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after Spirulina platensis cells were incubated with different salt concentrations
(0–0.8 M NaCl) for 12 h. Flash-induced fluorescence kinetics showed that in the absence of DCMU, the half time
of the fast and slow components decreased while that of the middle component increased considerably with
increasing salt concentration. In the presence of DCMU, fluorescence relaxation was dominated by a 0.6s
component in control cells. After salt stress, thiswas partially replaced by a faster newcomponentwith half time
of 20–50ms. Thermoluminescence measurements revealed that S2QA

− and S2QB
− recombinations were shifted to

higher temperatures in parallel and the intensities of the thermoluminescence emissions were significantly
reduced in salt-stressed cells. The period-four oscillationof the thermoluminescenceBbandwashighly damped.
There were no significant changes in contents of CP47, CP43, cytochrome c550, and D1 proteins. However,
content of the PsbO protein in thylakoid fraction decreased but increased significantly in soluble fraction. The
results suggest that salt stress leads to a modification of the QB niche at the acceptor side and an increase in the
stability of the S2 state at the donor side, which is associated with a dissociation of the PsbO protein.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

Salt stress is an important environmental factor that restricts plant
growth and productivity [1]. The decline in growth observed in many
plants subjected to salt stress is often associated with a decrease in
their photosynthetic capacity [2,3]. This decreased photosynthetic ca-
pacity is associated with the partial stomatal closure and/or the non-
stomatal limitation which is involved in the dark enzymatic processes
of CO2 assimilation, such as the decrease in Rubisco activity and con-
tent, RuBP or Pi regeneration capacity [4–7]. Since it has been consid-
ered that one of the primary sites of damage to the photosynthetic
apparatus by environmental stress is located in photosystem II (PSII)
[8], the effects of salt stress on PSII in plants have been investigated by
many studies. Some studies have shown that salt stress inhibits PSII
activity [9–11] whereas others have demonstrated that salt stress has
no effect on PSII [6,7,12–15]. These studies suggest that the sensitivity
of PSII to salt stress may be different in different plant species [16].

Photosynthesis of algae is often inhibited by salt stress [17] (for a
review). Such an inhibition may be explained by a decrease in PSII
activity. In the green algae, salt stress inhibits PSII activity in Dunaliella
tertiolecta and Chlamydomonas reinhardtii that is associated with a
state-2 transition [18,19]. In the red alga Porphyra perforata, salt stress
hoo.com (C. Lu).

ll rights reserved.
also results in a decrease in PSII activity which is due to the decrease in
excitation energy reaching PSII reaction centers [20]. In the cyanobac-
teria, it has also been reported that salt stress inhibits PSII activity
[21–24], although there is a report showing that salt stress has no
effect on PSII activity when Synechocystis cells exposed to 0.55M NaCl
[25]. However, in general, it is still unclear for the mechanism of salt-
stress-induced inhibition of PSII activity in algae.

In the cyanobacteria, it has been suggested that the decreased PSII
activity in salt-stressed Synechocystis cells is associatedwith the state-2
transition [21,22]. Our previous studies have shown that salt stress
significantly inhibit the maximal efficiency of PSII photochemistry
(Fv/Fm) in Spirulina platensis cells and this inhibition is increased
with increasing light intensity [24,26,27]. The decreased Fv/Fm may
be due to an inactivation of PSII reaction centers, an inhibition of
electron transport at both donor and acceptor sides of PSII, and a
distribution of excitation energy transfer in favor of PSI [23,24,28]. In
Synechocystis, it has been reported that the decreased PSII activity by
salt stress can be explained by the fact that salt stress inhibits the
repair of photodamaged PSII by suppressing the transcription and
translation of psbA genes [29]. However, it has not been shown how
salt stress affects primary photochemistry of PSII or induces the
modifications of the donor and acceptor sides of PSII either in green
algae or in the cyanobacteria.

S. platensis, a filamentous cyanobacterium, has been isolated from a
wide range of habitats [30]. It has long been cultured for production of
health food because of its high content of protein and other nutritional
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Fig. 1. Effects of salt stress on the maximal efficiency of PSII photochemistry (Fv/Fm) in
S. platensis cells. The values are mean ± SE of five independent experiments.
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elements [31]. In addition, much attention has also been paid to its
potential employment for production of high value chemicals, such as
phycocyanin, carotenoids and γ-linolenic acid [32]. Therefore, consider-
able interest has been invested in outdoor cultivation of S. platensis for
commercial biomass production [33]. However, in cultures grown out-
doors in open ponds under arid and semiarid conditions, daily evapo-
ration amounts to 1–2 cm, thus leading to a progressive increase in the
salt concentration in the culture, which results in a decrease in algal
growth and photosynthesis [34,35]. Our previous studies have shown
that PSII activity is significantly inhibited in salt-stressed S. platensis
[23,24,28]. However, the exactmechanism for thedecreased PSII activity
remains unclear. A better understanding of salt stress on PSII may help
optimize the productivity of the algal cultures grown outdoors.

