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Abstract

Rhizobia are non-spore-forming soil bacteria that fix atmospheric nitrogen into ammonia in a symbiosis with legume roots. However, in the
absence of a legume host, rhizobia manage to survive and hence must have evolved strategies to adapt to diverse environmental conditions. The
capacity to respond to variations in nutrient availability enables the persistence of rhizobial species in soil, and consequently improves their
ability to colonize and to survive in the host plant. Rhizobia, like many other soil bacteria, persist in nature most likely in sessile communities
known as biofilms, which are most often composed of multiple microbial species. We have been employing in vitro assays to study environmental
parameters that might influence biofilm formation in the Medicago symbiont Sinorhizobium meliloti. These parameters include carbon source,
amount of nitrate, phosphate, calcium and magnesium as well as the effects of osmolarity and pH. The microtiter plate assay facilitates the
detection of subtle differences in rhizobial biofilms in response to these parameters, thereby providing insight into how environmental stress or
nutritional status influences rhizobial survival. Nutrients such as sucrose, phosphate and calcium enhance biofilm formation as their concentrations

increase, whereas extreme temperatures and pH negatively affect biofilm formation.

© 2006 Elsevier Masson SAS. All rights reserved.
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1. Introduction

The symbiosis between Gram-negative bacteria of the family
Rhizobiaceae and the roots of legume plants (family Fabaceae)
leads to the formation of nitrogen-fixing nodules, in which the
differentiated bacteria (bacteroids) reduce atmospheric nitrogen
to ammonia.

The study of root colonization, and subsequent nodule de-
velopment and occupancy, has contributed a great deal to our
understanding of the nitrogen-fixing association between rhi-
zobia and legumes. Nevertheless, much is still unknown about
rhizobial attachment to roots and the importance of its role in
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subsequent stages of nodulation and nitrogen fixation. Many
methods have been employed to study rhizobial attachment, but
most are indirect, involving initial detachment of the microor-
ganisms from the root surface and then counting of them. Other
indirect procedures, such as radiolabelling bacteria, enzyme-
linked immunosorbent assays or other biological assays, esti-
mate the number of attached organisms in situ by measuring
some attribute of the attached organism [2]. Methods involv-
ing direct observation, such as light-, laser-scanning confocal-,
transmission electron- and scanning electron microscopy, de-
tect microbial attachment directly and have greatly improved
our understanding of root colonization [13].

In a previous publication, we utilized a modified mi-
crotiter plate assay to study biofilm formation by Sinorhizo-
bium meliloti and Rhizobium leguminosarum bv. viciae [14].
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Biofilms are surface-attached communities of bacteria con-
tained within a self-produced extracellular polymeric matrix;
they are composed either of a single species or, more often
in nature, of multiple bacterial species [15,49]. Indeed, the
majority of bacteria appear to form biofilms, and this multi-
cellular mode of growth predominates in nature, most likely as
a protective mechanism against hostile environmental condi-
tions [7,20]. Biofilm behavior affords bacteria, and especially
non-spore formers such as rhizobia, a number of survival ben-
efits, since biofilms can be established on both abiotic and
biotic surfaces, often under stressful conditions. Research on
a number of different bacteria indicates that biofilms exist
as a mass of microcolonies in a single layer or as three-
dimensional structures with vertical and horizontal channels
allowing liquid flow and dispersion of nutrients and waste
components [2]. The involvement of extracellular exopolysac-
charides, pili, flagellae and quorum sensing signals in biofilm
formation has been revealed by molecular genetic analyses
[12,40]. Also, recent research suggests that the environmental
signals regulating whether bacterial cells will initiate a biofilm
differ from one bacterial species to another, thereby allowing
each bacterial species to efficiently colonize its preferred envi-
ronment [46].

The plant pathogen Agrobacterium tumefaciens, which per-
sists as a surface-associated population of cells, develops
biofilms on both inert surfaces such as soil particles, and liv-
ing plant tissues [43]. Similarly, we previously reported that
R. leguminosarum bv. viciae and S. meliloti establish biofilms
on both roots and abiotic surfaces [13,14]. Other studies have
demonstrated that bradyrhizobia and azorhizobia form biofilms
on fungal mycelia [44]. Although only a limited amount of
information is known thus far about biofilm formation in rhizo-
bial species, it is tempting to speculate that biofilm formation is
important for the overall fitness of rhizobia in the soil and in rhi-
zosphere microenvironments, thereby contributing to efficient
symbiosis [54].

