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Salinity altered the protein synthesis patterns in two cyanobacterial strains: Anabaena torulosa, a

salt-tolerant brackish water strain, and Anabaena sp. strain L-31, a salt-sensitive freshwater strain. The
cyanobacterial response to salinity was very rapid, varied with time, and was found to be correlated with the
external salt (NaCl) concentration during stress. Salinity induced three prominent types of modification. First,
the synthesis of several proteins was inhibited, especially in the salt-sensitive strain; second, the synthesis of
certain proteins was significantly enhanced; and third, synthesis of a specific set of proteins was induced de
novo by salinity stress. Proteins which were selectively synthesized or induced de novo during salt stress,
tentatively called the salt-stress proteins, were confined to an isoelectric pI range of 5.8 to 7.5 and were

distributed in a molecular mass range of 12 to 155 kilodaltons. These salt-stress proteins were unique to each
Anabaena strain, and their expression was apparently regulated coordinately during exposure to salt stress. In
Anabaena sp. strain L-31, most of the salt-stress-induced proteins were transient in nature and were located
mainly in the cytoplasm. In A. torulosa, salt-stress-induced proteins were evenly distributed in the membrane
and cytoplasmic fractions and were persistent, being synthesized at high rates throughout the period of salinity
stress. These initial studies reveal that salinity-induced modification of protein synthesis, as has been
demonstrated in higher plant species, also occurs in cyanobacteria and that at least some of the proteins
preferentially synthesized during salt stress may be important to cyanobacterial osmotic adaptation.

The molecular basis of microbial and plant resistance to
environmental stress is not fully understood. Regulation of
gene expression during temperature, or anaerobic stress has
been examined in several microorganisms (3, 6, 18, 29),
plants (9, 12, 21, 25), and animals (25). Salinity is an
important deterrent to agriculture in many areas of the
world, but investigations on its molecular effects are few.

Diazotrophic cyanobacteria (blue-green algae) are a
unique group of photoautotrophic nitrogen-fixing organisms
with an oxygenic mode of photosynthesis. In general, cya-
nobacteria exhibit considerable tolerance to salt and osmotic
stress (11, 29). Although the molecular basis of the mecha-
nisms involved in cyanobacterial salt tolerance is not fully
understood, some concepts have emerged in recent years.
Prominent among these mechanisms are (i) curtailment of
Na+ influx and prevention of intracellular Na+ accumula-
tion, which reduce the need to pump out excess Na+ and
conserve energy, resulting in greater salt tolerance (1, 2)
(this mechanism, which is inherent in salt-tolerant strains
[2], was recently shown to be also induced by environmental
factors which inhibit Na+ influx, for example, high pH [1] or
the presence of combined nitrogen [B. R. Reddy, S. K.
Apte, and J. Thomas, Plant Physiol., in press]); (ii) accumu-
lation of internal osmoticum in the form of inorganic ions,
such as K' (17, 24, 28), or organic solutes, such as glucopy-
ranosylglycerol (7), sucrose (4), trehalose (23), or glycine
betaine (22); and (iii) metabolic adjustments to tune the
cellular activities to function at higher internal osmoticum (5,
28). Obviously, all these mechanisms imply modification(s)
of the synthesis and/or activity of cell proteins to facilitate
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osmotic adaptation. Such modifications of proteins during
salt-induced stress have not been investigated in cyanobac-
teria so far.

In this paper, we report the effect of salinity-induced
stress on protein synthesis in nitrogen-fixing cultures of two
Anabaena strains from either fresh water (Anabaena sp.
strain L-31, salt sensitive) or brackish water (Anabaena
torilosa, salt tolerant). The results show that exposure to
salt (NaCl) stress alters the protein profiles and induces the
synthesis of a new set of salt-specific proteins in both
cyanobacterial strains.