In the present study, we have used thermoluminescence (TL)
and flash-induced chlorophyll (Chl) fluorescence measurements and
Western-blotting analyses to evaluate more precisely the electron
transfer and charge recombination events between the acceptor and
donor sides of PSII in salt-stressed S. platensis cells. Our results de-
monstrate that salt stress leads to a modification of the QB niche at the
acceptor side. Our results also show that, salt stress results in an
increase in the stability of the S2 state at the donor side, which is
associated with a dissociation of the PsbO protein from the thylakoid
membranes.

2. Materials and methods

2.1. Cell culture and growth conditions

The cyanobacterium, S. platensis M2, was grown at 30 °C in Zarouk's medium sup-
plemented with 0.2M sodium bicarbonate [36]. Illumination of 80 μmol photons m−2 s−1

was provided by cool daylight tubes (TLD 30W/865, Philips).

2.2. Salt stress treatments

Exponentially growing cells were harvested and resuspended at a concentration of
10 μg Chl mL−1 in a fresh medium containing different concentrations of NaCl (0, 0.2,
0.4, 0.6, 0.8 M exclusive of 0.017M NaCl already present in the medium) and incubated
at the same conditions as described above for 12 h.

2.3. Maximal efficiency of PSII photochemistry

Themaximal efficiencyof PSII photochemistrywasdetermined as the ratioof variable
tomaximal chlorophyll fluorescence (Fv/Fm) [37]with a portable fluorometer (PAM-2100,
Walz, Germany), where Fv=(Fm − Fo) and Fm and Fo are the maximal and minimal
fluorescence yield, respectively, of a dark-adapted suspension. Fo was measured by using
modulated measuring light that was of sufficiently low intensity (0.1 mol m−2 s−1) not to
induce any significant variable fluorescence and Fm was determined by applying 0.8s
saturating pulse at 8000 mol m−2 s−1 in dark-adapted cells.

2.4. Oxygen evolution measurements

Steady-steady rates of oxygen evolution of PSII were determined using a Hansatech
O2 electrode at a light intensity of 900 μmol m−2 s−1 in the presence of 0.6mM 2,6-
dichloro-p-benzoquinone and 5mM K3Fe(CN)6 as an electron acceptor system.

2.5. TL measurements

TL measurements of whole cells were performed with the thermoluminescence
extension of the Double-Modulated Fluorometer FL2000-S/F, consisting of Thermo-
regulator TR2000 (Photon Systems Instruments, Brno, Czech Republic). After 30min
dark adaptation at 30 °C, the cells were cooled to 0 °C and illuminated with one or
multiple number of single-turnover flashes. Then the cells werewarmed up to 60 °C at a
heating rate of 1 °C·s−1 and the TL light emission was measured during the heating. The
volume of the samples for each measurement was 0.4 ml and the Chl concentration of
the sample was 10 μg Chl·−1. To detect period-four oscillation of the B band, cells were
illuminated with a series of single-turnover flashes. For S2QA

− recombination studies,
cells were measured in the presence of 3-(3′,4′-dichlorophenyl)-1,1-dimethylurea
(DCMU, 10μM) before the flash illumination. The nomenclature of Vass and Govindjee
[38] was used for characterization of the flash-induced TL glow peaks.

2.6. Chl fluorescence relaxation kinetics

The decay of Chl a fluorescence yield after a single-turnover flash was measured
with a double-modulation fluorescence fluorometer (model FL-200, Photon Systems
Instruments, Brno, Czech Republic) [39] according to the method used in the cyano-
bacterium Synechocystis sp. PCC 6803 cells as described by Vass et al. [40]. The
instrument contained red LEDs for both actinic (20 μs) and measuring (2.5 μs) flashes,
and was used in the time range of 100 μs to 100 s. With this type of measurement, it is
important to avoid distortion of the relaxation kinetics due to the actinic effect of
measuring flashes. This was carefully checked, and the intensity of the measuring
flashes was set at a value that was low enough to avoid reduction of QA in the presence
of DCMU.

