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Abstract

Spirulina platensis cells, growing photoautotrophically in optimal media under 100 or 200 mmol m−2 s−1 photon flux densities
(PFD), were exposed to different concentrations of sodium chloride, up to 0.75 M. After an initial acclimation phase, in which
growth rate, photosynthetic activity and endogenous respiration were inhibited, a new steady state was established and a recovery
in the photosynthetic activity was observed. Furthermore an increase in the respiration rate took place, exceeding the initial rate
of the non-stressed cells. Photosynthetic light-response curves (P-I) of stressed cells showed that the light compensation points
were increased and light saturation values were decreased under the different salinity-stress conditions. Photoinhibition of
photosynthesis was significantly enhanced under salinity-stress. Photosystem II activities of cells substantially decreased after a
salt-shock. The results show that, cells grown in higher PFD are less tolerant to salinity-stress than those grown in lower PFD.
© 1998 Elsevier Science Inc. All rights reserved.
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1. Introduction

When tested, many cyanobacteria demonstrate a con-
siderable tolerance to salinity-stress. The tolerance abil-
ity depends on several physiological mechanisms
including the accumulation of inorganic or organic
osmoregulators [8,13,14,23] and active extrusion of
sodium from the cell interior [5,12]. The cyanobac-
terium Spirulina platensis, is commercially produced as
a nutrient source in health food, feed and pharmaceuti-
cal industries especially in developing countries [15,24].
Salinity-stress is encountered as a common problem
during its continued biomass production. Eventually,
when the natural sunlight is high in outdoor Spirulina

production, salinity-stress is usually accompanied by
photoinhibition of photosynthesis [19]. It was indicated
that S. platensis adapted to salinity-stress by increasing
carbohydrates metabolism in cells [22,20,9]. Much evi-
dence has verified that the reaction center cores both in
photosystem II (PSII) and photosystem I (PSI) suffered
structural damage including protein degradation during
photoinhibition of photosynthesis [17,1,2,6]. It has been
suggested that salinity-stress enhances photoinhibition
of photosynthesis in green alga Chlamydomonas rein-
bardtii [11].

In this work, we comparatively studied the adapta-
tion process of S. platensis to salinity-stress under dif-
ferent cultivation light conditions, by measuring the
changes in growth, photosynthesis, respiration, light
response curve of photosynthesis, photoinhibition of
photosynthesis, and photosystem II activity.
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2. Materials and methods

2.1. Growth

Spirulina platensis, was grown in Zarouk’s medium in
glass column (550 ml) bubbling with air-CO2 mix-
ture(99:1,v/v), and illuminated under 100 or 200 mmol
m−2 s−1 PFD, respectively. Cultivation temperature
was kept at 35°C constantly [18]. Growth was measured
by following the increase in chlorophyll (chl) content or
change in absorbance at 560 nm of the culture. Chl was
assayed as described previously [3].

2.2. Salinity-stress

When cells were grown to the exponential phase after
inoculation, different amounts of NaCl were added into
the cultures. The controls were grown in Zarouk’s
media without additional salt supplement. The initial
chl concentration of the culture was 1.5 mg ml−1 before
salt-shock.

2.3. Photosynthesis and respiration

Photosynthetic activity and endogenous respiration
were measured by following the rate of O2 evolution
and consumption, using a Clark-type electrode (Yellow
Springs, OH). Samples were harvested and re-sus-
pended to final chl concentration of 2.1–2.2 mg ml−1

with fresh media. Temperature was kept constant at
35°C during the measurement. Illumination was sup-
plied by a slide projector lamp at 160 mmol m−2 s−1

PFD [20]. Samples were placed in dark for the endoge-
nous respiration measurement.

2.4. Light-response cur6e of photosynthesis

Cells, grown in exponential phase at different salt
concentration, were harvested and re-suspended in fresh
media to a final chl concentration of 5 mg ml−1.
Photosynthetic rates were measured from dark to 5000
mmol m−2 s−1 PFD.

