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Intracellular accumulation of sucrose in response to lowered water activity seems to occur only in photo-
synthetic organisms. Here we demonstrate, for the first time, the potent ability of this common sugar, supplied
exogenously, to reduce growth inhibition of Sinorhizobium meliloti cells in media of inhibitory osmolarity.
Independently of the nature of the growth substrates and the osmotic agent, sucrose appears particularly
efficient in promoting the recovery of cytoplasmic volume after plasmolysis. Surprisingly, sucrose is not
accumulated by the bacteria at an osmotically efficient level. Instead, it strongly stimulates the accumulation
of the main endogenous osmolytes glutamate and N-acetylglutaminylglutamine amide (NAGGN). Examining
cell volume changes during the hyperosmotic treatment, we found a close correlation between the enhancement
of the osmotically active solute pool and the increase in cell volume. Sucrose shares several features with
ectoine, another nonaccumulated osmoprotectant for S. meliloti. Overall, osmoregulation in S. meliloti appears
to be strongly divergent from that in most bacteria.

Water availability is crucial for the development of all living
cells. Various physical and chemical parameters such as desic-
cation and hyperosmotic stress generate cellular dehydration.
The mechanisms of cellular adaptation preventing water loss
under hyperosmotic conditions (osmoregulation) have been
extensively studied in bacteria, fungi, algae, plants, and animals
(4, 6, 10, 13, 36, 37). A consensus strategy of osmoregulation
leads to the intracellular accumulation of inorganic and/or
organic low-molecular-weight compounds known as compati-
ble solutes. As a rule, the working capacity of the metabolic
machinery is limited by the ionic strength in the cytosolic
medium. This latter must be maintained at a relatively low
level. However, one exception is provided by the halophilic
organisms, which must accumulate high cellular levels of inor-
ganic ions to cope with extremely high salt concentrations in
their environment (16).

For most osmotically stressed cells, turgor adjustment is
achieved via the cytoplasmic accumulation of relatively few
organic solutes: carbohydrates (sugars and polyols such as tre-
halose and glycerol), amino acids or imino acids (glutamate,
proline, pipecolate, and ectoine), and betaines and their ana-
logues (5, 9, 22). Most of these solutes behave as noncharged
compounds at physiological pH and are highly soluble in aque-
ous solutions. Some of them have been demonstrated to pro-
tect cell macromolecular structures against the destabilizing
effects of salts and urea (27, 37).

Compatible solutes are accumulated by de novo biosynthesis
in many organisms subjected to an elevated osmolarity, and
their intracellular content remains at a high level as long as the
stressing conditions are maintained. After a sudden decrease
in osmolarity or cell decay, accumulated compatible com-
pounds may be liberated into the surrounding environment

and subsequently taken up, via an active transport process, by
other organisms under osmotic stress (5, 18, 20). Such organic
compounds, taken up and accumulated by organisms unable to
synthesize them de novo and able to improve growth under
inhibitory osmolarities, are called osmoprotectants. Hence, in
natural environments, the concept of osmoprotectant supposes
an ecological cycle in which the compatible solutes are shuttled
from producers to consumers injured by a sudden change in
the osmotic strength of their medium. Glycine betaine (GB)
provides substantial evidence supporting this concept. GB is
synthesized by only a few organisms (mainly plants, algae, and
cyanobacteria) (12, 28, 36) and is actively transported and
accumulated as an osmoprotectant by a large variety of cells
(6). It is generally accepted that an osmoprotectant must be
accumulated durably within the cell to be effective. However,
this concept, which was established on the basis of studies of
members of the family Enterobacteriaceae and several gram-
positive and gram-negative bacteria, is not entirely applicable
to Sinorhizobium meliloti, which catabolizes most of the osmo-
protectants known to date, including GB and ectoine (2, 34).
Indeed, ectoine is a compatible solute that is synthesized de
novo by many halotolerant bacteria (1, 9); it acts as a potent
osmoprotectant for both Escherichia coli and S. meliloti but
displays highly contrasting behaviors in these two bacteria:
ectoine is accumulated at high intracellular concentrations in
enteric bacteria but is never accumulated by stressed cells of S.
meliloti (33). This intriguing observation led us to hypothesize
that ectoine may belong to a new class of nonaccumulated
osmoprotectants that are not detectable by the usual methods,
such as natural-abundance 13C nuclear magnetic resonance
(NMR) spectroscopy.

