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Summary

Compatible solutes are a functional group of small,
highly soluble organic molecules that demonstrate
compatibility in high amounts with cellular metabo-
lism. The accumulation of compatible solutes is often
observed during the acclimation of organisms to
adverse environmental conditions, particularly to salt
and drought stress. Among cyanobacteria, sucrose,
trehalose, glucosylglycerol and glycine betaine are
used as major compatible solutes. Interestingly, a
close correlation has been discovered between the
final salt tolerance limit and the primary compatible
solute in these organisms. In addition to the dominant
compatible solutes, many strains accumulate mix-
tures of these compounds, including minor com-
pounds such as glucosylglycerate or proline as
secondary or tertiary solutes. In particular, the accu-
mulation of sucrose and trehalose results in an
increase in tolerance to general stresses such as des-
iccation and high temperatures. During recent years,
the biochemical and molecular basis of compatible
solute accumulation has been characterized using
cyanobacterial model strains that comprise different
salt tolerance groups. Based on these data, the dis-
tribution of genes involved in compatible solute syn-
thesis among sequenced cyanobacterial genomes is
reviewed, and thereby, the major compatible solutes
and potential salt tolerance of these strains can be
predicted. Knowledge regarding cyanobacterial salt
tolerance is not only useful to characterize strain-
specific adaptations to ecological niches, but it
can also be used to generate cells with increased
tolerance to adverse environmental conditions for
biotechnological purposes.

Introduction

Cyanobacteria have colonized all light-exposed habitats
on Earth and can be used as excellent models to study
the environmental adaptation of photoautotrophic organ-
isms. The majority of cyanobacterial strains are found
in waters of different or changing salinities. They have
clearly developed mechanisms to adapt to a wide range
of and fluctuations in external salinity. High salt concen-
trations generate two major problems for living systems.
First, a low water potential results in a loss of water and
turgor pressure, which is compensated by the accumula-
tion of osmotically active compounds. Second, the high
ionic strength of the surrounding medium results in a
continuous influx of inorganic ions (mainly Na+ and Cl-,
Fig. 1). Halophilic Archaea and several halophilic bacteria
equilibrate their osmotic potential via the accumulation of
inorganic ions and have consequently adapted their cel-
lular environment to tolerate high internal concentrations
of inorganic ions, e.g. evolution of macromolecules with a
high capacity to bind salts and water (‘salt-in’ strategy;
Eisenberg and Wachtel, 1987; Galinski and Trüper, 1994;
Ventosa et al., 1998; Müller and Oren, 2003). The majority
of organisms (including cyanobacteria) limit the cytoplas-
mic ionic strength to rather low levels, because most
intracellular macromolecules are sensitive to high levels
of inorganic ions. To maintain a favourable ion composi-
tion, ions, especially Na+ and Cl-, are pumped out of the
cytoplasmic space (‘salt-out’ strategy, Fig. 1). Simulta-
neously, these cells accumulate so-called compatible
solutes, which adjust the cellular osmotic potential to
levels that allow water uptake via osmosis; this accumu-
lation is the basis for turgor pressure and growth (e.g.
Kempf and Bremer, 1998).

The concept of compatible solutes was introduced by
Brown (1976) and has led to the definition of a functional
group of low molecular mass, organic compounds without
net charge that do not disturb cellular metabolism (com-
patible) at the high (molar) concentrations necessary to
equilibrate osmotic conditions. The advantage and great
success of the ‘salt-out’ strategy is based on the ability to
acclimate towards low as well as high salt environments,
because none of the other cellular constituents (e.g.
membranes, proteins) had to be changed during evolu-
tion. The structural variety of these compounds is
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relatively limited, because only a small number of chemi-
cal structures meet the special requirements of compat-
ibility with cell metabolism. Based on their chemical
structure, compatible solutes can be divided into various
groups: carbohydrates, polyols, heterosides, amino acids
and their derivatives. Some solutes are widespread
among pro- and eukaryotes, whereas others are
restricted to specialized organisms (Santos and Costa,
2002). In addition to their osmotic functions, compatible
solutes can also protect macromolecules such as proteins
and membranes against denaturation (Luzardo et al.,
2000; Borges et al., 2002; Hincha and Hagemann, 2004),
which provides an explanation for their participation in
the acclimation of cells exposed to freezing, desiccation
or heat (Eleutherio et al., 1993; Ko et al., 1994; Welsh and
Herbert, 1999).

In this review, we describe that among cyanobacteria
the accumulation of defined major compatible solutes
results in a characteristic final salt tolerance limit. In addi-
tion to the compensation of osmotic potential differences
during salt acclimation, compatible solutes display direct
protective effects towards critical macromolecules, which
explains their function to achieve tolerance towards
general stresses such as desiccation and high tempera-
tures. During recent years, the biochemical and molecular
basis of compatible solute accumulation has been char-
acterized using cyanobacterial model strains that com-
prise different salt tolerance groups. Based on these data,
the distribution of genes involved in compatible solute
synthesis among sequenced cyanobacterial genomes is
reviewed, and thereby, the major compatible solutes and
potential salt tolerance of these strains can be predicted
(see Table 1).

Sucrose and trehalose as compatible solutes in
strains of low salt tolerance

Organisms from freshwater habitats are adapted to an
environment of rather low ionic strength; therefore, under
standard conditions, compatible solute accumulation is
of low importance or lacking, and these cells require
active uptake systems for inorganic ions, e.g. K+.
However, almost all freshwater cyanobacteria display
certain flexibility towards increased salt concentrations, in
which stenohaline strains tolerate only small changes,
and euryhaline strains are able to grow in a larger range
of changes. The screening of many cyanobacterial genera
has revealed the general trend that freshwater isolates
mainly accumulate sucrose [Suc, a-D-glucopyranosyl-
(1→2)-b-D-fructofuranose, Fig. 2] as the primary compat-
ible solute under saline conditions (Reed et al., 1984a).
The importance of Suc synthesis for salt acclimation was
first recognized by its salt stress-induced accumulation
in Nostoc muscorum (Blumwald and Tel-Or, 1982), Syn-
echococcus sp. PCC6301 (Blumwald et al., 1983) and
Anabaena variabilis (Erdmann, 1983). In addition to Suc,
trehalose (Tre, 1-a-glucopyranosyl-1-a-glycopyranoside,
Fig. 2) is also a dominant, salt-inducible osmolyte in
cyanobacteria from freshwater, as well as coastal waters
and terrestrial habitats. Tre accumulation was first dem-
onstrated in Rivularia atra, a coastal strain that lives in
the tidal zone (Reed and Stewart, 1983). Interestingly,
Tre-accumulating cyanobacteria are mostly filamentous
strains, which often form mats or aggregates. It is well
documented that extracellular polysaccharide (EPS)
sheaths in combination with Tre-accumulation protect
cyanobacteria against desiccation, but the role of such

Fig. 1. Schematic view on the principle of salt
acclimation strategy of cyanobacteria.
Salt-stressed cells have to cope with a low
water potential resulting in water efflux
through aquaporins. Moreover, intracellular
accumulation of inorganic ions causes toxic
effects on cellular metabolism by interference
with macromolecules (including denaturation
of proteins). Cyanobacteria and most other
microbes acclimate to those conditions via
active ion extrusion and simultaneous
accumulation of compatible solutes, which are
necessary for osmotic balance and for direct
and/or indirect protection of macromolecules.
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sheaths for salt acclimation is less investigated (Potts,
1994).