2.5. Photoinhibition of photosynthesis

Cells, grown in exponential phase at different salt
concentration, were exposed to 3500 mmol m−2 s−1

PFD at 35°C for different lengths of time at chl concen-
tration of 25 mg ml−1. Then samples were diluted with
fresh media to a chl concentration of 2.2 mg chl ml−1.
The rate of O2 evolution was measured at 160 mmol
m−2 s−1 PFD.

2.6. Photosystem II acti6ity

Phosphate buffer (pH 7.0) containing 0.5 M mannitol
and the same salt concentration as in stressed culture
was prepared freshly. Cells were harvested, washed with
the buffer and re-suspended in 0.1% p-benzoquinone
for 3 min in dark. O2 evolution was measured in 0.01%
p-Benzoquinone solution under chl concentration of 4
mg ml−1 at 350 mmol m−2 s−1 PFD.

2.7. Statistical analysis

Data are presented as means9S.E.M. Statistical sig-
nificance was determined using repeated measures anal-
ysis of variance (ANOVA). Significant differences were
recognized for PB0.05.

Fig. 1. Growth of Spirulina platensis after a salt-shock. Cells were
grown under different photon flux densities: (A) 100 mmol m−2 s−1

(B) 200 mmol m−2 s−1. In exponential phase, cells were exposed to
zero (control, �), 0.5 M (�) and 0.75 M (�) NaCl. Growth was
measured by following the changes in absorbance at 560 nm. A0,
absorbance at time zero; A, absorbance at any given time. Data are
presented as means9S.E.M. (n=5). Significant interaction at each
time period is shown by letters next to symbols, and means with
different letters are significantly different (PB0.05).
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Table 1
The effect of salinity-stress to the growth of Spirulina platensis under
different photon flux densities (PFD)

NaCl Lag time (h) Specific growth rate (m)
(M)

PFD=200 PFD=100PFD=100 PFD=200

0 090.00a 090.00a 0.04390.003a 0.060+0.002a

0.5 990.62b690.41b 0.03790.005b 0.025+0.002b

3391.20c 0.02690.002c 0.013+0.001c1890.73c0.75

The unit of PFD is mmol m−2 s−1.
Data are presented as means9S.E.M. (n=5).
a,b,c Means with different letters in a column differ significantly at
least at PB0.05.

the increase of salinity-stress, light compensation point
and light saturation point (Pmax) of the cells declined
while the curvature of the light response curve abased.
The light response curves were bent gradually while the
salt concentration increased. The effect of salinity-stress
was stronger when cells were grown under relatively
higher PFD (200 mmol m−2 s−1) than under lower
PFD(100 mmol m−2 s−1) (Table 2).

Photoinhibition is considered to be a decline in the
photosynthetic activity as a result of an exposure to
high PFD [6,11]. The degree of inhibition is highly
dependent on the growth conditions of the organism.
Fig. 5 showed that salinity-stress enhanced photoinhibi-
tion in S. platensis. With the increase of salinity-stress,
stressed cells had lower photosynthetic activity than the
controls after an exposure to extremely high PFD (3500
mmol m−2 s−1). It also demonstrated that, stressed
cells, grown under higher PFD (200 mmol m−2 s−1),
showed lower photosynthetic activity after photoinhibi-
tion than that grown in lower PFD (100 mmol m−2 per
s).

3. Results

The growth rate of S. platensis was significantly
inhibited immediately after cells were exposed to a
salt-shock. A lag phase was observed before a new
steady state of growth was established (Fig. 1). The
specific growth rate m at all elevated NaCl concentra-
tions was lower than the control (Table 1). Cells grown
in lower PFD (100 mmol m−2 s−1) can adapt to
salinity-stress faster than cells grown in higher PFD
(200 mmol m−2 s−1). The algae failed to adapt to
higher salinity environment as more than 1.0 M NaCl
either under lower PFD (100 mmol m−2 s−1) or under
higher PFD (200 mmol m−2 s−1) (not shown).

