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;
High-temperature effects on Photosystem II and plasma

membranes, temperature dependence of growth, and accli-
mation to the growth temperature were studied in a meso-
philic cyanobacterium, Synechocystis sp. PCC6803. The
following results were obtained. (1) Small but distinct tem-
perature acclimation of the PSII reaction center activity was
shown for the first time when the activity was measured at
inhibitory high temperatures. However, the reaction center
activity showed no apparent acclimation when it was mea-
sured at growth temperatures after heat stress. (2) Oxygen-
evolving activity and the permeability of plasma mem-
branes showed higher resistance to heat when PCC6803 cells
were grown at higher temperatures. (3) Acclimation of pho-
tosynthesis to the growth temperature seemed to occur so as
to maintain photosynthesis activity not at a maximum level
but in a certain range at the growth temperatures. (4) Nei-
ther sensitivity to high-temperature-induced dissociation of
phycobilisomes from the PSII reaction center complexes nor
degradation of phycocyanin were altered by changes in the
environmental temperature. (5) A close relationship between
the viability of cells and the structural changes of plasma
membranes (but not the inactivation of photosynthesis) was
observed. The denaturation process of PSII complexes and
the relationship between the temperature dependence of the
growth of Synechocystis PCC6803 cells and that of the pho-
tosynthetic activity are also discussed.
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Abbreviations: DBMIB, 2,5-dibromo-3-methyl-6-isopropyl-p-
benzoquinone; DCIP, 2,6-dichlorophenolindophenol; DPC, 1,5-
diphenylcarbazide; Fo, minimum level of Chl fluorescence; Fm, maxi-
mum level of Chl fluorescence; Fv, variable part of Chl fluorescence
(Fv=Fm–Fo); HSP, heat shock protein; LHCII, light-harvesting Chl a/b
protein complexes of PSII; PBS, phycobilisome(s); QA and QB, pri-
mary and secondary quinine electron acceptors of PSII; TQ, toluqui-
none (methyl- p-benzoquinone).

Introduction

It is well known that high temperature inhibits the
oxygen-evolving activity of PSII (Katoh and San Pietro 1967).
At temperatures slightly higher than the growth temperatures
(e.g. at around 40�C in the case of spinach), the manganese-
stabilizing 33 kDa protein is dissociated from the PSII reaction
center complex, resulting in the release of manganese atoms
and the deactivation of oxygen evolution (Enami et al. 1994,
Yamane et al. 1998). At higher temperatures (at around 60�C in
spinach) the primary charge separation reaction of PSII
becomes inhibited (Döring et al. 1969, Klimov and Krasnovskii
1981, Yamane et al. 1998). At chilling temperatures, on the
other hand, the repair cycle of a damaged D1 protein of a pho-
toinhibited PSII reaction center complex has been shown to be
suppressed in cyanobacteria (Gombos et al. 1994, Kanervo et
al. 1997). Accordingly, light becomes quite harmful to PSII at
both high and low temperatures.

It is also well known that oxygenic photosynthetic organ-
isms acclimate to changes in the environmental temperature,
although there are high- and low-temperature limits for this
phenomenon (Berry and Björkman 1980). From the results
mentioned above it seems reasonable to assume that the tem-
perature sensitivity of PSII determines both the high- and low-
temperature growth limits of photosynthetic organisms, and
that acclimation of their growth can be attributed to the change
in the sensitivity of PSII to high or low temperatures. To our
best knowledge, however, there has been no report that clearly
proves this idea.

In cyanobacteria, acclimation to low temperatures takes
place in parallel with an increase in the desaturation level of
membrane fatty acids (Los et al. 1993). It is supposed that the
fluidity of the thylakoid membranes is controlled so as to main-
tain the membranes in the optimal condition for the damaged
D1 protein to be digested and then to be replaced by newly
synthesized protein (Kanervo et al. 1997, Sippola et al. 1998).
An increase in the desaturation level of fatty acids in the thyla-
koid galactolipids increases the resistance of the cyanobacte-
rial cells to low temperatures (Wada et al. 1994).
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When the ambient temperature is elevated, photosynthetic
organisms should decrease the fluidity of membranes, but
the relationship between the fluidity change and the high-
temperature acclimation of the oxygen-evolving system is not
clear (Wada et al. 1994, Nishiyama et al. 1999). At first, a
decrease in the desaturation level of fatty acids was thought to
increase the resistance to heat stress (Pearcy 1978, Raison et al.
1982). Later, deletion of �12-desaturase (Gombos et al. 1991)
or an increase in the unsaturation of membrane lipids (Wada et
al. 1994) was shown to have no effect on heat tolerance in
cyanobacteria. However, Arabidopsis (Hugly et al. 1989, Kunst
et al. 1989) and Chlamydomonas (Sato et al. 1996) mutants,
which have reduced content of highly unsaturated fatty acids in
chloroplasts, have been reported to have enhanced thermal sta-
bility of PSII.

