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Abstract

Sensitivity of the photosynthetic thylakoid membranes to thermal stress was investigated in the psychrophilic Antarctic
alga Chlamydomonas subcaudata. C. subcaudata thylakoids exhibited an elevated heat sensitivity as indicated by a
temperature-induced rise in Fo fluorescence in comparison with the mesophilic species, Chlamydomonas reinhardtii. This
was accompanied by a loss of structural stability of the photosystem (PS) II core complex and functional changes at the
level of PSI in C. reinhardtii, but not in C. subcaudata. Lastly, C. subcaudata exhibited an increase in unsaturated fatty acid
content of membrane lipids in combination with unique fatty acid species. The relationship between lipid unsaturation and
the functioning of the photosynthetic apparatus under elevated temperatures is discussed. ß 2002 Elsevier Science B.V.
All rights reserved.
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1. Introduction

The inhibitory e¡ects of moderate to high temper-
atures in plants have been well documented [1], and
the photosynthetic process is one of the most ther-
mosensitive functions in the plant. While some of the
causes underlying thermosensitivity in photosynthetic
organisms still remain unclear, it has been well docu-
mented in plants [2,3] and algae [4,5] that the phe-
nomenon of high temperature-induced sensitivity at
the level of the thylakoid chlorophyll^protein com-
plexes can be monitored indirectly via changes in
speci¢c chlorophyll £uorescence parameters. In par-
ticular, temperature-induced structural modulations
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are manifested as a rise in minimal £uorescence
(Fo) [1]. This £uorescence rise can be resolved into
two major components. The ¢rst component is a
gradual increase in £uorescence levels up to a thresh-
old temperature. This threshold temperature is de-
¢ned as the index of thermal stability of the photo-
synthetic membrane and has been used to classify
species according to their tolerance to elevated tem-
peratures [2]. The gradual rise in £uorescence is fol-
lowed by a rapid increase in Fo up to a critical tem-
perature, above which irreparable damage occurs
to the membrane-bound photosynthetic complexes
[6].

Several studies have shown that photosystem (PS)
II appears to be one of the most thermosensitive
pigment protein complexes [7,8]. The heat-induced
increase in Fo £uorescence involves at least two ma-
jor processes associated with functional/structural
changes at the level of PSII. It has been well estab-
lished that exposure to elevated temperatures causes
reversible conversion of the major light harvesting
antenna (light harvesting complex (LHC) II) from
its trimeric to a monomeric form [7] followed by
the physical dissociation of LHCII from the PSII
core complex [8]. Beside that, the rise in Fo £uores-
cence has also been correlated with functional
changes at the level of the PSII core. The accumu-
lation of reduced QA in the dark [9,10] as well as an
increase in the rate constant of P680þPheo3 recom-
bination [11] have been proposed as contributing
events to the Fo rise. Lastly, the oxygen evolving
complex is also heat labile [1] and thus the dissocia-
tion of the OEC from PSII may play some role in the
heat-induced rise in £uorescence yields due to the
build up of P680þ centers [12].

In contrast to PSII, several studies have shown
that PSI-mediated electron transport is stimulated
at high temperatures [1,8,7,13,14]. This enhancement
of PSI activity has been correlated with heat-induced
leakiness of the thylakoid membranes to protons in
conjunction with the uncoupling of linear electron
transport [15], as well as destabilization of grana
stacks [8,7]. This would allow exposure to additional
stromal donors [16^18], which may enhance PSI-
mediated cyclic electron transport. Lastly, heat-in-
duced changes in the membrane organization have
also been correlated with adjustments in the energy

distribution between PSI and PSII [14,19,20], con-
comitant with changes in PSI and PSII absorptive
cross-sections [14,21,22].

