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Abstract

Membranes of wild-type (WT) cells of the cyanobacteriumSynechocystissp. PCC 6803 are abundant in polyun-
saturated fatty acids in membrane lipids and thus more fluid than membranes ofdesA−/desD− mutant cells which
contain no polyunsaturated fatty acids. Using intact cells we examined the effects of normal and chilling temper-
atures on membrane fluidity-dependent properties. We probed the thylakoid membranes by inducing light/dark
acclimative changes in chlorophylla (Chl a) fluorescence; and we probed the plasma membranes either by sup-
pressing the Chla fluorescence of light-acclimated cells under hyper-osmotic conditions, or by measuring the
electric conductivity of cell suspensions. Thylakoid membranes of mutant cells undergo reversible thermotropic
transition between 19◦C and 22◦C (midpoint at 20.5◦C). No analogous transition was detected in the thylakoid
membranes of WT cells in the temperature range from 2 to 34◦C. Plasma membranes of both WT and mutant
cells did not experience thermotropic transition in the temperature range from 2◦C to 34◦C as detected either
fluorimetrically or by means of electric conductivity. Hyper-osmotic conditions caused fast transient fluorescence
quenching in WT cells at 34◦C, but not at 14◦C, and not in mutant cells at either 34◦C or 14◦C. This transient
quenching sensed probably the higher fluidity of the plasma membranes of WT cells. Hyper-osmotic media and
dark acclimation had similar effects on the 77 K fluorescence ofSynechocystiscells: they suppressed the ratio of
photosystem II fluorescence to photosystem I fluorescence.

Abbreviations:Chl – chlorophyll; DCMU – 3-(3′,4′-dichlorophenyl)-1,1-dimethylurea; Hepes – N-2-hydroxyethyl
piperazine-N′-ethane sulfonic acid; PBS – phycobilisome; PS I, PS II – Photosystem I, Photosystem II; WT – wild-
type

Introduction

In oxygenic photosynthetic organisms (plants, al-
gae, cyanobacteria and prochlorophytes) the yield of
chlorophyll (Chl)a fluorescence is subject to photo-
chemical as well as to nonphotochemical quenching
processes (see reviews by Govindjee 1995; Joshi and
Mohanty 1995; Strasser et al. 1995; Papageorgiou

1996). Photochemical quenching relates directly to the
turnover of PS II reaction centers. It ceases when pho-
tosynthetic electron transport is blocked by inhibitors
(e.g., DCMU) that prevent spontaneous reoxidation
of QA

−, the reduced form of the plastoquinone elec-
tron acceptor of Photosystem II (PS II), by intersystem
intermediates. Nonphotochemical quenching is not re-
lated directly to the turnover of the PS II reaction
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center. It is caused by various environmental stimuli
that are classified asshort-termand long-term, rel-
ative to the time it takes them to manifest. Among
the long-term nonphotochemical modifiers of Chla
fluorescence are: zeaxanthin in the xanthophyll cycle
of higher plants (Demmig-Adams and Adams 1992;
Gilmore and Govindjee 1999); chromatic adaptation
in cyanobacteria (Fujita et al. 1994); and complemen-
tary chromatic adaptation in cyanobacteria (Grossman
et al. 1994).

A short-term nonphotochemical modifier of Chla
fluorescencein vivo is the acclimation of photosyn-
thetic organisms to light or darkness. After a period of
darkness (Papageorgiou and Govindjee 1967; Govin-
djee and Papageorgiou 1971) or after acclimation to
light that activates PS II (Fork et al. 1979) cyanobac-
terial cells emit weaker Chla fluorescence than after
acclimation to light that activates PS I (Fork et al.
1979). The state of weaker fluorescence is known as
light state 2and the state of stronger fluorescencelight
state 1(Murata 1969; Bonaventura and Myers 1969).
In light state 2 more electronic excitation is diverted
to the weakly fluorescent Chla of PS I than in light
state 1; in light state 1 more electronic excitation is
diverted to the strongly fluorescent Chla of PS II than
in light state 2 (Fork and Satoh 1986; Williams and
Allen 1987). The redistribution of the excitation en-
ergy during light/dark acclimation can be detected by
the fluorescence spectra at 77 K (Murata 1969; Fork
and Satoh 1986; Delphin et al 1996) or by the flu-
orescence decay-associated spectra of cyanobacterial
cells at room temperature (Mullineaux and Holzwarth
1991).

Recently, another short-term nonphotochemical
modifier of Chl a fluorescence of cyanobacteria has
been identified (Papageorgiou and Alygizaki-Zorba
1997; Papageorgiou et al. 1998): the suppression of
Chl a fluorescence of light-acclimated cyanobacterial
cells when they are exposed to hyper-osmotic pressure
with impermeable solutes. In contrast the Chla flu-
orescence of dark-acclimated cells was insensitive to
the hyper-osmotic environment.

Biological membranes are functional as long as
they are fluid (see Quinn 1988; Murata and Wada
1995; Murata and Nishida 1996; Murata and Los
1997). When cooled below the temperature at which
glycerolipid bilayers pass from the liquid-crystalline
state to the phase-separated state, membranes become
nonselectively permeable and lose biological func-
tion. Phase transition temperatures are lower when the
membranes are richer in polyunsaturated fatty acids.

When cyanobacterial cells are cultured in the upper
range of tolerated temperatures, saturated fatty acids
become abundant, and correspondingly the phase tran-
sition temperature shifts upwards. Conversely, when
cyanobacterial cells are cultured in the lower range of
tolerated temperatures unsaturated fatty acids become
abundant and the phase transition temperature shifts
downwards (Murata 1999).