In general, the accumulation of Suc and Tre as main
compatible solutes is associated with a rather low salt
tolerance (stenohaline behaviour). The upper salt toler-
ance limit of Suc-accumulating strains comprises salini-
ties equivalent to 50–100% seawater (Reed and Stewart,
1985). The participation of Suc in primary metabolism
might be a reason for restricting its accumulation to lower
concentrations that are insufficient to mediate high salt
resistance. Furthermore, evidence has suggested that
Suc and Tre are more important as general stress pro-
tectants (e.g. against desiccation) rather than salt stress-
specific protectants. This view is supported by findings
that their transient accumulation commonly occurs in
more halotolerant cyanobacteria during the early acclima-
tion phase. Moreover, a mutant of Synechocystis sp.
PCC6803 that is unable to accumulate Suc displays a
reduced survival rate of stationary phase cells, whereas
steady-state growth under saline conditions is not signifi-
cantly affected (Desplats et al., 2005).

Recently, Suc was identified as a main compatible
solute in marine Prochlorococcus strains (Klähn et al.,
2010). This unexpected finding indicate that it is likely not
the Suc or Tre accumulation that restricts most of the
freshwater strains to low salinities, but rather the capacity
for inorganic ion export, which is the second prerequisite
for successful salt acclimation that is limiting in most
freshwater strains.

Glucosylglycerol as compatible solute in strains of
moderate salt tolerance

Many cyanobacteria originating from marine environ-
ments are characterized by a moderate salt tolerance that
allows them to grow from very low to up to threefold
increases in seawater concentrations (seawater contains
3.5 g l-1 of total salts, about 600 mM, which is mostly

represented by sodium and chloride ions comprising
about 85% of total ions, i.e. equivalent to 510 mM or 3%
of NaCl). In most cases, the accumulation of glucosylg-
lycerol [GG, O-a-D-glucopyranosyl-(1→2)-glycerol, Fig. 2]
provides a characteristic degree of salt resistance that is
needed in marine habitats and is significantly higher than
that of Suc- and/or Tre-accumulating strains. Accordingly,
GG mainly occurs in strains from marine environments
but was also found in freshwater isolates such as Syn-
echocystis sp. PCC6803. Suc and/or Tre often occur
as secondary solutes in these strains. In general,
GG-accumulating strains are euryhaline because they
can grow in a wide range of salinities, with an upper limit
of 1.8 M NaCl (Reed and Stewart, 1985). However,
marine picoplanktonic Synechococcus strains that accu-
mulate GG display a rather stenohaline behaviour, which
restricts them to salinities associated with normal oceanic
conditions (Lu et al., 2006). Cells of euryhaline GG-
producing strains contain virtually no GG when grown in
low-salt mineral media. A sudden increase in external
salinity activates GG synthesis immediately, and a stress-
proportional steady-state level of GG is achieved after
several hours (Reed and Stewart, 1985; Reed et al.,
1985; Warr et al., 1985a; Hagemann et al., 1987).

GG was the first compatible solute identified in a cyano-
bacterial strain (Borowitzka et al., 1980). Initially, it was
thought that GG synthesis and accumulation is restricted
to cyanobacteria. Meanwhile, it has also been shown
to function as an osmoprotectant in many heterotrophic
bacteria, such as different Pseudomonas and Stenotro-
phomonas strains (Pocard et al., 1994; Mikkat et al.,
2000; Roder et al., 2005). In addition to prokaryotes,
steric isomers of GG have also been found in plants such
as Lilium japonicum (Kaneda et al., 1984) and the resur-
rection plant Myrothamnus flabellifolia (Bianchi et al.,
1993).

In general, it is assumed that compatible compounds
do not carry a net charge at physiological pH, except for

Fig. 2. Structure of major compatible solutes of cyanobacteria in correlation with the preferred habitats.
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some negatively charged solutes found in Archaea
(Kempf and Bremer, 1998; Roeßler and Müller, 2001).
Recently, in addition to Suc, the negatively charged com-
pound glucosylglycerate [GGA, O-a-D-glucopyranosyl-
(1→2)-glycerate, Fig. 2], which is structurally very similar
to GG, was detected in osmotically relevant concentra-
tions in several Prochlorococcus strains. GGA was also
found in small amounts in the euryhaline, coastal strain
Synechococcus sp. PCC7002 (Kollman et al., 1979;
Klähn et al., 2010). Interestingly, GGA accumulation
increases when cells are shifted to high-salt conditions
under N-limited conditions. A stimulated accumulation of
GGA under limiting N-conditions has also been detected
in salt-treated cells of Prochlorococcus SS120 and of the
picoplanktonic Synechococcus strains WH7803 and
WH8102 (Klähn et al., 2010). Moreover, an N-starvation-
dependent stimulation of GGA accumulation has been
previously reported in salt-treated cells of the het-
erotrophic bacterium Erwinia chrysanthemi (Goude et al.,
2004). In oceanic cyanobacteria, GGA acts to compen-
sate for the positive charge of inorganic cations and
seems to replace glutamate, which is usually used as
counterion for K+ in salt-stressed cells of microorganisms
such as Escherichia coli (Dinnbier et al., 1988). The pref-
erence of GGA over glutamate is because cyanobacterial
growth is usually limited by the amount of available com-
bined nitrogen in the open ocean (Capone et al., 2008). In
support of this hypothesis, GGA synthesis genes were not
found in the genomes of marine N2-fixing strains (Klähn
et al., 2010; see Table 1).

Glycine betaine as compatible solute in strains of
highest salt tolerance

Cyanobacteria are also common in hypersaline environ-
ments, in which they must cope with a very low osmotic
potential and a high ionic strength up to saturated NaCl
concentrations. The quaternary ammonium compound
glycine betaine (GB, N,N,N-trimethylglycine, Fig. 2) is a
typical major compatible solute in hypersaline cyanobac-
teria (Mackay et al., 1984; Reed et al., 1984b). Moreover,
it is also a characteristic compatible solute in halotolerant
heterotrophic bacteria and plants, which suggests that
it possesses high protection efficiency. In addition to GB,
those strains usually accumulate Suc, Tre, GG and/or
other compounds at lower concentrations as additional
compatible solutes. In salt-shocked cells of Aphanothece
halophytica (Synechococcus sp. PCC7418) isolated from
the Solar Lake (Israel), the synthesis of GB is preceded by
a transient accumulation of GG and proline. However,
in completely salt-acclimated Aphanothece cells, GB is
clearly dominant, and GG is present only as a minor
osmolyte (Fulda et al., 1999). Interestingly, GB accumu-
lation has also been detected in cells of the marine

Synechococcus strains WH7803 and WH8102 and in
Prochlorococcus MIT9313 (Lu et al., 2006; Klähn et al.,
2010). However, cells of strain WH8102 do not grow in
medium containing more than 1 M NaCl (Lu et al., 2006).
Clearly, the accumulation of GB is not always sufficient
to increase the upper salinity tolerance limit to that of
hypersaline strains. In addition to the widespread GB,
the quaternary ammonia compound glutamate betaine
has been reported in two hypersaline Calothrix strains
(Mackay et al., 1984).