2.7. SDS-PAGE and immunological analyses

Samples were solubilized in the presence of 6M urea and separated by SDS-PAGE
[41] using 15% (w/v) acrylamide gels with 6M urea. For immunoblotting, polypeptides
were electrophoretically transferred to PVDF membranes (Millipore, Saint-Quentin,
France) and proteins were detected with antibodies raised against CP43, CP47, D1, and
psbO proteins.

2.8. Detection of cytochromes

Cytochromes were detected by 3,3′,5,5′-tetramethylbenzidine (TMBZ) staining
whichwas performed in 10–18% gradient gels of LDS-PAGE as described previously [42].

2.9. Determinations of protein and chlorophyll

Protein content was determined by the dye-binding assay according to Bradford
[43]. Chl a was determined according to Bennet and Bogorad [44].

3. Results

3.1. Effects of salt stress on PSII activity

We examined the changes in the PSII activity of S. platensis cells
after incubated at various NaCl concentrations for 12 h. The maximal
efficiency of PSII photochemistry (Fv/Fm) [37] did not show a consid-
erable decrease evenwhen NaCl concentrationwas increased to 0.6 M
NaCl and decreased significantly by 25% only at 0.8 M NaCl (Fig. 1).
However, the activity of oxygen evolution of PSII either by whole cells
or thylakoid membranes decreased almost linearly with increasing
salt concentration. For example, at 0.8 M NaCl, the activity of oxygen
evolution inwhole cells and thylakoid membranes decreased by about
75 and 80%, respectively, as compared with that of control cells
(Fig. 2).

3.2. Effects of salt stress on flash-induced Chl fluorescence kinetics

The relaxation of the flashed-induced increase in variable Chl fluo-
rescence yield monitors the oxidation of QA

− , which reflects the re-
oxidation of QA via forward electron transport to QB (and QB

−) and back



Fig. 2. Effects of salt stress on oxygen evolution of PSII by whole cells or thylakoid
membranes isolated from control and salt-stressed S. platensis cells. The values are
mean±SE of five independent experiments. Bars indicate standard errors.
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reaction with donor-side components [45,46]. Due to technical devel-
opment, it is possible to measure the relaxation of the variable fluo-
rescence in the wide time range of 100 μs to 100 s after single-flash
Fig. 3. Effects of salt stress on the decay of Chl fluorescence yield in S. platensis cells.
Fluorescence decays induced by single-turnover flash were measured in the absence of
10 μM DCUM. (A) The curves are the actual data of the fluorescence signals; (B) The
curves were normalized relative to the total variable fluorescence.
excitation [39] and thusobtain simultaneous information for the donor-
and acceptor-side modifications [40,47]. The relaxation of the flashed-
induced increase in variable Chl fluorescence yield in control cells
exhibited complex kinetics that could be resolved into three different
exponential decay components (Fig. 3, Table 1), which was similar to
those reported by others [48,49]. The fluorescence yield relaxation in
control cells is dominatedby the fast phase (t1/2=220 μs),whose relative
amplitude is about 72%. The contribution of the middle phase (t1/2=
2ms)was about 25%, and thatof the slowphase (t1/2=10s)was about3%.
Salt stress resulted in a gradual decrease in the total fluorescence
amplitude with increasing salt concentration (Fig. 3, Table 1), suggest-
ing that salt stress resulted in a loss of QA reduction. In addition, salt
stress resulted in a significant increase in the decay half time of the fast
phase but a significant decrease in the amplitude of the fast phase. The
t1/2 of the fast phase increased from 217 μs in control cells to 876 μs in
the cells treated with 0.8 M NaCl. For the middle phase, salt stress
resulted in a significant increase in the decay half time and showed no
significant effect on the amplitude. The t1/2 of the middle phase in-
creased from 2.1 μs in control cells to 25.8 μs in the cells treated with
0.8MNaCl. However, salt stress led to a significant decrease in the decay
half time and a significant increase in the amplitude of the slow phase.
The t1/2 of the slow phase decreased from 10.2s in control cells to 1.0s in
the cells treated with 0.8 M NaCl (Fig. 3, Table 1). These results suggest
that salt stress slowed down themiddle phase but accelerated the slow
phase. These results also suggest that salt stress induced amodification
of the PQ binding at the QB site and/or a decrease in the apparent
equilibriumconstant for sharing the electron transport betweenQA and
QB.