The contribution of the unsaturation of membrane
lipids to enhance the tolerance of the photosynthetic
machinery towards chilling stress has been well es-
tablished and reviewed [23,24]. Plants [8,25] and al-
gae [5,26] grown at low temperatures typically have
higher levels of unsaturation of acyl chains in the
membrane lipids. Conversely, plants grown at higher
growth temperatures exhibit reduced levels of unsat-
urated fatty acids [25]. The adjustment in the lipid
composition of the thylakoid membranes has been
correlated with changes in the threshold temperature
of Fo £uorescence [5], as well as the thermal stability
of the chloroplast thylakoids [2]. In a recent paper,
Murakami and co-workers [27] showed that trans-
genic tobacco lacking the ability to express the chlo-
roplast trienoic fatty acid synthetase gene exhibited
signi¢cantly higher rates of photosynthetic activity at
elevated temperatures as well as the ability to survive
higher growth temperatures than wild-type tobacco
plants. This report is one of the ¢rst to provide
a direct link between the proportion of unsatu-
rated lipids found in the chloroplast photosynthetic
membranes and the ability of the photosynthetic
machinery to function at elevated temperatures
[28].

The Antarctic alga Chlamydomonas subcaudata,
one of the typical chlorophyte species found in Ant-
arctic dry valley lakes [29], was isolated from the
perennially ice-covered Lake Bonney, where the
mean annual temperature is between 32 and 0‡C
[30]. We have previously established that C. subcau-
data can only grow at temperatures lower than 18‡C,
and is classi¢ed as psychrophilic [31]. C. subcaudata
grows optimally at around 8‡C, in contrast with
Chlamydomonas reinhardtii, a typical mesophilic spe-
cies, which grows optimally at around 29‡C [31].
Given the marked di¡erence in thermal environments
to which these two Chlamydomonas species are
adapted, we investigated the thermal stability of the
photosynthetic membranes and the membrane-bound
pigment^protein complexes. In addition, we report
the ¢rst compositional analysis of the membrane lip-
ids and fatty acyl species in this Antarctic, psychro-
philic, chlorophyte.
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2. Materials and methods

2.1. Growth of algal cultures

Axenic isolates of C. reinhardtii (UTEX 89) and
the Antarctic C. subcaudata [30] were grown as pre-
viously described in [31]. Cultures were grown under
a low irradiance of 20 Wmol photons m32 s31 that
was similar to the natural irradiance environment of
C. subcaudata [30] and were maintained in thermo-
regulated aquaria under optimal growth tempera-
tures of either 29‡C (C. reinhardtii) or 8‡C (C. sub-
caudata). Total chlorophyll (Chl) content was
determined according to [32].

2.2. Room temperature (Fo) Chl £uorescence

Fresh samples from mid-log cultures were incu-
bated under a range of elevated temperatures for
5 min in the dark. Following the treatment, Chl £uo-
rescence of whole cells was measured in vivo at the
growth temperature (29 or 8‡C) using a PAM-101
chlorophyll £uorescence detection system (Heinz
Walz, E¡eltrich, Germany). Chl £uorescence of
open reaction centers (Fo) was obtained by excitation
with a modulated measuring beam (V= 650 nm, 0.12
Wmol m32 s31). The Fo signal was monitored using
an Omnigraphic 2000 chart recorder (Bauch and
Lomb). The critical temperature (TCRIT) was deter-
mined at maximum Fo yields.

2.3. Low temperature (77 K) Chl £uorescence

Low temperature (77 K) Chl £uorescence emission
of whole cells was excited at 436 nm and measured
using a PTI LS-100 luminescence spectrophotometer
(Photon Technology International, South Brunswick,
NJ, USA) equipped with a liquid nitrogen device as
described in [31]. All spectra represent an average of
at least three independent experiments with three
scans within each experiment. Samples from expo-
nentially growing cultures were exposed to temper-
atures ranging from 15 to 65‡C in the dark. Chloro-
phyll concentration ranged from 4 to 5 Wg ml31. At
various time intervals during the dark incubation,
samples were quickly frozen in liquid nitrogen and
77 K £uorescence emission spectra were collected.
The relative heat-induced changes in £uorescence

emission at either 689 nm (vF689) or 722 nm
(vF722), representing £uorescence associated with
LCHII and PSI, respectively, were calculated as a
percentage of controls and plotted as a function of
time. Pseudo-¢rst order rate constants (k) were esti-
mated, and the activation energy (vH) was calculated
as follows [33]:

ln k ¼ 3vH=RT þ vS=R ð1Þ
where k is ¢rst order rate constant, vH the activation
energy (enthalpy), R the gas constant, T the temper-
ature and vS the entropy.