Movement of integral proteins in the thylakoid
membrane has been implicated in the light/dark accli-
mative transitions of cyanobacteria (Mullineaux 1994;
Bald et al. 1996). Intuitively, we would expect such
events to be influenced by membrane fluidity but con-
vincing experimental proof was provided by Fork et
al. (1979) and Fork and Satoh (1983). The possibility
of alternate phycobilisme (PBS) docking and integral
photosystem rearrangements would predict different
absorption cross sections for the pigment antennae of
PS II and PS I in light states 1 and 2. This has been
also confirmed experimentally (Fork and Satoh 1986;
Mullineaux and Holzwarth 1991).

By inactivating specific acyl-lipid desaturases in
the cyanobacteriumSynechocystissp. PCC 6803,
Wada and Murata (1989) and Tasaka et al. (1996)
succeeded in selectively rectifying the16, 112 and
115 (ω3) double bonds of the fatty-acyl moieties
of glycerolipids. The most pronounced differences
were detected in thedesA−/desD− mutant cells whose
membrane glycerolipids lack polyunsaturated fatty
acids and contain only19-unsaturated and saturated
fatty acids. In contrast, membrane glycerolipids of WT
cells contain 66% of di-, tri- and tetra-unsaturated fatty
acids with double bonds at the115,112,19 and16
positions. The dramatic difference in fatty-acid satu-
ration between WT anddesA−/desD− mutant cells,
and hence in membrane fluidity, is reflected in the
phase transition temperature of thylakoid membrane
lipids (Tasaka et al. 1996), the slower proliferation of
mutant cells below 25◦C (Wada et al. 1992; Tasaka
et al. 1996), and the defective recovery of the PS II
function after photoinhibitory damage (Gombos et al.
1994; Kanervo et al. 1997).

In the present research, we compared WT and
desA−/desD− mutant cells ofSynechocystiswith re-
spect to: (a) the light acclimative rise of Chla fluo-
rescence (light state 2 – light state 1 transition) and
the dark acclimative decay of Chla fluorescence (light
state 1 – light state 2 transition; both thylakoid mem-
brane reporters); (b) the hyper-osmotically induced
quenching of Chla fluorescence (a plasma membrane
reporter); and (c) the electric conductivity of cell sus-
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pensions (also a plasma membrane reporter) at various
temperatures. We observed a reversible thermotropic
transition between 19◦C and 22◦C (midpoint at 20.5
◦C) in thylakoid membranes of mutant cells, but not of
WT cells. Above 20.5◦C, WT and mutant cells were
nearly indistinguishable; below 20.5◦C they differed
conspicuously. On the other hand, the plasma mem-
branes of both strains did not experience phase transi-
tions and preserved selective permeability and osmotic
functionality down to 2◦C. Fluorescence spectra at
77 K indicate that hyper-osmotic conditions and dark
acclimation suppress the ratio of PS II fluorescence to
PS I fluorescence inSynechocystiscells.

Materials and methods

Cultures of cyanobacteria

WT cells and desA−/desD− mutant cells ofSyne-
chocystissp. PCC 6803 (Tasaka et al. 1996) were
cultured in the BG11 medium of Rippka et al. (1979)
at 34◦C. The culture medium was buffered at pH 7.5
with 20 mM Hepes NaOH (hereafter buffered BG11).
Cultures were aerated with air containing 1% (v/v)
CO2 and illuminated with white light at approx. 50
µmol m−2 s−1.

Chl a concentrations of cyanobacterial cell suspen-
sions were determined in N, N-dimethylformamide
extracts (Moran 1982).

Solutions of defined osmolality

Solutions of defined osmolality were prepared by dis-
solving sorbitol or glycine betaine in buffered BG11.
Osmolalities were measured with a cryoscopic os-
mometer (Osmomat 030, Gonotech, Berlin, Ger-
many). The osmolality of buffered BG11 was 0.080
Osm kg−1. The osmolality of a cell suspension equals
the osmolality of the suspension medium since, prac-
tically, cells make no colligative contributions.

Cell suspensions are designatedhyper-osmoticor
hypo-osmoticrelative to theturgor thresholdof cells.
The turgor threshold is defined as the maximal sus-
pension osmolality at which cells still retain turgor,
and in cyanobacterial cells it can be estimated by plot-
ting the light-induced increase in Chla fluorescence
against the reciprocal of cell suspension osmolality
(Papageorgiou and Alygizaki-Zorba 1997; Papageor-
giou et al 1998). Only impermeable solutes contribute
to the external osmolality that cells perceive. Tur-
gor thresholds for WT cells anddesA−/desD− mu-

tant cells were 0.240–0.260 Osm kg−1 as determined
fluorometrically at 34◦C.

Kinetics of Chlafluorescence

Kinetics of light-induced and osmotically induced
changes in Chla fluorescence were measured with a
PAM fluorometer (Heinz Walz, Effeltrich, Germany)
as described by Papageorgiou and Alygizaki-Zorba
(1997) and Papageorgiou et al. (1998). Samples were
made in buffered BG11 at 10–12µg Chl/ml and con-
tained 20µM DCMU. We used (a) for measuring
fluorescence yields weak exciting light obtained as a
train of periodic pulses (1.6 kHz, 1µs wide, 650 nm,
1λ = 25 nm, 70 nmol m−2 s−1), and (b) for caus-
ing actinic effects, stronger continuous light (λ > 520
nm; 270 nmol m−2 s−1) obtained from an incandes-
cent lamp (KL-1500 Electronic, Schott Glasswerke,
Wiesbaden, Germany). The fluorescence, which the
weak modulated light excited, was amplified by a
frequency-sensitive amplifier and was displayed by
the Fluorescence Induction Program (QA Data Oy,
Finland; see Tyystjaervi and Karunen, 1990) or the
DA-100 software (Heinz Walz, Effeltrich, Germany).
Only modulated fluorescence that was synchronous
with measuring light was amplified and displayed.