In order to investigate if the modification of the QB site induced by
salt stress also affects the binding of PSII electron transport inhibitor,
inhibitor titration experiments were carried out either in control cells
or in salt-stressed cells. Table 2 shows the half-inhibitory concentra-
tion (pI50) of DCMU that was calculated from the inhibitor titration
curves of the slowly decaying component (0.6 s) which reflects the
amount of centers in which S2QA

− recombination occurs. Salt stress
resulted in a about 6-fold increase in the half-inhibitory concentration
Table 1
Effects of salt stress on the parameters of decay kinetics of flash-induced variable
fluorescence in Spirulina platensis cells

NaCl
concentration

Total
amplitude

Fast phase Middle phase Slow phase

(M) (%) t1/2 (μs) [A (%)] t1/2 (ms) [A (%)] t1/2 (s) [A (%)]

Without DCMU
0 100a 217±12 (72±1.4)b 2.1±0.3 (25±1.2) 11.2±0.8 (3±0.1)
0.2 91±2 218±10 (70±1.7) 2.4±0.2 (26±1.7) 8.7±0.3 (4±0.1)
0.4 86±3 230±16 (67±2.2) 2.7±0.3 (27±2.1) 5.5±0.3 (6±0.1)
0.6 73±2 279±19 (56±2.1) 3.2±0.4 (26±2.1) 3.2±0.1 (18±0.5)
0.8 65±2 876±90 (29±1.4) 25.8±4.8 (25±1.5) 1.8±0.1 (46±1.0)

With DCMU
0 100 −(0) −(0) 0.61±0.02 (100)
0.2 89±2 −(0) 22.2±1.2

(4.3±1.5)
0.57±0.04
(95.7±2.4)

0.4 82±1 −(0) 32.4±1.4
(10.2±1.0)

0.60±0.03
(89.8±2.6)

0.6 66±2 −(0) 45.5±2.0
(16.4±1.1)

0.56±0.02
(83.6±1.8)

0.8 47±1 −(0) 52.3±1.8
(21.4±1.7)

0.62±0.04
(78.6±1.7)

S. platensis cells were exposed to different salt concentrations for 12 h and the relaxation
of the flashed-induced fluorescence yield was measured without or with 10 DCMU.
Exponential analysis yielded either three or two phasic kinetics with different half times
(t1/2) and amplitudes (A). Mean±SE values were calculated from four to six independent
experiments.

a Values represent the amplitude of total variable fluorescence as a percentage of that
in non-stressed control cells.

b Values in parentheses are relative amplitude as a percentage of total variable
fluorescence obtained from non-stressed control cells and different salt-stressed cells.



Table 2
Effects of salt stress on the half-inhibitory concentrations of DCMU in Spirulina platensis
cells

MCMU (μM)

Control (0 M NaCl) 0.8 M NaCl

pI50 for the amplitude of the slow phase 0.31±0.012 1.82±0.015
pI50 for the activity of oxygen evolution 0.30±0.013 1.55±0.013

S. platensis cells were exposed to 0.8MNaCl for 12 h. The activity of oxygen evolution and
the relaxation of the flashed-induced fluorescence yield were measured after addition of
various concentrations of DCMU. The fluorescence curves were analyzed by using three
exponential components. The activities of oxygen evolution and the amplitudeof the slow
phase that reflects the recombination of QA

− with the S2 state were plotted as a function
of DCMU concentration and thus the half-inhibitory concentrations were determined.
Mean±SE values were calculated from four to six independent experiments.
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of DCMU. To further confirm this result, the inhibitor titration curves
of oxygen evolution were also performed. Table 2 shows that com-
pared to control cells, there was a 5-fold increase in the pI50 value of
DCMU in the cells treated with 0.8 M NaCl.

When Chl fluorescence induction kinetics is determined in the pre-
sence of 10μM DCMU, the fluorescence relaxation reflects the reoxida-
tion of QA