Photosynthesis of S. platensis was inhibited in the
initial lag phase after a salt-shock (Fig. 2). With the
establishment of a new steady state, photosynthetic
activity recovered to 95% of the initial activity under
relatively lower PFD (100 mmol m−2 s−1) and lower
salinity-stress (0.5 M NaCl) conditions, while photosyn-
thetic activity could recovered partially (about 50% of
the initial activity) under relative lower PFD (100 mmol
m−2 s−1) but higher salinity-stress (0.75 M NaCl)
conditions (Fig. 2A); Photosynthetic activity had less
recovery under relatively higher PFD (200 mmol m−2

s−1) at both levels of salinity-stress (0.5 M or 0.75 M
NaCl) (Fig. 2B).

In contrast to the photosynthetic activity, endoge-
nous respiration of S. platensis, after a salt-shock, was
inhibited in the early lag phase. Then a significant
increase, above the control level in the respiration rate,
took place (Fig. 3). This observation is in agreement
with our previous studies [21,20].

The relationship between light irradiance and photo-
synthetic rate can be described as P versus I curve
(light-response curve of photosynthesis) [7]. P is defined
as photosynthetic rate and I is defined as light irradi-
ance (or photon flux density). Fig. 4 showed that, with

Fig. 2. Recovery of photosynthesis in Spirulina platensis after a
salt-shock. Cells were grown under different photon flux densities:
(A) 100 mmol m−2 s−1 (B) 200 mmol m−2 s−1. In exponential
phase, cells were exposed to 0.5 M (�) and 0.75 M (�) NaCl. The
initial photosynthetic activities were set as 100% activities before
salt-shock. Data are presented as means9S.E.M. (n=3). Significant
interaction at each time period is shown by letters next to symbols,
and means with different letters are significantly different (PB0.05).
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Fig. 3. Endogenous respiration of Spirulina platensis after a salt-
shock. Cells were grown under different photon flux densities: (A) 100
mmol m−2 s−1 (B) 200 mmol m−2 s−1. In exponential phase, cells
were exposed to 0.5 M (�) and 0.75 M (�) NaCl. The initial
endogenous respiration was set as 100% before salt-shock. Data are
presented as means9S.E.M. (n=3). Significant interaction at each
time period is shown by letters next to symbols, and means with
different letters are significantly different (PB0.05).

the shock stage is prolonged and the adaptation ability
of cells to salinity-stress is declined (Fig. 1).

Enhanced respiration, following salinity-stress, was
also reported for various cyanobacteria [4,10,5]. The
results showed that the process of the adaptation to
salinity-stress was an energy consuming process. Moli-
tor et al. [10] found that the increase in respiration in
Anacystis nidulans grown in NaCl-enriched medium
was due to the enhanced activity of the plasma mem-
brane cytochrome oxidase. It was suggested that the
entry of Na+ and Cl– triggered enhanced or activated
respiration electron transport, involving constitutive
respiratory system in cells [5].

Sammuelsson et al. [16] showed that higher light
acclimated cyanobacterium A. nidulans had a higher
rate of recovery after photoinhibition than that lower
light acclimated A. nidulans. Our results presented here
further support this observation (see controls in Fig. 5).
But the susceptibility of photosynthesis to photoinhibi-
tion was changed to the opposite way under salinity-
stress condition. Higher light grown cells show lower

Fig. 4. Light response curve of Spirulina platensis under salinity-
stress. Cells were grown in the media, containing zero (control, �),
0.5 M (�) and 0.75 M (�) NaCl. The growth photon flux densities
were: (A) 100 mmol m−2 s−1 (B) 200 mmol m−2 s−1. In exponential
phase, photosynthetic rates were measured from dark to 5000 mmol
m−2 s−1 pFD. Data are presented as mean9S.E.M. (n=3). Signifi-
cant interaction at each time period is shown by letters next to
symbols, and means with different letters are significantly different
(PB0.05).