The 77 K Chl £uorescence of samples treated at
either the control (growth) temperatures or at TCRIT

were further analyzed via decomposition of the emis-
sion spectra. Decomposition analysis of the £uores-
cence emission spectra in terms of ¢ve Gaussian
bands was carried out by a non-linear least squares
algorithm that minimizes the chi-square function
using a Microcal Origin Version 6.0 software pack-
age (Microcal Software, Northampton, MA, USA).
The ¢tting parameters for the ¢ve Gaussian compo-
nents, that is, position, area and full width at the
half-maximum (FWHM), were free-running param-
eters.

2.4. Mg2+-induced Chl £uorescence

The cation-induced increase in room temperature
Chl £uorescence was measured following the proce-
dure of Rubin et al. [34] as described earlier [35]. The
£uorescence emission was measured using a PAM-
101 chlorophyll £uorescence detection system. The
reaction medium contained 10 mM Tricine-NaOH
bu¡er (pH 8.0), 330 mM sucrose, 50 WM EDTA,
10 mM KCl. The samples were dark adapted and
equilibrated for 2 min at the corresponding growth
temperature of 8‡C and 29‡C for C. subcaudata and
C. reinhardtii, respectively. After maximal £uores-
cence in the absence of cations was established, a
¢nal concentration of 10 mM MgCl2 was added to
the sample. The chlorophyll £uorescence increase
was normalized to the maximal £uorescence yield
for each sample. The mathematical analysis of the
kinetics of the cation-induced £uorescence rise and
the distance between PSII and PSI chlorophyll^pro-
tein complexes (R) was performed as in [36] using the
following expression:
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F=Fq31 ¼ ðRo=RÞ6 ð2Þ
where F and Fq are the maximum £uorescence yield
of PSII in the presence and the absence of cations,
respectively, and Ro = 5 nm is the average distance
between the photosystems [37], assuming that the
probability of exciton transfer from PSII to PSI is
50% [38].

2.5. Non-denaturing PAGE

Freshly isolated thylakoids (see [31]) at a Chl con-
centration of 50 Wg ml31 were incubated in the dark
over a range of elevated temperatures (35^55‡C) for
5 min. Chl^protein complexes were separated using a
non-denaturing gel system as previously described
[31]. Lanes were loaded on an equal Chl basis of
15 Wg per lane. The excised lanes were scanned at
671 nm on a Beckman DU 640 spectrophotometer
for Chl absorbance. The relative Chl content of each
band was expressed as the peak area normalized to
the total area of each scan.

2.6. Light-induced oxidation of P700

Samples from cultures in mid-log phase were in-
cubated at either the growth temperature or at the
critical temperature (TCRIT) in the dark for 5 min.
The redox state of P700 was determined in vivo under
ambient CO2 conditions using a PAM-101 modu-
lated £uorometer equipped with an ED-800T emit-
ter-detector and PAM-102 units following the proce-
dure of Schreiber at al. [39] essentially as described
recently in [40].

2.7. Lipid extraction and analysis

Lipids were extracted from cells of C. reinhardtii
and C. subcaudata according to Williams and Merri-
lees [41]. Fifty milliliters of fresh culture were centri-
fuged at 7000Ug for 10 min and the pellet was re-
suspended in about 10 ml of a chloroform:methanol
(2:1, v/v) solution and incubated on ice for 30 min.
The samples were ¢ltered through a column of pure
cotton. Sephadex (G-25) was added to the resulting
supernatant. The sample was then ¢ltered twice and
evaporated to dryness at 60‡C under vacuum.