Although the mechanism mentioned above is controver-
sial, acclimation phenomena of oxygen evolution to high tem-
peratures in cyanobacteria are well known. Using deletion
mutants, Nishiyama et al. (1994) and Nishiyama et al. (1997)
suggested that Cyt c550 (PsbV) or the 12 kDa protein (PsbU) is
related to the acclimation phenomenon. Conversely, the activity
of the reaction center of PSII was shown not to acclimate to
high temperatures (Nishiyama et al. 1993).

Heat-shock proteins (HSPs) are induced in cyanobacterial
cells by certain high-temperature treatment: about 10�C higher
than their usual growth temperatures (Nakamoto et al. 2000,
Tanaka and Nakamoto 1999). Furthermore, there have been
several reports that HSPs, especially low-molecular-weight
HSPs, have protective effects for the oxygen-evolving activity
and viability of the cells against heat stress (Lee et al. 1998,
Nakamoto et al. 2000). However, acclimation to the growth
temperature occurs at any growth temperature where HSPs are
not expected to be induced.

It should be pointed out that, in most work on tempera-
ture acclimation of photosynthesis, activities in the cells were
measured at their growth temperatures after high-temperature
treatments, and that photoautotrophic growth of the treated
cells was used as the measure of acclimation to high tempera-
tures. In the former case, reversible effects are ignored, and in
the latter case, all other fatal effects of the heat stress can be
mixed with the damage in photosynthesis.

In this paper we show the relationship between the tem-
perature dependence of growth, temperature dependence of
photosynthetic activity (especially that of PSII activity), and
acclimation to high temperatures in a mesophilic cyanobacte-
rium, Synechocystis sp. PCC6803. Effects of heat stress were
measured both at high temperatures and at growth tempera-
tures after the high-temperature treatments. We discuss the
high-temperature-induced degradation process of PS II com-
plexes and the relationship between the growth and the remain-
ing photosynthetic activity in mesophilic cyanobacteria. We
show that effects of high temperatures on photosynthetic activi-
ties are not directly related to the viability of cells.

Results

Temperature dependence of the photoautotrophic growth of
Synechocystis PCC6803

The growth of PCC6803 under usual light conditions
(60 �E cm–2 s–1) has quite characteristic temperature depend-
ence (Fig. 1). Maximum growth was obtained at 30�C, but this
cyanobacterium grew at a quite similar rate in a temperature
range from 25 to 40�C. Below 25�C and above 40�C, the cells
seemed to suffer from low- and high-temperature stress,
respectively, and they stopped growing at 15 or 45�C. This
temperature dependence of growth was quite different from
that in thermophilic cyanobacteria, Thermosynechococcus
elongatus (Yamaoka et al. 1978) and T. vulcanus (Inoue et al.
2000). The latter showed a clear peak at around 55�C, and it
dropped gradually at the lower side and sharply at the higher
side of the peak temperature.

Temperature dependence of photosynthesis and the PSII activity
in PCC6803 cells grown at different temperatures

Temperature dependence of oxygen evolution in the pres-
ence of bicarbonate is shown in Fig. 2. The rate of CO2 fixa-
tion at 25�C in the cells grown at this temperature was about
140 �mol O2 (mg Chl)–1 h–1, and the rate increased with eleva-
tion of the measurement temperature, until it reached a maxi-
mum at around 42�C. The maximum activity was around
400 �mol O2 (mg Chl)–1 h–1: almost three times larger than
measured at 25�C. On the other hand, the rate of oxygen evolu-
tion in the cells grown at 35�C was much lower than that in the
cells grown at 25�C at any temperature tested, except at around
52�C. The rate at 35�C was around 150 �mol O2 (mg Chl)–1 h–1

and reached a maximum at around 44�C. The rate at the peak
temperature (230 �mol O2 (mg Chl)–1 h–1) was almost a half of
that of the cells grown at 25�C. At measurement temperatures

Fig. 1 Temperature dependence of photoautotrophic growth of Syne-
chocystis sp. PCC6803. For details, see Materials and Methods.
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higher than 44�C, the activity of the cells grown at 35�C
decreased in a similar way as in the cells grown at 25�C. There
was no activity in the cells grown at 25�C but a small activity
in the cells grown at 35�C when measured at 52�C, showing
somewhat increased resistance to heat in the cells grown at
35�C.