In the present report, we have expanded our analysis to study
S. meliloti biofilm formation under various conditions of en-
vironmental stress and nutrient status. These experiments lend
support to our hypothesis that rhizobial biofilm formation is im-
portant for the survival of these non-spore forming bacteria in
soil in the absence of a legume host.

2. Materials and methods
2.1. Bacterial strain, culture media and growth conditions

S. meliloti Rm1021 [29] was used in this study and was
grown in minimal medium RDM (Rhizobium Defined Medium)
[51] supplemented with streptomycin (100 ugml~') at 28 °C.
For strain maintenance, the medium was solidified with 1.5%
Bacto-agar (Difco Laboratories). Bacterial liquid cultures com-
prising 10-15% of the flask volume were grown in a New
Brunswick shaker at 200 rpm to mid- or late-log phase, diluted
to an optical density at 600 nm (ODggp) of approximately 0.2,
and used in the biofilm assay [14]. Bacterial growth and biofilm
formation were measured to determine their relationship under

the different conditions. RDM was supplemented with various
sugars, osmotic agents or salts as indicated in the Results sec-
tion. When RDM was made with low phosphate levels (RDM
normally has a phosphate concentration of 12.5 mM), the pH
was adjusted with 2 M Tris—HCI, pH 6.8.

2.2. Biofilm formation assay

2.2.1. Microtiter plate method

The biofilm formation assay used is based on the method
of O’Toole and Kolter [38] with modifications [14]. This as-
say relies on the ability of the cells to adhere to the wells of
96-well microtiter dishes made of polyvinylchloride. We found
that polystyrene plates gave similar results (data not shown).
To each well, 150 pl from an overnight culture was added. Af-
ter inoculation, the plates were covered with plastic to prevent
evaporation and incubated without agitation at 30 °C for a mini-
mum of 24 h or for the time indicated in each experiment. Then,
the contents of each well were gently aspirated with an auto-
matic hand pipette or a Pasteur pipette. The wells were washed
three times with 180 pl of sterile physiological saline solution
and the plates were vigorously shaken in each wash in order to
remove all non-adherent bacteria. The plates were emptied, left
to dry, and stained for 15 min with 150 ul per well of 0.1% CV.
They were then rinsed thoroughly and repeatedly with water
and scored for biofilm formation.

2.2.2. Quantification of biofilm formation

Biofilm formation was quantified by addition of 150 pl
of 95% ethanol to each CV-stained microtiter dish well, and
the absorbance of solubilized CV was determined with a Mi-
croELISA Auto Reader at 560 nm (series 700 microplate
reader, Cambridge Technology) or at 570 nm, where indicated,
in a BioRad microtiter plate reader (Model no. 680). Alterna-
tively, and in order to compare the results from the microtiter
plate reader, CV was solubilized in 200 pl of 95% ethanol.
The entire contents were then transferred to a 1.5 ml Eppen-
dorf tube, the volume was brought to 1 ml with distilled water
and absorbance was determined at 560 nm in a spectropho-
tometer (DU-640 Spectrophotometer, Beckman Instruments).
Before the addition of CV, cells were homogenized manually
by repeated pipetting of the contents in each well and bacter-
ial growth was quantified by measuring absorbance at 600 nm.
Bacterial growth and adherence measurements were performed
in triplicate and repeated at least three times; values were then
averaged.

2.3. Potassium assay

Cells from 1 ml portions of bacterial suspensions (ODgpp =
0.8-1.0) of free-living and sessile bacteria were harvested by
centrifugation for 1 min, supernatants were removed and pel-
lets were suspended in 1 ml of deionized water. The suspensions
were boiled for 1 min to release potassium from the cells, and
the potassium concentrations (mM K™ /g protein) were deter-
mined by flame photometry as previously described [50].
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2.4. Protein quantification

The protein concentration was determined by the method of
Bradford [5] using bovine serum albumin (Sigma) as the stan-
dard.

