant, bacteria differentiate into
morphologically distinct forms called bacteroids that actively
fix nitrogen (30).

Rhizobial exopolysaccharides are crucial for the establish-
ment of a successful symbiosis with legumes. S. meliloti is
capable of producing two exopolysaccharides, succinoglycan
and EPS II. A 25-kb cluster of exo genes located in the second
megaplasmid (pSymB) of S. meliloti is required for the pro-
duction of succinoglycan (45), which is composed of repeating
octasaccharide units of galactose and glucose residues (in a 1:7
molar ratio) decorated by acetyl, pyruvyl, and succinyl groups
(44). This exopolysaccharide is secreted in two major fractions
reflecting different degrees of subunit polymerization: high
molecular weight (HMW), consisting of hundreds to thousands
of octasaccharide subunits, and low molecular weight (LMW),
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represented by monomers, dimers, and trimers of the subunit
(55). The presence of LMW succinoglycan is essential for nod-
ule invasion to occur. Addition of the LMW fraction of succi-
noglycan in trans restores the ability of exo mutants to invade
the host (2, 40, 54).

S. meliloti also has the ability to produce a second symbiot-
ically active exopolysaccharide designated EPS II. Its synthesis
is mediated by a 32-kb cluster of exp genes on pSymB, separate
from the exo genes (18). EPS II is a polymer of repeating
disaccharide units composed of an acetylated glucose and one
pyruvylated galactose (22). As with succinoglycan, it is secreted
in two major fractions, HMW and LMW (20, 37). This exopo-
lysaccharide is produced by most isolates of S. meliloti but not
by the well-studied Rm1021 strain under most conditions (18,
41). The explanation for this discrepancy lies in the fact that
Rm1021 carries a spontaneous disruption in expR, a gene en-
coding a transcriptional regulator that is part of the ExpR/Sin
quorum-sensing system (17, 31, 41). Restoration of the expR
open reading frame leads to the synthesis of EPS II (31, 41).
Interestingly, EPS II-producing strains frequently lose their
ability to make this polymer when grown under laboratory
conditions, suggesting that Rm1021 is a mutant derivative that
arose during its use in research; therefore, we propose that a
strain with an intact ExpR/Sin quorum-sensing system (capable
of producing both succinoglycan and EPS II) should be re-
garded as the wild type (21, 24).

The ExpR/Sin quorum-sensing system in S. meliloti consists
of (i) Sinl, the autoinducer synthase, (ii) SinR, its regulator,
and (iii) ExpR (32). Sinl is responsible for the production of a
series of long-chain N-acyl homoserine lactones (AHLs) (17,
33) which, in conjunction with ExpR, allows for the production
of both the HMW and LMW fractions of EPS II (31, 41).
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When the ability to synthesize succinoglycan is abolished,
strains with an intact quorum-sensing system continue to be
nodulation competent since they produce LMW EPS II (20).
In the absence of a functional quorum-sensing system, EPS II
production is possible if a second transcriptional regulator,
MucR, is disrupted; however, this only allows for symbiotically
inactive HMW EPS 1II biosynthesis (20, 26, 59). As a result,
these strains are incapable of invading M. sativa and establish-
ing a symbiosis (20, 42). Therefore, the quorum-sensing acti-
vation of EPS II production and, more specifically, the result-
ant synthesis of the LMW fraction are critical for the ability of
a succinoglycan-deficient strain to form a successful symbiosis
with its host plant (31, 41). It has been suggested that these
LMW fractions of the exopolysaccharides act as symbiotic sig-
nals during host infection (2, 20, 40); however, their precise
role has, so far, been elusive.