Fluorescence spectra at 77 K

Fluorescence spectra at 77 K ofSynechocystiscell
suspensions were measured with a Hitachi 850 spec-
trofluorometer. Fluorescence was collected from the
front surface of a flat plastic sample holder (thickness
2 mm). The excitation wavelength was 580 nm (10 nm
bandwidth, exciting mainly phycobilins in PS II). Flu-
orescence spectra were scanned from 620 to 770 nm
(1 nm bandwidth, scanning speed 40 nm s−1, response
time 2 s).

Chilling-induced damage of cyanobacterial cell
membranes

The possibility of chilling-induced damage, that
would allow cytoplasmic electrolytes to leak through
the plasma membrane, was investigated by measuring
the electric conductivity of cell suspensions, as de-
scribed by Murata et al. (1984). Twice-washed cells
were resuspended in milli-Q water at 100µgChl/ml.
Conductivity was monitored continuously with an
electric conductivity meter (Model cm-2A; Toa Elec-
tronic Co., Tokyo, Japan) during cooling-rewarming
cycles at a rate of 0.5◦C min−1.
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Figure 1. The ratio F2/Iexc (proportional to the quantum yield of
Chl a fluorescence at level F2) as a function of Iexc, the modu-
lated excitation intensity. Measurements with desA−/desD− mutant
Synechocystissp. PCC 6803 cells. To overcome light meter limita-
tions at very weak light, excitation intensities were measured with
100 kHz-modulated light, which is 62.5 times more intense than
the 1.6 kHz-light exciting light. The arrow indicates the excitation
intensity used in the experiments.

Results

Light/dark-induced and osmotically-induced changes
of Chl a fluorescence

To ascertain that the modulated excitation sufficed to
reduce QA to QA

− quantitatively in DCMU-treated
Synechocystis, we plotted F2/Iexc (a quantity propor-
tional to the quantum yield of F2-level fluorescence)
against Iexc, the modulated excitation intensity (Fig-
ure 1). In the excitation intensity range from 50 to
200 nmol m−2 s−1 the yield of F2 fluorescence was
independent of Iexc. Above 200 nmol m−2 s−1 light
acclimation of the cell led to the increase of Chla
fluorescence.

Figure 2 illustrates the two methods we employed
in this research. In theosmotic equilibration method
(Figure 2A; see Papageorgiou and Alygizaki-Zorba
1997) cyanobacterial cells were suspended either in
hypo-osmotic medium (Osm = 0.080 kg−1; trace I)
or in hyper-osmotic medium (Osm = 0.487 kg−1;
trace II) and were dark-acclimated for 5 min before
recording the fluorescence trace. Illumination with
measuring light generated the characteristic weak Chl
a fluorescence (level F2, measured up to 30 s) of dark-
acclimated cells (light state 2; Mohanty and Govindjee
1973; Fork et al. 1979; Dominy and Williams 1987).
At the F2 level all QA was reduced to QA− (see Fig-
ure 1). Subsequent actinic illumination drove Chla
fluorescence to the higher level F1 that characterizes

light-acclimated (light state 1) cells. After the ac-
tinic light was turned off, cells changed back to the
dark-acclimated state (F2). After the measuring light
was turned off, the fluorescence signal vanished. The
fluorescence difference1F = F1 – F2 was smaller
in the hyper-osmotic suspension (Figure 2A, trace
II) than in the hypo-osmotic suspension (Figure 2A,
trace I). Plots of1F/F2 against inverse osmolality (kg
Osm−1) are linear, indicating ideal osmotic behavior
of cyanobacterial cells, and allow determination of
turgor thresholds (Papageorgiou and Alygizaki-Zorba,
1997).

In thehyper-osmotic injection method(Figure 2B;
Papageorgiou et al. 1998) a suspension ofSynechocys-
tis cells in buffered BG11 (0.080 Osm kg−1) was
first brought to the light-acclimated state (fluorescence
level F1, measured up to 30 s or more) and then it
was mixed either with buffered BG11 (1Osm kg−1

= 0; Figure 2B, trace III) or with sorbitol-containing
buffered BG11 (1Osm kg−1 = 0.407; Figure 2B, trace
IV). Mixing was performed by microsyringe injection
and was completed within 10 ms. This time limit is
set by the rate of signal sampling of the PAM fluo-
rometer. The injection depressed Chla fluorescence to
the lower level denoted as F1

′ (measured up to 30 s
or more) either because of sample dilution (trace III)
or because of the combined effects of sample dilution
and of hyper-osmotic quenching (trace IV). When the
actinic light was turned off, Chla fluorescence de-
cayed to the F2′ level, which was below the F2 level
of dark acclimated cells because of sample dilution.
The difference1F′ = F1

′ − F2
′, was independent

of dilution and smaller after hyper-osmotic injection
(Figure 2B, trace IV) than after hypo-osmotic injection
(Figure 2B, trace III). Plots of1F′/F2

′ against recip-
rocal osmolality allow estimation of turgor thresholds
of cyanobacterial cells. Additionally, the injection
method allows monitoring of dynamic solute and wa-
ter fluxes across plasma membranes of cyanobacterial
cells (Papageorgiou et al. 1998).

