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Response of N.-Fixing Cyanobacteria to Salt
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Desert Research Institute, Ben-Gurion University of the Negev, Sede Boger, Israel

The effect of salt on photosynthetic activity, acetylene reduction, and related
activities was examined in two species of cyanobacteria, Nostoc muscorum and
Calothrix scopulorum. Photosynthesis was more resistant to high salt concentra-
tion than was N fixation. The salt resistance of both activities increased after a
period of exposure of the cells to salinity. The transfer of electrons via ferredoxin
and ferredoxin-nicotinamide adenine dinucleotide phosphate reductase was found
to be extremely sensitive to salt. In comparison, the transfer of reducing power by
glucose-6-phosphate dehydrogenase, isocitric dehydrogenase, and photosystem 1
was less affected by NaCl, whereas glutamine synthetase exhibited higher toler-

ance to salt.

The number of N.-fixing cyanobacteria in sa-
line environments is small (4, 5). It was stated
that “nitrogen fixation as a process is more sen-
sitive to variations and extremes of environmen-
tal conditions than photosynthesis or overall
growth” (20). Earlier studies on growth, nitrogen
fixation, and release of N-fixed compounds in
response to salinity in axenic cultures of Caloth-
rix scopulorum (conducted by Stewart and co-
workers [8, 15, 16]) and recent reports on rapidly
growing marine strains of Anabaena, found to
fix nitrogen very vigorously in marine environ-
ments (7, 14), provide a better understanding of
the relationship between the physiology and
ecology of marine N,-fixing cyanobacteria.

The present study is aimed at the understand-
ing of limitations caused by the saline environ-

ment to the survival and productivity of N.- .

fixing cyanobacteria. Nostoc muscorum (strain
7119) was selected as a freshwater strain and C.
scopulorum was selected as a brackish water
strain. The process of N, fixation was indeed
found to be more sensitive than photosynthesis
and reactions involved in the transfer of reducing
" power to nitrogenase and the assimilation of the
ammonia produced. Evidence for acquired tol-
erance to salt of N, fixation in vivo and of the
ferredoxin:ferredoxin-nicotinamide adenine di-
nucleotide phosphate (NADP) reductase en-
zyme couple, which is known to be a salt-sensi-
tive system (6), is presented.

MATERIALS AND METHODS

Culture conditions. N. muscorum strain 7119 (18)
and C. scopulorum Cambridge culture collection no.
1410 (16) were grown in Allen and Arnon medium (1)
in batch cultures on a rotary shaker at 30°C, contin-

1 Present address: Department of Agricultural Botany,
Faculty of Agriculture, Hebrew University, Rehovot, Israel.

uously illuminated, I, at 35 uEinsteins m™2 s, It was
harvested in the late logarithmic phase of growth.

Cell-free preparations. Cultures were harvested,
washed, and suspended in buffer (25 mM HEPES [N-
2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid]-
KOH, pH 7.5), disrupted by sonication, and then cen-
trifuged (27,000 X g, 30 min). The supernatant was
used for assays of the following soluble enzyme activ-
ities: cytochrome ¢ reductase, isocitric dehydrogenase
(ICD), glucose-6-phosphate dehydrogenase (G6PD)
and glutamine synthetase (GS). The pellet, suspended
in buffer, was used for the measurement of methyl-
viologen photoreduction. Protein was determined ac-
cording to Lowry et al. (9). Chlorophyll was extracted
in 80% acetone, and chlorophyll a was determined
according to MacKinney (10).

Photosynthetic activities. Oxygen evolution was
measured in cells which had been washed and sus-
pended in growth medium, using a Clark-type elec-
trode (YSI 4004, Yellow Springs Instrument Co., Yel-
low Springs, Ohio), at 30°C (I = 500 pEinsteins m™?
s7"). Photosystem 1 reaction in vitro was measured
with methylviologen as electron acceptor by following
0. consumption with an oxygen electrode.

Acetylene reduction. Acetylene reduction was
measured under 16% acetylene in air in cells which
had been washed and suspended in growth medium in
vials sealed with rubber stoppers. Samples were illu-
minated on a shaker at 30°C (I = 100 uEinsteins m~*
s7'), and ethylene formation was followed with a Pack-
ard-Becker model 417 gas chromatograph provided
with a Porapack-N column, as described earlier (18).

Enzyme assays. Reduction of cytochrome ¢ was
measured at 550 nm, using a Gilford model 250 spec-
trophotometer. For assay of ICD and G6PD activities,
NADPH formation was followed at 350 nm. For assay
of GS activity, the biosynthetic pathway of GS was
measured (17, 19) by following the release of P;.