In addition to facilitating nodule invasion, exopolysacchar-
ides, together with other surface components, such as pili and
lipopolysaccharides, may also play important roles in bacterial
biofilm formation. Biofilms are formed when one or multiple
bacterial species are enclosed in a self-produced polymeric
matrix attached to a surface and to each other (8). These
polysaccharide-encased microcolonies can eventually develop
into complex three-dimensional microbial communities of vari-
able depth and architecture and are often permeated by chan-
nels through which nutrients and water flow (52). The compo-
sition and structure of bacterially produced polysaccharides
play an important role in primary biofilm conformation (53).
Factors such as the effective polysaccharide concentration, de-
gree of polymerization, type of carbohydrate linkages, ionic
status, and the presence of other macromolecules determine
the stability of the gel-like matrix (35).

Several possible biological functions for the S. meliloti exo-
polysaccharides have been postulated, including a role in pro-
tecting the bacteria against environmental stresses, determin-
ing host specificity, participating in the early steps of plant
infection, such as adhesion of bacteria to the roots, inducing
infection thread formation, modulating the plant defense re-
sponses, and acting as a plant developmental signal molecule
(7,9, 12, 27, 40, 50, 51). In order to determine if the S. meliloti
ExpR/Sin quorum-sensing system and/or exopolysaccharide
synthesis plays a role in biofilm formation, we used two differ-
ent methods: a microtiter plate assay to quantify biofilm for-
mation and a glass chamber assay to study the different stages
of biofilm structure by confocal laser scanning microscopy
(CLSM). In addition, we used fluorescence microscopy to eval-
uate biofilm formation directly on alfalfa roots. Here we show
that the presence of EPS II, more specifically, the symbiotically
active LMW fraction of this polymer, is essential for the proper
and abundant formation of biofilms by S. meliloti in vitro and
in vivo.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains and plasmids
used in this study are listed in Table 1. Starter cultures were grown in 5 ml of
TYC broth (10 g of tryptone, 5 g of yeast extract, and 0.4 g of CaCly/liter) for 48 h
at 30°C. The strains were subcultured (1:100) in 2 ml of minimal glutamate
mannitol (MGM) medium (50 mM morpholinepropanesulfonic acid [MOPS], 19
mM sodium glutamate, 55 mM mannitol, 1 mM MgSO,, 0.25 mM CaCl,, 0.004
mM biotin, pH 7) with a low or high phosphate concentration (0.1 or 10 mM
K,HPO,-KH,PO,, respectively; the stock consists of an equimolar ratio of each
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TABLE 1. Strains and plasmids used in this work

Strain or plasmid Relevant characteristics® I({)ffseorz;lcc:
S. meliloti strains
Rm1021 SUA47 str-21 expR 36
Rm8530 Rm1021 expR* 18
Rm10002 Rm8530 expA3::TnS 37
Rm11527 Rm8530 sinl::Km" 31
Rm11603 Rm8530 exoY210::Tn5-233 18
Rm11604 Rm1021 mucR::Tn5-233 20
Rm11605 Rm8530 exoY210::Tn5-132 This work
expA3:Tn5-233
Rm11606 Rm1021 exoY210::Tn5-233 37
expA3:Tn5
E. coli MT616 pro-82 thi-1 hsdR17 supE44 11

recA56(pRK600) Cm"

Plasmids
pPSWExpR pSW213 containing an intact expR 19
gene, Tc"
pTBI93F ptrp-GFP-S65Ta in pMB39, Sp* Cm" 16
pDG77 ptrp-DsRed, Tc" 15

“ Km'", kanamycin resistance; Cm’, chloramphenicol resistance; Tc", tetracy-
cline resistance; Sp’, spectinomycin resistance.

compound) and grown at 30°C for an additional 48 h. Antibiotics were added, as
appropriate, at the following final concentrations: streptomycin, 500 pg/ml; neo-
mycin, 200 pg/ml; gentamicin, 50 wg/ml; tetracycline, 10 pg/ml; oxytetracycline,
0.75 pg/ml; chloramphenicol, 20 wg/ml. Strain Rm8530 exoY expA was con-
structed by general transduction using phage $M12 as previously described (10).