− via recombination with donor-side components. Salt stress
resulted in a decrease in the initial amplitude and accelerated the decay
kinetics (Fig. 4). The analyses of these fluorescence relaxation curves
showed that in control cells, a slow component with about 0.6s time
constant dominated the decay (Table 1). With increasing salt concen-
Fig. 4. Effects of salt stress on the decay of Chl a fluorescence yield in S. platensis cells.
Fluorescence decays induced by single-turnover flash were measured in the presence of
10 μM DCUM. (A) The curves are the actual data of the fluorescence signals; (B) The
curves were normalized relative to the total variable fluorescence.
tration, there was no significant change in the time constant for this
slow component but its relative amplitude decreased to 78.6% at 0.8 M
NaCl. On the other hand, salt stress induced an appearance of a fast
phase with 20–50 ms time constant besides the slow component. Its
relative amplitude increased with increasing salt concentration and
reached 21.4% at 0.8MNaCl. By performing inhibitor titration of oxygen
evolution in the control and salt-stressed cells, we have checked that
electron transport through PSII was completely inhibited at 10μM
DCMU. Thus, electron transfer from QA to QB was fully blocked in the
oxygen-evolving centers. Therefore, the fast phase induced by salt
stress observed in this studymight arise from forward leak of electrons
through the DCMU blocking in centers, which do not evolve oxygen. To
investigate this possibility, we examined the effects of hydroxylamine
on thefluorescence relaxation kinetics. Hydroxylamine releases theMn
cluster from PSII and it reduces Tyr-Z+ after its light-induced oxidation
[50]. Thus, the electrons that are stabilized on QA

− by DCMU have no
recombination partner. Therefore, the flashed-induced increase in Chl
fluorescence yield in control cells stayed almost constant and both the
fast and slow phases shown in the presence of DCMU were eliminated
by hydroxylamine (Fig. 5). Similar results were also observed in salt-
stressed cells. These results suggest that the fast phase induced by salt
stress should arise from the recombination reactions of QA

− with PSII
donor-side component(s).

3.3. Effects of salt stress on TL characteristics

TL was further used to investigate the effects of salt stress the
redox properties of the acceptor and donor sides of PSII, since it is a
useful tool for studying charge stabilization and subsequent recombi-
nation in PSII in higher plants and cyanobacteria. Recombination of
positive charges stored in the S2 and S3 oxidation states of the water-
oxidizing complex with electrons stabilized on the reduced QA and QB

acceptors of PSII results in characteristic TL emissions [38,51]. The TL
intensity reflects the amount of recombining charges, whereas the
peak temperature is indicative of the energetic stabilization of the
separated charge pair; the higher the peak temperature, the greater
the stabilization [52]. Illumination of single-turnover flash with the
plant or cyanobacterial sample after a short dark adaptation induces a
major TL band, called the B band which appears around at 30 °C and
arises from S2/S3QB

− recombination [51,53,54]. According to Govindjee
et al. [55], TL emission following single-flash excitation of dark-
adapted cyanobacterial cells results largely from the recombination of
Fig. 5. Effects of salt stress on the decay of Chl a fluorescence yield in S. platensis cells.
Fluorescence decays induced by single-turnover flash were measured in the presence of
10 μM DCUM and 5 mM hydroxylamine.



Fig. 7. Effects of salt stress on the flash-induced oscillation of the B thermoluminescence
band in S. platensis cells. Values represent mean of 8 independent measurements.

Fig. 6. Effects of salt stress on thermoluminescence glow curves in S. platensis cells. The
cells were excited with a single flash in the absence (A) and presence (B) of 10 μM
DCMU. The curves from the top to bottomwere recorded from control cells and the cells
treated with 0.2, 0.4, 0.6, and 0.8 M NaCl, respectively.
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the S2QB
− charge pair. If electron transfer between QA and QB is blocked

by DCMU, the B band is replaced by the so-called Q-band arising from
S2QA

− recombination at around 10oC [51,53].
Table 3
Peak emission temperatures of the TL curves in control and salt-stressed Spirulina
platensis cells

NaCl concentration (M) Peak temperature (°C)

Without DCMU With DCMU

0.0 26.5±0.1 5.1±0.1
0.2 27.0±0.1 5.5±0.2
0.4 28.8±0.2 6.5±0.1
0.6 30.8±0.1 8.7±0.1
0.8 32.5±0.1 10.3±0.1

The measurements were performed in the absence and presence of 10 μM DCMU.
Mean±SE values were calculated from four to six independent experiments.
Fig. 6 shows the TL glow curves in control and salt-stressed cells.
The control cells exhibited TL emission maxima for the S2QB

− and S2QA
−

charge recombination at approximately 26 and 5 °C, respectively. Salt
stress resulted in an upshift in the peak temperatures for the S2QB

− and
S2QA

− charge recombinations, relative to control cells. At 0.8MNaCl, the
peak temperatures for the S2QB

− and S2QA
− charge recombinationwere at

approximately 32 and 105 °C, respectively (Fig. 6, Table 3). Since the
temperature atwhichmaxima luminescence occurs is a function of the
free energy of stabilization of the charge-separated state, the upshifts
in the peak temperatures of the S2QB

− and S2QA
− recombination observed

in salt-stressed cells indicate that salt stress resulted in an increase in
the stabilities of both charge-separated states. Moreover, since the
increased stabilizations of the S2QB

− and S2QA
− recombination occurred

approximately in parallel, it seemsmost likely that these changeswere
due largely to a modification of the oxygen-evolving complex speci-
fically affecting the charge transfer characteristics of the S2 state.