Previous work demonstrated that high concentrations of su-
crose were much less effective than iso-osmotic concentrations
of NaCl in inhibiting the growth of S. meliloti (25). In the
present report, we provide evidence that sucrose acts as a
powerful osmoprotectant for S. meliloti in media of inhibitory
osmolarity.
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MATERIALS AND METHODS

Bacterial strains and media. The following rhizobial strains were used in this
study: S. meliloti wild-type strains 102F34 (this laboratory), M5N1, and SU47
(both provided by J. N. Barbotin) and Bradyrhizobium japonicum USDA
110spc4, Rhizobium leguminosarum bv. phaseoli H132, R. leguminosarum bv.
viciae ATCC 10006, S. fredii USDA 205T, and Mesorhizobium huakuii CCBAU
2609T (which were provided by D. Le Rudulier). Cells were grown aerobically at
30°C in MSY medium (21) to mid-exponential phase (optical density at 570 nm
[OD570] of 1), harvested by centrifugation (5,000 3 g, 10 min), washed once with
minimal salt medium S (26), concentrated at an OD570 of 10 in the same minimal
medium, and inoculated, at a final OD570 of 0.1, in S medium supplied with
carbon and nitrogen sources at a final concentration of 10 mM each. The
standard minimal medium (LAS) contains DL-lactate and L-aspartate as carbon
and nitrogen sources, respectively. The protein content of the culture was de-
termined by the method of Lowry et al. (17), with serum albumin as the standard.

Cryoelectron microscopy. Copper grids were overlaid with a carbon film
freshly glow discharged; 5 ml of bacterial culture was allowed to adhere to the
grid for 1 min and blotted with filter paper. The grid was quickly immersed into
liquid ethane and transferred to a Gatan cryoholder in a Philips CM12 electron
microscope operating at 100 kV. The sample was maintained below 2174°C
throughout the observation.

Cell volume measurements. Cells were harvested in the exponential phase of
growth. Cell volume measurements were performed on digitized electron im-
ages, using the MACS program (29). Briefly, in cryoelectron microscopy, cells
are embedded into a thin film of ice and then oriented parallel to the grid plan.
Thus, in the projected image, both length and width are available. For each cell,
the area and volume of the total cell and the cytoplasm were calculated.

Cell volume was also determined as described by Stock et al. (31) by measuring
the differential retention of 3H2O (400 MBq/ml; Amersham, Les Ulis, France)
and [carboxyl-14C]inulin (308 MBq/mmol; Amersham). Bacterial cells were col-
lected by centrifugation and concentrated at an OD570 of 10 in their growth
medium. [14C]inulin (2 3 105 dpm) and 3H2O (2 3 106 dpm) were added to 500
ml of this suspension. Cells were allowed to equilibrate for 30 min at 30°C prior
to centrifugation (12,000 3 g, 5 min). [14C] and [3H] from the supernatant and
the pellet were simultaneously determined by liquid scintillation counting by
using the dual dpm mode of a Packard Tri-Carb 1600-TR spectrometer.

Extraction of cellular solutes. The pellet of freshly harvested cells was washed
with S isotonic medium and extracted at least twice with 80% (vol/vol) ethanol–
water under vigorous magnetic stirring at room temperature for 30 min. After
centrifugation (8,000 3 g, 15 min), the supernatants constituting the ethanol-
soluble fraction (ESF) were pooled and evaporated to dryness at 40°C, and the
dry residue was dissolved in deionized water. The pellet, called the ethanol-
insoluble fraction (EIF), contained the intracellular macromolecules and cell
envelopes.

NMR spectroscopy. To identify the major intracellular compounds, the ESF
extracted from about 2 3 1012 cells (350 mg of protein) was evaporated to
dryness and dissolved in 1 ml of D2O. The natural-abundance 13C NMR spectra
were recorded in the pulsed Fourier transform mode at an operational frequency
of 75.4 MHz as previously described (34).

Chromatographic and quantitative analysis of endogenous osmolytes. The
N-acetylglutaminylglutamine amide (NAGGN) content was determined after
passage of the ESF through a cation-exchange column (Bio-Rad AG 50 3 8, H1

form). NAGGN was converted into glutamate by chemical hydrolysis with 9 M
KOH (110°C, 14 h). K1 ions were removed by titrating the hydrolyzed solution
with 13 M perchloric acid to pH 9. Glutamate and trehalose were then quantified
as already described (11, 33).

Uptake assays. Cells grown in LAS medium with or without 0.5 M NaCl and
with or without 0.5 mM sucrose were harvested by centrifugation, washed twice
with isotonic S medium deprived of sucrose, and then concentrated to an OD570
of 1 in isotonic growth medium. Uptake experiments were performed as previ-
ously reported (33). [U-14C]sucrose (23.3 GBq/mmol; Amersham) was used at a
final concentration of 500 mM in 400 ml of bacterial suspension.