Biofilm formation assay-microtiter plate method. The biofilm formation assay
used was based on the method of O’Toole and Kolter (39), with some modifi-
cations. Cultures were grown in low-phosphate MGM medium as described
above, diluted to an optical density at 600 nm (ODy) of 0.8, and inoculated into
the microplate wells in 100-ul aliquots. The plates were covered with a sterile
microporous sealing film (AeraSeal catalog no. BS-25) to allow gas exchange and
prevent evaporation and incubated with agitation (250 rpm) at 30°C for 48 h.
Cells were gently resuspended by repeated pipetting of the contents in each well,
and bacterial growth was quantified by measuring the ODy, at the end of the
experiment. The contents of each well were then removed, and the wells were
washed three times with 150 pl of sterile physiological saline solution in order to
remove all nonadherent bacteria. The plates were emptied, air dried, stained for
15 min with 150 pl of 0.1% crystal violet per well, and then rinsed three times
with water. Biofilm formation was quantified by the addition of 150 wl of 95%
ethanol to each crystal violet-stained microtiter dish well, and the absorbance (at
a wavelength of 560 nm) of the solubilized crystal violet was determined with a
microplate reader (Infinite M200; Tecan Trading AG, Miannedorf, Switzerland).
Bacterial growth and adherence measurements were performed in duplicate,
repeated at least four times, and averaged.

CLSM. A confocal laser scanning microscope (Leica DM IREZ2; Leica Micro-
systems, Wetzlar, Germany) was used to visualize the different events of biofilm
formation in a 12-day time course experiment using chambered cover glass slides
containing a 1-wm-thick borosilicate glass base (Lab-Tek no. 155411; Nunc) as
described by Russo et al. (47). Confocal images were acquired from bacterial
cultures carrying either plasmid pTB93F or pDG77, which constitutively pro-
duces the green fluorescent protein (GFP) (16) or DsRed (15), respectively.
Fluorescence-labeled bacterial cultures were diluted to an ODg, of 0.001, and
500 ! of the diluted cultures was inoculated into each chamber and grown under
static conditions at 30°C for up to 12 days. To prevent desiccation, the chambers
were incubated in a sterile petri dish under humidified conditions. Three-dimen-
sional images were reconstructed by using the Leica Confocal Software version
2.61 (Leica Microsystems, Wetzlar, Germany).

Microscopic observation of biofilm formation on roots. Seeds of M. sativa cv.
Iroquois (alfalfa) were surface sterilized in 50% bleach for 10 min, washed six
times with sterile water, and germinated on 1.5% agar plates for 24 h. One-day-
old seedlings were inoculated with twice-washed, GFP-labeled bacterial cultures
(ODggp of 0.1) and maintained in a growth chamber at 22°C with an 18-h
light/6-h dark photoperiod for 48 h. At least 10 roots per treatment (from two
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independent experiments) were extensively washed in sterile water, placed on a
chambered cover glass slide (Lab-Tek no. 155361; Nunc), examined for biofilm
formation with a Nikon Eclipse TE2000-U inverted microscope, and analyzed
using the NIS-Elements AR Ver. 2.3 software, which allowed the overlapping of
light and fluorescence images.

RESULTS

The presence of a functional ExpR/Sin quorum-sensing sys-
tem in S. meliloti is necessary for biofilm formation. S. meliloti
strain Rm1021 (expR) does not have a functional ExpR/Sin
quorum-sensing system due to an insertion element within the
expR gene (31, 41). The Rm8530 (wild-type) strain contains a
functional copy of this gene and thus has the capacity to reg-
ulate several important bacterial phenotypes based on popu-
lation density, including the production of exopolysaccharides,
motility, and others (21, 24, 25).

Biofilm development by wild-type S. meliloti and quorum-
sensing mutants was analyzed in low-phosphate MGM me-
dium, which attempts to replicate soil conditions, where nutri-
ents and phosphate are scarce. S. meliloti grown in this medium
produces large amounts of EPS II (18, 19, 24, 31, 37) and is
highly motile at a low population density (21, 25). Moreover,
we have demonstrated that quorum-sensing-controlled genes
are maximally expressed in this medium (21, 24).