Lipids were separated by thin-layer chromatogra-
phy and trans-esteri¢ed with 0.2 N HCl in dry meth-
anol as previously described [42]. The fatty acid
methyl esters (FAME) were analyzed by gas^liquid
chromatography using a Hewlett-Packard model
5890 gas^liquid chromatograph (Hewlett-Packard,
Mississauga, ON, Canada) with a 30 mU0.25 mm
ID DB-225 capillary column (JpW Scienti¢c, Fol-
som, CA, USA) programmed from 150 to 210‡C at
3‡C min31. FAME were estimated quantitatively
from a methylpentadecanoate internal standard.
Fatty acids were identi¢ed from known fatty acids
in samples of Brassica napus and Borago o⁄cinalis.
Other fatty acids were identi¢ed from retention times
and comparison with the data from C. reinhardtii
[43]. The unsaturation index (IU) was calculated by
multiplying the percentage of each fatty acid by the
number of double bonds, and summing these results
for all fatty acids identi¢ed in each sample.

3. Results

3.1. E¡ects of elevated temperatures on Fo levels

In agreement with earlier reports [1,14,20], both C.
reinhardtii and C. subcaudata exhibited a typical rise
in Fo £uorescences in response to incubation at ele-
vated temperatures. The temperature at maximum Fo

£uorescence (TCRIT) observed in C. reinhardtii (50‡C)
is 10‡C higher than that in C. subcaudata (40‡C)
(Fig. 1). However, C. subcaudata exhibited higher
Fo levels than C. reinhardtii at incubation tempera-
tures between 8‡C and 45‡C.

3.2. Heat-induced e¡ects on low temperature
£uorescence emission

Control C. reinhardtii cells exhibited typical 77 K
£uorescence emission spectra with characteristic
maxima at 688 nm, 699 nm and 717^722 nm associ-
ated with LHCII, PSII, and PSI core complexes, re-
spectively (Fig. 2A) [31,44,45], while C. subcaudata
exhibited much lower Chl £uorescence associated
with PSI (Fig. 2C) [31,40]. Decomposition analysis
of the 77 K £uorescence emission spectra yielded a
best ¢t with ¢ve major spectral components in both
samples (Fig. 2, Table 1) corresponding to the emis-
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sion subbands from light harvesting complex of PSII
(680^685 nm), proximal antenna of PSII (688 nm),
PSII core complex (697^700 nm) and PSI core com-
plex (716^719 nm). The ¢fth spectral component
(Fvib) centered around 740 nm corresponded to a
number of small vibrational transitions in the near-
infrared region [46,47]. Although the peak positions
of all bands in control samples of both Chlamydomo-
nas species were almost identical and within the ex-
pected range, the relative areas of subbands corre-
sponding to PSI and PSII chlorophyll protein
complexes di¡ered signi¢cantly (Table 1). This re-
sulted in a 10-fold higher area ratio of PSI- versus
PSII-related bands in C. reinhardtii compared to C.
subcaudata. Thus, the results of the spectral decom-
position analysis revealed more dramatic di¡erences
in the PSII/PSI stoichiometry than the di¡erences
previously estimated simply on the basis of 77 K
£uorescence emission peak intensities [31,40] (Table
1).

When whole cells of C. reinhardtii were heat
treated at TCRIT, a 2.5-fold increase in PSI-associated
band area at 717 nm concomitant with a 2.5-fold
decrease of the PSII-related band area at 699 nm

Fig. 1. E¡ect of exposure to elevated temperatures on minimal
£uorescence (Fo) levels in whole cells of C. subcaudata (b) and
C. reinhardtii (a). Samples were incubated in the dark under a
range of elevated temperatures for 5 min. Values represent the
percentage of control (n = 3).