Radiolabelling assays. Cells were grown in LAS without or with 0.5 M NaCl
or 0.5 mM sucrose or both. [14C]sucrose was introduced in the growth medium
at a specific radioactivity of 0.2 MBq/mmol. At predetermined intervals, the
OD570 of the culture was measured and 1 to 2 ml of cell suspension was harvested
by centrifugation (12,000 3 g, 2 min). The pellets were immediately extracted
with 80% ethanol as described above. CO2 was trapped on a strip of filter paper
(0.5 by 3 cm) moistened with 30 ml of 5 M KOH. This filter was changed at each
sampling time. The radioactivity of subsamples of the ESF, the EIF, and CO2 was
measured by scintillation counting. The remainder of the ESF and EIF were
analyzed for composition. The ESF was analyzed by paper chromatography and
high-voltage paper electrophoresis (2). To determine the nature and the amount
of the labelled compounds, the chromatograms and electrophoregrams were
analyzed by autoradiography. Identified spots were cut out, and their radioac-
tivity was quantified by scintillation counting. The EIF was treated with 9 M
KOH at 110°C for 20 h, neutralized with perchloric acid, and centrifuged
(12,000 3 g, 2 min). The supernatant was then analyzed by the same methods as
used for the ESF.

RESULTS

Sucrose improves the growth of S. meliloti 102F34 in media
of high osmolarity. Sucrose is usually used as a nonionic os-
motic agent to increase the osmotic strength of bacterial
growth media (6). A solution of 0.84 M sucrose develops the
same osmotic pressure as a solution with 0.65 M NaCl. Nev-
ertheless, growth inhibition of S. meliloti 102F34 by iso-osmotic
concentrations of these two solutes differed remarkably (Table
1). NaCl strongly reduced the growth rate and growth yield (9-
and 6-fold, respectively), whereas sucrose reduced the growth
rate only 2.4-fold; 1 mM GB, which is a powerful osmopro-
tectant for S. meliloti (2), partially reversed growth inhibition
by NaCl but was unable to improve the growth of sucrose-
stressed S. meliloti cells (Table 1). In addition, the growth
parameters observed in LAS medium containing 0.65 M NaCl
plus 1 mM GB were similar to those obtained for cultures
grown in LAS medium containing 0.84 M sucrose, with or
without 1 mM GB. Hence, the apparently weak osmotic effect
of sucrose, compared to that of NaCl, could result from a
concomitant osmoprotective effect displayed by this sugar. This
might explain the observation that addition of a known osmo-
protective solute, such as GB, to a sucrose-stressed culture did
not improve sinorhizobial growth. To confirm this hypothesis,
GB was used as an osmotic agent at a concentration of 0.9 M,
which is iso-osmotic with 0.65 M NaCl. As expected, the
growth parameters of S. meliloti 102F34 in LAS with 0.9 M GB
were similar to those observed with 0.84 M sucrose. In con-
trast, when 0.9 M mannitol was used to increase the osmotic
strength of the medium, the growth rate was inhibited by a
factor of 5, and the addition of 1 mM GB significantly reduced
growth inhibition caused by mannitol (Table 1). All of these
data suggest that sucrose may act as an osmoprotectant for S.
meliloti.

The putative osmoprotective activity of sucrose was assayed
in LAS medium, with or without 0.5 M NaCl. Low concentra-
tions of sucrose (1 mM to 1 mM) were used to minimize the
utilization of this sugar as a carbon source (32). Sucrose added
at these concentrations did not modify the growth parameters
of unstressed cultures. In contrast, in media containing 0.5 M
NaCl, the generation time and growth yield were improved for
sucrose concentrations as low as 50 mM (Fig. 1). The greatest
beneficial effect was reached with 0.5 mM sucrose (Fig. 1).
Hence, sucrose was used at 0.5 mM for further experiments.

KCl, K2SO4, and mannitol were added to LAS medium at
the appropriate concentrations to obtain an osmolarity equiv-
alent to that developed by 0.5 M NaCl. These compounds, like

TABLE 1. Comparative effects of various osmotic agents on the
growth of S. meliloti 102F34

Osmotic agent
addeda

Growth parameter in LAS medium containingb:

No osmoprotectant 1 mM GB

m ODmax m ODmax

None 0.200 1.9 0.200 2.0
0.65 M NaCl 0.022 0.3 0.076 1.9
0.84 M sucrose 0.083 2.1 0.083 2.1
0.9 M GB 0.083 1.7 NAc NA
0.9 M mannitol 0.040 0.9 0.083 2.1

a Cultures were grown in LAS medium containing the indicated osmoticum
agents, all added at concentrations which developed an osmotic pressure of 3.14
MPa.

b Growth parameters are expressed as the growth rate (m, in generations/hour)
and the maximal OD570 (ODmax) at the stationary phase.

c NA, not applicable.
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NaCl, impaired the proliferation of S. meliloti 102F34 (Table
2). The incorporation of 0.5 mM sucrose to these media also
led to increases in both growth rates and growth yields (two- to
threefold increases for KCl-, K2SO4-, and mannitol-stressed
cultures [Table 2]). In contrast, sinorhizobial growth was not
inhibited by the addition of glycerol, used as a control because
it reduces water activity but does not cause osmotic stress; this
compound diffuses freely across biological membranes (5). Su-
crose had no effects when it was added to LAS with 0.9 M
glycerol. Thus, sucrose specifically relieved osmotic stress
rather than ionic stress.