Compatible solutes of cyanobacteria from
extreme environments

In extreme environments (e.g. desert crusts, hot springs,
meltwater ponds), cyanobacteria are exposed to harsh
and challenging conditions such as desiccation or high as
well as low temperatures. Desiccated cells have little or
no metabolic activity but rapidly resume metabolism upon
rehydration. For example, desiccated cells of the terres-
trial cyanobacterium Nostoc commune retain the capacity
for cell growth for over 100 years (Lipman, 1941;
Cameron, 1962). In natural habitats, N. commune forms
visible colonies that consist of structurally complex EPS,
which provide the basis for the desiccation tolerance of
the embedded cell filaments (Hill et al., 1997). In addition
to the EPS sheath, the cells of desiccation-tolerant Nostoc
strains contain Tre and Suc for regulation of the intracel-
lular water potential and/or membrane stabilization (Hill
et al., 1994; 1997). In N. commune and the closely related
N. punctiforme strain IAM M-15, Tre accumulation occurs
in response to water loss during desiccation, whereas
fully hydrated cells contain virtually no sugar (Sakamoto
et al., 2009; Yoshida and Sakamoto, 2009). Similarly,
addition of 0.2 M NaCl to Nostoc cells induces Tre accu-
mulation to levels observed after desiccation. Albeit to
a lesser extent, the Suc content was also increased in
response to desiccation and salt treatments (Yoshida and
Sakamoto, 2009). Tre and Suc accumulation in response
to matric water and/or osmotic stress has been observed
in other drought-resistant strains, such as Scytonema sp.,
Phormidium autumnale and a Chroococcidiopsis strain
(Hershkovitz et al., 1991; Page-Sharp et al., 1999). The
hypothesis that Tre and Suc have beneficial effects in
tolerance to desiccation was confirmed in experiments
with E. coli, in which both osmotically induced Tre accu-
mulation and genetically established Suc accumulation
also mediated enhanced desiccation tolerance, whereas
GB accumulation did not (Welsh and Herbert, 1999; Billi
et al., 2000).

Thermophilic organisms often accumulate special
low-molecular-mass compounds as thermoprotectants.
However, for cyanobacteria living in hot environments only
a few data are available. Di-myo-inositol-1,1′-phosphate
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(DIP) or mannosylglycerate (MG) are characteristic solutes
of thermophilic Archaea and Bacteria (Santos and Costa,
2002). In general, MG seems to have a primary role in salt
acclimation, because its accumulation is regulated mainly
by salt in thermophilic organisms. In contrast, DIP functions
as a true thermoprotectant that accumulates specifically at
suboptimal growth temperatures. In addition to thermo-
specific solutes, compatible solutes such as Tre are also
found in cells of heat-tolerant prokaryotes (Santos and
Costa, 2002). To date, DIP and MG have not been detected
in cyanobacteria. The strains Fischerella sp. PCC7414
and Nostoc sp. PCC7524, which were isolated from hot
springs, accumulate Tre or Suc as compatible solutes
(Reed et al., 1984a). However, the carbohydrate accumu-
lation was only analysed in response to salt stress and not
at different temperatures. Therefore, it is not clear whether
real heat-specific protective compounds are present in
these strains. As mentioned, the frequent accumulation of
Suc or Tre as a secondary or tertiary compound in halotol-
erant strains may be related to its general protective role
(e.g. towards higher temperatures) rather than to a salt-
specific response. In this regard, it is interesting to note that
the growth temperature also has an impact on the synthe-
sis of both compounds. An increase in the Suc/GG ratio at
elevated temperatures has been observed in salt-treated
cells of Synechocystis sp. PCC6714 (Warr et al., 1985b).A
crucial role for Tre accumulation in mediating thermotoler-
ance has also been shown for yeast in which mutations of
Tre synthesis result in a significant decrease of thermotol-
erance (De Virgilio et al., 1994). Therefore, Tre or Suc
accumulation might be beneficial for thermophilic cyano-
bacteria, and accordingly, such strains harbour genes that
encode for proteins potentially involved in Tre or Suc
biosyntheses (see Table 1).

Cyanobacteria are also found in cold habitats such as
meltwater ponds. Those strains are often psychrophilic
and show growth optima below 15°C (Nadeau and Cas-
tenholz, 2000). Since compatible solutes play also an
important role during the acclimation to low temperatures
or freezing one could expect their temperature- or stress-
dependent accumulation in psychrophilic cyanobacteria.
However, compatible solute accumulation has not been
investigated in those strains.

Direct protective effects of compatible solutes
on macromolecules

The loss of cellular water through osmosis or dehydration
results in profound changes in the physical properties
of biomolecules, particularly phospholipids and proteins
(Crowe et al., 1990). In this context, compatible solutes
are important stabilizing agents. During recent years, the
protection of cellular macromolecules against denatur-
ation by e.g. heat, freezing or drying has been analysed in

vitro for various compatible solutes, including those that
are commonly detected in cyanobacteria. In general, it is
difficult to extrapolate data obtained from an artificial
system in a physiological context, because stress accli-
mation (involving protection of cell components) is not
exclusively associated with the accumulation of compat-
ible solutes (e.g. the general stress response also
includes stabilization by chaperons or alteration of the
membrane composition).

Borges and colleagues (2002) assessed protection of
the model enzyme lactate dehydrogenase (LDH, isolated
from rabbit muscle) in vitro against thermal inactivation
by compatible solutes that occur naturally in prokaryotes.
Interestingly, GG, which is widespread among marine
cyanobacteria, was found to function as a stabilizer in a
manner similar to MG, which is mainly found among ther-
mophilic prokaryotes. Interestingly, the components of
GG, glucose and glycerol showed no significant thermo-
protective effects. For Tre, an intermediate behaviour was
observed. Analyses of the thermostabilizing effects on
malate dehydrogenase (isolated from pig heart) revealed
a similar protection capacity of Tre and GB, but both
performed better than glycerol, which is a canonical
enzyme stabilizer used in biotechnological applications
(Diamant et al., 2001). Recently, a stabilizing effect was
also demonstrated for GGA, which protects LDH against
thermal inactivation to a greater extent than does Tre and
even GG (Sawangwan et al., 2010). However, the thermal
stability of the other two enzymes (starch phosphorylase
from Corynebacterium callunae and xylose reductase
from Candida tenuis) was positively affected by GGA in a
manner similar to that observed with Tre and GG. These
data indicate that even small differences in chemical
structure may be crucial for the ability of a certain solute to
stabilize a given enzyme, but the degree of the protective
effect often differs depending on the selected test
enzyme. It is interesting to note that direct protective
effects of compatible solutes are usually exhibited at
lower concentrations than are necessary for osmotic
effects.

