Journal of General Microbiology (1984), 130, 2177-2191. Printed in Great Britain 2177

Organic Osmoregulatory Solutes in Cyanobacteria
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The major organic osmoregulatory solutes of 36 cyanobacteria from a wide range of
environmental sources have been examined using !3C nuclear magnetic resonance spectro-
scopy. These strains were also examined for their salt-tolerance, and could be arranged in three
salt-tolerance groups, designated freshwater, marine and hypersaline. The most salt-tolerant
cyanobacteria in the hypersaline group are properly classified as moderately halophilic. Cyano-
bacteria from all habitats and taxonomic groups accumulated organic osmoregulatory solutes,
and the chemical class of the solute correlated with the salt-tolerance and habitat of the strain.
Freshwater strains accumulated simple saccharides, predominantly sucrose and trehalose;
marine strains accumulated the heteroside O-a-D-glucopyranosyl-(1-2)-glycerol, and hyper-
saline strains accumulated sucrose and/or trehalose together with glycine betaine or the novel
solute L-glutamate betaine (N-trimethyl-L-glutamate) or they accumulated glycine betaine
alone. The results suggest that the presence of certain major organic osmoregulatory solutes may
be useful in the numerical taxonomy of cyanobacteria, and in the identification of some ionic
characteristics of the environment of origin of each isolate.

INTRODUCTION

Cyanobacteria inhabit environments which differ dramatically in their salinity. A number of
studies examining the response of cyanobacteria to saline environments have dealt with the salt
tolerance of freshwater and marine forms (Van Baalen, 1962; Stewart, 1964; Batterton & Van
Baalen, 1971; Stam & Holleman, 1975, 1979; Mackay et al., 1983; Richardson et al., 1983) and
with the distinction between halophilic and halotolerant cyanobacteria (Hof & Frémy, 1933;
Batterton & Van Baalen, 1971; Brock, 1976; Yopp et al., 1978a; Golubic, 1980). Only a few
studies have dealt specifically with the organic solutes accumulated by cyanobacteria adapting
to salt stress.

Accumulation of organic compounds as osmoregulatory solutes in cyanobacteria was first
reported by Borowitzka et al. (1980), who used natural-abundance !3C nuclear magnetic
resonance (NMR) spectroscopy of cells and cell extracts, to show that the major organic osmo-
regulatory solute in the marine isolate Synechococcus N100 was the heteroside O-a-D-gluco-
pyranosyl-(1—2)-glycerol. 13C NMR spectroscopy is a useful tool in the study of osmoregulation
because it is non-destructive and can provide, in a single assay, information about all free
organic solutes present at concentrations sufficient to contribute significantly to intracellular
osmotic pressure (Norton, 1979, 1980). This technique is non-invasive and has been used with
live cells (Norton et al., 1982; Hocking & Norton, 1983).

Mackay et al. (1983) examined 28 strains of cyanobacteria isolated from a wide range of
habitats. These strains were classified into three groups, freshwater, marine and salt-tolerant, on
the basis of the salinity range over which they could grow. Eleven strains classified as ‘marine’
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had a distinctive salinity tolerance range, tolerating at least 60 but not more than
110 g NaCl1-!. '3C NMR analysis showed that each of these marine strains accumulated
glucosylglycerol as the major organic osmoregulatory solute, and on this basis it was suggested
that this property was a useful marker of marine strains. More recently, Richardson et al. (1983)
reported that Synechocystis PCC 6803, isolated from freshwater but able to grow in seawater
media, accumulated glucosylglycerol in response to increasing salinity of its growth medium. In
addition, Synechocystis DUNS52, a halophilic species, employed glycine betaine as its major
osmoticum (Mohammad er al., 1983), and the freshwater species Nostoc muscorum PCC 7119
accumulated sucrose (Blumwald & Tel-Or, 1982). Thus, it appears that organic compounds are
important osmoregulatory solutes in a large number of cyanobacteria. By contrast, a strain of
Aphanothece halophytica isolated from salt-works accumulated K+ as its primary response to
increased external salinity, although pools of carbohydrates, polyols and amino-nitrogen also
increased at high salinity (Miller ez al., 1976; Yopp et al., 19784, b).

Although Mackay et al. (1983) found glucosylglycerol only in strains classified as marine, the
13C NMR spectra revealed that all strains, marine and non-marine, accumulated organic osmo-
regulatory solutes of some kind. In this paper we describe the identification of these solutes in
the 28 strains examined previously (Mackay et al., 1983), as well as in additional freshwater and
highly salt-tolerant (hypersaline) strains. Our results show that not only do all these cyano-
bacteria accumulate organic osmoregulatory solutes, but there is a close correlation between the
major solutes accumulated and the salinity tolerance of each strain.