The wild-type strain produced a significantly larger mass of
biofilm than the expR mutant, as measured by microtiter plate
assay, suggesting that the ExpR quorum-sensing regulator
plays a role in biofilm formation (Fig. 1A). The expR mutant
formed only a slight biofilm ring at the liquid-air interface,
compared with the full covering of the well walls by the wild
type (data not shown).

We performed a genetic complementation study to deter-
mine if biofilm formation in the expR strain could be restored
by adding a functional copy of the expR gene in trans. When the
PSWExXpR plasmid was transferred into the mutant, biofilm
development was restored to wild-type levels (Fig. 1A), again
confirming that expR must be present in order for biofilm
formation to occur.

The S. meliloti ExpR quorum-sensing regulator requires ac-
tivation by AHLs to control a variety of cell functions (21). In
order to determine if, in addition to ExpR, biofilm formation
requires the presence of AHLs, we disrupted the sin/ AHL
synthase gene. Similar to the expR mutant strain, a sin mutant
showed a reduction in biofilm formation (Fig. 1A), indicating
that an intact quorum-sensing system is required for maximum
biofilm formation.

EPS 1I provides the matrix for biofilm formation. The bio-
synthesis of both succinoglycan and EPS II is affected by quo-
rum sensing (19, 31). In a quorum-sensing mutant, the average
molecular weight of succinoglycan is increased (19) and pro-
duction of EPS II is abolished (31). To examine the role of
succinoglycan or EPS II in biofilm formation, independent of
quorum sensing, we analyzed strain derivatives that were un-
able to produce one or both of these polymers. Assembly of the
repeating unit of succinoglycan is initiated by the ExoY galac-
tosyltransferase (45); therefore, a mutant lacking the gene for
this enzyme is unable to produce this exopolysaccharide. The
introduction of an exoY mutation into the wild-type strain led
to no reduction in biofilm formation, suggesting that succino-
glycan does not play a major role in this process (Fig. 1A). On
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FIG. 1. Quantification of biofilm formation (bars) and bacterial
growth (squares) of S. meliloti cultures under shaking conditions for
48 h in (A) low-phosphate (0.1 mM) and (B) high-phosphate (10 mM)
MGM medium. Mean values and standard deviations are shown.

the other hand, a marked decrease in biofilm development
occurred when we introduced a mutation in the expA gene,
which blocks EPS II production (18) (Fig. 1A). Elimination of
succinoglycan production in an expA strain by the introduction
of an exoY mutation resulted in no further reduction in biofilm
formation (Fig. 1A). These results suggest that EPS II (but not
succinoglycan) is crucial in S. meliloti for the formation of
biofilms under these growth conditions.

Phosphate concentration affects biofilm formation. Phos-
phorus is an important macronutrient which is found at limited
concentrations (1 to 10 wM) in soil (6) since it is mostly present
in immobilized and nonutilizable forms. Phosphate concentra-
tion constitutes an environmental signal which has been shown
to affect the biosynthesis of EPS II (37, 46, 58). Low-phosphate
conditions (0.1 mM) are required for maximal expression of
the exp genes, while high phosphate concentrations (=2 mM)
dramatically reduce its production (4, 37). Interestingly, all
EPS II-producing strains showed a dramatic decrease in bio-
film formation when the microtiter assay was performed in
high-phosphate (10 mM) MGM medium (Fig. 1B). This
strongly correlates with previous observations that the amount
of EPS II produced under those conditions is limited (4, 37).
However, high-phosphate conditions slightly increased biofilm
formation in the expR, sinl, expA, and exoY expA mutants (Fig.
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FIG. 2. CLSM observation of biofilm formation in (A) wild-type S. meliloti and the (B) expR, (C) expR (pSWExpR), (D) exoY, (E) expA, and

(F) expR mucR mutants at 2 dpi. Bars, 23.8 pm.