Table 1
Gaussian ¢tting parameters for the subband decompositions of 77 K chlorophyll £uorescence spectra of control and heat-treated (5
min) cells of C. reinhardtii and C. subcaudata

Parameters C. reinhardtii C. subcaudata

Control Heat-treated Control Heat-treated

1 Vmax 684.8 679.4 684.4 683.9
FWHM 11.4 9.6 9.3 9.5
Area % 13.67 2.17 11.06 11.85
2 Vmax 688.7 687.9 688.1 687.9
FWHM 5.4 10.93 5.1 6.0
Area % 2.48 10.97 1.57 2.11
3 Vmax 697.2 699.8 697.9 698.6
FWHM 14.8 10.14 19.5 16.1
Area % 16.06 6.29 30.27 27.28
4 Vmax 717.2 716.8 718.9 716.1
FWHM 18.2 21.9 11.4 16.3
Area % 18.24 45.25 3.25 11.66
5 Vmax 732.3 739.0 738.5 734.6
FWHM 50.2 38.3 59.2 54.7
Area % 49.54 35.30 53.84 47.17
M

2 0.00007 0.00011 0.00009 0.00016

The percentage areas of the spectral forms have been calculated from the total area given by the sum of all bands reported. The
FWHM of each band is the sum of the left and right HWHM values. FWHM, full width at half-maximum; HWHM, half-width at
half-maximum.
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was observed (Fig. 2B; Table 1). These data indicate
signi¢cant heat-induced redistribution of the excita-
tion light energy in favor of PSI [14,19,20,47]. In
addition, the band assigned to LHCII exhibited a
blue shift from 685 to 679 nm, and its corresponding
area was markedly reduced in heat-treated C. rein-
hardtii cells. Lastly, heat-treated samples of C. rein-
hardtii exhibited a 2-fold increase in the peak area of
the band centered at 688 nm (Table 1).

In contrast, heat treatment of C. subcaudata did
not induce any signi¢cant changes in the spectral

characteristics of the LHCII-related bands at 685
and 688 nm. A modest decrease of 10% in the
PSII-related band area accompanied by narrower
band width was observed (Table 1). The most signi¢-
cant e¡ects of heat treatment in the psychrophilic
alga were registered in the PSI-associated peak,
where there was a shift in the peak position from
719 to 716 nm, the band width of this spectral com-
ponent was signi¢cantly increased and a 3.6-fold in-
crease in the peak area was observed (Fig. 2D; Table
1). However, despite the apparent heat-induced e¡ect

Fig. 2. Low temperature (77 K) chlorophyll £uorescence emission spectra and decomposition in Gaussian subbands of control
(A,B,E,F) and heat-treated (C,D,G,H) C. reinhardtii (A^D) and C. subcaudata (E^H) whole cells. Chlorophyll £uorescence was excited
at 436 nm. Cells from exponentially growing cultures were incubated in the dark for 5 min under growth temperatures of either 29‡C
(C. reinhardtii) or 8‡C (C. subcaudata), or incubated for 5 min at TCRIT of either 50‡C (C. reinhardtii) or 40‡C (C.subcaudata) before
being quickly frozen in liquid nitrogen. Experimental curves represent averages of three scans in three independent measurements.
999, experimental curve; a, sum of Gaussian subbands; - - -, Gaussian subband.
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on the PSI peak area, the PSI/PSII ratio in heat-
stressed cells of C. subcaudata remained much lower
(0.43) in comparison with the PSI/PSII ratio ob-
served in C. reinhardtii (7.2) (Table 1).

Since the heat treatment appeared to have a pro-
nounced di¡erential e¡ect on the £uorescence emis-
sion spectra of the two Chlamydomonas species (Fig.
2; Table 1) the activation energies for PSI and
LHCII £uorescence maxima were determined. The
activation energies for the increase in PSI £uores-
cence (vH722) were identical for C. reinhardtii
(99 þ 13 kJ) and C. subcaudata (100 þ 24 kJ). How-
ever, the activation energy associated with the in-
crease in LHCII £uorescence (vH689) of C. subcau-
data (65 þ 18 kJ) was signi¢cantly lower than that of
C. reinhardtii (114 þ 16).