METHODS

Salinity tolerance range of cyanobacteria. The upper limits of NaCl tolerated for growth by some strains were
reported by Mackay et al. (1983). Three liquid media were used to test the salinity tolerance range of all strains: a
freshwater medium, a marine medium containing some natural seawater and a medium with an artificial seawater
base. All strains were tested at 23 4+ 3 °C at pH 7-5 in media which contained, in addition to a mineral salt base, the
nitrogen, phosphorus, iron, EDTA and trace elements of BG-11 (Stanier et al., 1971) plus 1-68 g NaHCO, and
20 yg vitamin B, 17",

The freshwater medium used was BG-11, which has a mineral salt base of (1-!) 0-075 g MgSO,.7H,0 plus
0-36 g CaCl,.2H,0. One marine medium used, medium M, contained some natural seawater because many
marine strains only grew well in its presence. It was also important to maintain a uniform level of Mg2*, Ca?*, and
K * throughout the whole salinity range tested (see Discussion). A mineral-salt-enriched seawater stock solution
was made which, after addition of the required NaCl and nutrients, could be adjusted to a standard volume. The
mineral salt base of medium M contained: 100 m! activated-charcoal-filtered seawater, 10-17 g MgCl,.6H,0,
1-47 g CaCl,-2H,0 and 0.75 g KCl, which on dilution to 1 1 gave seawater (ZoBell, 1963) concentrations of Mg2+,
Ca?* and K*, but only 1/10 seawater-strength NaCl. Some hypersaline strains, which had been isolated on
artificial media with a salt base resembling the composition of seawater, were tested using the following mineral
salt base (17'): 6 g MgCl,.6H,0, 5g MgSO,.7H,0, 1-5 g CaCl,.2H,0 and {-0g KCI.

All cultures from freshwater or marine sources and some from hypersaline sources were first tested in BG-11 and
in medium M, both with 15 g added NaCl 1-! to determine the medium base in which they grew best. Of those
strains isolated from seawater or hypersaline sources, many failed to grow in BG-11 with or without added NaCl
and the remainder usually grew better in medium M with 15 g NaCl 1-!. Among those strains isolated from a
freshwater source or routinely grown in freshwater media by other culture collections, almost all showed better
growth in medium with a freshwater base. Exceptions were Synechococcus N111 and Synechocystis N106, which
grew slightly better in medium M with 15g NaCl |-1.

Strains were then examined using the mineral salt base in which they grew best: strains N101-105, N109-110,
N115-117, N158, 372 and 419 in BG-11; strains N106-108, N111-114, N142, N157, N161, N163, N166-167,
N181-182 and N201 in medium M. Strains N100, 351-353, 355, 358, 361, 439 and 7418 (PCC 7418) were
examined using the artificial seawater mineral salt base. Salinity was adjusted by increasing the concentration of
NaCl in the medium, using increments of 5-10 g1-! for strains tested in BG-11, and of 10-20 g1-! for all other
strains. No strain was tested at more than 150-160 g NaCl 1.

Most strains were tested at several photon flux densities between 7 and 53 puE m~2 s—! (0-45-4-00 klx), as
measured with a Li-Cor model 185-A light meter with quantum and photometric sensors. Inocula were in BG-11,
medium M with 20, 40 or 60 g NaCl 1~ ! or artificial seawater medium with 60 g NaCl1-!. Stationary phase cells
were used as inocula in most experiments. Cultures which showed an increase in cell mass and colour were scored
as growing, those which lost all colour and showed cell decay were scored as not growing. To determine the
approximate NaCl concentration required to support growth of marine and halotolerant cyanobacteria, some
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strains were tested for their ability to grow in medium M with only low concentrations of NaCl (0-22 g added
NaCl 1),

Growth and salt-stressing of cyanobacteria. Growth, salt-stressing and assay of the following strains from the
Australian Collection of Marine Microorganisms (ACMM) has been described (Mackay et al., 1983): N100-
N117, N142, N157, N158, N161, N163, N166, N167, N181, N182, N201. Four strains (N103, N109, N116 and
N117) were also regrown, salt-stressed and assayed at 0, 5, 10 and 15 g NaCl1-!. Scytonema 419 (PCC 7110) was
grown and extracted as in Mackay et al. (1983). The remaining strains were not salt-stressed for 2 d, but were
grown separately in their low and high NaCl media. Freshwater thermophile LPP 372 [ Phormidium laminosum
strain OH-1-p of Castenholtz (1970)] was grown at 45 °C in medium D of Castenholtz (1970) with or without 15 g
NaCl 1-1. Synechocystis 444 was grown at 34 °C in BG-11 with 15 g NaCl I-1.

