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Sucrose may play an additional role to that of an osmolyte in
Synechocystis sp. PCC 6803 salt-shocked cells
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Abstract

The role of sucrose in cyanobacteria is still not fully understood. It is generally considered a salt-response molecule, and particularly, in
Synechocystis sp. strain PCC 6803, it is referred as a secondary osmolyte. We showed that sucrose accumulates transiently in Synechocystis
cells at early stages of a salt shock, which could be ascribed to salt activation of sucrose-phosphate synthase (SPS, UDP-glucose: D-fructose-
6-phosphate 2-a-D-glucosyltransferase; EC 2.4.1.14), the key enzyme in sucrose synthesis pathway, and to an increase of the expression of the
SPS encoding gene. Experiments with a mutant strain impaired in sucrose biosynthesis showed that sucrose is essential in stationary phase
cells to overcome a later salt stress. Taken together, these results led us to suggest a more intricate function for sucrose than to be an osmo-
protectant compound.
© 2005 Elsevier SAS. All rights reserved.
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1. Introduction

Cyanobacteria are oxygenic-photosynthetic prokaryotes
worldwide distributed in nature, often abundant in extreme
biotopes. This successful spread could be due to their capac-
ity to adapt to adverse environmental conditions (high salin-
ity, extreme temperatures and changes in the surrounding
medium (i.e. salt concentrations, temperature, light and nutri-
ent availability) [14,38].

Salinity is an abiotic factor crucial in aquatic ecosystems.
An increment in salt concentration in the external medium
causes not only a higher osmotic potential, but also a raise of
cell ion concentrations as a consequence of the loss of water
[14]. In cyanobacteria, strategies developed to tolerate salt
stress basically involve two processes: i) the enhancement of
active ion export systems, and ii) the accumulation of osmo-

protective compounds [32]. After an increase in the medium
salinity, a transient increment in Na+ and Cl– concentration
can be detected inside the cells, followed by the extrusion of
Na+ ions by the action of Na+/K+ antiporters [7,29]. The syn-
thesis of organic substances of low molecular mass that do
not interfere with the cell metabolism (known as compatible
solutes or osmoprotectants) takes place during this period
leading to a reduction of the internal osmotic cell potential
and preventing denaturation of macromolecules. It has been
reported that these molecules are also able to protect the cell
from other types of desiccation, as well as from cold and heat
stress [11,14,29,32].

Synechocystis sp. PCC 6803 is a unicellular fresh-water
cyanobacterium, which is able to tolerate up to 1.2 M sodium
chloride. Because of that, it is considered as a moderate salt-
tolerant strain that synthesises glucosylglycerol (GG) as the
major osmoprotectant compound and sucrose as a secondary
osmolyte [14,32]. The biosynthetic pathway leading to GG is
a two-step reaction involving the activities of GG-phosphate
synthase (GGPS, glucosylglycerol-phosphate synthase; EC
2.4.1.213) and GG-phosphate phosphatase (GGPP, glucosyl-
glycerol-phosphatase; EC 3.1.3.69) [13,17]. In addition to bio-
chemical modulation of enzyme activity, alterations of GGPS
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gene expression are involved in the regulation of GG produc-
tion in Synechocystis sp. PCC 6803 [18,23]. Cells can also
take up GG from the medium via an ABC-type transport sys-
tem, whose activity is energy-dependent and is enhanced in
high-salt adapted cells [14,26,27]. In contrast to the exten-
sive studies related to GG synthesis, much less is known about
sucrose. Similarly to the pathway described for plants, the
biosynthesis of sucrose in Synechocystis sp. PCC 6803 takes
place from fructose-6-phosphate and a sugar nucleotide
(mainly UDP-Glc) through the sequential action of sucrose-
phosphate synthase (SPS, UDP-glucose: D-fructose-6-
phosphate 2-a-D-glucosyltransferase; EC 2.4.1.14) and
sucrose-phosphate phosphatase (SPP, sucrose-6F-phosphate-
phosphohydrolase; EC 3.1.3.24) [6], previously described in
Anabaena sp. PCC 7119, a filamentous strain [30]. SPS and
SPP encoding genes (spsA and spp) were identified and char-
acterised in both cyanobacterium strains [4–6,22]. The role
of sucrose in cyanobacteria has not been fully elucidated
although it is usually associated with responses to increased
salt concentrations [15,31,35]. Recently, it was shown in a
Synechocystis mutant impaired in the synthesis of ADP-Glc
(lacking glycogen and GG) that sucrose highly accumulated
in salt-stressed cells, allowing the mutant tolerate up to 0.9 M
NaCl. These results led to the conclusion that sucrose could
act as a similar potent osmoprotectant as GG [25].