MATERIALS AND METHODS

Organisms. Axenic cultures of two filamentous, hetero-
cyst-forming nitrogen-fixing cyanobacteria isolated in this
laboratory, A. torulosa (an akinete-forming, brackish water
form [10]) and Anabaena sp. strain L-31 (a nonsporulating
freshwater form [27]), were used. The two Anabaena strains
differed considerably in their sensitivities to salt; in N-free
agar medium, the 50% lethal dose of salt was 170 mM for A.
torulosa and 55 mM for Anabaena sp. strain L-31 (1).
Growth conditions. Fivefold-diluted cyanophycean me-

dium (CM/5) (8) free of combined nitrogen and containing 1
mM Na' at pH 7.0 was used for growth and maintenance of
all the cultures. Culture medium pH was modified, when
desired, by the addition of 1 M HEPES (N-2-hydroxyeth-
ylpiperazine-N'-2-ethanesulfonic acid-LiOH of suitable pH
to CM/5 at a final HEPES concentration of 5 mM. When
required, nitrate was added (as KNO3) at 10 mM and
ammonium was added (as NH4Cl) at 3 mM to medium
buffered to pH 7.0 with 5 mM HEPES. Liquid cultures were
grown photoautotrophically at 30'C under constant illumina-
tion (2.5 mW/cm2) and agitation (150 rpm). During growth in
N-free medium without salt, the mean generation times ofA .
torulosa and Anabaena sp. strain L-31 were 18 and 17 h,
respectively. A. torulosa did not form a akinetes under the
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growth conditions used. Growth was assessed on the basis of
the chlorophyll a content (16) or the content of soluble
proteins (15).

Salinity-stress conditions. Cultures in the mid-exponential
phase of growth (3 days) were harvested, suspended in fresh
CM/S (supplemented as required) at a chlorophyll a density
of 10 jxg/ml, and grown overnight before the addition of salt.
Salt was added as NaCl (from a S M stock solution) at a final
concentration of 55 mM for Anabaena sp. strain L-31 and
120 mM for A. torulosa, unless specified otherwise. Control
(without salt) and salt-stressed cultures were incubated
under illumination (2.5 mW/cm2) in an orbital incubator
shaker (30'C, 150 rpm) for 30 min, unless specified other-
wise.

In vivo radiolabeling of proteins with [35S]methionine.
Cyanobacterial cell suspensions were pulse-labeled with
[35S]methionine (specific activity, > 30 TBq/mmol) added at
1.48 MBq/ml (A. torulosa) or 2.3 MBq/ml (Anabaena sp.
strain L-31) during the last 5 min of exposure to salt stress.
Cell suspensions were incubated under the growth condi-
tions wherein the uptake of [35S]methionine was linear for at
least 20 min in both Anabaena spp. Radiolabeling was
terminated after 5 min by transfer of cells to ice and rapid (1
min) centrifugation in a microcentrifuge. Cells were washed
three times with CM/5 and finally washed with distilled
water. For separation of membrane and cytoplasmic frac-
tions, cells were lysed by freezing them in liquid nitrogen (1
h) and subsequently thawing them (on ice) and by dilution
with an equal volume of CM/5. A subsequent 15-min cen-
trifugation in a microcentrifuge yielded an intensely blue
supernatant (treated as the cytoplasmic fraction) and a green
pellet (treated as the crude membrane preparation).

Preparation of protein samples for electrophoresis. For
preparation of sodium dodecyl sulfate (SDS)-extracted pro-
teins, membranes or cytoplasmic fractions were suspended
in CM/5. An equal volume of extraction buffer (Tris hydro-
chloride [pH 6.8], 125 mM; 2-mercaptoethanol, 5% [wt/vol];
SDS, 2% [wt/vol]; glycerol, 20% [wt/vol]; sodium azide,
20 mM; phenylmethylsulfonylfluoride, 1 mM; ethylene
glycol-bis[P-aminoethyl ether]-N,N,N',N'-tetraacetic acid
[EGTA], 20 mM; bromophenol blue, 0.002% [wt/vol] was
added and mixed thoroughly. Samples were boiled for 5 min
and then returned to ice and centrifuged for 15 min. Super-
natants were used for electrophoresis. For two-dimensional
electrophoresis, SDS-extracted proteins (prepared as de-
scribed above) were supplemented with urea (9.5 M) and
Nonidet P-40 (1%, wt/vol), mixed, and then clarified by
centrifugation in a microcentrifuge and used.