A small collection of hypersaline strains, Synechococcus 352, 353, 355, 358, 361 and Spirulina 439, were grown in
artificial seawater media with 60 g NaCl1-! and with 90 g NaCl1~'. Synechococcus 7418 and 351 were grown only
at 60 g NaCl 1-'. The artificial seawater medium contained, in addition to NaCl, the following (I"!): 6 g
MgCl,.6H,0, 5 g MgSO,..7TH,0, 1-5 g CaCl,.2H,0, 1 g KCl, 25 mg Ca(Na),EDTA, 1-5 g NaNO;, 4 g glycyl-
glycine, 1 ml A-5 trace elements (Stanier et al., 1971) and 3 ml 5 M-NaOH. After autoclaving, the following filter-
sterilized stock solutions were added (1-!): 1 ml K,HPO, (30 mg ml~!), 1 ml ammonium ferric citrate plus citric
acid (6 mg ml~! each), 20 ml NaHCO; (84 mg mi~!) and 0-2 ml vitamin B, (100 pg ml-1).

The completed media were at pH 7-6 at 38 °C. These hypersaline strains were grown at 37 + 0-5 °C under con-
stant light of 1-8-2-3 kix in 500 or 1000 ml conical flasks with stirring. When cultures reached a cell density of 1-
1-5 g 17!, they were used as a 109, (v/v) inoculum for 5 or 10 | cultures in large glass carboys. Large cultures were
grown at 38 + 1 °C, with initial incident light of 18-20 kilx which was increased to 30 kix as cultures became
dense. When cell density reached about 1 g1-!, another 20 ml NaHCO; 1-! was added. Large cultures were
harvested in late exponential growth phase at a cell density of 1-5-2g1-!.

All strains, except Spirulina 439, were harvested at room temperature (22-23 °C) using continuous flow centri-
fugation, followed immediately by centrifugation at 20800 g for 15 min at 0 °C. Spirulina 439 was harvested by
pouring through six layers of gauze. The hypersaline strains were extracted by freezing and thawing twice,
washing once with distilled water and repeating this sequence until the supernatant was no longer blue. The
supernatant was then freeze-dried.

13C NMR spectroscopy. Natural-abundance 13C NMR spectra were recorded at 15-04 MHz on a Jeol FX-60
spectrometer, or at 25-05 MHz on a Jeol FX-100 Q spectrometer, each operating in the pulsed Fourier transform
mode. Spinning sample tubes of 10 mm outside diameter were used. At 15-04 MHz, which was used for most of the
analyses, typical spectral acquisition parameters were: 4000 Hz spectral band width; 8192 time-domain
addresses; 15 ps (60°) radio-frequency pulses; 1-6 s pulse recycle time; and 1500-100000 scans depending on the
solute concentration in the cell extract. Noise-modulated, on-resonance proton decoupling was employed in all
cases.

Solutes were identified by comparisons of chemicals shifts with literature values for amino acids and sugars
(Rosenthal & Fendler, 1976; Hocking & Norton, 1983), O-a-D-glucopyranosyl-(1—2)-glycerol (Norton et al., 1982)
and glycine betaine (Norton, 1979), each identification being confirmed by addition of the authentic compound.
The novel solute L-glutamate betaine was identified as described in Results. Chemical shifts are expressed in parts
per million downfield from tetramethylsilane. A trace of dioxane (at 67-8 p.p.m. from external tetramethylsilane)
was used as an internal standard where necessary.

Quantification was based on the dry weight of the pellet obtained by centrifugation of the disrupted cells. This
was preferred to the use of supernatant dry weights, which varied widely as a result of changes in the levels of low
molecular weight organic solutes, salts and water-soluble polysaccharides.

RESULTS
Salinity tolerance range

The upper and lower limits of NaCl tolerated for growth by 33 strains of cyanobacteria are
presented in Fig. 1. Although there appeared to be some minor discontinuities at 45-60, 110-130
and 135-150 g NaCl1-1, the strains displayed a continuum of increasing salinity tolerance from
<5to >150 g NaCl 1-1. All strains isolated from a saline source grew in medium containing
seawater concentrations of Mg2+, Ca?* and K* with a total of 22 g NaCl1~! and in medium
MN of Waterbury & Stanier (1978), which contains # strength natural seawater as its mineral
salt base.