2.5. Microscopy

Biofilms were established on 1 ¢cm round glass cover slips,
following our previously published procedure for using plas-
tic tabs [14]. For microscopy, substrates and their associated
biofilms were washed with copious amounts of RDM to remove
planktonic cells. The samples were placed on a depression slide
and viewed by fluorescence microscopy using a Zeiss Axiophot
microscope. Images were taken with Kodak Ektachrome Tung-
sten 160T slide film and processed using Adobe Photoshop.

Biofilm cells were stained with the LIVE/DEAD® Bac-
Light™ bacterial viability kit according to the manufacturer’s
instructions (Molecular Probes, Eugene, OR). Briefly, biofilms
grown on glass cover slips were incubated in the staining solu-
tion (RDM containing 5 uM SYTO9 dye and 30 uM propidium
iodide) for 15 min in the dark at room temperature. These were
examined under fluorescence microscopy as described above.

2.6. Statistical analysis

Experiments were conducted in a completely randomized
design and were repeated. Values presented are the means of re-
peated experiments. Data were subjected to one-way ANOVA
followed by comparison of multiple treatment levels with the
control using post hoc Fisher’s LSD test. All statistical analy-
ses were performed with Infostat software version 1.0.

3. Results

We had previously found that S. meliloti biofilm formation
was greater when the bacteria were grown in RDM rather than
in richer media such as LB or TY [14], indicating that a nu-
tritionally limiting environment increases the transition from
planktonic to a sessile mode of life, i.e., a biofilm. This obser-
vation suggested that biofilm formation may represent a sur-
vival strategy in a nutritionally limited environment because
surface colonization would provide a number of advantages
such as increased capture of nutrients that may be absorbed
to surfaces [55]. Because the nutrient content of the growth
medium has been found to regulate the development of biofilms
by other organisms [38,55], we tested various nutrients as well
as environmental conditions for their effects on the ability of
S. meliloti to form biofilms in the wells of the microtiter plate
dishes.

Fig. 1 shows that maximal biofilm formation in RDM was
observed 72 h after incubation in the microtiter plate wells, fol-
lowed by a marked decrease in the amount of biofilm formation.
One explanation for the decrease in biofilm formation is that it
is related to the decrease in growth at later time points. Alter-
natively, cells may detach from the wells at these time points.
Shirtliff et al. [47] have shown that Pseudomonas aeruginosa
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Fig. 1. Quantification of bacterial growth and biofilm formation of static cul-
tures of S. meliloti following different times of incubation. All assays were
performed in triplicate, and mean values and standard deviations are shown.
Values having different letters are significantly different from each other ac-
cording to Fisher’s LSD test (P < 0.05).

cycles in between increased biofilm biomass and a significant
detachment phase.

RDM normally contains 0.5% (ca. 0.015 M) of sucrose. As
the concentration of sucrose was increased to 0.3 M (approx-
imately 10%), biofilm formation was augmented, by almost
twofold, as assayed by CV staining. In contrast, the highest in-
crease in rhizobial growth occurred at 0.06 M sucrose (Fig. 2A).
At 0.6 M sucrose, both bacterial growth and biofilm formation
were significantly diminished.

To determine whether the increase in biofilm formation at
0.3 M sucrose was correlated with a concomitant increase in
the osmolarity of the medium, we assessed the intracellular
potassium content in free-living bacteria. Accumulation of K™
followed by glutamate is a primary response to osmotic up-
shift, by counteracting the loss of water, in both Rhizobium
and Agrobacterium when these bacteria are grown in minimal
salt medium [32]. A high value (2.16 mmol K /g of protein)
was observed for cells grown in RDM containing 0.3 M su-
crose compared to those grown in medium containing 0.015
M sucrose (1.29 mmol K /g of protein), indicating that bac-
teria undergo osmotic adaptation in RDM containing 0.3 M
sucrose. Intracellular K+ concentrations were also measured
for attached and planktonic S. meliloti incubated in RDM con-
taining 0.015 M sucrose. The K™ content in free-living bacteria
was 1.29 mmol K /g of protein, whereas a value of 1.88 mmol
K™ /g of protein was obtained for attached bacteria. Similar re-
sults had been found previously for E. coli: the intracellular
content of potassium ions was higher in attached bacteria than
in free-living bacteria [42].