The quite interesting point is that the oxygen-evolving
activity measured at 35�C of the cells grown at 35�C was
almost the same as that in the cells grown at 25�C and meas-
ured at 25�C. In other words, cells show almost the same oxy-
gen evolution rate when measured at their growth temperature.
In another set of experiments, the photosynthetic rate and elec-
tron transport activity through PSII were compared in cells
grown at different temperatures (Fig. 3). The rates of photosyn-
thesis were almost the same when they were measured at the
growth temperatures (solid circles). Because these cells showed
almost the same PSII activity (triangles), the constant rate of

photosynthesis seems to be due to PSII except in the cells
grown at 40�C, in which the PSII activity was markedly higher
than the photosynthesis activity. As can be expected from the
data shown in Fig. 2A, the maximum photosynthetic rate,
which measured at 43�C, decreased with an increase in the cul-
tivating temperature. These characteristics were quite different
from those of a thermophilic cyanobacterium, T. elongatus. In
this thermophilic cyanobacterium, the temperature dependence
of photosynthesis was little changed by its growth temperature
(Yamaoka et al. 1978).

When the rate of oxygen evolution was measured at the
growth temperature after a 5-min high-temperature treatment,
the cells grown at 35�C became resistant to high temperatures
(Fig. 2B). The temperature at which the inhibition became rec-
ognizable or the temperature at which the oxygen evolution
was inhibited by 50%, shifted about 2�C upward in the cells
grown at 35�C compared with the cells grown at 25�C.

Fundamentally the same results were obtained when oxy-
gen evolution mediated solely by PSII was measured (Fig. 4).
In the presence of DBMIB, which inhibits electron flow
through the cytochrome b6 /f complex, and toluquinone (TQ) as
an electron acceptor, high rates of oxygen evolution were
observed. The maximum temperature clearly shifted with a
change in the growth temperature. But, as shown in Fig. 3, the
activities at their growth temperatures were almost the same
(Fig. 4A). When the PSII activity was measured at the growth
temperatures after high-temperature treatments (Fig. 4B), simi-
lar results as in Fig. 2B were obtained. It is clear that inhibition
by, and acclimation to, high temperatures of photosynthesis can
be attributed to those of PSII activity.

Fig. 2 Effects of high temperatures on photosynthesis in PCC6803.
(A) Rates of oxygen evolution in the presence of 5 mM NaHCO3 were
measured immediately after 5 min of incubation at the indicated tem-
peratures or (B) at the growth temperatures after the treatments at tem-
peratures indicated in the figure in 25�C-grown cells (circles) and
35�C-grown cells (triangles). For other conditions, see Materials and
Methods.

Fig. 3 Effects of growth temperatures on the rate of photosynthesis
at the growth temperatures (solid circles) or at 43�C (open circles) or
on the PSII activity (triangles) in PCC6803 cells. Photosynthesis was
measured by oxygen evolution in the presence of 5 mM NaHCO3, and
the PSII activity in the presence of 1 mM TQ, 1 mM ferricyanide, and
3 �M DBMIB. For other conditions, see Materials and Methods.
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Temperature dependence of the reaction center activity of PSII
The Fv values in the presence of NH2OH and DCMU

(Fig. 5A) were found to reflect the PSII reaction center activ-
ity, that is, the electron flow from P680, the reaction center Chl
dimmer of PSII, to QA (Yamane et al. 1998). Although the dif-
ference between the cells grown at 25�C and those grown at
35�C was small, it was clearly and constantly observed that the
Fv value in the cells grown at 35�C showed higher heat toler-
ance than that in the cells grown at 25�C when the values were
measured at the treatment temperatures (Fig. 5A, closed sym-
bols). This suggests that the PSII reaction center activity also
becomes tolerant to heat when the cells are grown at higher
temperatures. However, when the Fv value was measured at the
growth temperature after the heat treatment, the difference
became almost negligible in cells treated at a temperature
higher than 50�C (Fig. 5A, open symbols).