All those strains which displayed an absolute growth requirement for NaCl had this
requirement fulfilied by <22 g NaCl1-1. This relatively low concentration of NaCl required for
growth by any strain means that as the maximum salinity tolerated for growth increases, strains
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(a) Synechocystis N110

(b) Synechocystis N106

(c) Gloeocapsa N107
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Fig. 2. Natural-abundance !3C NMR spectra of aqueous extracts of cyanobacteria. Spectra were
recorded at 15-04 MHz with 60° radio-frequency pulses applied in 1-6 s intervals and processed with
1-1 Hz exponential broadening. (a) Synechocystis N110 grown in BG-11 medium with 15 g added NaCl
1-1; 0-1g dry weight extract ml~!, 40000 scans. (b) Synechocystis N106 grown in medium f;
0-13gmi-!, 10000 scans. (c) Gloeocapsa N107 grown in medium f+ 2-4g added NaCll-!;
0-16 g ml—1, 60000 scans.

also tolerate a wider range of NaCl concentrations. The majority of cyanobacteria tested were
euryhaline (Fig. 1). The most euryhaline strain tested tolerated from 12 to >158 g (0-2 to
>2-6 M) NaCl 171,

Growth of strains at the lower limit of their salinity tolerance was usually slow, although
strains able to grow in the fresh water medium BG-11 grew well without any added NaCl. Figure
1 shows the concentration of NaCl tolerated for growth and does not attempt to indicate the
concentration of NaCl at which strains grew optimally.

Identification of major organic osmoregulatory solutes by 13C NMR spectroscopy

Figure 2 shows natural-abundance !3C NMR spectra of cell extracts of the cyanobacteria
Synechocystis N110, a typical freshwater strain, Synechocystis N106, a marine strain, and
Gloeocapsa N107, a hypersaline strain. The spectra were run under conditions which ensured
that the peak heights (or intensities) accurately reflected the molar concentrations of the various
solutes in the extracts. As all low molecular weight solutes yield sharp lines in these spectra, the
relative heights (or intensities) of their resonances reflect their relative molar concentration in
the cell cytoplasm. 13C NMR therefore provides a simple indication of which organic solutes are
significant in the maintenance of cell water activity. Furthermore, each solute of interest
displayed two or more well-resolved !3C resonances, which provided a useful check on quanti-
fication. Solutes were identified as being involved in osmoregulation when their concentrations
increased in response to increased salinity in the medium.

The spectrum in Fig. 2(a) is typical of the many freshwater strains. The dominant osmo-
regulatory solute for this strain is sucrose, its 12 carbons giving rise to 10 single-carbon
resonances and one two-carbon resonance. The furthest downfield peak, near 105 p.p.m., has a
lower intensity than those from the other 11 carbons, as it arises from a quaternary carbon and is
therefore partly saturated (Norton, 1980). Because of this, it was not used for quantification. The
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spectrum also displays broad features due to proteins and polysaccharides in the extracts.
Indeed, resonances from a glucose-based polysaccharide were present in spectra of most fresh-
water species.

The other major osmoregulatory solute found in freshwater species was the symmetrical
disaccharide trehalose. Glucose and fructose were observed in spectra of a number of strains,
but only in five (N101, N109, N117, 372 and 419) did the concentrations of one or both of them
increase with increased salinity in the medium. Amino acids, particularly L-glutamate, were also
observed in a few extracts, but their concentrations did not increase with salinity. Their
presence may have been due to the presence of contaminating bacteria. Results for the fresh-
water species are summarized in Table 1.

Figure 2(b) shows the spectrum of a typical marine species. In this, as in all other marine
species, the spectrum is dominated by resonances from O-a-D-glucopyranosyl-(1—2)-glycerol.
In a few spectra, resonances were observed from the same glucose-containing polysaccharide as
found in the freshwater species, and in some cases amino acids, including L-glutamate, were
present, but not as osmoregulatory solutes. A few spectra also contained resonances from low
concentrations of glucose and glycerol. This indicated either that these constituents were present
at significant concentrations in the live cells prior to harvesting, or that slight decomposition
occurred during preparation of the extract, as no changes in the concentrations of glucose and
glycerol occurred during spectral acquisition. With the exception of small quantities of glucose
derived in this way, no resonances of any other mono- or disaccharides were ever observed in
spectra of the marine strains. This does not imply that these constituents were absent from the
extract, but indicates that their molar concentrations were so much lower than that of glucosyl-
glycerol as to be undetectable in the spectra. As a corollary, their role in osmoregulation in these
species must be insignificant.

The spectrum of a hypersaline species Gloeocapsa N107 (Fig. 2¢) contains six resonances
from the symmetrical disaccharide trehalose, as well as resonances from the N-trimethyl and
methylene carbons of glycine betaine, at 54-7 and 67-5 p.p.m., respectively. The resonance from
the carboxylate carbon of glycine betaine, near 171 p.p.m., is small because of partial saturation
(see above), and therefore it was not used for quantification. The resonances from the N-
trimethyl and methylene carbons are split into triplets due to 13C-!4N coupling (Norton, 1979),
but the splittings are not well resolved in Fig. 2(c).