The improvement of cell growth by sucrose under high-
osmolality conditions was also observed when S. meliloti was
grown with 0.5 M NaCl in S minimal medium containing urea,
ammonium, or glutamate as the nitrogen source and contain-
ing glucose, fructose, mannitol, succinate, malate, fumarate, or
glycerol as the carbon source. Thus, sucrose acted in the same
way, whatever the nitrogen and carbon sources used in the
medium. Moreover, its osmoprotective effect did not result
from its extracellular cleavage since its two constitutive hex-
oses, glucose and fructose, supplied separately or in combina-
tion at concentrations ranging from 1 mM to 10 mM, did not
allow for any growth improvement (data not shown).

Because the beneficial effect of sucrose was observed at low

concentrations of this disaccharide only when cells were sub-
jected to an hyperosmotic stress, and independently of the
medium composition, sucrose could be considered an osmo-
protectant for S. meliloti 102F34.

Sucrose allows stressed cells to recover a normal cytoplas-
mic volume. The cell volume of S. meliloti 102F34 grown in
stressed or unstressed LAS minimal medium, with or without
0.5 mM sucrose, was calculated by the radioisotopic technique
of Stock et al. (31). A total mean cell volume of 0.55 6 0.07
1029 ml/cell was obtained whatever the osmotic strength of the
growth medium, in the presence or absence of sucrose. How-
ever, the size of the periplasmic space of these cells could not
be determined because a suitable radioactive compound allow-
ing the size of this compartment of S. meliloti to be determined
was not available.

Cryoelectron microscopy offers the unique possibility of ob-
serving bacteria in their native state without the use of any
fixative agent, dehydration, or embedding procedures which
would alter the osmotic equilibrium of the cells (29). There-
fore, this technique was used to measure the dimensions and
calculate the volumes of the periplasmic space and the cyto-
plasm of S. meliloti 102F34 cells. Figure 2a shows that the
cytoplasmic compartment of unstressed cells was pressed
against the cell wall. The total volume of these cells was 0.57 6
0.02 1029 ml/cell (n 5 90), and the volume of the periplasmic
space was 0.12 6 0.05 1029 ml/cell. The mean cell volumes of
stressed (0.5 M NaCl) bacteria grown with and without 0.5 mM
sucrose were quite similar, 0.58 6 0.02 1029 (n 5 75) and
0.56 6 0.02 1029 (n 5 57) ml/cell, respectively. However, the
cytoplasmic volume of stressed cells grown without added su-
crose was drastically reduced; therefore, the periplasmic space
of these cells increased to 0.35 6 0.01 1029 ml/cell (Fig. 2b). In
contrast, the periplasmic space of stressed cells grown in the
presence of 0.5 mM sucrose was quite similar to that observed
for unstressed cells (Fig. 2a and c).

External sucrose is not accumulated in S. meliloti. Most cells
attempt to increase their cytoplasmic volume by regulating the
concentrations of intracellular osmolytes. Previous studies (30,
33, 34) showed that S. meliloti, in response to an osmotic
upshift, synthesizes de novo three major osmolytes, glutamate,
NAGGN, and trehalose, which is significant only during the
stationary phase of growth.

Osmolytes accumulated by S. meliloti grown in low- or high-
osmolarity medium, in the presence or absence of 0.5 mM
sucrose, were characterized by natural-abundance 13C NMR
spectroscopy. No major solute was detected in cells cultivated
in LAS medium deprived of NaCl. The presence of 0.5 M NaCl
in the medium induced the accumulation of glutamate and
NAGGN during exponential growth, whereas trehalose con-
tent started to increase in the late exponential growth phase
(Fig. 3A and B). An identical spectrum was obtained from cells
cultivated in LAS medium with 0.5 M NaCl and 0.5 mM su-
crose (Fig. 3C and D). None of the peaks attributable to
sucrose was observed. Thus, sucrose appears as a solute that is
not accumulated in osmotically significant amounts by stressed
cells of S. meliloti 102F34.

However, 13C NMR spectroscopy does not allow for the
detection of solutes that are present in low cellular concentra-
tions. To follow the behavior of sucrose, the 14C-labelled mol-
ecule was supplied (0.5 mM) to stressed or unstressed cultures
of S. meliloti (Fig. 4). Extracellular sucrose was readily taken
up at a constant velocity of 33 nmol/min/mg of protein in the
low-osmolarity medium. About 80% of the supplied [14C]su-
crose was transported in 10 h. At this time, 75% of the im-
ported radiocarbon was incorporated into insoluble materials
(the EIF), whereas 15% was released as [14C]CO2 and only

FIG. 1. Effect of increasing concentrations of exogenous sucrose on the dou-
bling time (in hours/generation) and the maximal cell yield (OD570 max) of
stressed cultures of S. meliloti 102F34. Cells were inoculated in LAS minimal
medium containing 0.5 M NaCl plus the indicated concentrations of sucrose.