The residual activity of enzymes in the presence or
absence of various compatible solutes has also been
considered following exposure to freeze-thawing cycles
or freeze-drying followed by rehydration, which simulate
frost or desiccation stresses. The stabilization of proteins
during drying requires a direct interaction between the
stabilizing molecule and the protein, and it probably
involves hydrogen bonding between the stabilizer and
polar residues in the protein (Crowe et al., 1990; Potts,
1994). Tre and Suc were found to be the best stabilizers
for LDH and phosphofructokinase under both conditions:
freeze-thawing and freeze-drying (Carpenter and Crowe,
1988; Carpenter et al., 1990). In contrast, glycerol, which
is often used for cryoprotection of proteins, demonstrated
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a lower efficiency in the protection of phosphofructokinase
activity against freezing and showed no protective effect
when the enzyme was exposed to freeze-drying. GB
also demonstrated a significant protection of LDH during
freezing but with a lower efficiency than those of Tre
and Suc. Moreover, the residual activity of mannitol
2-dehydrogenase from Pseudomonas fluorescens after
a freeze-thawing cycle in the presence of GG and GGA
revealed a protection comparable to that of Tre (Sawang-
wan et al., 2010). It should be mentioned that freezing
and desiccation are fundamentally different stresses.
Whereas the specificity of solutes in the stabilization
of macromolecules during freezing is low, only a few (of
which carbohydrates are the most effective) mediate a
similar protection during drying (Crowe et al., 1990). The
efficiency of GG, GGA and GB in mediating protein pro-
tection during drying has not been investigated so far.

Because membranes are often the primary targets of
cellular damage under stress conditions, the protective
properties of compatible solutes have also been exam-
ined for liposomes (Crowe et al., 1990; Hincha and
Hagemann, 2004). These studies revealed that only car-
bohydrates were effective for this purpose. The stabiliza-
tion of phospholipid bilayers during drying requires a
direct interaction between the sugar and polar head
groups of the phospholipids (Crowe et al., 1990). Accord-
ingly, the reverse order among the tested compatible
solutes was found when their ability to confer salt stress
tolerance to cyanobacteria was assessed in vivo. Suc and
Tre were the best protectants for membrane integrity,
whereas GG was less effective, and GB showed only
minimal effects (Hincha and Hagemann, 2004). This
result implies that membrane stability may not be the
limiting factor for salt-stressed cyanobacterial cells. Suc
and Tre accumulation mostly results in a rather low
degree of salt resistance, but both are used as minor
solutes in more halotolerant strains to provide greater
general stress tolerance (Hagemann, 2010). As men-
tioned above, Suc and Tre are often found in desiccation-
tolerant strains, which is consistent with the superior
protein- and membrane-protective properties of Suc and
Tre during drying. Both carbohydrates may also contribute
to membrane stability at increased temperatures. Corre-
spondingly, the genome sequences of thermophilic strains
frequently reveal the presence of Tre or Suc biosynthesis-
related genes (see Table 1).

Biochemical and molecular basis for compatible
solute accumulation

In photoautotrophic organisms such as cyanobacteria,
compatible solutes are synthesized by de novo synthesis.
Additionally, uptake systems for these compounds are
known, and they mainly serve to reuptake lost compatible

solutes (e.g. Mikkat et al., 1996; Hagemann et al., 1997a;
Mikkat and Hagemann, 2000). In contrast, in het-
erotrophic bacteria, the uptake of compatible solutes is
preferred (Bremer and Krämer, 2000). The biosynthesis
of most compatible solutes and the corresponding genes
have been revealed during recent years. Sugar (Suc, Tre)
and heteroside (GG, GGA) pathways share clear similari-
ties. In most organisms, a two-step reaction is used that
starts with a glucosyltransferase reaction that leads to
a phosphorylated intermediate, which is subsequently
hydrolysed to the final compatible solute via a phos-
phatase reaction (Fig. 3).

Salt-induced Suc biosynthesis in cyanobacteria is
achieved by sucrose-phosphate synthase (SPS, EC
2.4.1.14), which produces the intermediate sucrose-
phosphate from UDP-glucose and fructose 6-phosphate
(Porchia and Salerno, 1996). Sucrose 6-phosphate is
subsequently hydrolysed to Suc by sucrose-phosphate
phosphatase (SPP, EC 3.1.3.24). The spsA gene encodes
a large protein of approximately 80 kDa with an N-terminal
domain that contains all of the features required for SPS
activity and with a C-terminal domain of about 20 kDa that
shares similarities with SPP. Knockout mutations of this
gene result in a complete absence of Suc synthesis and
SPS activity in Synechocystis sp. PCC6803 (Hagemann
and Marin, 1999). Despite its structural similarity to the
combined SPS/SPP proteins from plants, the SPS from
Synechocystis sp. PCC6803 displays only SPS activity
(Lunn et al., 1999). The gene encoding the cooperating
SPP was identified later (Lunn, 2002). Interestingly, in
some strains, the combined SPS/SPP protein is probably
also capable of performing the phosphatase reaction,
because no separate SPP protein has been discovered
(see Table 1). Additionally, a one-step reaction that lacks a
phosphorylated intermediate catalysed by sucrose syn-
thase (Sus, EC 2.4.1.13) has also been found (Lunn,
2002); however, this reaction functions mostly to degrade
Suc and is not involved in Suc accumulation (Curatti et al.,
2002). Among cyanobacteria, the ability to synthesize
Suc seems to be universal, because at least one
Suc-synthesizing enzyme is encoded in almost all of
the known genome sequences, including the reduced
genomes of the marine picoplanktonic strains (see
Table 1; Scanlan et al., 2009).

The biosynthetic pathway for Tre was initially investi-
gated in E. coli, where the trehalose 6-phosphate syn-
thase (TPS, EC 2.4.1.15) converts UDP-glucose and
glucose 6-phosphate to trehalose 6-phosphate, which is
then hydrolysed by trehalose 6-phosphate phosphatase
(TPP, EC 3.1.3.12; Giæver et al., 1988; Kaasen et al.,
1992; Fig. 3). Homologues of these proteins are wide-
spread among bacteria and eukaryotes. In the genome
of Crocosphaera watsonii WH8501, a unicellular, oceanic
N2-fixing cyanobacterium, similarity searches have
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revealed a fusion protein that contains TPS and TPP
domains (Table 1). Combined TPS/TPP proteins are
known to be involved in Tre synthesis in plants and
yeasts. Surprisingly, no other TPS and/or TPP homo-
logues have been discovered among cyanobacteria,
although many freshwater and desiccation-tolerant
strains are able to produce Tre. In these strains, Tre is
synthesized by other pathways that involve the degrada-
tion of polysaccharides to the disaccharide Tre (TreY/TreZ
pathway) or the inversion of maltose (TreS pathway,
Fig. 3). Stress regulation of the alternative TreY/TreZ
pathway has been verified in the model strain Nostoc
(Anabaena) sp. PCC7120 (Higo et al., 2006). The primary
reaction is catalysed by the maltooligosyltrehalose syn-
thase (Mts, EC 5.4.99.15) encoded by treY. This enzyme
converts the terminal a(1,4)-linked residue of a glucose
polymer to an a(1,1) linkage. In the subsequent step, the
terminal disaccharide is cleaved by the maltooligosyltre-
halose trehalohydrolase (Mth, EC 3.2.1.141) encoded by
treZ. Similar proteins involved in Tre synthesis have also
been found in the related strain Nostoc punctiforme IAM
M-15 (Yoshida and Sakamoto, 2009) and in Arthrospira
(Spirulina) platensis NIES-39 (Ohmori et al., 2009) and
are present in the genomes of many other cyanobacteria
(Table 1). In addition, homologues of a maltose glucosyl-
mutase that converts maltose to Tre [= trehalose synthase
(TreS), EC 5.4.99.16, Nishimoto and colleagues 1996] are
also present in many cyanobacterial genomes (Table 1).