In several spectra a prominent unidentified resonance, near 53-3 p.p.m., was observed. This
peak was broad, suggesting that it might arise from carbon coupled to 14N (as in the case of
glycine betaine), but clear splitting was not resolved. The spectrum of a partially purified extract
of Calothrix N181 showed that the solute responsible for this peak also contained two methylene
carbons, a methine carbon and two carboxylate carbons, suggesting that this compound may
correspond to L-glutamate betaine (N-trimethyl-L-glutamate, compound I).

COO~
o,
eH,
tu

+ N\
(CH,),N COO-
Compound 1

This was confirmed by synthesis of the authentic compound by the method of Dakin & West
(1929). The product had !3C chemical shifts of 25-0(t), 35-1(t), 53-5(q), 80-0(d), 173-2(s) and
181-9(s) in D,0O at pH 9; and 22-9(t), 31-0(t), 53-6(q), 75-7(d), 170-5(s) and 176-5(s) in D,O at
pH 0-9, in excellent agreement with those of the osmoregulatory solute found in some of the
hypersaline strains. To our knowledge this is the first report of the occurrence of compound I in
nature, or of its role in osmoregulation in cyanobacteria.
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Fig. 3. Distribution of salinity tolerance and dominant organic osmoregulatory solutes in cyano-
bacteria. Shaded areas represent members of the genus Synechococcus.

In addition to trehalose, glycine betaine and L-glutamate betaine, sucrose was also found in
some hypersaline species. Glucosylglycerol was observed in spectra of four species, N163, 352,
355 and 361, but the levels were always much lower than those of glycine betaine, indicating that
it was not the dominant organic osmoregulatory solute in any of these species. L-Glutamate was
also present in several extracts, but its concentration did not increase with increasing salinity.
The major organic osmoregulatory solutes accumulated by each strain are listed in Table 1,
together with the taxonomic assignments and origins of strains.

Habitat

A good correlation exists between the type of organic solute accumulated and the habitat from
which a strain was isolated. Strains accumulating quaternary nitrogen compounds, either with
or without disaccharides, were usually isolated from environments in which NaCl reaches high
concentrations, for example the supralittoral zone or salt lakes. Strains in the group which
accumulated only saccharides were usually isolated from environments where NaCl concentra-
tions would be low, such as in lake water or soil. With a few exceptions, strains accumulating
glucosylglycerol as their dominant organic osmoregulatory solute were isolated from the marine
environment.

Those strains which, although placed in the marine group on the basis of their salt-tolerance
range for growth and their accumulation of glucosylglycerol as the dominant osmoregulatory
solute, were not directly isolated from a marine source, were isolated from: the Salton Sea
(Synechocystis N167), an alkaline pond in Chad (Synechococcus N111), or fresh water
(Synechocystis N106). The Salton Sea, in California, is a man-made inland lake which has a
salinity and composition similar to that of seawater (Eugster & Hardie, 1978). We could not
obtain from the Pasteur Culture Collection further information on the particular alkaline pond
in Chad, which was the source of Synechococcus N111. Waters around Lake Chad range from
fresh water (<1 g dissolved solids 1-1) to brines dominated by Na+—-CO3%~—Cl -, with a salinity
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of 300 g1~ ! at pH 10-3. However, there are also saline water bodies which do not become very
alkaline and in which the dominant ions are Na*-Mg?2 *-C1~-S03 - (Eugster & Hardie, 1978), a
composition which closely resembles that of seawater.

Synechocystis N106, like Synechocystis PCC 6803, was isolated from fresh water near Berkeley
in California (Stanier et al., 1971). Synechocystis PCC 6803 has a salinity tolerance extending to
almost 65 g NaCl 1-! and synthesizes glucosylglycerol as the dominant alcohol-soluble low
molecular weight organic osmoregulatory solute (Richardson et al., 1983). Both Synechocystis
N106 and PCC 6803 will grow in fresh water, like many other marine strains, and so they should
be able to survive in a freshwater environment after transfer from the sea by man or other
means. Glucosylglycerol was not detected in any other isolates from low salinity environments.

Salinity tolerance groups

Although there are obviously three groups based on the class of dominant organic solutes
accumulated under salt stress, Fig. 1 does not reveal any obvious groups of cyanobacteria with
discrete salinity tolerance ranges. However, examination of a frequency histogram of the
number of strains versus the maximum salinity tolerated for growth (Fig. 3) reveals that there
are three groups of cyanobacteria based on salinity tolerance, and that there is an excellent
correlation between the salinity tolerance group and the class of solute accumulated. Contri-
butions of all the Synechococcus strains tested are shaded in Fig. 3 and emphasize the presence of
three distinct groups. The three groups are named by describing the most common type of
environmental origin of isolates in each group: freshwater, marine and hypersaline.