1B) compared to that seen under the phosphate-limiting con-
ditions provided by low-phosphate (0.1 mM) MGM medium
(Fig. 1A). Since a mutant unable to produce any exopolysac-
charides (exoY expA) shows a level of biofilm formation similar
to that of the quorum-sensing (expR, sinl) and the EPS II-
producing (expA) mutants, this effect cannot be attributed to
the stimulation of succinoglycan production by high phosphate.
The mechanisms used by non-EPS producing strains of S.
meliloti to attach to abiotic surfaces and develop biofilms, as
well as the role of phosphate in mediating this process, remain
to be determined.

EPS II-producing strains develop structured biofilms. We
used CLSM to analyze the structural characteristics of the S.
meliloti biofilm formed in vitro over a 12-day time course
experiment in a chambered cover glass. Inverted microscopy
with GFP-labeled strains of S. meliloti allowed observation of
the different stages of biofilm growth on the bottom of the
chamber. As early as 2 days postinoculation (dpi), clear stages
of structured biofilm development were observed in the wild-
type strain (Fig. 2A), the pSWExpR-complemented expR mu-
tant (Fig. 2C), and the exoY mutant (Fig. 2D). On the other
hand, a flat, unorganized biofilm of uniform thickness com-
posed of a confluent layer of cells covering the entire surface of
the slide was observed in static cultures of the expR mutant
over the course of the experiment (Fig. 2B). In order to inves-
tigate if EPS II is involved in the development of structured
biofilms, we performed the same assay with an exp4 mutant
strain carrying an intact quorum-sensing system. The biofilm
formed by this mutant did not show any kind of structure or

organization (Fig. 2E) and was similar to the one observed in
the expR mutant strain, confirming that EPS II plays a major
role in biofilm formation in S. meliloti. Formation of structured
biofilms was abolished when EPS II-producing strains were
grown in high-phosphate MGM medium, as flat, unstructured
biofilms were formed by the wild-type strain, as well as by the
expR and exoY mutants (data not shown).

Restoration of biofilm formation via extracellular comple-
mentation of quorum sensing. To confirm that a functional
quorum-sensing system and its corollary production of EPS II
are essential for biofilm formation, we conducted a series of
mixed-strain experiments. First, we combined the exoY sinl and
exoY expA mutants. Both of these strains are unable to produce
succinoglycan (which, as we demonstrated above, does not play
a major role in biofilm formation) and possess an intact copy of
the ExpR quorum-sensing regulator. In the exoY sinl mutant
strain, while all of the exp genes are functional, no EPS II is
synthesized due to a lack of ExpR activation in the absence of
the Sin AHLs. In the second strain, the exp4 mutation blocks
EPS II synthesis; therefore, this strain makes AHLs but does
not produce any exopolysaccharides.

When biofilm formation was evaluated in both of these mu-
tants individually, we observed a reduction in the biofilm bio-
mass compared to that of the wild type (Fig. 3). However,
biofilm formation was restored to wild-type levels when the
two mutants were cocultured (Fig. 3). AHL complementation
by the exoY expA mutant strain led to activation of the ExpR/
Sin quorum-sensing system in the exoY sinl mutant strain and
the eventual formation of biofilms. A similar effect on the
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FIG. 3. In vivo quorum-sensing complementation assay. Quantifi-
cation of biofilm formation (bars) and bacterial growth (squares) of
wild-type S. meliloti and exoY sinl, exoY expA, and mixed exoY sinl plus
exoY expA mutant cultures under shaking conditions for 48 h in low-
phosphate MGM medium. Mean values and standard deviations are
shown.