The assumption that plant sucrose metabolism has been
acquired during the endosymbiotic origin of chloroplast [12]
at the time of the cyanobacterial phylogenetic radiation was
strongly supported by the fact that plant sucrose enzymes
share a common branch with their cyanobacterial homo-
logues in a protein phylogeny [35]. Some responses of living
organisms to abiotic stress are well conserved through evo-
lution, such as the accumulation of common intracellular sol-
utes in plants and cyanobacteria to maintain turgor in response
to water stress [3]. Therefore, extant cyanobacteria are suit-
able models for studying the physiology of salt tolerance and
the role of response molecules to enlarge our knowledge of
similar processes acting in plants.

In the present work we examined the synthesis of sucrose
in Synechocystis sp. PCC 6803 cells submitted to a salt stress,
in an attempt to elucidate the role of this sugar in cyanobac-
teria. The transient accumulation of sucrose at the onset of
the stress and the analysis of a Synechocystis mutant strain
impaired in sucrose biosynthesis showed that sucrose behav-
iour differs from that of a typical osmolyte accumulation and
that its presence was essential in stationary phase cells to over-
come a later salt stress. This study marks the first demonstra-
tion of sucrose playing a more complex role than that of a
compatible osmolyte for salt tolerance.

2. Results and discussion

2.1. Sucrose accumulation in salt-shocked Synechocystis
cells

Salt adapted or salt-shocked cells of Synechocystis sp. PCC
6803 accumulate low amounts of sucrose and, therefore, this

compound was considered up date as a secondary osmolyte
[15,25]. In the present study we were able to show that intra-
cellular sucrose concentration increased immediately after the
onset of a NaCl shock, reaching a maximum between 4 and
6 h after salt addition, but decreasing rapidly in the following
20 h up to approximately the initial level (Fig. 1A). For com-
parison, GG, reported as the dominating osmoprotective com-
pound, was also determined and its concentration was
10-times higher than that of sucrose (Fig. 1B), presenting a
similar accumulation pattern as previously reported [10,13,
24,25]. Importantly, the kinetics of sucrose accumulation in
the PCC 6803 strain (Fig. 1A) contrasts with the typical accu-
mulation pattern of an osmolyte like GG (Fig. 1B), or with
the accumulation of sucrose in the Synechocystis mutant lack-
ing GG [25].

Upon a sudden increase in salt concentration in the sur-
rounding medium, it was shown that salt might accumulate
transiently in cyanobacterial cells to achieve a rapid osmotic
balance before sufficient amounts of organic solutes were pro-
duced [1]. The initial intracellular salt concentration is likely
to cause a direct activation of enzymes related to salt stress
responses. Indeed Synechocystis GGPS was activated in vitro
upon the addition to the assay mixture of a NaCl amount simi-

Fig. 1. Sucrose and GG accumulation in Synechocystis sp. cells after a salt
shock. NaCl was added up to 684 mM (t = 0 h) to cultures; sucrose (A) and
GG (B) were quantified in cells of Synechocystis sp. PCC 6803 (n) or of the
spsA– mutant strain (• ).
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lar to the apparent intracellular Na+ level reported for cells
adapted to 650 mM NaCl [16,24]. Thus, we tested the effect
of different NaCl concentrations on SPS activity in crude
extracts of Synechocystis cells (Fig. 2). A 2-fold increase of
enzyme activity was obtained in the presence of the highest
NaCl concentrations, which may be similar to the intracellu-
lar salt concentration at the onset of the experiment showed
in Fig. 1. In Synechococcus sp. PCC 6301, which accumu-
lates high sucrose amounts during salt adaptation, SPS activ-
ity also enhanced in the presence of NaCl [15]. We con-
cluded that the activation of SPS by NaCl in Synechocystis
sp. PCC 6803 might account, at least in part, for sucrose accu-
mulation at the initiation of the salt treatment. Besides we
investigated the expression of the gene coding for SPS (spsA)
at the transcriptional level. The steady-state amount of sps
transcripts increased very quickly in Synechocystis cells after
the salt shock, reached a maximum after 30 min and returned
during the following hour to initial levels (Fig. 3). In the case
of GG production, it has been shown to be primarily acti-
vated by a biochemical, salt-dependant mechanism [8,13].
However, when the regulatory events involved in salt stress-
related GG accumulation were thoroughly analysed, it was