We next assessed whether osmolarity had an effect on the
ability of S. meliloti to form biofilms, by using NaCl and D-
sorbitol as osmotic agents. Across a range of NaCl concentra-
tions (0 to 0.3 M), Rm1021 growth was practically unaffected
except at 0.3 M NaCl, where growth was reduced (Fig. 2B).
This is not surprising, as S. meliloti is reported to be toler-
ant to 0.3 to 0.7 M NaCl (see references in [56]). In contrast,
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Fig. 2. Bacterial growth and biofilm formation of S. meliloti in RDM sup-
plemented with (A) sucrose at the indicated concentrations and (B) different
levels of NaCl and (C) D-sorbitol. All assays were performed in triplicate, and
mean values and standard deviations are shown. Values having different let-
ters are significantly different from each other according to Fisher’s LSD test
(P <0.05).

biofilm formation significantly decreased at higher concentra-
tions of NaCl (Fig. 2B). The inhibitory effect of NaCl on rhizo-
bial biofilm formation could be due to an osmotic effect, since
biofilm formation was highest in 0.3 M sucrose (equivalent to
the osmotic potential of 0.15 M NaCl) (Fig. 1A). Alternatively,
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Fig. 3. Bacterial growth and biofilm formation of S. meliloti in RDM supple-
mented with (A) KNO3 at the indicated concentrations and (B) different levels
of phosphate. The biofilm was allowed to develop for 48 h before quantifica-
tion. All assays were performed in triplicate, and mean values and standard
deviations are shown. Values having different letters are significantly different
from each other according to Fisher’s LSD test (P < 0.05).

the inhibitory effect of NaCl could be attributed to a specific
ion effect, as suggested by Elsheikh and Wood [10]. Hence,
we tested the responses of S. meliloti to increasing concen-
trations (0-0.6 M) of another osmolyte, sorbitol. Compared to
growth, biofilm formation was reduced in RDM containing 0.3
and 0.6 M sorbitol (Fig. 2C). Taken together, these observations
suggest that both NaCl and sorbitol negatively affect biofilm
formation through an osmotic effect, whereas the effect of su-
crose on biofilm formation is most likely nutritional and not
related to osmolarity.

Growth and biofilm formation were assessed using the mi-
crotiter plate assay in RDM (normally 6 mM KNO3) with
different nitrate concentrations (0-60 mM) (Fig. 3A). With in-
creasing nitrate concentrations, S. meliloti growth increased,
reaching a plateau at about 30 mM. Biofilm formation was low
between 0 and 3 mM and increased significantly starting at
6 mM of nitrate, with a maximum at 30 mM. At 60 mM ni-
trate, biofilm formation significantly decreased in contrast to
rhizobial growth, which remained at a high level (Fig. 3A).

Apart from carbon, nitrogen and oxygen, phosphorus is the
most important nutrient for living cells. To test the importance
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Fig. 4. Quantification of bacterial growth and biofilm formation of static cul-
tures of S. meliloti (A) at different CaCl, and (B) MgSO4 concentrations. All
assays were performed in triplicate, and mean values and standard deviations
are shown. Values having different letters are significantly different from each
other according to Fisher’s LSD test (P < 0.05).

of phosphate in biofilm formation, S. meliloti cells were grown
in microtiter plate wells in RDM with phosphate levels ranging
from 0 to 25 mM. At low phosphate concentrations (lower than
the normal concentration in RDM, 12.5 mM), weak biofilm
formation was observed compared to the higher phosphate con-
centrations (Fig. 3B). This increase in biofilm establishment
correlated with an increase in rhizobial growth.