DISCUSSION

All cyanobacteria tested showed a positive and measurable response to salinity stress, with
organic osmoregulatory solutes being accumulated in every species, regardless of its taxonomic
classification, salt tolerance or the habitat from which it was isolated. Cyanobacteria from similar
environments accumulated similar major organic osmoregulatory solutes (Table 1). Isolates
from fresh water, stream water, lake water or soil accumulated saccharides, while isolates from
seawater, the intertidal zone or marine mud produced a heteroside (glucosylglycerol) in response
to salt stress. Cyanobacteria from the supralittoral zone, saline pools, hypersaline ponds, salt
works and salt lakes predominantly accumulated quaternary nitrogen compounds, such as
glycine betaine or L-glutamate betaine. Four strains, N107, N112, N181 and N201, appear to
form a further halotolerant subgroup, characterized by accumulation of disaccharides together
with quaternary nitrogen compounds.

Previously we proposed that ‘marine’ cyanobacteria could be identified by their ability to
synthesize and accumulate glucosylglycerol as a major osmoregulatory compound and by their
related ability to grow in seawater-based medium with total maximum NaCl of 60-110 g1-!
(Mackay et al., 1983). The present results support this proposal, and demonstrate that the corre-
lations of habitat, salinity tolerance and class of major organic osmoregulatory solute
accumulated extend to freshwater and hypersaline species. The finding that glucosylglycerol is
present in some hypersaline species does not negate this correlation, but emphasizes that it
applies to the dominant organic osmoregulatory solutes. Natural-abundance !'*C NMR
spectroscopy is ideally suited to identifying the dominant organic solute(s) in an extract, as
indicated in Results.

The three classes of solutes found as dominant osmoregulatory solutes in cyanobacteria have
also been found as dominant osmoregulatory solutes in plants, lichen, algae and phototrophic
and heterotrophic bacteria, and there is some correlation between habitat and class of organic
osmoregulatory solute found in these organisms too. The most striking correlation is found in
organisms from hypersaline environments. In Ectothiorhodospira halochloris, an extremely halo-
philic, phototrophic bacterium with a salinity optimum of 200 g NaCl1-!, the concentration of
glycine betaine increases with increasing salinity and can account for up to 109 of cell dry
weight (Galinski & Triiper, 1982). In exponential phase cells of the moderately halophilic
bacterium Ba, the intracellular level of glycine betaine is directly proportional to salt-stress at
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salinities of 0-5-3-0M-NaCl (Risk er al., 1982). In halophytes (plants able to grow in
environments where the NaCl concentration is subject to wide fluctuations, such as in coastal
salt marshes), increased synthesis of glycine betaine in response to salt stress correlates with the
salt resistance of the plants (Storey & Wyn Jones, 1975, 1977).

Heterosides are the major photosynthetic products and low molecular weight storage products
of marine red algae (Craigie, 1974). An osmoregulatory role for the heterosides was reported for
several species by Kauss (1968), although Kremer (1979) was unable to confirm these results.
However, heterosides have undisputed roles as osmoregulatory solutes in some marine and
brackish water organisms. Porphyra purpurea accumulates floridoside (O-a-D-galactopyranosyl-
(1-2)-glycerol), Poterioochromonas malhamensis isofloridoside (O-a-D-galactopyranosyl-(1—1)-
glycerol) and Lichina pygmaea mannosidomannitol (Reed et al., 1980; Kauss, 1967 ; Feige, 1972).
The group of cyanobacteria designated as marine all accumulated the heteroside O-a-D-gluco-
pyranosyl-(1-2)-glycerol (Mackay et al., 1983).

The green algae Scenedesmus obliquus and Chlorella pyrenoidosa accumulate the disaccharide
sucrose when salt-stressed (Kauss, 1977). Cyanobacteria isolated from fresh water or soil also
accumulate disaccharides (sucrose and/or trehalose).

Osmoregulatory solutes which accumulate to high concentration and in doing so do not inhibit
enzyme activity have been termed compatible solutes (Brown & Simpson, 1972). These
compatible solutes are thought to act either by a co-operative binding to proteins which does not
induce a conformational change, or by affecting the water domain surrounding the hydrophobic
groups in the protein, rather than binding to the protein itself (Borowitzka, 1981). None of the
osmoregulatory solutes found among the cyanobacteria has been assayed for their effects on
enzyme activity in cell-free cyanobacterial systems, but some have been assayed in other cell-
free systems. Monosaccharides and disaccharides are considered poor compatible solutes
because high concentrations inhibit enzyme activity (Brown, 1976; Simpson, 1976; Rozema et
al., 1978). This may account, at least in part, for the poor salt-tolerance of fresh water cyano-
bacteria. Glucosylglycerol has not been assayed for its effects on enzyme activity. Glycine
betaine is well documented as a good compatible solute. When present at 0-5 M it does not signi-
ficantly inhibit enzyme activity, mitochondrial or chloroplast function, polysomes or protein
synthesis, and may even partly protect some enzymes against salt toxicity (Pollard & Wyn Jones,
1979; Wyn Jones, 1980).