To examine if the Fv value in the presence of DCMU and

NH2OH really reflects the reaction center activity of PSII in
cyanobacteria, we compared the Fv value with the DCIP pho-
toreduction activity with DPC as an electron donor in thyla-
koids isolated from PCC6803 (Fig. 6). Both the Fv value and
the PSII reaction center activity decreased by high-temperature
treatment almost in the same way, supporting the notion that
the Fv value in the presence of DCMU and NH2OH reflects the
reaction center activity of PSII. The higher thermostability of
the PSII reaction center activity in isolated thylakoids (Fig. 6)
than in cells (Fig. 5A) may come from the difference in the
media surrounding the thylakoids.

Temperature dependence of a fluorescence parameter, Fo
High-temperature-induced increases in minimum fluores-

cence, Fo, has been shown to reflect deactivation of the PSII
reaction center and dissociation of phycobilisomes (PBS) from

Fig. 4 Effects of high temperatures on the PSII activity in PCC6803
cells. (A) Rates of oxygen evolution in the presence of 1 mM TQ,
1 mM ferricyanide and 3 �M DBMIB were measured immediately
after 5 min of incubation at the indicated temperatures or (B) at the
growth temperatures after the treatments at temperatures indicated in
the figure in 25�C-grown cells (circles) and 35�C-grown cells (trian-
gles). For other conditions, see Materials and Methods.

Fig. 5 Effects of high-temperature treatments on the Fv values (A) of
Fo levels (B) in the presence of NH2OH and DCMU in PCC6803 cells.
Fluorescence Fv values and Fo levels were measured immediately
after 5 min of incubation at the indicated temperatures (closed sym-
bols) or at the growth temperatures after the treatments at the indi-
cated temperatures (open symbols) in 25�C-grown (circles) and 35�C-
grown (triangles) cells in the presence of 0.1 mM NH2OH and 10 �M
DCMU. For other conditions, see Materials and Methods.
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the PSII reaction center complexes in cyanobacteria (Inoue et
al. 2000). In accordance with the data shown in Fig. 5A by
closed symbols, the Fo level showed higher heat resistance in
the cells grown at 35�C than in the cells grown at 25�C when it
was measured at the treatment temperature (Fig. 5B, closed
symbols). However, when the Fo level was measured at the
growth temperature after the high-temperature treatments (open
symbols), there was almost no difference between the cells
grown at 25�C and those grown at 35�C. Because detachment
of PBS from the PSII reaction center complex is irreversible
(data not shown, but see Inoue et al. 2000), no difference in the
Fo level measured at the growth temperatures suggests that the
binding affinity of PBS to PSII reaction center complexes is
not acclimated to high temperature. The rapid decrease in fluo-
rescence at a temperature over 60�C is due to denaturation of
phycobiliproteins and the PSII complexes (Inoue et al. 2000).
A precise measurement of high-temperature-induced denatura-
tion of phycocyanin (absorbance decrease at 620 nm) showed
no difference between the cells grown at 25�C and those grown
at 35�C (data not shown).

Permeability of plasma membranes of PCC6803 cells
High temperatures cause structural changes of plasma

membranes, resulting in increased leakage of various ions
through the membranes (Inoue et al. 2000). Cells grown at
25�C and 35�C were examined for high-temperature-induced
electrolyte leakage in order to check acclimation of the cell

membranes to the growth temperature (Fig. 7). The conduct-
ance increases as the pre-treatment temperature increases; but
at a certain temperature, the slope of the increase becomes
sharper, showing that the cell membranes become leaky at that
temperature. The break point for cells grown at 25�C was 48�C
(Fig. 7A), while that for cells grown at 35�C was 50�C (Fig.
7B), indicating a slight increase in the resistance of cell mem-
branes to heat.