Radioactivity incorporated into proteins was estimated by
spotting 1-1.d portions onto Whatman GF/C filter paper
circles and immersing them in chilled 10% trichloroacetic
acid (TCA). The filters were washed with chilled 5% TCA
and chilled ethanol and air dried. Radioactivity was deter-
mined by transferring filters to 2,5-(5-bis tetrabutyl-2-ben-
zoxazolyl) thiophene (BBOT) (0.4% [wt/vol] in toluene-
methanol, 1:1) and counting in a Packard Tri-Carb liquid
scintillation spectrometer. For proper comparison, equal
amounts of radioactivity (based on TCA-precipitable counts)
were loaded onto gels.
PAGE. For one-dimensional separation, proteins were

electrophoresed on S to 14% polyacrylamide-SDS linear
gradient slab gels (0.75-mm thickness) overlaid with a stack-
ing gel. The gradient gel was prepared by mixing 9 ml each of
freshly prepared solutions A and B through a gradient mixer.
Solution A consisted of 0.375 M Tris hydrochloride (pH 8.8)
and the following components (on a weight-to-volume basis):

sucrose, 20%; acrylamide, 14%; bisacrylamide, 0.35%; SDS,
0.1%; and ammonium peroxydisulfate (APS), 0.035%. Solu-
tion B contained 0.375 M Tris hydrochloride (pH 8.8) and the
following components (on a weight-to-volume basis): acryl-
amide, 5%; bisacrylamide, 0.135%; SDS, 0.1%; and APS,
0.035%. TEMED (N,N,N',N'-tetramethylethylenediamine)
was added, to both solutions A and B, at 0.54 ,ul/ml just prior
to gradient formation. The stacking gel contained 0.125 M
Tris hydrochloride (pH 6.8) and the following components
(on a weight-to-volume basis): acrylamide, 3.75%; bisacry-
lamide, 0.135%; SDS, 0.1%; APS, 0.075%; and TEMED,
0.75 RxI/ml. Electrophoresis buffer contained 20 mM Tris-
glycine (pH 8.3) and SDS (0.1%, wt/vol). Polyacrylamide gel
electrophoresis (PAGE) was usually performed at 40 V for
16 h followed by 300 V for 1 h.
For two-dimensional separation, proteins were first sub-

jected to isoelectric focusing (ampholine range, pH 3.5 to
10.0), followed by SDS-PAGE (10% polyacrylamide-SDS
gel with a 3.75% polyacrylamide stacking gel [13,19]).

Autoradiography and visualization of proteins. High- and
low-molecular-weight calibration kits (Sigma Chemical Co.,
St. Louis, Mo.) were used as molecular weight markers on
all the gels. After electrophoresis, gels were fixed, stained
with Coomassie brilliant blue-R250, and destained for visu-
alization of molecular weight standards. The gels were then
dried in a gel drier (Hoefer Scientific Instruments, San
Francisco, Calif.) at 80'C for 2 h, cooled, and exposed to
X-ray films (INDU, Bombay, India) for an appropriate
period of time at room temperature. Typically, a 20-h
exposure was adequate for visualization of most of the
proteins when the radioactivity was added at 8 x 105 cpm
per lane (for one-dimensional gels) or 8 x 106 cpm per
isoelectric focusing gel (for two-dimensional gels).