3.3. Structural stability of chlorophyll^protein
complexes

Non-denaturing electrophoretic separation of the
thylakoid pigment^protein complexes from C. rein-
hardtii and C. subcaudata yielded several bands (data

not shown) that were previously characterized in [31].
The presence of relatively low free pigment (less than
10% total Chl) indicated that the pigments remained
associated with the protein complexes during heat
treatment and subsequent solubilization and separa-
tion (Table 2).

In response to incubation over a range of elevated
temperatures, the stability of PSII core complex,
CPa, and oligomeric LHCII appeared to be similar
for C. subcaudata and C. reinhardtii (Fig. 3B,C).
However, at the level of PSI core complexes, CP1,
C. reinhardtii appeared to exhibit greater stability to
heat treatment than C. subcaudata (Fig. 3A).

When thylakoids were exposed to TCRIT, CPa was
less stable to heat treatment than CP1 in C. reinhard-
tii. In contrast, exposure to TCRIT had no e¡ect on
the stability of CPa and minimal e¡ects at the level
of CP1 in C. subcaudata (Table 2). Furthermore, the
ratio of oligomeric:monomeric LHCII in C. rein-
hardtii exhibited a 48% reduction, whereas C. sub-
caudata exhibited only a 32% decrease in
LHCII1 :LHCII3 in response to incubation at TCRIT

(Table 2).

Table 2
E¡ects of heating on the stability of the Chl^protein complexes

Condition CP1 CPa LHCII1 :LHCII3 FP

Area % of control Area % of control Ratio % of control Area

C. reinhardtii
Control 17.49 100 8.98 100 0.82 100 9.16
Heat-treated 17.45 100 4.96 55 0.43 52 9.24
C. subcaudata
Control 15.17 100 15.65 100 1.41 100 4.66
Heat-treated 14.75 97 15.77 100 0.96 68 7.78

Thylakoids of C. reinhardtii and C. subcaudata were heated in the dark at the critical temperatures of 50‡C and 40‡C, respectively,
and the Chl^protein complexes were separated via non-denaturing PAGE. Chl content was expressed as relative peak area as a func-
tion of the total area. CPa, photosystem II core; CP1, photosystem I core; LHCII1, oligomeric light harvesting complex II; LHCII3,
monomeric LHCII (n = 2); FP, free pigment.

Table 3
P700 parameters for whole cells of C. reinhardtii and C. subcaudata under control conditions versus heated treated at the critical tem-
peratures of 50‡C and 40‡C, respectively

Condition vA820/A820 (Pþ700) tred
1=2 (Pþ700) (ms)

Control Heat treated Control Heat treated

C. reinhardtii 1.16 þ 0.1 1.82 þ 0.10 518 þ 24 1028 þ 133
C. subcaudata 0.78 þ 0.04 0.84 þ 0.06 342 þ 10 438 þ 65

vA820/A820, change in absorbance at 820 nm; tred
1=2 (Pþ700), half-time for re-reduction of Pþ700. Values represent means þ S.D. (n = 4).
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3.4. E¡ect of heat treatment on the redox state of
P700

Typical P700 transients presented in Fig. 4A,C and
the data summarized in Table 3 indicate that the
relative amount of far-red (FR) oxidized Pþ700
(vA820/A820) was 33% lower in C. subcaudata than

in C. reinhardtii cells measured under control condi-
tions. The kinetics of dark re-reduction of Pþ700 after
turning o¡ the FR light, representing mainly the ex-
tent of cyclic electron £ow around PSI [40], was 1.5-
fold faster in C. subcaudata versus C. reinhardtii
under control conditions (Table 3). Furthermore,
under control conditions, both algal species exhibited
a fast re-reduction of Pþ700 to a steady state redox
level of the P700 pool; however, this transient was
less apparent in C. subcaudata than in C. reinhardtii
(Fig. 4A,C). As discussed in [40], this transient is an
indication of electron £ow to the PQ pool via exter-
nal stromal donor(s).