Light acclimation of wild-type and mutant
Synechocystis cells at chilling temperatures

According to Fork et al. (1979) and Fork and Satoh
(1983) thylakoid membranes must be fluid in order
to allow for dark- or light-acclimative transitions of
cyanobacterial cells. Membrane fluidity depends on
fatty acid unsaturation and can be manipulated physio-
logically by controlling the culture temperature, or ge-
netically, by inactivating membrane-bound acyl-lipid
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Figure 2. Light-induced and osmotically induced changes in Chla fluorescence intensity in suspensions of WTSynechocystissp. PCC 6803
cells. Open triangles: on/off times of modulated exciting light. Solid triangles: on/off times of continuous actinic light. Cell suspensions were
treated with 20µM DCMU and were acclimated to darkness for 5 min prior to recording the kinetic traces. Time bars indicate time scales. A.
Fluorescence kinetics recorded with cells suspended in buffered BG11 (0.080 Osm kg−1; trace I) or in buffered BG11 that was supplemented
with 0.384 M sorbitol (1Osm = 0.407 kg−1; trace II). B. Fluorescence kinetics recorded with cells suspended in buffered BG11. At times
indicated by arrows either buffered BG11 (1Osm = 0 kg−1; trace III), or sorbitol in buffered BG11 (1C = 0.383 M;1Osm = 0.407 kg−1;
trace IV) were injected. Cell suspension dilution 1:4, v/v.

desaturases (Murata and Los 1997 and cited refer-
ences). The transition from light acclimation to dark
acclimation was impaired below 44◦C, when ther-
mophilicSynechococcus lividuscells were cultured at
55◦C, and below 37◦C when they were cultured at 38
◦C (Fork et al. 1979). Similar results were reported for
the dark-acclimation to light-acclimation transition of
S. lividus(Fork and Satoh 1983).

In the experiment of Figure 3 we recorded light-
induced and dark-induced kinetics of Chla fluores-
cence with cell suspensions equilibrated at different
temperatures. Sharply different behaviors are evident
between WT and mutant cells. In WT cells the light-
induced fluorescence rise (F2 to F1) became progres-
sively slower as cell suspension temperature decreased
from 30◦C to 6◦C. At the same time, the dark-induced
fluorescence decay (F1 to F2) became also slower and
clearly biphasic at 6◦C (Figure 3A). However, the
fluorescence difference between the light-acclimated
state and the dark-acclimated state,1F = F1 – F2,
remained constant. In mutant cells the fluorescence
kinetics at 6◦C and 19◦C were entirely different from
those at 26◦C and 30◦C: level F1 was suppressed and
level F2 raised, indicating diminishing ability of the

chilled cells for the light acclimative transition. At 30
◦C or at 26◦C, however, WT cells anddesA−/desD−
mutant cells were indistinguishable.

Figure 4 plots1F values (obtained as in Figure 3)
against the cell suspension temperature. In WT cells
1F declined slightly without interruption. In contrast,
in mutant cells1F dropped abruptly to a lower level
between 22◦C and 19◦C (midpoint of 20.5◦C) and
approached zero as sample temperature approached 0
◦C. The discontinuity in the temperature curve of1F
indicates a physical state transition that occurred in
the thylakoid membranes of mutant cells but not of
WT cells. The transition was fully reversible. As soon
as the chilled mutant cells were rewarmed to 34◦C
normal light-induced and dark-induced kinetics of Chl
a fluorescence were restored (data not shown).

Chilling treatment and plasma membrane
functionality

Figure 5 displays temperature plots of electric con-
ductivities of cell suspensions from 26◦C to 2 ◦C,
measured continuously during cooling and rewarm-
ing cycles. There were no discontinuities evident that
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Figure 3. Light-induced changes of Chla fluorescence intensity
recorded with WT cells (upper panel) anddesA−/desD− mutant
cells (lower panel) ofSynechocystissp. PCC 6803 after dark ac-
climation and equilibration at indicated temperatures. Cells were
suspended in buffered BG11 in the presence of 20µM DCMU. A
time bar indicates the time scale.

Figure 4. The difference (1F = F1 – F2) between the Chla fluo-
rescence intensity cells in the light-acclimated state (F1) and in the
dark acclimated state (F2) as a function of the assay temperature.
WT cells anddesA−/desD− mutantSynechocystissp. PCC 6803
cells were suspended in buffered BG11, in the presence of 20µM
DCMU.

Figure 5. Temperature dependence of the electric conductivity of
suspensions of wild-type cells anddesA−/desD− mutant cells of
Synechocystissp. PCC 6803 during temperature scans from 26◦C
to 2 ◦C (solid lines) and back (2◦C to 26◦C; dashed lines). The
cells were suspended in milli-Q water at 100µg Chla ml−1 and the
temperature was scanned at a constant rate of 0.5◦C min−1. Arrows
indicate the directions of temperature scanning.

might suggest uncontrollable leakage of cytoplasmic
electrolytes. A discontinuous irreversible increase in
electric conductivity would signify a phase transition
of plasma membranes and, indeed, such an effect was
detected upon chillingAnacystis nidulanscells but not
upon chillingAnabaena variabiliscells (Murata et al.
1984). Thus, although thedesA−/desD− mutant of
Synechocystissp. PCC 6803 resembles the chilling-
sensitiveA. nidulansin glycerolipid unsaturation, its
plasma membranes behave similarly to those of the
chilling-tolerantA. variabilis. For unknown reasons
suspensions of mutant cells were more conductive
than suspensions of WT cells.

Figures 6 and 7 illustrate an application of the
hyper-osmotic injection method: comparison of WT
and mutant cells, at 34◦C and at 14◦C, with re-
spect to permeabilities to sorbitol, glycine betaine and
NaCl. Cells were first equilibrated to the temperature
of the assay, then acclimated to light and given hyper-
osmotic shocks of 1.0 Osm kg−1. All three solutes
caused cell volume contraction as reported by fluo-
rescence quenching. Cell contraction at hyper-osmotic
conditions witnesses an osmotically functional plasma
membrane that is freely permeable to water but imper-
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Figure 6. Chl a fluorescence kinetics recorded with WT anddesA−/desD− mutant cells ofSynechocystissp. PCC 6803 at 34◦C after 1.0 Osm
kg−1 hyper-osmotic shocks with sorbitol, glycine betaine and NaCl solutions of defined osmolality. Details and symbols as in Figure 2B.

meable to the tested solutes (in the time frame of the
experiment). In addition, a characteristic quenching
overshoot was observed after addition of sorbitol, or
glycine betaine, to suspensions of WT cells at 34◦C
(Figure 6, top left and middle panels). Fluorescence
recovery, after the quenching overshoot, was partial
and occurred with half times 2–4 s. The quenching
overshoot was not observed with WT cells at 14◦C
(Figure 7 top, left and middle panels), nor with mu-
tant cells either at 34◦C (Figure 6 bottom, left and
middle panels) or at 14◦C (Figure 7 bottom, left and
middle panels). These results indicate that, although
plasma membranes of mutant cells are more rigid than
those of WT cells, as they contain no polyunsaturated
fatty acids, mutant and WT cells respond to osmotic
upshocks indistinguishably. This stands in sharp con-
trast to the behavior of thylakoid membranes: at 14
◦C thylakoid membranes of mutant cells, but not of

WT cells, had already experienced a physical state
transition (Figure 4).