formation of structured biofilms was observed by CLSM (Fig.
4). Both an exoY sinl mutant strain producing GFP and an exoY
expA mutant expressing DsRed individually formed flat, un-
structured biofilms when evaluated by CLSM (Fig. 4A and B,
respectively). Again, coinoculation of these two strains led to
the development of a mixed-structure biofilm (Fig. 4C) similar
to the one shown by the wild-type strain (Fig. 2A). These
findings confirm that the presence of a functional quorum-
sensing system is essential for effective biofilm formation.
Restoration of biofilm formation via extracellular comple-
mentation of EPS II production. The biofilm formation shown
above could be due to the restoration of EPS II production in
the complemented strains or to the reestablishment of another
quorum-sensing-dependent factor. To determine the specific
basis of biofilm formation, we performed a different mixed-
strain complementation experiment. In an expR exoY expA
triple mutant, the synthesis of both EPS II and succinoglycan is
genetically blocked. In addition, the ExpR/Sin quorum-sensing
system is nonfunctional due to the absence of an intact expR
gene. This constitutively DsRed-producing strain develops flat
biofilms in which no structure or organization is observed by
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CLSM (Fig. 5A), a phenotype analogous to that of the expR
mutant strain (Fig. 2B). The DsRed-producing expR exoY expA
mutant strain was cocultured with a GFP-expressing exoY mu-
tant, a strain previously shown to form structured and robust
biofilms (Fig. 2D and 5B). This allowed us to evaluate if an
EPS II-producing strain is able to complement the mutant.
When the strains were combined, the DsRed-expressing expR
exoY expA mutant was incorporated into the microcolonies
developed by the exoY-GFP strain, leading to the formation of
a mixed biofilm (Fig. 5C). This, together with the results shown
above, suggests that the presence of EPS II is crucial for the
proper formation of biofilms.

EPS II-producing strains develop highly organized biofilms.
Microbial species have been shown to form complex biofilm
structures, including honeycombs and veils (47, 48). It has been
speculated that they may provide mechanical stability and pro-
tection against physical stress and may maximize reactive sur-
face area, lowering the energy costs of individual cells (48).
Moreover, the tertiary structure of honeycombs may provide a
larger surface area for the absorption of nutrients. After our
initial observations, we continued to monitor the ability of S.
meliloti to form biofilms. Following a period of cell dispersal at
4 dpi, the wild type, as well as the exoY mutant, formed inter-
connected complex cell clusters or honeycomb-like biofilms
starting at 10 dpi (Fig. 6A). Bacteria were predominantly at-
tached to each other through lateral interactions, forming rows
of cells identically oriented (Fig. 6B), although pole-to-pole
interactions were also observed. These honeycomb-like ar-
rangements were apparent until the end of the experiment at
12 dpi. On the other hand, no honeycomb structures were
observed in the expR, sinl, or expA mutant strain (Fig. 6C to E,
respectively).

The LMW fraction of EPS II is required for biofilm forma-
tion. MucR is a repressor of selected EPS II biosynthetic genes
(26). In an expR mutant strain, this repression leads to no EPS
II production. A mucR mutation results in EPS II production,
but this polymer lacks the symbiotically critical LMW fraction
(20). In an expR mucR mutant, biofilm formation was dramat-
ically decreased compared to that of the wild-type strain (Fig.
7). In glass chambers, the expR mucR mutant formed small
channels but failed to develop microcolonies (Fig. 2F) or hon-
eycomb-like structures (Fig. 6F), analogous to the phenotype

FIG. 4. Quorum-sensing complementation analysis. Shown are CLSM single-scan images from S. meliloti biofilms (3 dpi). (A) exoY sinl-GFP,
(B) exoY expA-DsRed, and (C) restoration of biofilm formation by coculturing both of the strains mentioned above. Bars, 23.8 pum.
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FIG. 5. EPS II complementation analysis. Shown are CLSM single-scan images of S. meliloti biofilms (3 dpi). (A) DsRed-producing expR exoY
expA mutant (a quorum-sensing-deficient mutant capable of producing neither succinoglycan nor EPS II and therefore non-biofilm forming),
(B) GFP-producing exoY mutant (a biofilm-forming succinoglycan mutant), and (C) a mixed biofilm showing how the expR exoY expA mutant
integrates into a typical wild-type biofilm when cocultured with the exoY EPS II-producing strain. Bars, 15.8 pm.

observed in the non-EPS II-producing expR mutant strain (Fig.
2D). This suggests that not only is the production of EPS II
important, but the presence of the specific LMW fraction
of EPS 1II is apparently essential for biofilm formation by S.
meliloti.