RESULTS

Preliminary experiments established inherent differences
in the uptake of methionine by the two Anabaena strains; A.
torulosa displayed a methionine uptake nearly 1.6-fold
higher than that of Anabaena sp. strain L-31 (data not
shown). This difference was compensated for partly by
adding more radiotracer methionine for radiolabeling Ana-
baena sp. strain L-31 proteins (2.2 MBq/ml) than for radio-
labeling A. torulosa proteins (1.48 MBq/ml) in vivo. Under
our experimental conditions, the rate of uptake of
[35S]methionine was linear for at least 20 min in both
Anabaena spp. (data not shown) and 5 min was chosen as an
appropriate time for radiolabeling proteins in all the experi-
ments.
At concentrations higher than the 50% lethal dose of salt

(i.e., 55 mM for Anabaena sp. strain L-31 and 170mM for A.
torulosa), salt inhibited the uptake of methionine in both
Anabaena strains (Table 1). Lower NaCl concentrations
were not inhibitory, and (unless specified otherwise) 55 mM
(Anabaena sp. strain L-31) and 120 mM (A. torulosa) NaCl
were generally applied as salinity stress in all the experi-
ments. These salt concentrations were found to be adequate
to create stressful conditions (i.e., inhibited growth and
nitrogen fixation), did not affect methionine uptake or incor-
poration, and were, therefore, suitable for proper compan-
son of control and salt-stressed cultures on a qualitative as
well as a quantitative basis.
Exposure of both Anabaena strains to salinity stress

produced marked changes in their protein synthesis pat-
terns. Three types of alterations were noted. (i) Synthesis of
certain proteins declined significantly. (ii) Specific synthesis
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SALT-STRESS-INDUCED PROTEINS IN ANABAENA SPP.

TABLE 1. Uptake of [35S]methionine and protein synthesis
in Anabaena spp. exposed to salinity stress

[35S]methionine uptake or incorporation

NaCl (cpm/pug, 103) by":
Treatment concn Anabaena sp. strain L-31 A. torulosa

(mM)
Uptake" Incorpo- Uptake" Incorpo-ration" ration'

Control 0 16.02 2.82 18.29 3.06
NaCI 10 16.30 (101) 2.88 (102) 18.61 (102) 3.06 (100)

30 16.25 (101) 2.93 (104) 18.42 (101) 3.15 (103)
55 16.11 (100) 2.78 (99) 18.33 (100) 3.30 (108)
90 14.20 (89) 2.50 (89) 18.01 (98) 3.22 (105)
120 13.36 (83) 2.06 (73) 18.03 (99) 3.01 (98)
150 12.37 (77) 1.88 (67) 16.52 (90) 2.91 (95)
170 10.85 (68) 1.72 (61) 15.17 (83) 2.72 (89)
200 9.85 (62) 1.44 (51) 14.26 (78) 2.42 (79)

Values in parentheses are percentages of controls.
bTotal radioactivity in SDS-extracted cells was regarded as [35S]methio-

nine uptake.
' Methionine incorporation (protein synthesis) was estimated from the

TCA-precipitable counts in SDS-extracted cells.

of certain other proteins was remarkably enhanced. (iii)
Synthesis of a set of specific proteins was induced de novo.
The kinetics of salinity-induced cyanobacterial responses,
their distribution in time and cellular space, and their depen-
dence on salt concentration are described in the legends to
Fig. 1 to 3. Only the reproducible and prominent differences
were taken into account.
The time course of salinity-induced modifications of pro-

tein synthesis in the two Anabaena spp. is shown in Fig. 1.
It should be mentioned here that the control (unstressed)