In response to incubation at TCRIT, C. reinhardtii

Fig. 4. In vivo measurement of the redox state of P700 in con-
trol and heat-treated cells of C. reinhardtii (A,B) and C. subcau-
data (C,D). (A,C) Whole cells were incubated in the dark for
5 min under the growth temperature. (B,D) Samples were incu-
bated for 5 min in the dark at TCRIT of 50‡C in C. reinhardtii
(B) and 40‡C in C. subcaudata (D). The steady state oxidation
of P700 (vA820/A820) was estimated after the far red light was
turned on (FR on) and the half-time for the re-reduction of
Pþ700 was estimated after the far red light was turned o¡ (FR
o¡). MT, multiple-turnover £ash; ST, single-turnover £ash.

Fig. 3. E¡ect of heat treatment on the stability of the Chl^pro-
tein complexes. Freshly isolated thylakoids of C. reinhardtii (a)
and C. subcaudata (b) were incubated for 5 min in the dark
under a range of elevated temperatures. Relative amounts were
estimated as the Chl content of the Chl^protein bands from a
non-denaturing PAGE. (A,B) Changes in CP1 (PSI core) (A)
and CPa (PSII core) (B) content were expressed as percentages
of control non-heated samples. (C) Changes in LHCII1 :LHCII3

(oligomeric :monomeric LHCI) were expressed as the absolute
ratio (n = 2).
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responded by increasing the extent of the Pþ700 signal
by 36% (Fig. 4A,B; Table 3). Exposure of C. rein-
hardtii to TCRIT also inhibited the initial transient re-
reduction of Pþ700 (Fig. 4A,B). In contrast, there was
no signi¢cant change in the extent of Pþ700 signal in
heated samples of C. subcaudata (Fig. 4C,D; Table
3). Lastly, heat treatment induced a doubling in the
rate of dark re-reduction of Pþ700 in C. reinhardtii,
while C. subcaudata exhibited only about a 20% in-
crease in the half-time of Pþ700 dark re-reduction (Ta-
ble 3).

3.5. Cation-induced increase of chlorophyll
£uorescence

The typical kinetic curves of Mg2þ-induced £uo-
rescence increase for cultures grown under control
temperatures are presented in Fig. 5. As expected,
after the establishment of the maximal £uorescence
(F) in samples of fresh cultures resuspended in a low
salt medium, the addition of MgCl2 induced a rapid
rise in the £uorescence yield in both Chlamydomonas
species (Fig. 5). When compared at their respective
growth temperatures, 8‡C-measured samples of C.
subcaudata exhibited a 1.4-fold higher initial £uores-
cence yield (F) and a 1.3-fold lower value for the
Mg2þ-dependent £uorescence increase (vF) in com-
parison with 29‡C C. reinhardtii (Fig. 5; Table 4).
These trends were observed regardless of the measur-
ing temperature (Table 4), indicating that di¡erences
in measuring temperature could not account for the
di¡erential response observed between the two Chla-
mydomonas species. C. subcaudata exhibited a 3.2-
fold slower half-time for the £uorescence rise in com-

parison with C. reinhardtii when measured at the
respective growth temperatures of 8 and 29‡C. How-
ever, when both species were measured at 29‡C, both
Chlamydomonas species exhibited similar values for
t1=2 (Table 4).

It has been previously demonstrated that the spill-
over-type excitation energy transfer from PSII to PSI
[48,49] depends mainly on the distance (R) between
the photosystems [36], and in the absence of Mg2þ

approximately half of the PSII excitons are trans-
ferred to PSI [38]. Following the kinetic analysis pro-
posed in [36], the traces of cation-induced increase of
PSII £uorescence (Fig. 5) were converted to the ki-
netics of an increase of the distance (R) between both
photosystems (Fig. 6). Assuming that the process
occurs in a viscous medium, and combining the hy-
pothesis of Fo«rster-type energy transfer between the
two photosystems, the analysis proposed in [36]
shows that the slope of R versus time (Fig. 5) is
directly proportional to the ratio between the fric-
tional coe⁄cient of the thylakoid membranes and
the coulombic force which monitors the increase in
distance between the chlorophyll^protein complexes
of PSII and PSI. Based on this analysis, C. subcau-
data exhibited a lower slope than C. reinhardtii,
which would indicate that the distance between
PSII and PSI is larger in C. subcaudata in compar-
ison with C. reinhardtii.