RESULTS

Response of photosynthesis and acety-
lene reduction to salt in vive. Nostoc and
Calothrix cultures were harvested during late
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logarithmic phase, and the intact filaments were
assayed for the effect of salt on oxygen evolution
and acetylene reduction. In all of the experi-
ments, the photosynthetic activity was found to
be more resistant to NaCl than the N,-fixing
activity. Calothrix cells grown in medium con-
taining 0.4 M NaCl (Fig. 1b) were more tolerant
to salt than cells growing without salt (Fig. 1a),
as shown for both activities, indicating that the
cells grown in saline medium acquire tolerance
to salt. The data on nitrogenase activity of Nos-
toc cells cultured in the presence and absence of
0.2 M NaCl are summarized in Table 1. The salt-
grown cells tolerated 0.2 M NaCl much better
than did the control cells. NaCl at a concentra-
tion of 0.4 M stopped growth and N fixation in
Nosioc cells but did not stop photosynthesis.
Salt-adapted cultures of Calothrix tolerated
higher salt concentrations than salt-adapted cul-
tures of Nostoc. This is in accordance with the
natural distribution of the two strains.
Comparative studies on the effect of NaCl
in vitro. (i) Reduction of cytochrome c. The
reduction of cytochrome ¢, mediated by ferre-
doxin and ferredoxin-NADP reductase, was
found to be extremely sensitive to salt when
Nostoc and Calothrix extracts were assayed
(Fig. 2a and b). This enzyme couple participates
in the terminal steps of the photoreduction of
NADP and transfers electrons to nitrogenase
(2). The observed sensitivity of ferredoxin:fer-
redoxin-NADP reductase to salt is similar to the
sensitivity of these enzymes isolated from higher
plants (11). When the effect of salt was tested
on Nostoc cultures grown with or without NaCl
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(Fig. 2a), it was evident that the enzymes in the
salt-grown cultures tolerated higher ionic
strength. Such acquired tolerance could involve
the formation of salt-resistant forms of the en-
zymes involved. Various isozymes of the ferre-
doxin-NADP reductase or ferredoxin (6) are
known, and possibly salt tolerance involves se-
lective synthesis of salt-tolerant forms.

(ii) ICD and G6PD. ICD and G6PD are
known to provide reducing power to nitrogenase,
and alteration of their activities may affect ni-
trogenase activity (2, 13). It was, therefore, im-
portant to determine the degree of sensitivity of
these soluble enzymes to NaCl. ICD activity in
crude soluble preparations of Nostoc was mod-
erately sensitive to NaCl, whereas no resistance
was acquired during extended growth in medium
containing 0.2 M NaCl (Fig. 3). A similar effect
of salt on ICD activity was observed in prepa-
rations of Calothrix sp. The activity of G6PD
was also found to be moderately sensitive to

TABLE 1. Effect of salt on N fixation in vivo in
Nostoc cultures growing with or without salt®

NaCl

conen in C,H, reduction
. f
Growth medium as;ali lxrrlxe- ;&Tﬁ;ﬁgﬁ_l
M) h™)

Control 0 6.5+ 03

Control 0.2 0.3 £ 0.05
0.2 M NaCl in medium 0 50+ 0.3
0.2 M NaCl in medium 0.2 20+0.1

2 Duplicate samples with cells containing 10 pg of
chlorophyll a were assayed.

Percent of Activity Without Salt

04 08 2

NaCl Concentration [M]

Fic. 1. Effect of NaCl on photosynthesis and N fixation in vivo with C. scopulorum. Photosynthgsis was
measured by O, evolution, and N: fixation was measured by C.H, reduction with: (a) culture grown in Allen
and Arnon medium; (b) culture grown in medium containing 0.4 M NaCl. Samples for O: evolution assay
contained 10 pg of chlorophyll a, and those for C;H; reduction contained 50 pg of chlorophyll a per 2 ml. 100%
activity: 8.1 and 7.0 pmol of CoH, formed mg of chlorophyll™ k™! for (@) and (b); 206 and 321 pmol of O,
evolved mg of chlorophyll™ h™! for (a) and (b). Results are averages of duplicate samples.
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Fi1c. 2. Cytochrome c reductase activity with Nostoc (a) and Calothrix (b) cultures. Soluble fractions of
cells from control (Allen and Arnon medium [1]) and salt-containing medium cultures were tested for the
reduction of cytochrome c in a 1-ml reaction mixture containing: HEPES-KOH (pH 7.5), 25 mM; MgCl, 5
mM; NADPH, 33 uM; cytochrome c horse heart (Sigma), 33 uM; and broken cell supernatant containing 1 to
2 mg of protein. 100% activity: 5 and 8.5 nmol of cytochrome c reduced mg of protein™' min~! for Nostoc, and
10.2 and 8.7 nmol of cytochrome ¢ reduced mg of protein™' min~* for Calothrix in control and salt-grown cells,

respectively.