a

209->

cultures also showed changes in protein profiles with time.
This was because these cultures were heterocyst-differenti-
ating cultures, and the protein profiles showed morphogen-
esis-dependent changes. At each time interval, the protein
profile of a salt-stressed culture was therefore compared
with its own respective control at that time point to distin-
guish the salinity-induced changes from those associated
with heterocyst differentiation. The response to salt stress
was quite rapid; most of the discernible changes occurred
within 10 min of exposure to salt. In Anabaena sp. strain
L-31, synthesis of a set of proteins (apparent molecular
masses, 208, 158, 47, 40, and 19.5 kilodaltons [kDa]) signif-
icantly declined after 30 min of exposure to 55 mM NaCl
(Fig. la). Another polypeptide (56 kDa), synthesized at high
rates by control cultures at 2 h, was detected at very low
levels in the salt-stressed cultures. In comparison, in A.
torulosa salinity slowly inhibited the synthesis of several
proteins (apparent molecular masses, 310, 280, 160, 143, 127,
115, 103, 89, 88, 84, 66, and 51 kDa) in a time-dependent
manner. In this strain, synthesis of only 3 proteins was
inhibited within 10 min, that of 6 proteins was inhibited after
30 min, and that of 10 proteins was inhibited after 2 h, while
after 6 h synthesis of a total of 12 proteins was inhibited
under exposure to 120 mM NaCl (Fig. lb).

Salinity specifically enhanced the synthesis of a set of
proteins (Fig. lb, dotted arrows) and also induced de novo
synthesis of another set of proteins (Fig. lb, solid arrows) in
both Anabaena strains. These proteins were considered
likely to be important in osmotic adaptation and were
tentatively called the salt-stress proteins (SSP). In Anabaena
sp. strain L-31 (Fig. la), nine SSP (molecular masses, 82, 41,
38.5, 35, 25, 23, 21, 20, and 19 kDa) were induced within 10
min of salt stress; their synthesis increased up to 30 min but
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FIG. 1. Time course of salinity-induced modifications of protein synthesis in Anabaena sp. strain L-31 (a) and Anabaena torulosa (b).
Cyanobacteria were exposed to either 55 mM NaCl (a) or 120 mM NaCl (b). At time intervals of 10 min (lanes 1 and 2), 30 min (lanes 3 and
4), 2 h (lanes 5 and 6), and 6 h (lanes 7 and 8), 1-ml portions of cells were radiolabeled with [35S]methionine at either 2.20 MBq/ml (a) or 1.48
MBq/ml (b) for 5 min. Proteins were extracted and resolved by SDS-PAGE on a 5 to 14% linear gradient gel followed by autoradiography.
At each time point, salt-treated cells (lanes 2, 4, 6, and 8) were compared with untreated control cells (lanes 1, 3, 5, and 7). Proteins whose
synthesis declined are shown by solid arrowheads (>) to the left of lanes. Proteins which were preferentially synthesized during salt stress
are shown to the right of lanes. Dotted arrows (<..) indicate proteins whose synthesis was selectively enhanced, and solid arrows (<-)
denote proteins whose synthesis was induced de novo during salt stress. The numbers indicate the apparent molecular masses (in kilodaltons)
of different proteins.
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FIG. 2. Effect of external salt (NaCI) concentrations on protein synthesis in the membrane (a) and cytoplasmic fraction (b) of Anabaena
sp. strain L-31. Cyanobacterial suspensions were exposed to the following concentrations (millimolar) of NaCl: none (lane 1), 2 (lane 2), 5
(lane 3), 10 (lane 4), 20 (lane 5), 40 (lane 6), 60 (lane 7), and 80 (lane 8). Salt stress was applied for 25 min and was followed by radiolabeling
with 2.2 MBq of [35S]methionine per ml for 5 min in the presence of salt. Cells were washed, membrane and cytoplasmic fractions were

separated, and proteins were extracted and resolved by SDS-PAGE on a 5 to 14% linear gradient gel, followed by autoradiography. Other
details are given in the legend to Fig. 1.