Fig. 7 shows the oscillation of the Bband in control and salt-stressed
cells as a function of the number of flashes given prior to recording the
TL curves. In control cells, the intensity of the B band oscillated with a
periodicity of four with the maximum emission occurring on the
second flash. This is the same type of oscillation as observed in the
cyanobacteria [55,56] and for whole leaf tissue [57]. With increasing
salt concentration, the oscillatory patternwas gradually damped com-
pared to control cells. At 0.6 and 0.8MNaCl, the period-four oscillation
almost could not be observed.
Fig. 8. Effects of salt stress on the contents of CP47, CP43 and D1 proteins in S. platensis
cells.



Fig. 9. Effects of salt stress on the TMBZ-staining polypeptides of thylakoids isolated
control and salt-stressed S. platensis cells.

Fig.10. Effects of salt stress on the contents of the PsbO protein in the thylakoid fractions
(A) and the soluble fractions (B) isolated from the control and salt-stressed S. platensis
cells. Thylakoid fractions and soluble fractions were isolated from the broken cells.
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3.4. Effects of salt stress on CP47, CP43, D1, cytochrome c550, and psbO
proteins

In order to investigate if the decreased PSII activity in salt-stressed
cells was associated with the changes in the contents of PSII proteins,
we further examined the effects of salt stress on several major pro-
teins of PSII. Salt stress had no significant effects on the content of
CP47 and CP43. The content of D1 protein did not show a significant
change until salt concentration reaching to 0.6 M NaCl and showed a
slight decrease only a 0.8 M NaCl (Fig. 8).

We also examined the effects of salt stress on the contents of
TMBZ-staining cytochromes. TMBZ staining exploits the inherent
peroxidase activity of cytochromes after gel electrophoresis and is in
particular useful for detection of c-type cytochromes [42]. Four cyto-
chromes were observed in the present study (Fig. 9). According to their
molecular masses and patterns of electrophoresis, these four cyto-
chromes were identified as cytochrome f, cytochrome b, cytochrome
c550, and cytochrome b559 [42,58,59]. Our results show that salt stress
had no effects on the contents of cytochrome f, cytochrome b, cyto-
chrome c550, and cytochrome b559.

Since it has been reported that a cyanobacetrium Synechocystis sp.
PCC6803 genetically lacking themanganese-stabilizing protein, i.e. the
PsbOprotein, of PSII shows an increased stability of the S2 state [56],we
explored if the change in the S2 state induced by salt stress was asso-
ciated with a decrease in the content of the PsbO protein in the thyla-
koidmembranes. We examined the changes in the content of the PsbO
protein in the thylakoids fraction and the soluble fraction in control and
salt-stressed cells. Fig.10 shows thatwith increasing salt concentration,
the content of the PsbO protein in the thylakoid fraction decreased
significantly while the content of the PsbO protein in the soluble frac-
tion increased significantly, suggesting that salt stress induces a disso-
ciation of the PsbO protein from the thylakoid membranes.

4. Discussion

Our previous studies have shown that salt stress inhibits the PSII
activity in S. platensis cells [23,24,28]. In the present study, we ex-
tended our investigation to the possible mechanisms of this decreased
PSII activity. Thus, we have determined the changes in the character-
istics of TL curves and flash-induced Chl fluorescence kinetics in salt-
stressed cells to examine how salt stress affects the electron transfer at
the donor and acceptor sides of PSII.

Flash-induced Chl fluorescence kinetics is a useful to study the
electron transfer at the donor and donor sides of PSII. The double-
modulation technique [39] makes it possible to measure fluorescence
yield changes in a very broad time range from 100 μs to 100 s and thus
to study the reoxidation processes of QA

− by both forward and back
reactions. Analyses of fluorescence decay kinetics show that a signi-
ficant increase in the decay half time of the fast phase and a significant
decrease in its amplitude (Fig. 3, Table 1), suggesting that salt stress
results in an inhibition of electron transfer from QA to QB. Such an
inhibition may be due to a decrease in the apparent equilibrium con-
stant (Kapp) for sharing the electron between QA and QB. To check this
possibility, here we discuss how salt stress affects the Kapp.