The case of NaCl merits special attention. The
hyper-osmotic jump, after the injection of NaCl,
causes rapid efflux of cytoplasmic water, cell con-
traction (Blumwald et al. 1984) and depresses Chla
fluorescence (t1/2 < 10 ms; Figures 6 and 7). These
initial events were followed by a slow rise of fluores-
cence, as NaCl and water started moving into the cells.
This fluorescence rise is much slower inSynechocystis
sp. PCC 6803 cells than inSynechococcussp. PCC
7942 cells (time constant t1/2≈ 200 ms; Papageorgiou
et al. 1998). Apparently, the permeability ofSyne-
chocystisto NaCl is much lower than the permeability
of Synechococcusand this may be a contributing factor
for the higher salinity tolerance of the former species.
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Figure 7. Chl a fluorescence kinetics recorded with WT cells anddesA−/desD− mutant cells ofSynechocystissp. PCC 6803 at 14◦C after 1.0
Osm kg−1 hyper-osmotic shocks with sorbitol, glycine betaine and NaCl solutions of defined osmolality. Details and symbols as in Figure 1B.

Osmotically induced redistribution of Chlaexcitation

Light-acclimated cyanobacterial cells cannot sustain
the high yield of Chla fluorescence if the cell sus-
pension is made hyper-osmotic (Papageorgiou et al.
1998). Conversely, hyper-osmotic conditions pre-
vent the light-induced rise of Chla fluorescence in
dark-acclimated cyanobacterial cells (Papageorgiou
and Alygizaki-Zorba 1997). With respect to Chla
fluorescence at room temperature, light-acclimated
cyanobacterial cells under hyper-osmotic conditions
resemble hypo-, or hyper-osmotic suspensions of
dark-acclimated cells. The question is whether hyper-
osmotic conditions suppress the PS II fluorescence
and enhance the PS I fluorescence of light-acclimated
cyanobacterial cells at low temperature, just as dark
acclimation does.

Figure 8 displays fluorescence spectra of WTSyne-
chocystiscells recorded at 77 K with 580 nm excita-

tion. The spectra were corrected numerically (every
0.1 nm) by reference to the emission of a standard
lamp of known temperature (295 K). Cells suspended
in buffered BG11 medium (hypo-osmotic suspension;
0.08 Osm kg−1) were first acclimated to light, as in
Figure 2A, and then they were frozen in liquid nitro-
gen, as quickly as possible, either as such, or after a
hyper-osmotic jump with sorbitol-containing medium
(hyper-osmotic suspension;1Osm kg−1 0.91). The
spectra are normalized at 724 nm. According to
the difference spectrum, in hypo-osmotic suspension
light-acclimated cells emitted more fluorescence at
666 nm (allo-phycocyanin), 685 nm (CP43) and 696
nm (CP47; see Papageorgiou 1996 and cited refer-
ences for band maxima assignments) than in hyper-
osmotic cell suspension.

Light acclimative transitions in cyanobacteria and
other oxygenic photosynthetic organisms cause op-
posing changes in the 77 K fluorescence emission
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Figure 8. Fluorescence spectra at 77 K of WTSynechocystissp.
PCC 6803 cells recorded with excitation at 580 nm. The spectra
are corrected for the spectral response of emission monochroma-
tor/photomultiplier. Light-acclimated cells in buffered BG11 were
frozen in liquid nitrogen either before (hypo-osmotic suspension;
solid line) or after osmotic upshock (1Osm kg−1 = 0.91; hy-
per-osmotic suspension, dashed line). The displayed spectra are
normalized at 724 nm and shifted in the ordinate for clarity. Dif-
ference: fluorescence spectrum of frozen hypo-osmotic cell suspen-
sion minus the fluorescence spectrum of frozen hyper-osmotic cell
suspension.

of PS II and PS I (Delphin et al. 1996; Murata
1969). Light-acclimated cells emit relatively more PS
II fluorescence (F684; F696) and relatively less PS I
fluorescence (F720−730). Thus, the (F696 – F720)/F720
fluorescence ratio at 77 K may serve to diagnose
the state of light or dark acclimation of photosyn-
thetic cells. The ratio measures essentially the excess
Chl a excitation residing in PSII relative to that re-
siding in PS I. According to Table 1, the (F696 –
F720)/F720 ratio was lower when light-acclimated cells
existed in hyper-osmotic suspension than when they
existed in hypo-osmotic suspension. In hyper-osmotic
suspension, the fluorescence ratio of light-acclimated
cells approached that of the dark-acclimated cells, re-
gardless of whether the latter were in hypo-, or in
hyper-osmotic suspension. These results show that
PS I chlorophylls received excess excitation (a) when
the cyanobacterial cells were in the dark-acclimated

state, and (b) when light-acclimated cells experienced
hyper-osmotic conditions.

Discussion

Biological membranes are more fluid when glyc-
erolipids are rich in unsaturated fatty acids. Although
membrane fluidity (inverse of viscosity) is a tenu-
ous term, it nevertheless imparts a clear notion of
dynamic molecular movements within the membrane
phase (see Murata and Los 1996 and cited literature).
It follows that molecular movements must be more
facile in membranes of WTSynechocystiscells, which
contain polyunsaturated fatty acids, than in mem-
branes ofdesA−/desD− mutant cells, which lack them
(Tasaka et al. 1996). In the present paper we probed
fluidity-dependent properties of thylakoid and plasma
membranes in intactSynechocystissp. PCC 6803 cells
with Chl a fluorescence.