Interestingly, the thermophilic strains Synechococcus
JA-2-3B’a (2–13) and JA-3-3Ab also harbour these
genes, which suggests that Tre is accumulated. In con-
trast, the thermophilic strain Thermosynechococcus elon-
gatus BP-1 appears to accumulate mainly Suc, because
no known genes involved in Tre biosynthesis could be
detected in its genome. The enzymes for other heat-
specific solutes (e.g. MG) were not detected in any of
these strains.

Concerning GG, the first reaction is carried out by the
GG-phosphate synthase (GgpS, EC 2.4.1.213) with glyc-
erol 3-phosphate and ADP-glucose, and the final product,
GG, is generated by the GG-phosphate phosphatase
(GgpP, EC 3.1.3.69) (Hagemann and Erdmann, 1994;
Fig. 3). The corresponding genes ggpS and ggpP have
been identified in Synechocystis sp. PCC6803 (Hage-
mann et al., 1997b; Marin et al., 1998). Cyanobacterial
mutants with inactivated ggpS genes demonstrate a salt-
sensitive phenotype despite their increased content of
the secondary compatible solute Suc (Marin et al., 1998;
Engelbrecht et al., 1999). Homologous proteins for GG
synthesis are present in the genomes of all strains that
are known to produce GG, including marine, picoplank-
tonic isolates of the genus Synechococcus (Scanlan
et al., 2009; Klähn et al., 2010; Table 1). Interestingly,
Prochlorococcus spp. probably lost the ability to synthe-
size GG after they diverged from the Synechococcus
clade. A gene very similar to ggpP is present in the

Fig. 3. Synthesis of compatible solutes among cyanobacteria. Superscripted numbers indicate strains in which the biosynthetic pathway was
verified or predicted. 1 – Synechocystis sp. PCC6803; 2 – Crocosphaera watsonii WH8501 (postulated); 3 – Synechocystis sp. PCC6803,
Synechococcus sp. PCC7002; 4 – Synechococcus sp. PCC7002, Prochlorococcus sp. SS120; 5 – Nostoc sp. PCC7120, Nostoc punctiforme
IAM M-15; 6 – Aphanothece halophytica, Synechococcus sp. WH8102; NDP-glucose – nucleoside diphospho-glucose (A = Adenosine,
U = Uridine); SAM – S-adenosylmethionine; SAH – S-adenosylhomocysteine.
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genomes of all Prochlorococcus strains, but these strains
do not carry a ggpS gene and accordingly do not accu-
mulate GG (Klähn et al., 2010). In many heterotrophic
bacteria that accumulate GG after salt stress, biosynthe-
sis is accomplished by a large fusion protein called
GgpPS that possesses GgpS activity in its C-terminal
region and GgpP activity in its N-terminal region
(Hagemann et al., 2008).

Biosynthesis of the structurally related but negatively
charged GGA also involves a glucosyltransferase,
glucosyl-phosphoglycerate synthase (GpgS), which uses
an NDP-glucose (preferentially ADP-glucose in cyano-
bacteria) and glycerate 3-phosphate to produce GGA-
phosphate, which is hydrolysed to GGA by the glucosyl-
phosphoglycerate phosphatase (GpgP) (Costa et al.,
2006). Based on GpgS and GpgP sequences from het-
erotrophic bacteria, genes encoding these proteins were
identified in the genomes of many marine cyanobacteria.
In Synechococcus sp. PCC7002 and Prochlorococcus
SS120, the biological activity of these gene products was
verified (Klähn et al., 2010). The capacity to synthesize
GGA seems to be common to all oceanic cyanobacteria
that are incapable of fixing N2 (see Table 1; Klähn et al.,
2010).

In most bacteria and plants, GB is synthesized by a
two-step oxidative pathway that begins with choline via
the toxic intermediate betaine aldehyde (Bremer and
Krämer, 2000; Chen and Murata, 2002), whereas a three-
step methylation pathway that starts with glycine followed
by GB has been demonstrated in the halophilic cyanobac-
terium Aphanothece halophytica (Waditee et al., 2003).
The latter reactions are catalysed by glycine-sarcosine-
N-methyltransferease (GSMT, EC 2.1.1.156), which
methylates glycine to sarcosine (N-methylglycine), and
sarcosine-dimethylglycine-N-methyltransferase (SDMT,
EC 2.1.1.157), which catalyses the methylation of
sarcosine and dimethylglycine to dimethylglycine and
betaine respectively (Fig. 3). Recently, it has been dem-
onstrated that this pathway is also used by a few marine
picoplanktonic Synechococcus and Prochlorococcus
strains (Lu et al., 2006; Klähn et al., 2010). In addition to
the genes encoding GSMT and SDMT, no genes coding
for enzymes that are known to synthesize GB via another
pathway are present in the complete genome sequences
of these and other cyanobacterial strains (Table 1).

Conclusions and perspectives

The accumulation of compatible solutes is an important
key step in stress acclimation not only towards salt but
also in response to other stress treatments. Based on
the accumulated knowledge of compatible solute synthe-
sis obtained using cyanobacterial model strains, the salt
acclimation strategy of less investigated strains (e.g.

cyanobacteria that are difficult to cultivate such as pico-
planktonic strains) can be predicted based on the
increased amount of available genome information (e.g.
Scanlan et al., 2009), including metagenomics. However,
to date, salt acclimation was mostly studied after expo-
sure to defined NaCl concentrations, which does not
reflect the natural diversity of saline waters characterized
by widely differing ion compositions and pH values. It is
also interesting to note that even in the case of the best
investigated model strains, many open questions con-
cerning basic salt acclimation strategies remain to be
elucidated. For example, transcriptomics using salt-
stressed cells of Synechocystis sp. PCC6803 revealed
a salt-induced upregulation of several hundred genes
(Kanesaki et al., 2002; Marin et al., 2003; 2004); however,
among the genes that demonstrated the most robust
induction, about 20% encoded hypothetical proteins of a
completely unknown function.

The existing knowledge regarding the genetic basis of
cyanobacterial compatible solute accumulation could also
be used to improve the stress tolerance of sensitive
organisms. Several attempts have been undertaken to
transfer compatible solute-synthesizing genes from
cyanobacteria (and other microorganisms) into plants. In
the model plant Arabidopsis thaliana, coexpression of
the GSMT and SDMT genes from A. halophytica leads
to significant amounts of GB in plant tissues and conse-
quently to improved growth performance under saline
conditions (Waditee et al., 2005). Recently, GG synthesis
was also established in Arabidopsis using the ggpPS
genes from heterotrophic bacteria, and accordingly, GG
accumulation resulted in improved salt tolerance (Klähn
et al., 2009). Similar results were obtained using salt-
sensitive cyanobacterial cells as recipients of such salt
resistance genes (e.g. Deshnium et al., 1995; Waditee
et al., 2005). For the future production of bioenergy, the
mass cultivation of cyanobacteria and algae will preferen-
tially be performed in saline waters. A detailed knowledge
on the natural acclimation of these organisms to adverse
environmental conditions will also facilitate the design of
advanced cyanobacterial production strains for biotech-
nological purposes.