concluded that biochemical regulation might be more impor-
tant for the immediate reaction to the alarm situation after the
salt-shock, including de novo protein synthesis, and that tran-
scriptional control might represent the basis for the fine-
tuning of GG synthesis in salt-acclimated cells [23]. In a recent
DNA microarray analysis it was reported that the expression
of GG synthesis related genes was induced by hyperosmotic
stress but SPS encoding gene was not included in the list of
strongly transcriptional enhanced genes [20]. This result can
be expected in accordance with the transient activation of spsA
transcription only at the first minutes of the salt treatment
(Fig. 3).

Taken together, these results led us to suggest that sucrose
may play a role different to that of an osmolyte in Synechocys-
tis cells at early stages of salt stress response. The transient
accumulation of sucrose tempted us to speculate that the sugar
may be acting as a signal molecule. The pivotal role of sugars
as signalling molecules is well illustrated by a variety of sugar
sensing and signalling mechanisms discovered in free-living
microorganisms, in which the process has been dissected in
detail [34]. However, the concept of sugars as central mol-
ecules, crucial for modulation of gene expression, is rela-
tively novel in plants and still not described in cyanobacteria
[21,34,35]. As in higher plants, sucrose might be sensed to
transduce a specific signalling pathway in response to salt in
Synechocystis. Investigation of possible signalling circuitry
underlying biological responses in cyanobacteria to chang-
ing sugar levels is challenging.

2.2. Effect of NaCl on Synechocystis sp. culture growth

The relevance of sucrose in salt tolerance was investigated
in a Synechocystis sp. PCC 6803 derivative mutant (spsA–),
which is unable to synthesise sucrose [6] but that accumu-
lates GG similarly to the wild-type strain (Fig. 1B). Cells of
PCC 6803 and spsA– strains at logarithmic or stationary phase
were collected and transferred into fresh basal medium with
or without 684 mM NaCl, and growth was monitored (Fig. 4).
After a short lag period, cells of the wild-type strain initially
at logarithmic phase adapted to salt-supplemented medium
as they reached similar growth rates in the presence or in the
absence of NaCl (Fig. 4A). In contrast, cells of the spsA–

mutant resumed growth after a longer lag period, with a rate
20% lower in the presence of NaCl than in basal medium
(Fig. 4B).A clear difference in adaptation emerged when cells
coming from stationary phase cultures were transferred to
fresh medium containing 684 mM NaCl. Wild-type cells
became to recover after a 25–50 h lag (Fig. 4C), while spsA–

mutant cells could not resume growth (Fig. 4D).
Intracellular sucrose concentration in wild-type cells at

exponential phase in basal medium was about 0.27 nmol.
Optical density (OD) 750 nm

–1 · ml–1 while it was about 10-fold
higher (ca. 3 nmol. OD 750 nm

–1 · ml–1) in cells of the same
strain at stationary phase. Interestingly, sucrose content in cells
at the stationary phase in basal medium was similar to the
level transiently reached by exponential salt-shocked cells

Fig. 2. Effect of NaCl on SPS activity. Crude extracts from Synechocystis
sp. PCC 6803 cells were assayed for enzyme activity in the presence of dif-
ferent amounts of NaCl. SPS activity (100%) was 6.6 ± 0.6 nkat µl–1.
Mean ± S.D., n = 3.

Fig. 3. Effect of NaCl addition on the transcription of spsA in Synechocystis
sp. PCC 6803 cells. Northern blot analysis was performed from total RNA
(15 µg) extracted from cells harvested at different times after addition of
684 mM NaCl. Specific probes were used for hybridisation of spsA and
rpnB.