We next tested the involvement of Ca®t and Mgt in
biofilm formation. The optimal Ca>* concentration for growth
was 0.7 mM, which is the concentration of Ca?t in RDM.
Although increasing the Ca’* concentration above this op-
timum had a slight deleterious effect on growth, it had a
positive effect on biofilm formation (Fig. 4A). The same in-
crease in biofilm formation was observed with increasing Mg+
concentrations. Concentrations above 1 mM of Mg>* (the
concentration of Mg?t in RDM) had little effect on growth
(Fig. 4B).

S. meliloti strains are extremely sensitive to acidic pH and
will show good growth only above pH 5.5 [17,18]. RDM, like
most rhizobial media has a pH close to 7.0, and both biofilm
formation and growth were high at this pH. In contrast, at pH
4.0, which is typically found in acidic soils, bacteria attached
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Fig. 5. (A) Microtiter plate assay of biofilm formation by Rm1021 grown for
24 h before staining with crystal violet. Each value point is the average of at
least 16 wells. Error bars indicate the standard deviation from the mean. The
biofilm levels were standardized to the different growth rates at each pH. (B, C)
Fluorescent microscopy of biofilms grown on glass coverslips under different
pH conditions for 6 d. Biofilms were stained with LIVE/DEAD fluorescent
markers. Bar = 10 um. (B) Cells grown at pH 7.0. (C) Cells grown at pH 4.0.

to the microtiter plate wells in numbers that were even greater
than those observed at neutral pH (Fig. 5A). This was a surpris-
ing result, so we stained the biofilm cells with the LIVE/DEAD
stain to determine cell viability. At neutral pH, the biofilm tow-
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Fig. 7. Bacterial growth and biofilm formation of S. meliloti under different tem-
perature regimes. Bacteria were grown at 2245 °C. All assays were performed
in triplicate, and mean values and standard deviations are shown. Values having
different letters are significantly different from each other according to Fisher’s
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ers fluoresced green after staining, indicating that the cells were
viable (Fig. 5B); a few cells in the older parts of the biofilm flu-
oresced red (data not shown). At pH 4.0, nearly all cells were
in densely packed mats that stained red rather than in towers
(Fig. 5C). However, these cells were not necessarily dead. Vir-
tually all planktonic cells also fluoresced red at this pH, but they
were observed to swim and twitch, indicating that the bacteria
were viable. We also analyzed biofilm formation at initial pH
values (from 6.0 to 8.0) that were less likely to inhibit rhizobial
growth (Fig. 6). As expected, biofilm formation was signifi-
cantly diminished at the extremes, pH 6.0 and 8.0, whereas the
growth of S. meliloti cells, as measured by absorbance at ODg(o,
was not. Taken together, these data show that the optimal pH for
growth is pH 7.0 (Fig. 6). However, at pH 4.0, although growth
was low, the number of cells in the biofilm was very high.

We also studied the influence of temperatures ranging be-
tween 22 and 45°C on growth and the ability of S. meliloti
to form biofilms (Fig. 7). At 28 or 37 °C, no clear difference
in growth or biofilm accumulation on microtiter plate wells
was observed, but the temperatures at the extremes negatively
affected both bacterial growth and biofilm formation. Interest-
ingly, at 45 °C, biofilm formation was observed at levels com-
parable to 22 °C.

4. Discussion

Bacterial biofilms have a significant impact in medical, in-
dustrial and environmental settings. Moreover, a number of
environmental parameters influence whether biofilms are suc-
cessfully established in these settings. For example, osmolarity
clearly influences rhizobial biofilm formation, as was found
for P. fluorescens [38] and E. coli [41]. We found that growth
at high osmolarity (and not simply ionic strength) inhibited
biofilm formation in S. meliloti. S. meliloti cells within biofilms
are likely to encounter higher osmolarity conditions. Indeed,
the intracellular concentration of potassium ions, which is es-
sentially proportional to the osmolarity of the external medium
in the absence of exogenous solutes such as proline or betaine,
is almost 1.5-fold higher in attached bacteria than in free-living
bacteria (see results). Taken together, these results show that S.
meliloti cells within the biofilm are under more osmotic stress
than planktonic cells, and also that high osmotic potential in-
hibits biofilm establishment. Furthermore, the effects of sucrose
on S. meliloti biofilm formation are not strictly related to osmo-
larity, but rather to the effects of this carbon source on growth,
at least until very high osmotic potentials were reached, and
then growth was inhibited.