TABLE 2. Alleviation of osmotic stress by exogenous sucrose in
S. meliloti 102F34

Osmotic agent
addeda

Growth parameter in LAS medium containingb:

No addition 0.5 mM sucrose

m ODmax m ODmax

None 0.200 1.9 0.200 1.9
0.5 M NaCl 0.051 0.9 0.120 1.9
0.5 M KCl 0.042 0.8 0.105 1.7
0.45 M K2SO4 0.020 0.4 0.060 1.2
0.8 M mannitol 0.060 1.1 0.100 1.8
0.8 M glycerol 0.250 2.1 0.250 2.1

a Each was added to LAS medium at a concentration which developed the
same osmotic pressure as 0.5 M NaCl.

b See Table 1, footnote b.
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10% remained in the soluble pool (the ESF). Interestingly, no
radiolabelled sucrose was detected in the ESF fraction, and the
radiocarbon was distributed over several primary metabolites.
The radioactivity of the EIF and the ESF started to decrease as
soon as the external sucrose disappeared from the medium
(Fig. 4A).

The stressed cultures grown in the presence of 0.5 M NaCl,
supplied with 0.5 mM [14C]sucrose, incorporated the labelled
disaccharide at an initial velocity of only 3.7 nmol/min/mg of
protein (which is ninefold lower than that observed in cells
grown at low osmolarity) during the first 6 h following the
osmotic upshift. Then the rate of the radiocarbon influx in-
creased steadily, reaching 5.4, 16, and 34 nmol/min/mg of pro-
tein 10, 15, and 20 h, respectively, after inoculation. Thus, the
rate of sucrose uptake, which was severely inhibited during the
lag phase, was progressively restored to the level observed in
unstressed cells (Fig. 4B). The imported radiocarbon was again
found primarily in the insoluble materials. Indeed, 50% of the
radioactivity that was incorporated during the first 10 h was
recovered in the EIF and 70% was recovered in the mid-
exponential growth phase, whereas the level decreased as the
external [14C]sucrose became limiting. The soluble pool never
exceeded a maximum of 20% of the total imported radiocar-
bon. Interestingly, chromatographic analysis of this fraction
enabled us to detect radiolabelled sucrose, which represented
about 45% of the ESF radiocarbon during the lag phase; then,
the sucrose ratio of the ESF decreased at the beginning of the
exponential phase. Only traces of [14C]glutamate, [14C]NAGGN,
and [14C]trehalose were detected. The incorporation of radio-
activity in CO2 was reduced, suggesting that sucrose was not
used as a preferential energetic substrate.

In summary, the osmotic upshift occurring at inoculation of
S. meliloti in high-osmolarity LAS led to a lag phase of growth
during which sucrose was accumulated temporarily at low lev-
els. The major part of sucrose-derived radiocarbon was de-
tected in insoluble materials, whereas only a low amount of
radioactivity was found in the dominant osmolytes (i.e., gluta-
mate, NAGGN, and trehalose) that were revealed by NMR
analysis. Moreover, the stimulation of sucrose uptake and ca-

tabolism corresponded with the resumption of growth of the
stressed cells.

Kinetics of endogenous osmolyte pool. The amounts of in-
tracellular osmolytes were determined during the growth cycle
of S. meliloti cultivated in LAS medium deprived of NaCl. As
previously described (33, 34), the levels of intracellular gluta-
mate, NAGGN, and trehalose remained very low (below 0.05
mmol/mg of protein).

Two hours after the application of the osmotic upshift (0.5
M NaCl), the intracellular glutamate level had reached 0.55
mmol/mg of protein, a value about 10 times higher than the
value measured in unstressed cells. This level remained con-
stant during 24 h and then decreased progressively (Fig. 5A).
In contrast, the level of NAGGN increased progressively
throughout the growth period, reaching a maximum of 0.5
mmol/mg of protein after 30 h of growth. Trehalose remained
at low levels (about 0.1 mmol/mg of protein) during the expo-
nential growth and began to increase as glutamate and
NAGGN decreased.