The data on dominant organic osmoregulatory solute type, strain habitat and salinity
tolerance presented here show three broad salt-tolerance groups: freshwater, marine and
hypersaline. Rippka et al. (1979) distinguished only between marine and freshwater cyano-
bacteria, and defined as marine those strains which would not grow in BG-11, even when
supplemented with 30 g NaCl1-1, because they had elevated requirements for Na*, Cl-, Mg2+
and Ca?*. While the majority of saline water bodies (=5 g total dissolved solids | =!) have Na*
as the major dominant cation and Cl- or Cl~ plus SO3~ as the dominant counter ion(s), the
concentrations of other ions can vary dramatically, due to precipitation of mineral salts and
exchange reactions with clay minerals (Eugster & Hardie, 1978). In testing the salinity tolerance
of cyanobacteria, we distinguished between the response to the varying ion concentrations and
the response to the osmotic stress of the total solute load (mostly due to NaCl) by always testing
all the cyanobacteria isolated from marine or more saline sources with seawater concentrations
of Mg2* and Ca?*. To examine ionic requirements most strains were also tested for growth in
BG-11.

Figure 1 indicates that some cyanobacteria isolated from marine or hypersaline environments
did not require high concentrations of NaCl to support growth even with low concentrations of
Mg?* and Ca?* (in BG-11), while other strains required low (5-8 g1~!) to moderate (7-0-
21-6 g 1-!) concentrations of NaCl, with seawater concentrations of MgZ* and Ca2*, to support
growth. The different minimum ionic requirements displayed by the cyanobacteria we tested
are typical of those found in marine (Reichelt & Baumann, 1974; Gow et al., 1981) and
moderately halophilic (Brown, 1976) bacteria, and are consistent with our classification of
cyanobacteria based on major organic osmoregulatory solute and salinity tolerance.

There has been debate over the existence of true halophiles among very salt-tolerant
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(hypersaline) strains of cyanobacteria. Hof & Frémy (1933) considered truly halophilic forms as
those able to develop in solutions more concentrated than 3 M-NaCl. Later authors introduced
the concepts of a minimum requirement for NaCl to support growth, optimal growth in
solutions more saline than seawater, and the ability to grow in saturated NaCl (Brock, 1976;
Yopp et al., 1978a).

Brown (1976) listed the approximate salt relations of a number of micro-organisms described
as non-halophilic, moderately halophilic, halophilic or extremely halophilic. Non-halophilic
bacteria have low salt optima, usually in the range 0-2-0-3 M-NaCl and do not tolerate more than
about 1-5 M-NaCl. Moderate halophiles can be distinguished by their higher salt optimum for
growth (near 1-0 M-NaCl) and by their extended salinity tolerance (to 4-0 M-NaCl). True
halophiles have much higher salt optima for growth (1-7-3-8 M-NaCl). Their salinity tolerance is
different from that of non-halophiles and moderate halophiles, in that they require a minimum
of 1-:5-2-0 M-NaCl to support any growth at all. They are also able to grow in solutions of 5 M to
saturated NaCl. Extreme halophiles have salt optima of 3-4-5-0 M-NaCl, grow well in saturated
brine and have a minimum requirement for 2-9 M-NaCl.

Strains of cyanobacteria reported to be halophilic or extremely halotolerant have been
isolated by Hof & Frémy (1933), Kao et al. (1973), Brock (1976), Miller et al. (1976) and
Mohammad et al. (1983). The isolates examined by Hof & Frémy (1933) have upper salt
tolerance limits for growth of less than or equal to that of moderate halophiles (Brown, 1976). All
the other strains do not have the minimum growth requirement for 1-5-2-0 M-NaCl
characteristic of halophiles and so cannot be defined as truly halophilic. Most of the strains have
characteristics which obviously group them with the moderately halophilic bacteria.

The most salt-tolerant cyanobacteria we tested were Synechococcus N161 and 351. On
medium solidified with 7 g Difco Bacto agar 1-! at 38-41°C and 18-24pEm~2s~! (1-3-
1-7 klx), these strains had upper salt tolerance limits of 240 g NaCl 1-! (4-2 M) and 210 g NaCl
171 (3-6 M), respectively. Both these strains had low growth requirements for NaCl (about 0-2 M)
and have salinity optima in the range 1:0-1-7 M-NaCl. These strains can therefore be described
as moderately halophilic. However, not all cyanobacteria able to grow at or above 130 g NaCl
171 (2-2 M) can be classified as moderate halophiles, because the level of NaCl they require for
optimal growth and the maximum NaCl tolerated for growth may be too low. For example,
although the maximum salinity that Gloeocapsa N107 and LPP N112 tolerate for growth is 2-:2—
2-5 M-NaCl, these cyanobacteria have salinity optima in the range 0-2-0-5M-NaCl. These
strains might be better described as halotolerant.