In the absence of DCMU, the t1/2 of the slow phase in control cells
was about 11s. However, in the presence of DCMU, the t1/2 of the slow
phase decreased to about 0.6s in control cells (Table 1). The slow phase
reflects the reoxidation of QA

− via charge recombination with the S2
state. In the presence of DCMU, the slow phase occurs from the S2QA

−

recombination in PSII centers. Thus, the differences in the t1/2 indicate
that in the absence of DCMU, the recombination should occur from the
QAQB

− state, which is in charge equilibriumwith the QA
−QB state. There-

fore, the relationship of recombination half time occurring through
charge equilibrium can be described as t1/2(S2QAQB

−)= t1/2(S2QA
−) (1 +

Kapp) [60]. Using a t1/2(S2QAQB
−) of 11s in the absence of DCMU and a t1/2

(S2QA
−) of 0.6 s in the presence of DCMU in control cells, we calculated

that Kapp was about 17. This calculated value of Kapp agrees well with
previous reported values of Kapp being 15–20 [61,62], which supports
the analyses of fluorescence relaxation kinetics used in this study. Our
results show that salt stress resulted in a decrease in the t1/2 of the slow
phase in the absence of DCMU (S2QAQB

− recombination) but had no
effects on the t1/2 of the slow phase in the presence of DCMU (S2QA

−

recombination) (Table 1). Using these data, we calculated that the
values of Kapp were about 13, 8, 4, 2 in the cells treatedwith 0.2, 0.4, 0.6
and 0.8 M, respectively, indicating that Kapp decreased with increasing
salt concentration.

The decreased Kapp in salt-stressed cells might be associated with a
decreased affinity of QB binding pocket. Indeed, we observed that salt
stress induced an increase in the t1/2 of themiddle phase in the absence
of DCMU (Table 1). This decay component is assigned to reoxidation of
QA
− in the centers inwhich a vacant QB site has to be reoccupied by a PQ

molecule before the QA
− to QB electron transfer can take place. Thus, an

increase in the t1/2 of the middle phase in salt-stressed cells suggests
that salt stressmay result inmodifications of the QB niche bywhich PQ
binding is sloweddown. To confirm if salt stress induces amodification
of the QB niche, we performed inhibitor titration experiments either in
control cells or in salt-stressed cells to calculate the half-inhibitory
concentrations (pI50) of DCMU. We observed that there was a 6-fold
increase in the QB/herbicide binding niche in the pI50 value in the cells
treated with 0.8 M NaCl (Table 2). Thus, the inhibitor titration expe-
riments further confirm that salt stress induces a modification of QB

niche.
In this study, we were surprised to observe that the kinetics of

fluorescence yield relaxation exhibited an obvious acceleration when
measured in salt-stressed cells in the present of DCMU and that salt
stress induced an appearance of a fast phase with 20–50 ms time
constant besides the slow component (Fig. 4, Table 1). This fast phase
could be eliminated by hydroxylamine (Fig. 5), suggesting that this
fast phase in salt-stressed cells was associated with new recombina-
tion reactions of QA

− with the donor-side components. Similar results
have been reported in the cyanobacterium Synechocystis sp. PCC 6803
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mutants lacking a functional Mn cluster. The half times of the fast
component in the mutants range from 3.5 to 50 ms by fitting with an
exponential component and this fast phase is assigned to the recom-
bination of QA

− and Tyr-Z+ [63]. This fast phase assigned as the Tyr-Z+QA
−

recombinationwas also observed in dark-grown Chlamydomonas cells
lacking the function Mn cluster with the half time of 90 ms and in
isolated BBYparticles inwhich theMn cluster was inactivatedwith the
half time of 36ms [64,65]. Based on the half time of the fast compo-
nent observed in this study and previous similar reports, we propose
that the appearance of the fast decay of fluorescence relaxation in the
presence of DCMU in salt-stressed cells may also reflect charge re-
combination between Tyr-Z+ and QA

− . Stabilization of Tyr-Z+ in salt-
stressed cells is most likely the consequence of inhibited electron
transfer from the Mn cluster which is inactivated. Thus, our results
suggest that salt stress induces an inactivation of the Mn cluster.