declined thereafter. Another SSP (66 kDa) was observed
after 2 h of exposure to salt. After 6 h of salt stress, only 4 of
the initially observed 10 SSP continued to be synthesized at
much lower rates in this salt-sensitive strain. Thus, in
Anabaena sp. strain L-31, the synthesis of most SSP (6 out
of 10) appeared to be only transient (Fig. la). In A. torulosa,
a total of 11 SSP (molecular masses, 54, 49, 46.5, 32, 29, 28,
26.5, 21.5, 19.5, 18.5, and 17 kDa) were induced within 10
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min and 1 more SSP (79 kDa) was induced after 30 min of
exposure to 120 mM NaCl (Fig. lb). In contrast to Anabaena
sp. strain L-31, in salt-tolerant A. torulosa almost all of the
SSP (except one, of 29 kDa) were found to be persistent and
were synthesized at high rates even after 6 h of salt stress.
Attempts to identify the location of salinity-induced pro-

tein changes revealed that these changes were distributed in
the cell membranes (i.e., cytoplasmic membrane and thyla-
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FIG. 3. Effect of external salt (NaCl) concentrations on protein synthesis in the membrane (a) and cytoplasmic fractions (b) ofA. torulosa.
Salt was applied at following concentrations (millimolar): none (lane 1), 5 (lane 2), 10 (lane 3), 20 (lane 4), 40 (lane 5), 60 (lane 6), 90 (lane 7),
and 120 (lane 8). Other details are given in the legends to Fig. 1 and 2.
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koids) as well as in the cytoplasm. The efficacy of the
fractionation of membrane and cytoplasmic fractions was
tested by assaying for the specific markers glucose 6-phos-
phate dehydrogenase (a soluble cytoplasmic enzyme) and
chlorophyll a (a membrane-bound pigment). Cross-contam-
ination of glucose 6-phosphate dehydrogenase in the mem-
brane was nil, while the cytoplasmic fractions sometimes
contained 3 to 6% of the chlorophyll a found in the mem-
brane fraction as compared on a per-milligram-of-protein
basis. Thus, the partial fractionation was considered satis-
factory and adequate to determine the cellular location of
these proteins.

In Anabaena sp. strain L-31, 6 of 10 SSP shown in Fig. la
were located mainly in the cytoplasm, 2 were located mainly
in the membrane, and 2 were found both in the membrane
and in the cytoplasmic fractions (Fig. 2a and b). In A.
torulosa, of the SSP shown in Fig. lb five SSP were found in
the cytoplasm, three were found in the membrane, and two
were found in both fractions (Fig. 3a and b). Separation of
membrane and cytoplasmic fractions helped in the identifi-
cation of four new SSP (30, 18.5, 13.5, and 11 kDa) in the
membrane and five new SSP (100, 87, 46, 36.5, and 18 kDa)
in the cytoplasmic fractions of Anabaena sp. strain L-31
(Fig. 2). In A. torulosa also (Fig. 3), 13 new SSP (150, 148,
135, 126, 118, 115, 102, 90, 70, 68.5, 59, 50, and 23.5 kDa)
were identified in the membrane and 4 new SSP (126, 100,
85, and 14.5 kDa) were identified in the cytoplasm. These
additional SSP could not be detected in the crude extracts of
whole filaments (Fig. 1). In each Anabaena strain, only two
SSP were found in both the membrane and cytoplasmic
fractions. The various proteins whose synthesis was inhib-
ited or induced by salinity appeared to be unique to each
Anabaena strain.

Salinity-altered protein profiles in the membrane and
cytoplasmic fractions of both Anabaena spp. were found to
be dependent on the concentration of NaCl applied during
salt stress (Fig. 2 and 3). Irrespective of their sensitivities to
salt, both Anabaena strains synthesized SSP at very low
concentrations of NaCl. In Anabaena sp. strain L-31 (Fig. 2a
and b), SSP were observed at 2 mM NaCl and their synthesis
increased with increasing salt concentrations up to 20 to 40
mM. Induction and enhanced synthesis of all the SSP and
repression of proteins were complete in this salt-sensitive
strain at 20 mM NaCl, and no additional effects on protein
profiles were observed at higher salt concentrations. In A.
torulosa (Fig. 3a and b), few SSP could be detected at 5 mM;
the synthesis of other SSP was dependent on salt concentra-
tion, and all the SSP were observed only at NaCl concen-
trations above 90 mM in both the membrane and cytoplasmic
fractions.
To assess whether the salinity-induced modifications of