We and others (Hof & Frémy, 1933; Mohammad et al., 1983) have found that morphological
variability can be dramatic among single-cell, moderately halophilic cyanobacteria. Cell shape
can change from coccoid to elliptical, to bacilliform and even to filamentous, and the number of
planes of division can vary. The nomenclature of the various morphological forms has led to
confusion in the taxonomy, because little phenotypic or genotypic data were available. Rippka
et al. (1979) used minimum requirements for growth rather than habitat as a reliable phenotypic
marker in their taxonomic classification of cyanobacteria. Recently, Richardson et al. (1983)
noted the importance of both habitat and salinity tolerance when used as taxonomic characters,
and Mohammad ez al. (1983) considered the question of whether osmoregulatory solutes were
species-specific or habitat-linked.

The genotypic analysis of Synechococcus, as defined by Rippka et al. (1979), suggests that
there may be three genera characterized by low, intermediate and high mol%, G + C, but data
on habitat did not suggest a further classification to species. Data on the G + C content
(Rippka et al., 1979) of some of the Synechococcus strains we tested indicate that representatives
of the different salinity tolerance groups will probably be found in each of the three G + C
groups. For example, Synechococcus N111 (marine) and 7418 (moderately halophilic) occur in
the low G + C group, Synechococcus N102 (freshwater) and N166 (marine) are in the
intermediate G + C group and Synechococcus N158 (freshwater) is in the high G + C group.
There is, however, insufficient genotypic data to suggest that salinity tolerance, class of
dominant organic osmoregulatory solute and habitat reflect different species within a particular
G + C group.
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Most cyanobacteria are notable for their lack of phenotypic traits suitable for numerical
analysis, and the results of Rippka et al. (1979) for Synechococcus strains are typical of all cyano-
bacteria as a group. Most of the strains did not possess the phenotypic abilities or traits
examined. For example, most are not facultative photoheterotrophs; they cannot grow using
glucose, fructose, sucrose, ribose, glycerol, acetate or glycollate as their sole carbon source. All
the Synechococcus strains we examined accumulate some dominant organic osmoregulatory
solute(s) and could be clearly recognized as belonging to one of three physiological groups on the
basis of either the solute class or the salinity tolerance of the strain. Because all cyanobacteria
accumulate some major organic solute(s), this ability to categorize cyanobacteria extends to all
taxonomic subdivisions, and the major solutes accumulated may be useful traits in numerical
taxonomy of cyanobacteria.

After submission of our manuscript, a paper by Reed et al. (1984) identified three carbo-
hydrates, sucrose, trehalose and glucosylglycerol, as organic osmoregulatory solutes in fresh-
water and marine species, in agreement with our findings. However, while the trend was
towards glucosylglycerol accumulation in marine strains and sucrose and trehalose accumu-
lation in freshwater forms, they found no absolute differences between cyanobacteria isolated
from each habitat.

Reed et al. (1984) classified strains as freshwater or marine on the basis of their origin or
habitat, and examined the ability of these strains to grow in freshwater or marine media, which
property reflects the minimum ionic requirements for growth. By contrast, we examined the
salinity tolerance range of each strain, and our classification is based on the maximum salinity
tolerated for growth. By this latter criterion, the strains fall into three broad categories,
characterized by different profiles of organic osmoregulatory solutes, as shown by the frequency
histogram (Fig. 3). These groups were designated freshwater, marine and hypersaline,
according to the habitat which typifies each group. Because there are no data in the paper of
Reed et al. (1984) on the maximum salinities tolerated for growth of the strains tested, their
results do not negate the correlation found in our work between salinity tolerance and class of
major organic osmoregulatory solute accumulated.

Reed et al. (1984) did not test for organic osmotica other than carbohydrates. The technique of
13C NMR spectroscopy, as used in our work, detects all classes of low molecular weight organic
solutes, and provides, therefore, a more comprehensive picture of the solute content of each
strain. In particular, we have detected glycine betaine and L-glutamate betaine in several hyper-
saline strains. Some of these strains also accumulated sucrose and trehalose, which occur in
freshwater strains. It is possible that those strains found by Reed et al. (1984) to grow only in
marine medium and to accumulate sucrose or trehalose may fall into this category. A screen of
carbohydrate content alone does not permit a distinction to be made between the organic osmo-
regulatory solutes of freshwater strains and those of some hypersaline strains.
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