Fig. 6 showed the changes in photosystem II (PSII)
activity of cells under salinity-stress. It indicated that
PSII activity of the cells decreased in the lag phase after
a salt-shock. When salt concentration in the media was
increased, PSII activity of the cells declined. PSII activ-
ity of stressed cells, grown under higher PFD (200
mmol m−2 s−1), decreased more than that grown under
lower PFD (100 mmol m−2 s−1). When salt concentra-
tion in the media was lower (0.5 M), a partial recovery
of PSII activity was observed after a new steady state
was established.

4. Discussion

In a previous study we demonstrated that the re-
sponse of Spirulina platensis to salinity-stress consisted
of a relatively short shock stage, followed by an adapta-
tion process [20]. The data presented here show that the
light at which algae are grown affects the ability of cells
to response and adapt to salinity-stress. In general, our
results illustrated that, under higher cultivation PFD,
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Table 2
The effect of salinity-stress to the parameters of photosynthetic light-response curve of Spirulina platensis under different photon flux densities
(PFD)

Parameters PFD=200 mmol m−2 s−1PFD=100 mmol m−2 s−1

0.5 M NaClControl 0.75 M NaCl Control 0.5 M NaCl 0.75 M NaCl

516917.0b 294919.7cPmax 652916.9a570923.1a 540924.0b 340911.1c

Respiration −2291.9a −2691.6a −8292.1c −2492.0a −6093.2b −10299.1d

1890.9a 5993.0c 1690.1aCompensation 3792.0b1690.6a 6494.5c

The unit for Pmax, respiration and compensation is mmol O2 mg−1 chl h−1.
Data are presented as means9S.E.M. (n=5).
a,b,c,d Means with different letters in a row differ significantly at least at PB0.05.

capacity of recovery in the photosynthetic activity after
photoinhibition than lower light grown cells. This may
be a result of the fact that stressed cells have a lower
protein synthesis capacity and thus a slower repair

mechanism. Our studies also indicate that stressed cells
show lower PSII activity than non stressed cells (Fig.
6). The reason for the declination of PSII activity of
cells under salinity-stress remains open. We may think
of a stress-induced damage or inactivation of PSII
reaction center as it is in the case of photoinhibition of
photosynthesis [2,6]. As refer to our observation, that
higher light grown cells show lower photosynthetic
activity after photoinhibition under salinity-stress than

Fig. 5. Photoinhibition of Spirulina platensis under salinity-stress.
Cells were grown in the media, containing zero (control, �), 0.5 M
(�) and 0.75 M (�) NaCl. The growth photon flux densities were:
(A) 100 mmol m−2 s−1 (B) 200 mmol m−2 s−1. In exponential
phase, photosynthetic rates were measured after cells were exposed to
3500 mmol m−2 s−1 PFD for different lengths of time. The initial
photosynthetic activities were set as 100% activities before cells were
exposed to 3500 mmol m−2 s−1 PFD. Data are presented as mean9
S.E.M. (n=3). Significant interaction at each time period is shown by
letters next to symbols, and means with different letters are signifi-
cantly different (PB0.05).

Fig. 6. Effect of salinity-stress to photosystem II activity of Spirulina
platensis. Cells were grown under different photon flux densities: (A)
100 mmol m−2 s−1 (B) 200 mmol m−2 s−1. In exponential phase,
cells were exposed to 0.5 M (�) and 0.75 M (�) NaCl. The initial
photosystem II activities were set as 100% activities before salt-shock.
Data are presented as mean9S.E.M. (n=3). Significant interaction
at each time period is shown by letters next to symbols, and means
with different letters are significantly different (PB0.05).
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lower light grown cells, we may suggest that salinity-
stress enhances photoinhibition of photosynthesis
through a direct effects on PSII reaction center.
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