Although we had previously found that nitrogen was re-
quired for proper biofilm formation [14], we did not determine
the optimal concentration of nitrate. In this report, we found
that for optimal biofilm formation a threshold of nitrate con-
centration between 3 to 6 mM is required, below which there
is minimal biofilm formation and above which biofilm forma-
tion is at a maximum. The increase in biofilm establishment was
unrelated to growth, since the biofilm/growth ratio in minimal
medium containing 6 mM nitrate was close to 1.0, whereas in
3 mM nitrate, the ratio was ca. 0.22. This means that in RDM
with 6 mM nitrate, that ratio was almost fivefold higher than
in RDM containing 3 mM nitrate. This result is interesting in
light of the fact that the addition of as little as 5 mM nitrate
to seedling growth medium is reported to significantly decrease
the number of rhizobial cells adhering to seedling roots [56].
Indeed, a number of studies have illustrated the negative effect
of nitrate on root infection by rhizobia [48]. However, differ-
ences in tolerance to nitrate and ammonium have also been
found among rhizobial isolates when investigated in nodulation
systems [34]. For example, Gibson and Harper [16] reported
that different strains of B. japonicum have varying tolerance
to external nitrogen application in their nodulation and nitro-
gen fixation characteristics. The inhibitory effect of nitrogen on
rhizobial cell adherence to roots and on nodulation may be in
part plant-mediated because excess nitrate is known to influence
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lectin activity [9], and legume lectins mediate a specific type
of adherence of rhizobia in Rhizobium-legume symbiosis [22].
However, non-lectin-mediated bacterial attachment also occurs,
and an excess of nitrate that inhibits the symbiotic process may
not necessarily affect non-specific binding to abiotic surfaces.
This would explain why adherence to microtiter plate wells is
not inhibited by concentrations of nitrate that inhibit nodula-
tion. Therefore, our observations are probably more relevant to
the ability of rhizobia to adhere to different soil surfaces.

Availability of phosphate is critical for bacterial growth and
metabolism. To some extent, the increase in S. meliloti growth
correlated with augmented surface attachment as the phosphate
concentration was increased. It is well recognized that rhizo-
bia have developed physiological mechanisms for coping with
phosphate starvation [26] because the concentration of free
phosphate is usually low in natural environments, such as soil
and water. For example, in S. meliloti Rm1021, exopolysac-
charide biosynthesis is influenced by phosphate starvation, re-
sulting in decreased production of succinoglycan (EPSI) and
induction of galactoglucan (EPSII) biosynthesis [30,57]. The
large difference in phosphate concentrations between the soil
(typically 1 to 10 uM) [3] and the nodule (up to 100 mM) [25]
is an excellent example of the strikingly dissimilar conditions
that Sinorhizobium encounters during its lifetime, requiring cer-
tain physiological adjustments to occur in order to survive in
these environments. For example, the phosphate concentration
may serve as a signal to regulate which EPS is produced by S.
meliloti according to cues taken from the surrounding environ-
ment [30]. The type of EPS produced may have an important
effect on biofilm formation because EPS accounts for 50-90%
of the total organic carbon of biofilms [11]. We previously
showed that EPS-minus S. meliloti mutants are compromised
in biofilm formation, whereas Exo-plus mutants make larger
biofilms than wild-type S. meliloti [14]. Although EPS varies
in chemical and physical properties, it is primarily composed
of polysaccharides. Some of these polysaccharides are neutral
or polyanionic, as is the case for the EPS of Gram-negative
bacteria. The presence of uronic acids (such as D-glucuronic, D-
galacturonic, and mannuronic acids) or ketal-linked pyruvates
confers anionic properties to the EPS [49]. This is important
because it allows the association of divalent cations, such as
Ca?T and Mg?T, which have been shown to cross-link with
EPS, thereby providing greater stability in a biofilm [11].