We used Chla fluorescence in two ways: First, we
examined its changes during dark-light-dark acclima-
tive cycles (light state transitions) and second after os-
molality upshifts in cell suspensions. Dark-light-dark
acclimative transitions in cyanobacterial cells involve
spatial displacements and associations/dissociations of
integral thylakoid membrane holochromes that pre-
sumably affect excitation energy coupling to phyco-
bilisomes (Fork et al. 1979; Fork and Satoh 1983;
Mullineaux 1994; Bald et al. 1996). Chlafluorescence
changes, therefore, that occur during such transitions
depend on movements of proteins in thylakoid mem-
branes. In contrast, osmolality upshifts or downshifts
in cell suspensions generate water and solute fluxes
through the selectively permeable plasma membrane.
In this case, Chla fluorescence changes witness the
functional integrity of plasma membranes. (Papageor-
giou and Alygizaki-Zorba 1997; Papageorgiou et al.
1998).

When cyanobacterial cells are cooled, thylakoid
membrane lipids shift to the phase separated state
ahead of plasma membrane lipids (Murata 1989).
Since the inactivation of acyl-lipid desaturases in-
creases fatty-acid saturation in both membranes (Mu-
rata and Nishida, 1995), we expected: (a) membranes
to be more susceptible to chilling-induced damage
in desA−/desD− mutant cells than in WT cells; and
(b) thylakoid membranes of both strains to be more
susceptible to chilling-induced damage than plasma
membranes. Both expectations proved to be correct.
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Table 1. Redistribution of electronic excitation between PS II and PS I
chlorophylls inSynechocystissp. PCC 6803 as a result of acclimation (a) to
light or darkness and (b) to hypo- or hyper-osmotic conditions. In brackets,
per cent values

Treatments (F696 – F720) / F720

Acclimation to darknessa 100

Acclimation to lightb 115± 3

Acclimation to light followed by hyper-osmotic

injectionc 104± 4

Acclimation to light followed by hyper-osmotic

injection and acclimation to darknessd 97± 1

Cell suspensions were light/dark acclimated and osmotically acclimated at
room temperature and then frozen in liquid nitrogen (77 K) to record fluo-
rescence spectra excited at 580 nm.
aDark acclimated cells: Darkness 5 min, measuring light illumination (30 s;
650 nm. 70 nmol m−2 s−1); frozen to 77 K.
bLight acclimated cells: Darkness 5 min, measuring light (30 s), actinic light
(60 s); frozen to 77 K.
cHyperosmotically shocked light acclimated cells: Darkness 5 min, measur-
ing light (30 s; 650 nm. 70 nmol m−2 s−1), actinic light (60 s) hyperosmotic
injection (1Osm kg−1 = 0.91); frozen to 77 K.
dHyperosmotically shocked dark acclimated cells: Darkness 5 min, mea-
suring light (30 s; 650 nm. 70 nmol m−2 s−1), actinic light (60 s),
hyperosmotic injection (1Osm kg−1 = 0.91), measuring light (120 s);
frozen to 77 K. Values are averages of three independent experiments.

Thylakoid membranes of mutant cells experienced
a reversible physical state change between 22◦C and
19◦C (midpoint at 20.5◦C; Figure 4); thylakoid mem-
branes of WT cells did not. The variant behavior of
mutant cells must reflect the absence of polyunsat-
urated fatty acids that makes their thylakoid mem-
branes more susceptible to thermotropic transitions.
Zakim et al. (1992) reported that the fluidity of lipid
bilayers drops about 10-fold on going from the liquid-
crystalline state to the gel state. The discontinuity in
the temperature curve of1F in mutant cells (Figure 4)
may pertain to a similar fluidity drop of thylakoid
membrane lipids. Conversely, the absence of a discon-
tinuity in the temperature curves of1F WT cells may
suggest that thylakoid membranes are in the liquid-
crystalline-state in the 34◦C to 6 ◦C temperature
range. The more fluid thylakoid membranes of WT
cells allow movements of integral membrane proteins
and thus they enable light/dark-induced Chla fluo-
rescence changes. IndesA−/desD− mutant cells such
protein movements are impeded below the phase tran-
sition temperature (20.5◦C) as thylakoid membranes
become more rigid.

In contrast to the characteristically different tem-
perature responses of thylakoid membranes, we de-
tected no conspicuous differences in the plasma mem-

branes of WT anddesA−/desD− mutant cells ofSyne-
chocystissp. PCC 6803. Both strains responded to
hyper-osmotic shocks similarly, either at 34◦C (Fig-
ure 6) or at 14◦C (Figure 7), and there were no
discontinuities in the temperature curves of electric
conductivities of cell suspensions that might indicate
leakage of cytoplasmic ions (Figure 5). Plasma mem-
branes of mutant cells maintained functionality and
were indistinguishable from plasma membranes of
WT cells in the 34◦C to 6 ◦C temperature range,
except for one particular effect: the hyper-osmotic
fluorescence quenching overshoot which was exhib-
ited only by WT cells and only at 34◦C (Figures
6 and 7). This effect probably relates to a transient
cell volume contraction. It occurred under conditions
conducive to plasma membrane fluidity, i.e. presence
of polyunsaturated fatty acids and normal tempera-
tures, but not at unfavorable conditions for membrane
fluidity, i.e. absence of polyunsaturated fatty acids
and chilling temperature. The hyperosmotic fluores-
cence quenching overshoot may constitute a marker
of plasma membrane fluidity in intact cyanobacterial
cells.