_ a.Nostoc
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Isocitric Dehydrogenase Activity (%)
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F1c. 3. ICD with control and salt-grown Nostoc
cultures. Samples in 1-ml reaction mixture contained:
HEPES-KOH (pH 7.5), 50 mM; MgCl,, 5 mM; sodium
isocitrate, 5 mM; NADP, 0.33 mM; and soluble cell
fraction containing 2.4 and 2.75 mg of protein for the
control and salt-grown cultures, respectively. 100%
activity: 11.4 and 7.4 nmol of NADPH formed mg of
protein™ min~" for the control and salt-grown cul-
tures, respectively.

NaCl (Fig. 4), and the response to salt of Caloth-
rix extracts prepared from cells grown in saline
medium was similar to that of the control. There
was no long-term adaptation of G6PD from Nos-
toc or Calothrix to salt.

(iii) Photosystem 1l-mediated photore-
duction of methylviologen. The sonicated cell
particles, carrying the membrane-bound com-

ponents of photosystem 1, were used in the study
of the effect of salt on photoreduction of meth-
ylviologen supported by reduced dichlorophen-
olindophenol. The activity was insensitive to salt
in both Nostoc and Calothrix preparations (Fig.
5). Electron transport, mediated by the mem-
brane-bound carriers of photosystem 1, tolerated
much higher concentrations of NaCl than the

Calothrix
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F16. 4. G6PD with control and salt-grown Caloth-
rix cultures. Samples in 1-ml reaction mixture con-
tained: HEPES-KOH (pH 7.5), 25 mM; MgCl,, 5 mM;
glucose-6-phosphate, 5 mM; NADP, 0.33 mM; and
soluble cell fraction containing 0.2 mg of protein.
100% activity: 38 and 17 nmol of NADPH formed mg
of protein~' min~' for the control and salt-grown
cultures, respectively.
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F1G. 5. Photoreduction of methylviologen with
Nostoc and Calothrix cultures. Samples in 4 ml con-
tained: HEPES-KOH (pH 7.5), 50 mM; sodium ascor-
bate, 5 mM; dichlorophenolindophenol, 50 uM; meth-
ylviologen, 50 uM; sodium azide, 2.5 mM; and mem-
brane preparations containing 30 pg of chlorophyll
a. 100% activity: 520 and 380 pmol of O. consumed
mg of chlorophyll™ h™' for Nostoc and Calothrix
preparations, respectively.

soluble carriers ferredoxin and ferredoxin-
NADP reductase.

(iv) GS. The ammonia synthesized by nitro-
genase is primarily assimilated in cyanobacteria
by the GS and glutamate synthase (GOGAT)
pathway (17, 19). The response of GS to NaCl
as measured in the biosynthetic assay of GS was
tested by using crude extracts of Nostoc and
Calothrix. The activity was not inhibited by a
high NaCl concentration (Fig. 6).

DISCUSSION

Few cyanobacteria from a saline environment
have been shown to fix N,. The reasons are
uncertain, but this characteristic paucity in hab-
itats poor in combined nitrogen is remarkable.
The data presented here show that the activities
of different enzymes involved directly or indi-
rectly in N, fixation and photosynthesis are af-

Photosynthetic Apparatus

Reducing Pathways
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fected differentially by the saline environment.

The data obtained are summarized schemat-
ically in Fig. 7. It can be seen that: (i) photosyn-
thetic activity is more tolerant to salt and growth
limitation in a saline medium cannot be attrib-
uted to it and especially not to photosystem 1,
which was salt tolerant; (ii) the ferredoxin:fer-
redoxin-NADP reductase, on the other hand, is
extremely sensitive to salt in unadapted cells,
but it adapts with time, suggesting that the
formation of multiple forms of ferredoxin-NADP
reductase (6) and forms I and II of ferredoxin
(3) may be involved in the acquired salt toler-
ance of the pathways of reductant flow to nitro-
genase; (iii) sensitivity to salt does not necessar-
ily increase with complexity of structure of the
enzyme since GS, which is a large polymer (12),
is not affected by salt. Sensitivity to salt is not
directly related to the soluble state of the en-
zyme as for ICD and G6PD, which are moder-
ately sensitive to salt.

04

Glutamine Synthetase Activity
(pmoles Pi/mg protein.hr)

b 02 04 06 08
NaCl Concentration [M]

F16. 6. GS with Nostoc and Calothrix cultures.
Samples in a volume of 1 ml contained: adenosine
triphosphate, 5 mM; MgCl,, 15 mM; NH,Cl, 5 mM;
sodium glutamate, 2.5 mM; HEPES-KOH (pH 7.5),
25 mM; and soluble cell fraction containing 2.4 and
3.0 mg of protein for Nostoc and Calothrix, respec-
tively. Samples were incubated at 37°C for 30 min;
reaction was stopped by the addition of the reagents
for P; determination.
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F1c. 7. Schematic presentation of the response to salt in N,-fixing cyanobacteria. Symbols: 8, extremely
sensitive; 4 moderately sensitive; O, insensitive; ®, adaptable to NaCl.
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