The osmolyte levels in a stressed culture grown in the pres-
ence of 0.5 mM sucrose were also determined (Fig. 5B). The
profile of osmolytes accumulation of these cells was remark-
ably different from that observed in a stressed culture grown
without sucrose (Fig. 5A). Indeed, glutamate levels (which
were similar in the two cultures for 8 h after inoculation)
increased sharply during the exponential growth in the su-
crose-supplemented culture (Fig. 5B). Consequently, the max-
imal level of this amino acid was about twofold higher in this
culture (about 1 mmol/mg of protein in the late exponential
phase) than in the stressed culture grown without sucrose.
Furthermore, during the late exponential growth phase, cyto-
plasmic glutamate decreased faster in the sucrose-supple-
mented culture than in the culture grown without sucrose (Fig.
5). Interestingly, the level of cytosolic NAGGN also increased
sharply (about sixfold) during the exponential phase of the
culture grown with 0.5 mM sucrose, but NAGGN, in contrast
to glutamate, did not decrease thereafter (Fig. 5B). The tre-
halose content was very similar in the stressed cultures grown
with or without sucrose. It reached a steady-state level of about

FIG. 2. Restoration of cell turgor in S. meliloti 102F34 grown under osmotic stress in the presence of exogenous sucrose. Cultures were grown for 16 h in LAS
minimal medium (a), in LAS plus 0.5 M NaCl (b), and in LAS supplemented with 0.5 M NaCl and 0.5 mM sucrose (c). Samples were processed for cryoelectron
microscopy as described in Materials and Methods. Scale bar correspond to 1 mm.
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0.2 mmol/mg of protein during the stationary phase (Fig. 5).
The intracellular sucrose level was very similar to that of tre-
halose for about 24 h in stressed cells grown in the presence of
0.5 mM sucrose. Later, cytosolic sucrose (which never ex-

ceeded 75 nmol/mg of protein) decreased and became negli-
gible (Fig. 5B).

To determine whether the cytosolic solutes described above
played a part in osmotic adjustment, it was necessary to mea-

FIG. 3. Natural-abundance 13C NMR of extracts of salt-stressed cultures of
S. meliloti 102F34. Cells were grown in LAS medium containing 0.5 M NaCl
without (A and B) or with (C and D) 0.5 mM sucrose. Samples were harvested
in the early (A and C) and late (B and D) log phases of growth and processed as
described in the text. All spectra (1,024 scans) were obtained from 2 3 1012 cells
(2,000 OD570 units). Resonance (peaks) from L-glutamate (g), the dipeptide
NAGGN (d), and trehalose (t) are indicated when these osmolytes were detected
in the cytosolic extracts.

FIG. 4. Fate of [14C]sucrose in S. meliloti 102F34. [U-14C]sucrose (0.5 mM,
0.2 MBq/mmol) was supplied to unstressed cells grown in LAS medium (A) and
stressed cells grown in LAS plus 0.5 M NaCl (B). The distribution of the
radioactivity in the growth medium and the cellular fractions was monitored as
described in Materials and Methods. Symbols: h, growth expressed as OD570; ■,
radioactivity in the medium; }, radioactivity in 14CO2; F, radioactivity in the
EIF; Œ, radioactivity in the ESF.

FIG. 5. Effect of exogenous sucrose on the internal osmolyte composition of
salt-stressed S. meliloti 102F34. Cells were grown in LAS medium containing 0.5
M NaCl without (A) or with (B) 0.5 mM sucrose supplied as an osmoprotectant.
Endogenous osmolytes were quantified as described in the text. Symbols: h,
growth expressed as OD570; F, glutamate; }, NAGGN; Œ, trehalose; E, sucrose.
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sure their specific cytoplasmic concentrations. Taking into ac-
count the different cytoplasmic volumes of the stressed cells
grown with or without 0.5 mM sucrose (Fig. 2), the concentra-
tions of the two major endogenous osmolytes were 187 mM for
glutamate and 120 mM for NAGGN in stressed cells grown
without sucrose and 247 mM for glutamate and 107 mM for
NAGGN when 0.5 mM sucrose was added. The cytoplasmic
concentration of sucrose was always much lower than that of
glutamate and NAGGN and reached a maximal concentration
of 21 mM, which explains why sucrose signals were never
observed in the NMR spectra.

In conclusion, sucrose is not accumulated to osmotically
significant levels in salt-stressed cells of S. meliloti. Conse-
quently, this highly beneficial osmoprotectant cannot be con-
sidered a true compatible solute in this species. Moreover, this
disaccharide contributes significantly to enhance glutamate
and NAGGN levels in stressed cells and subsequently to pro-
mote cytoplasmic expansion and turgor recovery.

Effect of sucrose on other rhizobial strains. To determine
whether osmoprotection by sucrose was specific to S. meliloti
102F34, the osmoprotective activity of this compound was eval-
uated in several other strains of rhizobia. Growth rates and
growth yields were also improved in NaCl-containing media in
the presence of 0.5 mM sucrose for S. meliloti wild-type strains
SU47 and M5N1 and for R. leguminosarum bv. phaseoli H132
(Table 3). In contrast, no beneficial effect of sucrose was ob-
served for R. leguminosarum bv. viciae, S. fredii USDA 205T, M.
huakuii CCBAU 2609T, and B. japonicum USDA 110spc4
(data not shown). The uptake and the fate of [14C]sucrose in S.
meliloti strains SU47 and M5N1 grown in NaCl-containing
medium were the same as those observed above for strain
102F34; i.e., sucrose was never accumulated in significant

amounts and sucrose-derived radiocarbon was recovered es-
sentially in the EIF fraction (Table 4). Sucrose uptake in R.
leguminosarum bv. phaseoli was stimulated by NaCl, and most
of the radiocarbon from [14C]sucrose was incorporated into
CO2 but not into the EIF as observed in S. meliloti (Table 4).
In all of these strains, the ESF represented the minor labelled
fraction, which demonstrates that sucrose was not accumulated
to significant levels.