135P. Desplats et al. / Plant Physiology and Biochemistry 43 (2005) 133–138



(Fig. 1). To know if the lack of sucrose in the mutant cells at
the stationary phase could be related to its salt-sensitive phe-
notype, and knowing that external sucrose could enter the
cells via specific transporters [26], we followed the growth of
PCC 6803 and the spsA– mutant cultures transferred to NaCl-
containing medium supplemented with 1 mM sucrose. Under
these conditions, both wild-type and spsA– mutant cells
resumed growth in the presence of NaCl at rates that were
indistinguishable from those in BG-11 medium (Fig. 4C, D).
These results suggested that in Synechocystis cells submitted
to a salt shock, sucrose may play a role at the early stages of
the stress, and importantly, its presence should be crucial in
stationary phase cells for overcoming a later salt shock. It
could be speculated that sucrose function might be related to
the regulation of metabolic pathways that are active under
the nutritional stress conditions of the stationary phase.

3. Conclusion

Transient sucrose accumulation in Synechocystis cells at
the onset of a salt stress together with the crucial disaccha-
ride role in stationary phase cells are clear evidence that
sucrose may play a role different of being only an osmopro-
tective compound in salt tolerance. We also showed that
sucrose synthesis in salt-treated Synechocystis cells may be
modulated through both, a salt effect on SPS activity and the
transcriptional regulation of SPS encoding gene. The tran-
sient accumulation and low levels of sucrose observed in salt
stress situations tempted us to speculate that the disaccharide
may be involved in triggering signalling cascades, and prob-

ably fulfilling a more general function in responses to envi-
ronmental stresses.

4. Methods

4.1. Bacterial strains and growth

Synechocystis sp. PCC 6803 strain was purchased from
the Institut Pasteur. Cells were routinely grown in BG-
11 medium (basal medium) [30,33]. The insertional mutant
strain (spsA–), a derivative from Synechocystis sp. PCC
6803 previously generated and formerly named LC20 [6],
was cultured in the presence of 20 µg ml−1 chloramphenicol.
Cell growth was monitored by measuring the OD of the cul-
tures at 750 nm. To study the effect of salt in growth, cells
previously cultured at standard conditions up to exponential
or stationary phase, were collected and seeded either in basal
medium or in basal medium supplemented with NaCl
(684-mM final concentration). For sucrose and GG determi-
nation, aliquots of cell cultures were taken at different times
after the salt shock and cells were harvested by centrifuga-
tion.

4.2. Sucrose and GG determination

Packed cells were extracted three times with 80% ethanol
at 80 °C. The pooled extracts were evaporated in vacuum; the
residue was dissolved in water and aliquots were chromato-
graphed on Whatmann #3 paper using butanol/pyridine/water
(6:4:2, v/v/v) as developing solvent. Standard sugars were

Fig. 4. Effect of NaCl on the growth of Synechocystis cultures from exponential (A and B) and stationary phase cells (C and D). (A and C) PCC 6803 strain; (B
and D) spsA– mutant strain. Closed symbols (n, *, m, ▼), control BG-11 medium; open symbols (M, C, D, ∇ ), BG-11 medium supplemented with NaCl
684 mM; crosses (X), BG-11 medium supplemented with 684 mM NaCl and 1 mM sucrose.

136 P. Desplats et al. / Plant Physiology and Biochemistry 43 (2005) 133–138



chromatographed in parallel strips and visualised by the sil-
ver nitrate reagent [37]. Sucrose and GG were determined in
eluted fractions located in positions of the chromatograms
similar to those of the standards. Sucrose was quantified after
hydrolysis with invertase by measuring the formation of
NADPH [19]. GG was estimated after acid hydrolysis as
described [9].

4.3. Isolation of RNA and Northern hybridisation

RNA was extracted from cells at the exponential phase
according to Mohamed and Jansson [28], separated by elec-
trophoresis through agarose gels containing formaldehyde and
transferred to nylon membranes (Hybond N,Amersham) [36].
Gene-specific DNA probes were obtained by digestion with
BamHI and NotI of the plasmid pSySPS harbouring spsA [6]
and after PCR amplification of the encoding sequence of the
subunit of Synechocystis RNase P (Synechocystis sp. PCC
6803 rnpB gene for ribonuclease P RNA, GenBank X65707).
DNA probes were labelled with [a-32P]-dCTP using the Ran-
dom Primer Extension Kit (DuPont). Membranes were hybri-
dised, washed according to standard protocols and exposed
on Kodak MS Biomax films [36].

4.4. Protein extraction and enzyme assay

Crude extracts from Synechocystis cells were prepared as
described [6,30] and desalted before enzyme activity assays.
Proteins were quantified by the method of Bradford [2]. SPS
activity was determined as previously described [6,30].
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