EPS II-producing strains colonize root surfaces more effi-
ciently. Plant-associated bacteria interact with host surfaces
during pathogenesis and symbiosis (13, 38, 49). The effect of
EPS II or succinoglycan on alfalfa root colonization was ex-

FIG. 6. CLSM images of S. meliloti biofilms in low-phosphate MGM medium (12 dpi). The (A and B) exoY, (C) expR, (D) sinl (E) expA, and
(F) expR mucR mutant strains are shown. Bars (except for panel B), 15.8 wm. Panel B shows honeycomb-like structures and lateral interactions
indicated by arrows (bar, 7.9 um).

amined for the different S. meliloti derivatives. At 2 dpi, clus-
ters of rhizobia were observed attached to epidermal cells,
especially along epidermal fissures. The wild type, as well as an
exoY strain, developed dense, confluent biofilms (Fig. 8A) that
covered the entire surface of the root, including the root hairs,
where the initial symbiotic interaction takes place (Fig. 9A and
B, respectively). Conversely, expR and expA4 mutants (lacking
EPS II) formed smaller clusters of cells (Fig. 8B), attached
predominantly to the principal root (Fig. 9C and D, respec-

»7.94 um

Moot Nl .
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FIG. 7. Quantification of biofilm formation (bars) and bacterial
growth (squares) of wild-type and expR and expR mucR mutant S.
meliloti cultures under shaking conditions for 48 h in low-phosphate
MGM medium. Mean values and standard deviations are shown.

tively). This strongly suggests that, in vivo, EPS II-producing
strains are more efficient root hair colonizers and that non-EPS
II-producing strains at this early stage do not develop the
extensive networks elaborated by the wild type or the exoY
mutant strain. On the other hand, the expR mucR mutant
strain, which only produces HMW EPS II, showed a pheno-
type intermediate between those of the wild type and the
expR mutant (Fig. 9E). Similar to the expR mutant, this
strain colonized mostly the principal root, forming patchy
colonies, but on occasion could be seen associated with root
hairs, suggesting that LMW EPS II is necessary for maximal
host colonization.

DISCUSSION

Bacteria in biofilms are better able to resist antimicrobial
agents, adapt to environmental changes, defend themselves
against host attack, and exchange genetic information more
efficiently (14). Biofilms are clearly formed by rhizobial spe-
cies, but it is not apparent what role they play in a successful
symbiotic association (12, 13, 27, 47). The capacity that bio-
films have demonstrated in other settings to protect bacteria
from desiccation, starvation, and host responses and to medi-
ate attachment (3) could potentially impact the overall fitness

FIG. 8. CLSM images of biofilms established on alfalfa roots by
S. meliloti (A) wild-type and (B) expR mutant strains at 1 dpi. Bars,
23.8 pm.
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FIG. 9. Images of S. meliloti (A) wild-type and (B) exoY, (C) expR,
(D) expA, and (E) expR mucR mutant strains on the root hairs and
main root of alfalfa at 2 dpi. Bars, 10 pm.

of rhizobia in the soil and in the rhizosphere microenviron-
ments and therefore contribute to the symbiotic process.
Previous work has shown that the LMW fractions of succi-
noglycan and EPS II produced by S. meliloti independently
mediate root nodule invasion in alfalfa (2, 20, 40, 54). Here we
show that the LMW fraction of EPS II is also essential for
biofilm formation. The ExpR/Sin quorum-sensing-proficient
strain synthesizes both the HMW and LMW forms of EPS II
and develops complex and robust biofilms, both in vitro and in
vivo. A strain which lacks EPS II or produces only the HMW
fraction of this polymer forms very low levels of biofilm. There-
fore, the ExpR/Sin quorum-sensing system controls biofilm
formation through LMW EPS II production in S. meliloti.
Interestingly, a succinoglycan-deficient expR mucR mutant, de-
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spite its ability to make HMW EPS 11, is also nodule invasion
deficient, indicating that LMW EPS 1II is vital for invasion as
well (20).