In sharp contrast, sucrose uptake and its fate appeared to be
clearly different in strains that were not osmoprotected by
sucrose. Salt-stressed cultures of M. huakuii CCBAU 2609T

were unable to transport sucrose. Moreover, B. japonicum
USDA 110spc4 did not take up [14C]sucrose in either low- or
high-osmolarity medium (Table 4). This result is consistent
with the nonutilization of sucrose as a carbon source by this
strain (32). Last, the uptake and catabolism of sucrose were
abolished or strongly reduced by an increase in medium osmo-
larity for S. fredii USDA 205T and R. leguminosarum bv. viciae
ATCC 10006, respectively (Table 4).

DISCUSSION

In this study, we provide evidence that exogenously supplied
sucrose acts as an osmoprotectant in stressed cultures of S.
meliloti, the root symbiont of the plant crop alfalfa. First, we
showed that a submolar concentration of sucrose (0.84 M) only
weakly inhibits the growth rate of sinorhizobial cultures in
comparison to iso-osmotic concentrations of inorganic salts
and mannitol, which were highly inhibitory. Second, micromo-
lar levels of exogenous sucrose (50 to 500 mM) strongly stim-
ulate the growth of salt-stressed and mannitol-stressed cultures
of S. meliloti 102F34. Moreover, sucrose appears to be as

TABLE 3. Beneficial effect of exogenous sucrose on the growth of salt-stressed cultures of various rhizobial strainsa

Strain

Growth parameter in minimal mediumb

Without NaClc
With NaCld

Without sucrose With sucrose

m ODmax m ODmax m ODmax

S. meliloti 102F34 0.200 1.9 0.052 0.9 0.125 1.9
S. meliloti SU47 0.400 3.0 0.125 1.5 0.333 3.0
S. meliloti M5N1 0.100 2.7 0.059 0.7 0.143 2.9
R. leguminosarum bv. phaseoli H132 0.111 1.0 0.050 0.5 0.091 1.0

a Bacteria were grown in LAS minimal medium with the indicated additions.
b See Table 1, footnote b.
c Similar growth rates and yields were observed in unstressed cultures supplied with 0.5 mM sucrose.
d The NaCl concentrations used were 0.5 and 0.3 M for S. meliloti and R. leguminosarum bv. phaseoli H132, respectively.

TABLE 4. Fate of [U-14C]sucrose in various rhizobial speciesa

Fraction

Distribution of 14C from [14C]sucrose in indicated fraction from control and salt-stressed cultures (% of total activity recovered)

S. meliloti
SU47

S. meliloti
M5N1

R. leguminosarum
bv. phaseoli H132

R. leguminosarum
bv. viciae ATCC

10006

S. fredii
USDA 205T

M. huakuii
CCBAU 2609T

B. japonicum
USDA 110 spc4

2NaCl 1NaCl 2NaCl 1NaCl 2NaCl 1NaCl 2NaCl 1NaCl 2NaCl 1NaCl 2NaCl 1NaCl 2NaCl 1NaCl

Medium 9 5 5 8 31 9 35 81 43 96 83 98 97 97
14CO2 25 22 15 18 32 45 39 12 36 3 7 2 2 2
EIF 60 56 75 71 30 37 23 5 18 0 9 0 0 0
ESF 6 17 5 2 6 9 4 2 3 1 1 0 1 1

a Bacteria were grown for 24 h in S medium supplied with mannitol and aspartate. The fate of [U-14C]sucrose (0.5 mM, 23.3 GBq/mmol) was followed in the absence
of NaCl (2NaCl) or in the presence of NaCl (1NaCl). Salt concentration was adjusted to allow 80% inhibition of growth of S. meliloti (0.5 M NaCl), R. leguminosarum
bv. phaseoli, R. leguminosarum bv. viciae, S. fredii, and M. huakuii (0.3 M NaCl), and B. japonicum (0.15 M NaCl).
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effective as GB in promoting the growth of S. meliloti under an
hyperosmotic constraint. To the best of our knowledge, this is
the first report demonstrating the pivotal role of sucrose in the
alleviation of osmotic inhibition of growth in a nonphotosyn-
thetic bacterium.