protein synthesis resulted from the external salinity or from
intracellularly accumulated NaCl during salt stress, experi-
ments were performed with cyanobacteria grown under
physiological conditions known to inhibit Na+ influx. The
presence of 10 mM N03 , 3 mM NH4', and alkaline
external pH had earlier been shown to inhibit Na+ influx (1,
2) and to enhance the salt tolerance of both Anabaena sp.
strain L-31 and A. torulosa (1). Although the protein profiles
of cyanobacteria grown with nitrate or ammonium or at pH
8.0 were different from those of nitrogen-fixing cyanobacte-
ria grown at pH 7.0, when exposed to salt the synthesis of
SSP was found to be completely identical (data not included)
to that shown in Fig. 1 to 3, irrespective of the differences in
growth conditions used prior to the application of salt stress.
Thus, the modifications of protein synthesis patterns ob-

served were a consequence of the external, not the intrac-
ellular, NaCl concentrations.

Addition of specific inhibitors of transcription (rifampin,
50 ,Lg/ml) or translation (chloramphenicol, 100 tig/ml) inhib-
ited the salinity-induced synthesis of SSP in both Anabaena
strains (data not shown).
Two-dimensional separation (isoelectric focusing followed

by SDS-PAGE) of proteins synthesized by control and
salt-stressed cultures of both Anabaena spp. confirmed all
the results shown in Fig. 1 to 3 (data not shown). Partial to
complete loss of a total of 30 peptides in Anabaena sp. strain
L-31 and of 17 peptides in A. torulosa and synthesis of 28
SSP in Anabaena sp. strain L-31 and of 24 SSP in A. torulosa
could be clearly identified by two-dimensional separations.
Most of the SSP were confined to a narrow isoelectric pI
range of 5.8 to 7.5 in both Anabaena strains (data not shown)
and to a molecular mass range of 18 to 82 kDa in Anabaena
sp. strain L-31 and 12 to 155 kDa in A. torulosa. Interest-
ingly, none of the proteins whose synthesis was modified by
salt appeared to be common to both Anabaena spp., each of
which exhibited a unique protein synthesis response to
salinity stress.

DISCUSSION

Cyanobacteria are generally considerably tolerant to salt
stress, and the occurrence of halophilic or marine strains is
by no means rare among this group of photosynthetic
procaryotes (11, 17, 22, 26, 28). In the absence of suitable
cyanobacterial mutants, molecular analysis of genotypes
that show significant variation in salt sensitivity seems to be
a potentially fruitful approach for analysis of salt tolerance.
This approach has been employed in the present study to
elucidate molecular changes accompanying osmotic adapta-
tion in nitrogen-fixing cyanobacteria.
Exposure to salinity results in a qualitative and quantita-

tive regulation of individual proteins in the two Anabaena
strains irrespective of their abilities to resist salt stress.
Synthesis of a wide spectrum of proteins is either curtailed
or enhanced, and in addition, synthesis of a specific set of
proteins is coordinately induced de novo (Fig. 1 to 3). The
response to salt is very rapid, varies with the duration of
exposure to salinity (Fig. 1), and is dependent on the
concentration of NaCl (Fig. 2 and 3). The proteins preferen-
tially synthesized during salt stress have been tentatively
called salt stress proteins (SSP) and are found distributed
both in the cell membrane and in the cytoplasm (Fig. 2 and
3).
Although the general nature of the response to salt is

similar in the two Anabaena strains, the individual proteins
whose synthesis is affected by salt appear to be unique to
each strain. On the basis of the apparent molecular masses,
pl (data not shown), time of induction, concentration of salt
required for induction, and their cellular location, no protein
appears to be common to the two strains investigated (Fig. 1
to 3). The regulation of protein synthesis by salinity thus
appears to be specific to each genotype.