Acknowledgement

The financial support of the DFG (Deutsche Forschungsge-
meinschaft) for our research on cyanobacterial salt acclima-
tion is gratefully acknowledged.

References

Bianchi, G., Gamba, A., Limiroli, R., Pozzi, N., Elster, R.,
Salamini, F., and Bartels, D. (1993) The unusual sugar
composition in leaves of the resurrection plant Myrotham-
nus flabellifolia. Physiol Plant 87: 223–226.

Cyanobacterial solutes 559

© 2010 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 13, 551–562



Billi, D., Wright, D.J., Helm, R.F., Prickett, T., Potts, M., and
Crowe, J.H. (2000) Engineering desiccation tolerance in
Escherichia coli. Appl Environ Microbiol 66: 1680–1684.

Blumwald, E., and Tel-Or, E. (1982) Osmoregulation and cell
composition in salt-adaptation of Nostoc muscorum. Arch
Microbiol 132: 168–172.

Blumwald, E., Mehlhorn, R.J., and Packer, L. (1983) Studies
of osmoregulation in salt adaptation of cyanobacteria with
ESR spin-probe techniques. Proc Natl Acad Sci USA 80:
2599–2602.

Borges, N., Ramos, A., Raven, N.D., Sharp, R.J., and
Santos, H. (2002) Comparative study of the thermostabi-
lizing properties of mannosylglycerate and other compat-
ible solutes on model enzymes. Extremophiles 6: 209–
216.

Borowitzka, L.J., Demmerle, S., Mackay, M.A., and Norton,
R.S. (1980) Carbon-13 nuclear magnetic resonance study
of osmoregulation in a blue-green alga. Science 210: 650–
651.

Bremer, E., and Krämer, R. (2000) Coping with osmotic chal-
lenges: osmoregulation through accumulation and release
of compatible solutes in bacteria. In Bacterial Stress
Responses. Hengge-Aronis, R. (ed.). Washington, DC,
USA: ASM Press, pp. 79–96.

Brown, A.D. (1976) Microbial water stress. Bacteriol Rev 40:
803–846.

Cameron, R.E. (1962) Species of Nostoc vaucher occurring
in the Sonoran Desert in Arizona. Trans Am Microsc Soc
81: 379–384.

Capone, D.G., Bronk, D.A., Mulholland, M.R., and Carpenter,
E.J. (2008) Nitrogen in the Marine Environment. Amster-
dam, The Netherlands: Elsevier.

Carpenter, J.F., and Crowe, J.H. (1988) The mechanism of
cryoprotection of proteins by solutes. Cryobiology 25: 244–
255.

Carpenter, J.F., Crowe, J.H., and Arakawa, T. (1990) Com-
parison of solute-induced protein stabilization in aqueous
solution and in the frozen and dried states. J Dairy Sci 73:
3627–3636.

Chen, T.H., and Murata, N. (2002) Enhancement of tolerance
of abiotic stress by metabolic engineering of betaines
and other compatible solutes. Curr Opin Plant Biol 5: 250–
257.

Costa, J., Empadinhas, N., Goncalves, L., Lamosa, P.,
Santos, H., and da Costa, M.S. (2006) Characterization
of the biosynthetic pathway of glucosylglycerate in the
archaeon Methanococcoides burtonii. J Bacteriol 188:
1022–1030.

Crowe, J.H., Carpenter, J.F., Crowe, L.M., and Anchordoguy,
T.J. (1990) Are freezing and dehydration similar stress
vectors? A comparison of modes of interaction of stabilizing
solutes with biomolecules. Cryobiology 27: 219–231.

Curatti, L., Flores, E., and Salerno, G. (2002) Sucrose is
involved in the diazotrophic metabolism of the heterocyst-
forming cyanobacterium Anabaena sp. FEBS Lett 513:
175–178.

De Virgilio, C., Hottiger, T., Dominguez, J., Boller, T., and
Wiemken, A. (1994) The role of trehalose synthesis for the
acquisition of thermotolerance in yeast. I. Genetic evidence
that trehalose is a thermoprotectant. Eur J Biochem 219:
179–186.

Deshnium, P., Los, D.A., Hayashi, H., Mustardy, L., and
Murata, N. (1995) Transformation of Synechococcus with a
gene for choline oxidase enhances tolerance to salt stress.
Plant Mol Biol 29: 897–907.

Desplats, P., Folco, E., and Salerno, G.L. (2005) Sucrose
may play an additional role to that of an osmolyte in Syn-
echocystis sp. PCC 6803 salt-shocked cells. Plant Physiol
Biochem 43: 133–138.

Diamant, S., Eliahu, N., Rosenthal, D., and Goloubinoff, P.
(2001) Chemical chaperones regulate molecular chaper-
ones in vitro and in cells under combined salt and heat
stresses. J Biol Chem 276: 39586–39591.

Dinnbier, U., Limpinsel, E., Schmid, R., and Bakker, E.P.
(1988) Transient accumulation of potassium glutamate and
its replacement by trehalose during adaptation of growing
cells of Escherichia coli K-12 to elevated sodium chloride
concentrations. Arch Microbiol 150: 348–357.

Eisenberg, H., and Wachtel, E.J. (1987) Structural studies of
halophilic proteins, ribosomes, and organelles of bacteria
adapted to extreme salt concentrations. Annu Rev Biophys
Biophys Chem 16: 69–92.

Eleutherio, E.C., Araujo, P.S., and Panek, A.D. (1993) Pro-
tective role of trehalose during heat stress in Saccharomy-
ces cerevisiae. Cryobiology 30: 591–596.

Engelbrecht, F., Marin, K., and Hagemann, M. (1999) Expres-
sion of the ggpS gene, involved in osmolyte synthesis in
the marine cyanobacterium Synechococcus sp. strain PCC
7002, revealed regulatory differences between this strain
and the freshwater strain Synechocystis sp. strain PCC
6803. Appl Environ Microbiol 65: 4822–4829.

Erdmann, N. (1983) Organic osmoregulatory solutes in blue-
green algae. Z Pflanzenphys 110: 147–155.

Fulda, S., Huckauf, J., Schoor, A., and Hagemann, M. (1999)
Analysis of stress responses in the cyanobacterial strains
Synechococcus sp. PCC 7942, Synechocystis sp. PCC
6803, and Synechococcus sp. PCC 7418: osmolyte accu-
mulation and stress proteins synthesis. J Plant Physiol
154: 240–249.

Galinski, E.A., and Trüper, H.G. (1994) Microbial behaviour in
salt-stressed ecosystems. FEMS Microbiol Rev 15:
95–108.

Giæver, H.M., Styrvold, O.B., Kaasen, I., and Strom, A.R.
(1988) Biochemical and genetic characterization of
osmoregulatory trehalose synthesis in Escherichia coli.
J Bacteriol 170: 2841–2849.

Goude, R., Renaud, S., Bonnassie, S., Bernard, T., and
Blanco, C. (2004) Glutamine, glutamate, and alpha-
glucosylglycerate are the major osmotic solutes accumu-
lated by Erwinia chrysanthemi strain 3937. Appl Environ
Microbiol 70: 6535–6541.