A few examples of sucrose accumulation in response to
water and salt stresses have been reported for desiccation-
tolerant (3) and salt-stressed (24) plants and for photosynthetic
eubacteria (12, 19, 28, 35) in which sucrose is accumulated by
de novo biosynthesis. In contrast, exogenously supplied sucrose
is not accumulated as a compatible solute in osmotically
stressed cells of S. meliloti but is actively catabolized. More-
over, its intracellular concentration did not reach levels com-
patible with its direct participation in the recovery of cell tur-
gor and in the protection of intracellular macromolecular
structures against the deleterious effects of high osmolarities.
In contrast to the situation observed with other sinorhizobial
and bacterial osmoprotectants (i.e., stimulated uptake in
stressed cells [2, 6, 33]), the uptake of sucrose was strongly
reduced by an osmotic upshift and started to increase only
when cultures entered the exponential phase of growth. All of
these features clearly indicate that sucrose, while allowing for
growth improvement in adverse conditions, cannot be consid-
ered a classical osmoprotectant. Indeed, sucrose is neither, like
choline (5), a precursor of an accumulated osmoprotectant nor
preferentially used to synthesize any endogenous osmolyte, as
observed with proline in Brevibacterium linens (14). Moreover,
the behavior of sucrose is very closely related to that previously
reported for ectoine in S. meliloti (33), because (i) both sucrose
and ectoine induce osmoprotection without being accumulated
at significant levels, (ii) no metabolites derived from these
osmoprotectants were accumulated, and (iii) sucrose and ec-
toine (unlike GB and dimethylsulfoniopropionate [DMSP] [23,
34]) do not suppress the accumulation of the major endoge-
nous compatible osmolytes (glutamate, NAGGN, and treha-
lose). Another interesting observation is the spectacular in-
crease in the level of cytosolic glutamate during the initial steps
preceding the resumption of growth. This increase seems to be
the initial event that triggers the recovery of a maximal cyto-
plasmic volume. We do not know how sucrose and ectoine
stimulate the accumulation of glutamate in stressed cells of S.
meliloti. However, these osmoprotectants did not act as close
precursors to glutamate. A significant correlation was observed
among rhizobia between osmoprotection by sucrose and its
metabolization under stressing conditions, suggesting that
these two properties are linked. The same observation has
been previously described for ectoine (33).

Until now, this kind of cell strategy, permitting the achieve-
ment of osmotic equilibrium without preferential accumula-
tion of the supplied osmoprotectant, has not been reported for
any other organism. Among the rhizobial strains analyzed, the
beneficial effect of sucrose was observed only for S. meliloti
strains and R. leguminosarum bv. phaseoli. This finding raises
the question of the acquisition of this specific pathway of os-
moprotection during evolution. One of the obvious differences
between S. meliloti and the enteric bacteria is its ability to
catabolize all of the compounds that it uses as exogenous
osmoprotectants except DMSP (23). This catabolic ability is
shared with various other bacteria such as the pseudomonads
(15, 20), but no one has yet demonstrated a protective effect
without preferential accumulation of an osmoprotectant in
these organisms.

Osmoprotection without accumulation of the osmopro-
tectant is not exclusive of the classical phenomenon; in S.
meliloti, both may coexist. Accumulated osmoprotectants, like
GB and DMSP, inhibit the de novo synthesis of endogenous

solutes (7, 23, 34), ensuring a metabolic economy for the cell.
In contrast, nonaccumulated osmoprotectants (sucrose and ec-
toine) stimulate the adaptation capacities of the cell. In the
most highly developed bacterial model, E. coli, the concentra-
tion of potassium glutamate is considered the intracellular
signal of osmotic stress; it acts on the transcriptional regulation
of genes involved in the osmoadaptative response (6, 20). Os-
moadaptation is achieved in S. meliloti by accumulated and
nonaccumulated osmoprotectants, which act in opposite man-
ners on glutamate cellular content. Therefore, the conclusions
derived from the E. coli model are not applicable to S. meliloti.
Potassium glutamate cannot be considered the only intracel-
lular osmotic signal for this bacterium; a novel mechanism of
osmoregulation involving a different intracellular signal could
occur in S. meliloti.

Sucrose is widespread in nature; it is produced mainly in
plants and photosynthetic microorganisms. In the symbiotic
association Medicago sativa-S. meliloti, sucrose is the most
prominent carbohydrate in roots and nodules; its levels have
been shown to increase in the latter under salt stress (8).
Although the peribacteroid membrane is a very selective bar-
rier through which no sugar is actively transported (32), su-
crose could enter the bacteroid by slow and passive diffusion.
These data suggest two consequences. First, sucrose could be
released into the environment via plant exudates and wilting
plants (20) and could be absorbed by free-living rhizosphere
bacteria. Second, sucrose is available in low amounts but is not
limiting for bacteroids. Thus, sucrose could participate in their
osmoprotection rather than in their energy supply, which is
mainly ensured through active dicarboxylic acid import systems
and catabolism (32). These points must be analyzed since they
are crucial for improvement of the resistance of this associa-
tion to drought and, in general, to any osmotic stress.
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