Viability of PCC6803 cells after high-temperature treatments
As Inoue et al. (2000) reported previously using ther-

mophilic T. vulcanus cells, the high-temperature-induced dam-
age in the plasma membranes, indicated by increased leakage
of the electrolyte, is critical for survival of the cells at high
temperatures. Figure 8A and B show growth curves for cells

Fig. 6 Effects of high-temperature treatments on the DCIP photore-
duction with DPC as an electron donor and on the Fv values in the
presence of NH2OH and DCMU in PCC6803 thylakoids. Thylakoid
membranes from 25�C-grown PCC6803 cells were treated at the indi-
cated temperatures for 5 min and then further treated at 25�C for
another 5 min, and the reaction center activities (open circles) and the
Fv values (closed circles) were measured at 25�C. The reaction mix-
ture contained 50 mM tricine-NaOH (pH 7.5), 10 mM CaCl2, 0.6 M
sucrose, 1.0 M betaine, 1 mM DPC, and 50 �M DCIP. The activity of
DCIP photoreduction and the Fv values normalized by Fo at 100%
were 50 �mol DCIP reduced (mg Chl)–1 h–1 and 0.14, respectively. For
other conditions, see Materials and Methods.

Fig. 7 Effects of high-temperature treatments on electrolyte leakage
in 25�C- and 35�C-grown PCC6803 cells. Electrolyte leakage was
estimated from an increase in the conductance. Cells were treated at
the indicated temperatures for 5 min, further incubated at their growth
temperatures (25�C for A and 35�C for B) for 5 min, and then the con-
ductance was measured at each temperature. Data are average of three
different experiments � S.D. For other conditions, see Material and
Methods.
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grown at 25�C and 35�C after a 5-min treatment of the cells at
various temperatures. Treatment of the cells grown at 25�C at
temperatures up to 48�C for 5 min had almost no effect on their
growth; but a treatment at 52�C (only 4�C higher) completely
inhibited growth. A treatment at 50�C caused a marked time
lag for the growth of cells grown at 25�C, while there was no
effect for cells grown at 35�C. It is evident that the critical tem-
perature shifted from 50 to 52�C when the growth temperature
of PCC6803 cells was shifted from 25 to 35�C.

Discussion
Acclimation to the growth temperature in a mesophilic

cyanobacterium, PCC6803, seems to occur in a manner to
maintain the photosynthetic rate in a certain range of around
120–200 �mol O2 (mg Chl)–1 h–1 (or the PSII activity, around
200–300 �mol O2 (mg Chl)–1 h–1 except in the cells grown at
40�C). In Fig. 3 we did not show the data for cells grown at
temperatures lower than 25�C or higher than 40�C because the
PSI/PSII ratio and binding of PBS to PSII had been modified at
these growth temperatures (data not shown). Changes in the
fluidity of thylakoid membranes must play a crucial role in

maintaining the rate of electron flow in a certain range (Los et
al. 1993). This is because the rate-limiting step of the photo-
synthetic electron transport chain is on the site of plastoqui-
none movement in thylakoids, which is highly temperature-
dependent (Hirano et al. 1981). However, the physiological
importance of and mechanisms that regulate the electron trans-
fer rate have yet to be clarified. As for the physiological mean-
ing, we suppose that the regulation of electron flow is to avoid
formation of active oxygen species over its capacity to scav-
enge them because mechanisms to quench excess light energy
such as xanthophyll cycles are not developed in cyanobacteria
(Demmig-Adams 1990). Another possibility is that a highly

Fig. 8 Growth curves of PCC6803 after high-temperature treat-
ments. After treatments at the indicated temperatures for 5 min, the
cells grown at 25�C (A) or 35�C (B) were cultivated in the culture
medium at 25�C. For other conditions, see Materials and Methods.

Fig. 9 A schematic model of the high-temperature-induced denatura-
tion process of the PSII complex in mesophilic cyanobacteria (upper
panel). PSII complex denaturates by heat through three intermediate
forms. Forms B�, C� and D� are forms at the growth temperature after
high-temperature stress. Form A, a native form. In form B, the PSII
complex has no oxygen-evolving and no reaction center activities, but
the both activities are recovered when the cells were cooled down to
the growth temperature (form B�). In form C, the PSII complex has no
manganese cluster and no reaction center activity, but it recovers the
reaction center activity without recovery of oxygen evolution on cool-
ing to the growth temperature (form C�). In form D, the PSII complex
becomes a less-fluorescent form, but it returned to a fluorescent but
not active form (form D�) after incubation at the growth temperature.
Form E, a completely denatured and less-fluorescent form. Tempera-
ture dependence of transfer to forms B+C, D, and E (lower panel) in
cells grown at 25�C can be drawn by the Fo increase at high tempera-
tures (Fig. 5B, closed circles), the Fo increase at 25�C (Fig. 5B, open
circles), and the Fo decrease at 25�C at temperatures over 60�C (Fig.
5B, open circles), respectively. Conversion to form C, which corre-
sponds to degradation of form B, can be calculated from the decrease
of oxygen evolution at 25�C (Fig. 4B, closed circles).
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reduced state in the cell disorders metabolism, and that there
might be a mechanism to keep a certain redox level inside the
cell by changing the activity of photosynthesis. The original
strain of PCC6803 cannot grow with glucose under light (Wil-
liams 1988); light seems to increase greatly the reduction level
inside the cells.