Hagemann, M. (2010) Molecular biology of cyanobacterial
salt acclimation. FEMS Microbiol Rev (in press): doi:
10.1111/j.1574-6976.2010.00234.x.

Hagemann, M., and Erdmann, N. (1994) Activation and
pathway of glucosylglycerol synthesis in the cyanobacte-
rium Synechocystis sp. PCC 6803. Microbiology 140:
1427–1431.

Hagemann, M., and Marin, K. (1999) Salt-induced sucrose
accumulation is mediated by sucrose-phosphate-synthase
in cyanobacteria. J Plant Physiol 155: 424–430.

Hagemann, M., Erdmann, N., and Wittenburg, E. (1987)

560 S. Klähn and M. Hagemann

© 2010 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 13, 551–562



Synthesis of glucosylglycerol in salt-stressed cells of the
cyanobacterium Microcystis firma. Arch Microbiol 148:
275–279.

Hagemann, M., Richter, S., and Mikkat, S. (1997a) The ggtA
gene encodes a subunit of the transport system for
the osmoprotective compound glucosylglycerol in Syn-
echocystis sp. strain PCC 6803. J Bacteriol 179: 714–720.

Hagemann, M., Schoor, A., Jeanjean, R., Zuther, E., and
Joset, F. (1997b) The stpA gene form Synechocystis sp.
strain PCC 6803 encodes the glucosylglycerol-phosphate
phosphatase involved in cyanobacterial osmotic response
to salt shock. J Bacteriol 179: 1727–1733.

Hagemann, M., Ribbeck-Busch, K., Klähn, S., Hasse, D.,
Steinbruch, R., and Berg, G. (2008) The plant-associated
bacterium Stenotrophomonas rhizophila expresses a new
enzyme for the synthesis of the compatible solute gluco-
sylglycerol. J Bacteriol 190: 5898–5906.

Hershkovitz, N., Oren, A., and Cohen, Y. (1991) Accumula-
tion of trehalose and sucrose in cyanobacteria exposed to
matric water stress. Appl Environ Microbiol 57: 645–648.

Higo, A., Katoh, H., Ohmori, K., Ikeuchi, M., and Ohmori, M.
(2006) The role of a gene cluster for trehalose metabolism
in dehydration tolerance of the filamentous cyanobacte-
rium Anabaena sp. PCC 7120. Microbiology 152: 979–987.

Hill, D.R., Peat, A., and Potts, M. (1994) Biochemistry and
structure of the glycan secreted by desiccation-tolerant
Nostoc commune (Cyanobacteria). Protoplasma 182:
126–148.

Hill, D.R., Keenan, T.W., Helm, R.F., Potts, M., Crowe, L.M.,
and Crowe, J.H. (1997) Extracellular polysaccharide of
Nostoc commune (Cyanobacteria) inhibits fusion of mem-
brane vesicles during desiccation. J Appl Phycol 9: 237–
248.

Hincha, D.K., and Hagemann, M. (2004) Stabilization of
model membranes during drying by compatible solutes
involved in the stress tolerance of plants and microorgan-
isms. Biochem J 383: 277–283.

Kaasen, I., Falkenberg, P., Styrvold, O.B., and Strom, A.R.
(1992) Molecular cloning and physical mapping of the
otsBA genes, which encode the osmoregulatory trehalose
pathway of Escherichia coli: evidence that transcription is
activated by katF (AppR). J Bacteriol 174: 889–898.

Kaneda, M., Kobayashi, K., Nishida, K., and Katsuta, S.
(1984) Liliosides D and E, two glycerol glucosides from
Lilium japonicum. Phytochemistry 23: 795–798.

Kanesaki, Y., Suzuki, I., Allakhverdiev, S.I., Mikami, K., and
Murata, N. (2002) Salt stress and hyperosmotic stress
regulate the expression of different sets of genes in Syn-
echocystis sp. PCC 6803. Biochem Biophys Res Commun
290: 339–348.

Kempf, B., and Bremer, E. (1998) Uptake and synthesis of
compatible solutes as microbial stress responses to high-
osmolality environments. Arch Microbiol 170: 319–330.

Klähn, S., Marquardt, D.M., Rollwitz, I., and Hagemann, M.
(2009) Expression of the ggpPS gene for glucosylglycerol
biosynthesis from Azotobacter vinelandii improves the salt
tolerance of Arabidopsis thaliana. J Exp Bot 60: 1679–1689.

Klähn, S., Steglich, C., Hess, W.R., and Hagemann, M.
(2010) Glucosylglycerate: a secondary compatible solute
common to marine cyanobacteria from nitrogen-poor envi-
ronments. Environ Microbiol 12: 83–94.

Ko, R., Smith, L.T., and Smith, G.M. (1994) Glycine betaine
confers enhanced osmotolerance and cryotolerance on
Listeria monocytogenes. J Bacteriol 176: 426–431.

Kollman, V.H., Hanners, J.L., London, R.E., Adame, E.G.,
and Walker, T.E. (1979) Photosynthetic preparation and
characterization of 13C-labeled carbohydrates in Agmenel-
lum quadruplicatum. Carbohydr Res 73: 193–202.

Lipman, C.B. (1941) The successful revival of Nostoc
commune from a herbarium specimen eighty-seven years
old. Bull Torr Bot Club 68: 664–666.

Lu, W.D., Chi, Z.M., and Su, C.D. (2006) Identification of
glycine betaine as compatible solute in Synechococcus sp.
WH8102 and characterization of its N-methyltransferase
genes involved in betaine synthesis. Arch Microbiol 186:
495–506.

Lunn, J.E. (2002) Evolution of sucrose synthesis. Plant
Physiol 128: 1490–1500.

Lunn, J.E., Price, G.D., and Furbank, R.T. (1999) Cloning and
expression of a prokaryotic sucrose-phosphate synthase
gene from the cyanobacterium Synechocystis sp. PCC
6803. Plant Mol Biol 40: 297–305.

Luzardo, M.C., Amalfa, F., Nunez, A.M., Diaz, S., Biondi De
Lopez, A.C., and Disalvo, E.A. (2000) Effect of trehalose
and sucrose on the hydration and dipole potential of lipid
bilayers. Biophys J 78: 2452–2458.

Mackay, M.A., Norton, R.S., and Borowitzka, L.J. (1984)
Organic osmoregulatory solutes in cyanobacteria. J Gen
Microbiol 130: 2177–2191.

Marin, K., Zuther, E., Kerstan, T., Kunert, A., and Hagemann,
M. (1998) The ggpS gene from Synechocystis sp. strain
PCC 6803 encoding glucosyl-glycerol-phosphate synthase
is involved in osmolyte synthesis. J Bacteriol 180: 4843–
4849.

Marin, K., Suzuki, I., Yamaguchi, K., Ribbeck, K., Yamamoto,
H., Kanesaki, Y., et al. (2003) Identification of histidine
kinases that act as sensors in the perception of salt stress
in Synechocystis sp. PCC 6803. Proc Natl Acad Sci USA
100: 9061–9066.