According to Figure 8 and Table 1, hyperosmotic
conditions and dark acclimation had similar effects on
Chl a fluorescence: suppression of the ratio of PS II
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fluorescence to PS I fluorescence. The question is if
this indicates a common underlying physical cause for
both phenomena. In cyanobacteria, the dark acclima-
tive transition is triggered by the reduction of inter-
systems redox intermediates with electrons provided
by endogenous low potential substrates (Dominy and
Williams 1987). Its end result is the increase in the
absorption cross section of PS I and the decrease of
the absorption cross section of PS II (Mullineaux and
Holzwarth 1991). A possible way to change the ab-
sorption cross sections of PS I and PS II is to modify
their connectivities to phycobilisomes (see models by
Mullineaux 1994; Bald et al 1996).

Depletion of cytoplasmic water under hyper-
osmotic conditions may enhance the connectivity of
phycobilisomes to PS I and enlarge its absorption
cross section. Macroscopically, this would appear
as quenching of the room temperature Chla fluo-
rescence of light-acclimated cells. The sensitivity of
the phycobilisome-to-PS I excitation transfer route to
hyper-osmotic conditions is supported by a recent re-
port, according to which treatment of cyanobacterial
cells with N-ethyl maleimide (a blocker of this route;
Glazer et al. 1994) makes Chla fluorescence of light-
acclimated cells insensitive to hyper-osmotic shocks
(Stamatakis and Papageorgiou 1999). In contrast, the
Chl a fluorescence of light-acclimated cells of the
psaA/psaB-deletion mutant ofSynechocystissp. PCC
6803 (Shen et al. 1993) was sensitive to hyper-osmotic
conditions (R. Govindjee, Govindjee, G.C. Papageor-
giou and N. Murata, unpublished experiment). This
probably indicates that other Chla-containing PS I
proteins, besides the psaA/psaB dimer, may serve as
sinks of phycobilisome excitation in the psaA/psaB-
deletion mutant.

Acknowledgements

Govindjee thanks JSPP for a fellowship. This work
was supported, in part, by the NIBB Cooperative
Research Program on Stress-Resistant Plants. The au-
thors express their thanks to Y. Nishiyama, S. Higashi
and Y. Tanaka for technical assistance.

References

Bald D, Kruip J and Roegner M (1996) Supramolecular architecture
of cyanobacterial thylakoid membranes: How is the phycobil-
isome connected with the photosystems. Photosynth Res 49:
103–118

Blumwald ER, Melhorn RJ and Packer L (1983) Ionic osmoregula-
tion during salt adaptation of the cyanobacteriumSynechococcus
6311. Plant Physiol 73: 377–380

Bonaventura C and Myers J (1969) Fluorescence and oxygen evo-
lution from Chlorella pyrenoidosa. Biochim Biophys Acta 189:
366–383

Delphin E, Duval JC, Etienne AL and Kirilovsky D (1996) State
transitions or1pH-dependent quenching of Photosystem II fluo-
rescence in red algae. Biochemistry 35: 9435–9445

Demmig-Adams B and Adams WW II (1992) Photoprotection and
other responses of plants to high light stress. Annu Rev Plant
Physiol 43: 599–626

Dominy P and Williams WP (1987) The role of respiratory electron
flow in the control of excitation energy distribution in blue-green
algae. Biochim Biophys Acta 892: 264–274

Fork DC, Murata N and Sato N (1979) Effect of growth temperature
on the lipid and fatty acid composition, and the dependence on
temperature of light-induced redox reactions of cytochromef and
of light energy redistribution in the thermophilic blue-green alga
Synechococcus lividus. Plant Physiol 63: 524–530

Fork DC and Satoh KA (1983) State I-state II transitions in the
thermophilic blue-green alga (cyanobacterium)Synechococcus
lividus. Photochem Photobiol 37: 421–427

Fork DC and Satoh KA (1986) The control by state transitions of
the distribution of excitation energy in photosynthesis. Ann Rev
Plant Physiol. 37: 335–361

Fujita Y, Murakami A, Aizawa K and Ohki K (1994) Short-term
and long-term adaptation of photosynthetic apparatus: Homeo-
static properties of thylakoids. In: Brand DA (ed) The Molecu-
lar Biology of Cyanobacteria, pp. 677–692. Kluwer Academic
Publishers, The Netherlands

Gilmore A and Govindjee (1999) How higher plants respond to
excess light: Energy dissipation in Photosystem II. In: Con-
cepts in Photobiology: Photosynthesis and Photomorphogenesis.
Edited by G. S. Singhal, G. Renger, K-D. Irrgang, Govindjee
and S. Sopory. Narosa Publishers/Kluwer Academic Publishers,
in press

Glazer AN, Gindt YM, Chan CF and Sauer K (1994) Selective dis-
ruption of electron flow from phycobilisomes to Photosystem I.
Photosynth Res 40: 167–173

Govindjee (1995) Sixty-three years since Kautsky. Chlorophylla
fluorescence. Aust J Plant Physiol 22: 131–160

Govindjee and Papageorgiou GC (1971) Chlorophyll fluorescence
and photosynthesis: fluorescence transients. In: Giese AC (ed)
Photophysiology: Current Topics in Photophysiology and Photo-
chemistry, pp 1–46, Academic Press, New York

Gombos Z, Wada H and Murata N (1994) The recovery of photo-
synthesis from low temperature photoinhibition is accelerated by
the unsaturation of membrane lipids: A mechanism of chilling
tolerance. Proc Natl Acad Sci USA 91: 8787–8791

Grossman AR, Schaefer MR, Chiang GG and Collier JL (1994) The
responses of cyanobacteria to environmental conditions: Light
and nutrients. In: Brand DA (ed) The Molecular Biology of
Cyanobacteria, pp. 641–675. Kluwer Academic Publishers, The
Netherlands