PCC6803 has a quite different temperature dependence of
growth compared to thermophilic cyanobacteria, Thermosyne-
chococcus elongatus and T. vulcanus (Yamaoka et al. 1978,
Inoue et al. 2000). From the sequence of the 16 S rRNA, a ther-
mophilic Synechococcus elongatus was found to be a quite dif-
ferent species from a mesophilic S. elongatus. So, accordingly,
Katoh et al. (2001) proposed a new genus name, Thermosyne-
chococcus, for the thermophilic ones. The temperature depend-
ence of growth in these thermophilic cyanobacteria is almost
the same as the temperature dependence of photosynthesis, but,
in PCC6803, they are quite different (Fig. 1, 2). The growth
rates at 25�C, 30�C, and 35�C were nearly the same (Fig. 1),
which is consistent with the rate of photosynthesis in cells
grown at these temperatures (Fig. 3). The temperature limita-
tion of growth at high temperatures as well as at low tempera-
tures seems to be due to limitation of PSII activity. When the
oxygen-evolving activity was measured at the treatment tem-
perature, the peak temperature shifted from 42�C to 44�C when
the growth temperature was increased from 25�C to 35�C (Fig.
2A). When the cells were grown at 42.5�C, the peak tempera-
ture of the PSII activity was also at 42.5�C (data not shown).
Therefore, it is reasonable to assume that photoautotrophic
growth of the cells at temperatures higher than 42.5�C is lim-
ited by PSII activity.

When cells were grown at higher temperatures (in the
experiments shown here, 35�C compared to 25�C), both oxy-
gen evolution and reaction center activity of PSII became more
tolerant to heat. An interesting point is that, for reaction center
activity, slight but clear resistance to heat became negligible
when the activity was measured at the growth temperature after
high-temperature treatment (Fig. 5). This might be the reason
why PSII reaction center activity has not been reported to accli-
mate to high temperatures in cyanobacteria (Nishiyama et al.
1993). On the contrary, oxygen evolution reaction in the cells
grown at 35�C showed higher and clearer heat resistance than
the cells grown at 25�C when the activity was measured at their
growth temperatures after heat treatments (Fig. 2, 4). Another
interesting point is that the high-temperature sensitivity of oxy-
gen evolution (Fig. 2A) was almost the same as that of the PSII
reaction center activity (Fig. 5).

We propose the following high-temperature-induced deac-
tivation process of PSII complexes in mesophilic cyanobacte-
ria (Fig. 9). There are at least three intermediate forms of the
PSII reaction center complex between a native form (form A)
and a completely denatured less-fluorescent form (form E).
The PSII complex in form B has no oxygen-evolving and no
reaction center activities, but it recovers both activities when
the cells are cooled to the growth temperature (form B�). In

form C, the PSII complex may lose the manganese cluster
(Yamane et al. 1998), and so the reaction center activity recov-
ers with no recovery of oxygen evolution on cooling to the
growth temperature (form C�). The PSII complex in form D is
less-fluorescent (Inoue et al. 2000), and it returned to form D�

after incubation at the growth temperature, which is fluores-
cent as the native form but has no reaction center activity
(Yamane et al. 1998). The data shown in Fig. 2, 4, and 5 clearly
show that only the formation and degradation steps of form B
acclimate to the growth temperature.

Heat-induced death of the cells was a phenomenon differ-
ent from the inhibition of photosynthesis. The cells grown at
25�C and then treated at 52�C for 5 min could not grow at
25�C (Fig. 7), but they still showed some photosynthetic activ-
ity at 25�C (Fig. 2B) after 5 min of incubation. Similar phe-
nomena can be observed in the cells grown at 35�C. Although
treatment at 50�C had some inhibitory effects on photosynthe-
sis in these cells, the treatment had no effect on their growth.