Marin, K., Kanesaki, Y., Los, D.A., Murata, N., Suzuki, I.,
and Hagemann, M. (2004) Gene expression profiling
reflects physiological processes in salt acclimation of Syn-
echocystis sp. strain PCC 6803. Plant Physiol 136: 3290–
3300.

Mikkat, S., and Hagemann, M. (2000) Molecular analysis of
the ggtBCD gene cluster of Synechocystis sp. strain PCC
6803 encoding subunits of an ABC transporter for osmo-
protective compounds. Arch Microbiol 174: 273–282.

Mikkat, S., Hagemann, M., and Schoor, A. (1996) Active
transport of glucosylglycerol is involved in salt adaptation
of the cyanobacterium Synechocystis sp. strain PCC 6803.
Microbiology 142: 1725–1732.

Mikkat, S., Galinski, E.A., Berg, G., Minkwitz, A., and Schoor,
A. (2000) Salt adaptation in pseudomonads: characteriza-
tion of glucosylglycerol-synthesizing isolates from brackish
coastal waters and the rhizosphere. Syst Appl Microbiol 23:
31–40.

Müller, V., and Oren, A. (2003) Metabolism of chloride in
halophilic prokaryotes. Extremophiles 7: 261–266.

Nadeau, T.L., and Castenholz, R.W. (2000) Characterization
of psychrophilic oscillatorians (cyanobacteria) from Antarc-
tic meltwater ponds. J Phycol 36: 914–923.

Cyanobacterial solutes 561

© 2010 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 13, 551–562



Nishimoto, T., Nakano, M., Nakada, T., Chaen, H., Fukuda,
S., Sugimoto, T., et al. (1996) Purification and properties of
a novel enzyme, trehalose synthase, from Pimelobacter
sp. R48. Biosci Biotechnol Biochem 60: 640–644.

Ohmori, K., Ehira, S., Kimura, S., and Ohmori, M. (2009)
Changes in the amount of cellular trehalose, the activity
of maltooligosyl trehalose hydrolase, and the expression of
its gene in response to salt stress in the cyanobacterium
Spirulina platensis. Microbes Environ 24: 52–56.

Page-Sharp, M., Behm, C.A., and Smith, G.D. (1999)
Involvement of the compatible solutes trehalose and
sucrose in the response to salt stress of a cyanobacterial
Scytonema species isolated from desert soils. Biochim
Biophys Acta 1472: 519–528.

Pocard, J.A., Smith, L.T., Smith, G.M., and Le, R.D. (1994) A
prominent role for glucosylglycerol in the adaptation of
Pseudomonas mendocina SKB70 to osmotic stress.
J Bacteriol 176: 6877–6884.

Porchia, A.C., and Salerno, G.L. (1996) Sucrose biosynthesis
in a prokaryotic organism: presence of two sucrose-
phosphate synthases in Anabaena with remarkable differ-
ences compared with the plant enzymes. Proc Natl Acad
Sci USA 93: 13600–13604.

Potts, M. (1994) Desiccation tolerance of prokaryotes. Micro-
biol Rev 58: 755–805.

Reed, R.H., and Stewart, W.D.P. (1983) Physiological
responses of Rivularia atra to salinity: osmotic adjustment
in hyposaline media. New Phytol 95: 595–603.

Reed, R.H., and Stewart, W.D.P. (1985) Osmotic adjustment
and organic solute accumulation in unicellular cyanobacte-
ria from freshwater and marine habitats. Mar Biol 88:
1–9.

Reed, R.H., Richardson, D.L., Warr, S.R.C., and Stewart,
W.D.P. (1984a) Carbohydrate accumulation and osmotic
stress in cyanobacteria. J Gen Microbiol 130: 1–4.

Reed, R.H., Chudek, J.A., Foster, R., and Stewart, W.D.P.
(1984b) Osmotic adjustment in cyanobacteria from hyper-
saline environments. Arch Microbiol 138: 333–337.

Reed, R.H., Warr, S.R.C., Richardson, D.L., Moore, D.J., and
Stewart, W.D.P. (1985) Multiphasic osmotic adjustment in a
euryhaline cyanobacterium. FEMS Microbiol Lett 28: 225–
229.

Roder, A., Hoffmann, E., Hagemann, M., and Berg, G. (2005)
Synthesis of the compatible solutes glucosylglycerol and
trehalose by salt-stressed cells of Stenotrophomonas
strains. FEMS Microbiol Lett 243: 219–226.

Roeßler, M., and Müller, V. (2001) Osmoadaptation in bacte-
ria and archaea: common principles and differences.
Environ Microbiol 3: 743–754.

Sakamoto, T., Yoshida, T., Arima, H., Hatanaka, Y., Takani, Y.,
and Tamaru, Y. (2009) Accumulation of trehalose in
response to desiccation and salt stress in the terrestrial
cyanobacterium Nostoc commune. Phycol Res 57: 66–73.

Santos, H., and Costa, M.S. (2002) Compatible solutes of
organisms that live in hot saline environments. Environ
Microbiol 4: 501–509.

Sawangwan, T., Goedl, C., and Nidetzky, B. (2010) Gluco-
sylglycerol and glucosylglycerate as enzyme stabilizers.
Biotechnol J 5: 187–191.

Scanlan, D.J., Ostrowski, M., Mazard, S., Dufresne, A., Garc-
zarek, L., Hess, W.R., et al. (2009) Ecological genomics of
marine picocyanobacteria. Microbiol Mol Biol Rev 73: 249–
299.

Ventosa, A., Nieto, J.J., and Oren, A. (1998) Biology of mod-
erately halophilic aerobic bacteria. Microbiol Mol Biol Rev
62: 504–544.

Waditee, R., Tanaka, Y., Aoki, K., Hibino, T., Jikuya, H.,
Takano, J., et al. (2003) Isolation and functional character-
ization of N-methyltransferases that catalyze betaine
synthesis from glycine in a halotolerant photosynthetic
organism Aphanothece halophytica. J Biol Chem 278:
4932–4942.

Waditee, R., Bhuiyan, M.N., Rai, V., Aoki, K., Tanaka, Y.,
Hibino, T., et al. (2005) Genes for direct methylation of
glycine provide high levels of glycinebetaine and abiotic-
stress tolerance in Synechococcus and Arabidopsis. Proc
Natl Acad Sci USA 102: 1318–1323.

Warr, S.R.C., Reed, R.H., Chudek, J.A., Foster, R., and
Stewart, W.D.P. (1985a) Osmotic adjustment in Spirulina
platensis. Planta 163: 424–429.

Warr, S.R.C., Reed, R.H., and Stewart, W.D.P. (1985b) Car-
bohydrate accumulation in osmotically stressed cyanobac-
teria (blue-green algae): interactions of temperature and
salinity. New Phytol 100: 285–292.

Welsh, D.T., and Herbert, R.A. (1999) Osmotically induced
intracellular trehalose, but not glycine betaine accumula-
tion promotes desiccation tolerance in Escherichia coli.
FEMS Microbiol Lett 174: 57–63.

Yoshida, T., and Sakamoto, T. (2009) Water-stress induced
trehalose accumulation and control of trehalase in the
cyanobacterium Nostoc punctiforme IAM M-15. J Gen Appl
Microbiol 55: 135–145.

562 S. Klähn and M. Hagemann

© 2010 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 13, 551–562


	emi_2366 551..562