To investigate the effects of salt stress on the function of the Mn
cluster, we measured the changes in the TL profiles in salt-stressed
cells. We observed a parallel increase in the stability of the S2QA

− and
S2QB

− charge recombination in salt-stressed cells as compared with
control cells (Fig. 6). TL measurements also show that with increasing
salt concentration, the period-four oscillation was much more highly
damped compared to control cells (Fig. 7). These results indicate that
salt stress induces an increase in the redox stability of the S2 state.
How could salt stress increase the stability of the S2 state? It ahs been
reported that the removing of the PsbO protein from PSII preparations
in vitro by measuring TL profiles and by monitoring deactivation
kinetics of the S states have shown that the loss of the PsbO protein is
accompanied by an increase in the stability of the S2 state [66,67]. In
addition, it has been reported that the mutant lacking the PsbO pro-
tein results in upshifts in the peak temperatures of S2QA

− and S2QB
−

recombination by determining TL profiles and thus leads to an in-
crease in the stability of the S2 state in a cyanobacterium Synechocystis
sp. PCC 6803 [56]. In addition, earlier studies have demonstrated the
release of the PsbO protein in response to salt stress by using isolated
PSII particles [68–70]. These studies and the results from the TL
profiles in salt-stressed cells prompt us to propose that the increased
stability of the S2 state in the salt-stressed may be due to the de-
creased PsbO protein in the thylakoid membranes. To investigate this
possibility, we examined the effects of salt stress on the content of the
PsbO protein. We observed that salt stress indeed resulted in a signi-
ficant decrease in the content of psbO protein in the thylakoid fraction.
On the other hand, we observed that the content of PsbO protein in the
soluble fraction increased significantly with increasing salt concen-
tration (Fig. 10). The changes in the content of the PsbO protein in the
thylakoid fraction and in the soluble fraction suggest that salt stress
induces a dissociation of the PsbO protein from the thylakoid mem-
branes. Therefore, the increased stability of the S2 state in salt-stressed
cells is associated with the dissociation of the PsbO protein from the
thylakoid membranes.

The results in this study clearly demonstrate that salt stress in-
duced significant effects on electron transfer of both the donor and
acceptor sides of PSII. It seems that the relationship between the
donor- and acceptor-side damage is complex. It has been reported that
the modifications of the PSII donor side may result in the changes in
the redox properties of the acceptor side components [71]. However,
the inhibitor binding experiments in this study show that the QB niche
can be still changed in salt-stressed cells, which retain a functional
oxygen-evolving complex (Table 2). Thus, our data suggest that salt-
stress-induced changes in the donor and acceptor sides of PSII in
S. platensis are the separated events and that the QB binding niche
is already modified by salt stress prior to inactivation of the oxygen-
evolving complex.

Our results demonstrated that the levels of CP47, CP43, and D1
proteins were unchanged in S. platensis cells after exposure to differ-
ent salt concentrations up to 0.8 M NaCl (Fig. 8). However, the oxygen-
evolving activity of PSII decreased significantly with increasing salt
concentration (Fig. 2) and the maximal efficiency of PSII photochem-
istry showed a significant decrease at 0.8 M NaCl (Fig. 1). These results
suggest that there was a decrease in the functional activities of PSII
though the levels of CP47, CP43, and D1 remained unchanged. The
similar discrepancy on the D1 level and the oxygen-evolving activity
of PSII was also observed in previous studies [72,73], which was
explained by the fact that immunoblotting analysis revealed the im-
paired form of D1 in addition to the active form [74,75]. Accordingly,
the discrepancy on the levels of CP47, CP43, and D1 and PSII activity
observed in this study could be similarly explained that immunoblot-
ting analyses in this study might reveal the impaired forms of CP47,
CP43, and D1 in addition to the active forms [74,75]. In addition, our
results show that salt stress resulted in a release of the PsbO protein
(Fig. 10). Thus, the significant decrease in the oxygen-evolving activity
of PSII could be also explained by the release of the PsbO protein even
though therewas no significant change in the levels of CP47, CP43, and
D1 proteins.

In conclusion, the results in this study have demonstrated that salt
stress induces themodifications of the donor- and acceptor side of PSII
in S. platensis cells by measuring TL profiles and flash-induced fluore-
scence kinetics and analyzing major proteins of PSII. Our results show
that salt stress leads to a modification of the QB niche at the acceptor
side. Our results also show that salt stress results in an increase in the
stability of the S2 state at the donor side, which is associated with a
dissociation of the PsbO protein from the thylakoid membranes.
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