We did not detect any differences in biofilm formation be-
tween the wild-type strain and an exoY mutant. Therefore, our
results suggest that a normal amount of succinoglycan (LMW
or HMW) does not play a major role in biofilm formation.

Recently, Wells et al. showed that overproducers of succi-
noglycan can form biofilms (56). Strains with a mutation in
exoR, a negative regulator of the exo genes, produce at least
five times more succinoglycan. This increase in succinoglycan
synthesis leads to extensive biofilm formation and attachment
to abiotic surfaces (56). Interestingly, exoR mutants are also
unable to effectively invade alfalfa nodules (56). Perhaps the
composition, quantity, and specific structure of the polymer
generated by the symbiont are critical for proper colonization
of and effective interaction with the host plant.

Unorganized biofilms (no prevalence of lateral or polar in-
teractions between the cells) permeated by water channels
were observed in the wild-type and exoY mutant strains pro-
ducing EPS II during the first days postinoculation. The non-
EPS II-producing strains, as well as the expR mucR mutant,
formed a flat, uniform layer of cells attached to the glass
surface but with no apparent order. After a period of dispersal,
the wild-type and exoY mutant strains developed a new kind of
biofilm where the bacteria formed very organized honeycomb-
like structures. Again, non-EPS II-producing strains failed to
show any reorganization of the biofilm. These data indicate
that the presence of EPS II, specifically, the LMW fraction of
this polymer, is responsible not only for biofilm formation by S.
meliloti but also for its eventual highly ordered structure. The
formation of honeycomb-like biofilms has also been described
in Rhizobium leguminosarum (47, 57) and shown to be depen-
dent on the acidic EPS.

Bacteria associated with plants frequently form biofilms on
leaves, on root surfaces, and within the intercellular spaces of
plant tissues (1, 3, 5, 13, 34, 38, 43). Microscopic studies show
that the rhizobial cells migrate down the infection threads as
biofilm-like filaments toward the root interior (15, 43). Here
we show that EPS II-producing strains are able to colonize
efficiently the principal roots, as well as the root hairs, of
alfalfa, while the expR and expA mutant strains develop patchy
microcolonies primarily on the principal root. Moreover, the
expR mucR mutant strain, which produces only the HMW
fraction of EPS II, has an intermediate phenotype. HMW EPS
II could be mediating a basal level of root colonization, since
the expR mucR mutant shows a transitional phenotype both in
vitro and in vivo. However, the efficiency of colonization seems
to be dramatically impaired by the absence of LMW EPS II.
EPS II biosynthesis, specifically, production of the LMW frac-
tion of this polymer, plays a crucial role in biofilm formation,
root colonization, and nodule invasion. Our recent findings
that quorum sensing not only controls the production of EPS II
in S. meliloti but also strongly represses flagellar synthesis at
high population densities bring together two critical require-
ments for proper biofilm formation, matrix production and
motility suppression (21, 25). It has been proposed that S.
meliloti exopolysaccharides may play a signaling role in the
process of nodule invasion, perhaps through the induction of
infection thread formation (20, 40). In light of the data pre-
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sented here, it is tempting to speculate that the main role of
LMW EPS Il is in positioning the bacteria appropriately on the
host root so that invasion can occur. The biofilm matrix could
be providing S. meliloti with the suitable microenvironment
necessary for colonization and eventual invasion of the root
hairs, while the absence of exopolysaccharides might lead to
poor root association and host invasion failure. From that
point of view, LMW EPS II acts as an essential structural
component of the colonization matrix for correct interaction
with the host. Our observations set the stage for the study of
the specific mechanisms through which biofilm formation me-
diates attachment and/or invasion. Elucidating potential plant
surface interactions with the bacterial matrix, possible host
plant responses to biofilm-forming and non-biofilm-forming
bacteria, and any other host-symbiont interactions will further
advance our understanding of the particular S. meliloti-alfalfa
symbiosis and bacterium-host interactions in general.
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