Joshi MK and Mohanty P (1995) Probing photosynthetic perfor-
mance by chlorophyllafluorescence: Analysis and interpretation
of fluorescence parameters. J Sci Industr Res 54: 155–174

Kanervo E, Tasaka Y, Murata N and Aro EM (1997) Membrane
lipid unsaturation modulates processing of Photosystem II reac-
tion center protein D1 at low temperatures. Plant Physiol 114:
841–849

Mohanty P and Govindjee (1973) Light-induced changes in the
fluorescence yield of chlorophylla in Anacystis nidulans. I. Re-



136

lationship of slow fluorescence changes with structural changes.
Biochim Biophys Acta 305: 95–104

Moran P (1982) Formulae for determination of chlorophyllous pig-
ments extracted with N,N-dimethylformamide. Plant Physiol 69:
1376–1381

Mullineaux CW (1994) Excitation energy transfer from phycobil-
isomes to Photosystem I in a cyanobacterial mutant lacking
Photosystem II. Biochim Biophys Acta 1184: 71–77

Mullineaux CW and Holzwarth AR (1991) Kinetics of excitation
energy transfer in the cyanobacterial photosystem II complex.
Biochim Biophys Acta 1098: 68–78

Mullineaux CW, Tobin MJ and Jones FR (1997) Mobility of pho-
tosynthetic complexes in thylakoid membranes. Nature 390:
321–424

Murata N (1969) Control of excitation transfer in photosynthe-
sis. I. Light-induced changes of chlorophylla fluorescence in
Porphyridium cruentum. Biochim Biophys Acta 172: 242–251

Murata N (1989) Low temperature effects on cyanobacterial mem-
branes. J Bioenerg Biomembr 21: 61–75

Murata N and Los DA (1997) Membrane fluidity and temperature
perception. Plant Physiol 115: 875–879

Murata N and Nishida I (1996) Chilling sensitivity in plants and
cyanobacteria: The crucial contribution of membrane lipids.
Annu Rev Plant Physiol Plant Mol Biol 47: 541–568

Murata N, Wada H and Hirasawa R (1984) Reversible and irre-
versible inactivation of photosynthesis in relation to the lipid
phase of membranes in the blue-green algae (cyanobacteria)
Anacystis nidulansandAnabaena variabilis. Plant & Cell Phys-
iol 25: 1027–1032

Murata N and Wada H (1995) Acyl-lipid desaturases and their
importance in the tolerance and acclimatization to cold in
cyanobacteria. Biochem J 308: 1–8

Papageorgiou GC (1996) The photosynthesis of cyanobacteria (blue
bacteria) from the perspective of signal analysis of Chla fluo-
rescence. J Sci Indust Res (special issue; P Mohanty edit) 55:
596–617

Papageorgiou GC and Alygizaki-Zorba A (1997) A sensitive
method for the estimation of the cytoplasmic osmolality of
cyanobacterial cells using chlorophylla fluorescence. Biochim
Biophys Acta 1335: 1–4

Papageorgiou GC and Govindjee (1967) Changes in the intensity
and the spectral distribution of fluorescence: Effect of light
treatment on normal and DCMU-poisonedAnacystis nidulans.
Biophys J 7: 375–389

Papageorgiou GC, Alygizaki-Zorba A, Ladas N and Murata N
(1998) A method to probe the cytoplasmic osmolality and water
and solute fluxes across the cell membrane of cyanobacteria with
chlorophylla fluorescence: Experiments withSynechococcussp.
PCC 7942. Physiol Plant 102: 215–224.

Quinn PJ (1988) Regulation of plant membrane fluidity in plants.
In: RC Aloia, CC Curtin, and LM Gordon (eds) Physiological
Regulation of Membrane Fluidity, Vol 3, pp 293–321. Alan Liss,
Inc, New York, NY

Rippka R, Deruelles J, Waterbury JB, Herdman M and Stanier RT
(1979) Generic assignments, strain histories and properties of
pure cultures of cyanobacteria. J Gen Microbiol 111: 1–61

Shen G, Boussiba S and Vermaas WFJ (1993)Synechocystissp PCC
6803 mutant strains lacking Photosystem I and phycobilisome
function. The Plant Cell 5: 1853–1863

Stamatakis K and Papageorgiou GC (1999) The effect of cytoplas-
mic water deficit on Chla fluorescence in cyanobacteria. In:
Argyroudi-Akoyunoglou JH and Senger H (ed) The Chloroplast:
from Molecular Biology to Biotechnology, Kluwer Academic
Publishers (in press)

Strasser R, Srivastava A and Govindjee (1995) Polyphasic chloro-
phyll a fluorescence transient in plants and cyanobacteria. Pho-
tochem Photobiol 61: 32–42

Tasaka Y, Gombos Z, Nishiyama Y, Mohanty P, Ohba T, Ohki K and
Murata N (1966) Targeted mutagenesis of acyl-lipid desaturases
in Synechocystis: evidence for the importance of polyunsatu-
rated membrane lipids in growth, respiration and photosynthesis
EMBO J 15: 6416–6425

Tyystjaervi E and Karunen J (1990) A microcomputer program
and fast analog to digital converter card for the analysis of
fluorescence induction transients. Photosynth Res 26: 127–132

Wada H, Gombos Z, Sakamoto T and Murata N (1992). Genetic
manipulation of the extent of desaturation of fatty acids in mem-
brane lipids of the cyanobacteriumSynechocystisPCC 6803.
Plant Cell Physiol 33: 535–540

Wada H and Murata N (1989)Synechocystissp. PCC 6803 mutants
defective in saturation of fatty acids. Plant Cell Physiol 30: 971–
978

Williams WP and Allen JF (1987) State 1/2 changes in higher plants
and algae. Photosynth Res 13: 19–15.

Zakim D, Kavecansky J and Scarlata S (1992) Are membrane en-
zymes regulated by the viscosity of the membrane environment?
Biochemistry 31: 11589–11594