It is beyond doubt that photoautotrophic growth of cyano-
bacteria depends on their photosynthetic activities, but care
should be taken when the cell membranes have less tolerance
than photosynthesis, as in the case shown here. Fig. 7 and 8
clearly show that viability of PCC6803 cells and their acclima-
tion to the growth temperature, respectively, are related to the
semipermeability and acclimation to high temperatures of the
plasma membranes. The heat sensitivity of photosynthesis
seems not to be directly related to the viability, but seems to be
related to the high-temperature growth limit of the cells in
PCC6803.

Materials and Methods

A mesophilic cyanobacterium, Synechocystis sp. PCC6803
(glucose tolerant), was grown at various temperatures in a BG11
medium supplemented with 10 mM N-tris(hydroxymethyl)methyl-2-
aminoethanesulfonic acid (TES)-NaOH buffer (pH 8.0) using a culti-
vator FD 403 (Fujimoto Rika, Tokyo, Japan). Cells were continuously
illuminated with an incandescent lamp (60 �E m–2 s–1 photosyntheti-
cally active radiation) and bubbled with air containing 5% CO2. Num-
bers of cells were monitored by turbidity of the culture medium at
750 nm.

The cells were placed in the dark for about 30 min at their
growth temperatures and were treated at high temperatures for 5 min;
and then oxygen-evolving activities, fluorescence intensities, or their
absorption spectra were immediately measured at the treatment tem-
peratures. In other sets of experiments, the cells were cooled to their
growth temperatures after the high-temperature treatments and incu-
bated for another 5 min; and then oxygen evolution, Chl a fluores-
cence, or their absorption spectra were observed at the growth temper-
atures. Cell suspensions corresponding to 10–20 �g Chl ml–1 were
used for all measurements.

The rate of oxygen evolution was determined with a Clark-type
oxygen electrode. The saturating actinic light from a 12 V, 100 W hal-
ogen lamp was passed through a Toshiba Y-50 filter. The reaction mix-
ture contained BG11 and 5 mM NaHCO3 for CO2 fixation measure-
ments, or BG11, 1 mM methyl-p-benzoquinone (toluquinone, TQ),
3 �M 2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone (DBMIB),
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and 1 mM potassium ferricyanide for measuring PSII activity.
Chl fluorescence was measured with a pulse amplitude modulat-

ing fluorometer (PAM 101–103, Walz, Germany) as reported previ-
ously (Yamane et al. 1997). PSII reaction center activities were meas-
ured by the photoreduction of 2,6-dichlorophenolindophenol (DCIP)
with 1,5-diphenylcarbazide (DPC) as an electron donor with a Hitachi
356 dual-wavelength spectrophotometer (Hitachi, Japan), or by fluo-
rescence increases in the presence of 0.1 mM NH2OH and 10 �M
DCMU (Yamane et al. 1998). For detection of photoreduction of
DCIP, light-induced absorbance decreases at 580 nm were measured.
The actinic light from a 12 V, 100 W halogen lamp was passed through
a 5-cm water layer and a Toshiba R65 filter, and the photomultiplier
was protected by a Corning 4–96 filter. The reaction medium con-
tained 50 mM tricine-NaOH (pH 7.5), 10 mM CaCl2, 0.6 M sucrose,
1.0 M betaine, 1 mM DPC, and 50 �M DCIP.

Thylakoid membranes were prepared as reported by Mamedov et
al. (1991).

Turbidity at 750 nm and absorption spectra were measured with a
Multipurpose Spectrophotometer model MPS-2000 (Shimadzu, Kyoto,
Japan) equipped with a constant-temperature cell holder (P/N 204–
0803).

For measuring 77 K fluorescence emission spectra, cells in a
brass cuvette were incubated at high temperatures for 5 min and
quickly dipped into liquid nitrogen. The spectra were measured by a
laboratory-constructed fluorescence spectrophotometer as mentioned
previously (Yamane et al. 1997). Exciting light from a 12 V, 100 W
halogen lamp was passed through a Corning 4–96 filter.

Permeability of the cell membranes was measured by detecting
electrolyte leakage from the cells during high-temperature treatments.
Cells were sedimented by centrifugation at 5,000�g for 5 min and
were then suspended in distilled water, with this process repeated
twice. The electric conductivity of the cell suspension after 5-min
high-temperature treatments was recorded at 25�C or at 35�C by a con-
ductivity meter (CM-14P, Toa, Japan) equipped with a conductivity
cell (CVP-101P).
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