In bacteria, Ca®t is implicated not only in EPS binding,
but also in processes as important and diverse as the cell cy-
cle and cell division, competence, pathogenesis, motility and
chemotaxis, and quorum sensing [23,31,35,36,45]. In the ex-
tracellular space, Ca’* also has an important structural role,
maintaining the integrity of the outer lipopolysaccharide layer
and the cell wall [45]. It is well known that the attachment abil-
ity of the bacteria to roots varies considerably depending on the
bacterial strain, nutrient requirements and growth conditions.
Caetano-Anollés et al. [6] suggested that Ca>t could act as a
bridge between negatively charged groups on plant and bacter-
ial surfaces, and/or indirectly activate the bacteria for adhesion.
When the medium was supplemented with Ca>* ranging from
7 to 28 mM, a clear increase in the rate of accumulation of at-

tached bacteria occurred in the microtiter plate wells. This may
result from the interaction between EPS and Ca?™. However,
higher levels of Ca>* negatively affected rhizobial growth, so
we examined the effect of another divalent cation (Mg2+) on
biofilm formation, and found that high Mg+ concentrations led
to an increase in biofilm formation, but without an inhibitory
effect on growth. The exact mechanism whereby the transition
to the mature biofilm state occurs is unknown, but a decrease
in growth may incite the bacteria to form a biofilm or, alter-
natively, the presence of high levels of divalent cations may
stabilize EPS in the biofilm.

The optimal pH for S. meliloti growth formation was pH 7.0,
but more bacteria attached to the microtiter plate well at pH
4.0. As observed with Streptococcus gordonii [27], S. meliloti
biofilm formation is more sensitive to pH changes than bacte-
rial growth. However, pH had no effect on biofilm formation
in P. fluorescens [38]. Taken together, these results suggest that
pH effects, in terms of establishing a biofilm, may differ from
one bacterial species to another, thereby enabling each bacterial
species to efficiently colonize its preferred environment.

Differences in tolerance of high temperatures among species
and strains of Rhizobium have long been recognized [4,19,
24,28,37,39,52]. For most rhizobia, the optimum temperature
range for growth in culture is 28-31 °C, and many are unable
to grow at 37 °C [18], although Allen and Allen [1] noted that
S. meliloti has an optimum growth temperature of 35 °C, and
eight of eleven strains tested by Graham and Parker [19] grew at
39 °C. We found that S. meliloti grew in a wide range of temper-
atures and no differences were observed between 28 and 37 °C.
Moreover, biofilm formation was also affected by extreme tem-
peratures, in that more attachment was evident at 28 and 37 °C.
The high tolerance of Rm1021 towards elevated temperatures
may allow this strain to survive periods of thermal stress in the
soil. For example, high (not extreme) soil temperatures delay
nodulation or restrict it to the subsurface region [18]. Munns et
al. [33] found that alfalfa plants grown in desert environments
in California maintained few nodules in the top 5 cm of soil, but
were extensively nodulated below this depth. Under these con-
ditions, nitrogen fixation activity is shut off, but may resume
when temperatures are lower.

The results of the present study show that external condi-
tions exert an important influence on the partitioning of cells
between planktonic and biofilm phases. At this point, it is
not clear whether this partitioning is the simple result of a
shift in physiology, possibly related to quorum-sensing cues,
which are important for biofilm development in P. aeruginosa
[8] and Mesorhizobium huakuii [54], or whether there is an
underlying genetic switch, such as that seen with phase vari-
ation by some species facilitating adaptation to new ecolog-
ical conditions [21], with the subsequent selection and out-
growth of adherent-phase variants in a time- and population-
size-dependent manner. The former seems more likely, since
several microarray studies comparing biofilm to planktonic bac-
teria have shown that there are significant differences in gene
expression between these two states of existence [53], implying
that there is a concomitant change in physiology.
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In conclusion, a simple system for the analysis of biofilm
formation by S. meliloti was utilized that permits the study of
persistent colonization on artificial substrates by this organ-
ism. We demonstrate that the microtiter plate assay provides
a convenient and quantitative means for studying biofilm for-
mation by rhizobia growing under different environmental con-
ditions. Coupling these types of analyses with microarrays or
proteomics approaches will give us a better understanding of
how rhizobial cells survive in the absence of their host legume.
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