In general, the responses of the two strains to salinity are
in agreement with their respective sensitivities to salt stress.
In salt-sensitive Anabaena sp. strain L-31, salinity inhibits
the synthesis of a large number of polypeptides (30, com-
pared with 17 in A. torulosa). Also, the response to salinity
is saturated at relatively low salt concentrations (20 mM)
(Fig. 2) and is complete within 30 min (Fig. 1). In contrast, in
salt-tolerant A. torulosa salinity-mediated modifications of
proteins progress in a time- and concentration-dependent
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manner (Fig. 1 and 3) and are completed only after 6 h of
exposure to 90 mM NaCl or higher concentrations. Also, the
induction of most SSP in Anabaena sp. strain L-31 is only
transient, while in A. torulosa almost all of the SSP persist
throughout the period of salinity stress. The kinetics of SSP
induction (Fig. 1 to 3) are indicative of a slow, gradual
osmotic adaptation in A. torulosa but not in Anabaena sp.
strain L-31.
The cyanobacterial response to salinity stress seems to

involve some properties in common with the salinity-in-
duced protein modifications observed in higher plants (9, 21)
and is also reminiscent of the heat shock response typical of
eucaryotes (3, 12, 25) as well as prokaryotes (18, 25, 29),
including cyanobacteria (6). One major difference between
the cyanobacterial response and that of plants, however, is
that the stress proteins (both heat shock proteins and SSP) of
plants are predominantly of low molecular mass (12, 21),
while cyanobacterial SSP (Fig. 1 to 3) and heat shock
proteins (6) appear to be distributed over a wide range of
molecular masses (10 to >100 kDa). Nevertheless, such a
wide occurrence of these analogous phenomena suggests
that SSP or heat shock protein induction must be important
for cellular adaptation to changes in environmental temper-
ature and salinity.
The data available at present suggest that the expression

of SSP may be regulated at the level of transcription in
cyanobacteria. In both the salt-sensitive strain and the
salt-tolerant strain, salinity exerted its influence externally;
i.e., an actual transport of NaCl into cells was not essential
to elicit modifications of protein synthesis. This strongly
suggests that the sensor of salt or osmotic stress is located on
the outer cell membrane and that this sensor may trigger a
salt-stress-specific regulator to bring about the apparently
synchronous expression of SSP.
Mechanisms important to osmotic adaptation in several

organisms, including cyanobacteria, include Na' pumps for
active Na+ extrusion, transport systems for K+ and osmot-
ically active organic molecules, enzymes responsible for
intracellular synthesis of organic osmotica, and qualitative
and quantitative modifications of metabolic pathways. Most
of these mechanisms have been shown to be induced by salt
or osmotic stress (4, 5, 7, 14, 17, 20, 22-24, 28). It is obvious
that while some of these mechanisms would operate in the
cell membrane others would have to be developed in the
cytoplasm during osmotic stress. Indeed, in salt-tolerant A.
torulosa the induced SSP are found evenly distributed in the
cell membrane (Fig. 3a), as well as in the cytoplasm (Fig.
3b). Induction of not just a few but several SSP is in
agreement with the fact that salt tolerance is probably a
polygenic trait (14, 21). Failure to synthesize appropriate
membrane proteins, the transient nature of most of its
prominent SSP, and the predominant inhibition of several
vital proteins may partly account for the salt sensitivity of
Anabaena sp. strain L-31.
The biological significance of the SSP in cyanobacteria is

unknown at present, as are the identities and functions of the
individual SSP. The rapidity and the magnitude of the
response of cyanobacterial proteins to salinity and its depen-
dence on the salt concentration indicate the involvement of
the proteins in the ongoing osmotic adjustments. Modifica-
tions of proteins with increasing salt concentrations or
increasing durations of exposure to salinity and the persis-
tence of SSP in A. torulosa strongly favor a role for at least
some of the SSP in cyanobacterial salt tolerance.
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