3.6. Lipid analysis

The total fatty acid content as well as the fatty
acid composition of the individual membrane lipids
of C. reinhardtii (Tables 5 and 6) were very similar to

Table 4
Parameters of Mg2þ-induced chlorophyll £uorescence rise in cell suspensions of C. reinhardtii and C. subcaudata measured at the cor-
responding growth temperatures of 29‡C and 8‡C, respectively

Sample F vF vF/vF+F t1=2 (s)

C. reinhardtii
M29/20 at 29‡C 67.82 þ 3.21 50.96 þ 4.13 0.427 þ 0.028 4.19 þ 0.10
M29/20 at 8‡C 68.80 þ 1.34 70.28 þ 0.29 0.505 þ 0.005 31.47 þ 2.44
C. subcaudata
P8/20 at 8‡C 93.30 þ 2.55 38.97 þ 1.98 0.294 þ 0.013 13.47 þ 1.98
P8/20 at 29‡C 87.69 þ 1.58 35.32 þ 0.54 0.287 þ 0.002 4.98 þ 0.07

F, initial £uorescence level observed before addition of MgCl2 ; vF, maximum £uorescence change observed after addition of 10 mM
MgCl2 ; t1=2, time for chlorophyll £uorescence increase to vF/2. Mean values þ S.E. were calculated from 3^6 independent measure-
ments.
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those reported in [42]. By contrast with C. reinhardt-
ii, C. subcaudata exhibited an 18:2 species of un-
known identity as well as 18:4(6,9,12,15), but lacked
18:3(5,9,12) and 18:4(5,9,12,15) (Table 5). In gener-
al, C. subcaudata exhibited higher levels of unsatura-
tion than C. reinhardtii (Table 5). The unsaturation
index (IU) for C. subcaudata was estimated as 2.74 in
comparison with an IU of 1.90 in C. reinhardtii.

In monogalactosyldiacylglycerol (MGDG), the
major fatty acid species in C. subcaudata were 16:4,
18:3, and 18:4, while the major species in C. rein-
hardtii were 16:4, 18:3, and 18:1. In addition, C.
reinhardtii exhibited small amounts of the less unsat-
urated 16 and 18C fatty acids, which were not de-
tected in C. subcaudata (Table 6). Ratios of C16/C18

were similar between the two species (Table 6).
The fatty acid composition and C16/C18 ratios of

digalactosyldiacylglycerol (DGDG) exhibited similar
trends as were observed for MGDG (Table 6). The

Table 5
Fatty acid composition (mol%) of the total lipid extracted from
C. reinhardtii and C. subcaudata cells grown at 20 Wmol m32

s31 and either 29 or 8‡C, respectively

Fatty acid C. reinhardtii C. subcaudata

14:0 ND 1.4 þ 1.2
16:0 18.7 þ 0.5 9.5 þ 0.9
16:1(7) 5.1 þ 0.4 Tr
16:1(trans-3) 2.8 þ 0.2 1.7 þ 0.1
16:2(7,10) Tr Tr
16:3(7,10,13) 2.4 þ 0.0 1.9 þ 0.2
16:4(4,7,10,13) 13.9 þ 0.1 25.6 þ 0.8
18:0 4.7 þ 0.7 Tr
18:1(9) 15.5 þ 1.0 6.1 þ 0.4
18:1(11) 15.5 þ 1.0 3.7 þ 1.0
18:2(?) Tr 2.4 þ 0.2
18:2(9,12) 3.2 þ 0.3 2.0 þ 0.2
18:3(5,9,12) 5.1 þ 0.4 ND
18:3(9,12,15) 21.5 þ 0.3 36.0 þ 1.0
18:4(5,9,12,15) 3.7 þ 0.7 ND
18:4(6,9,12,15) Tr 8.5 þ 0.4

The exact identity of 18:2(?) is not known. Tr, trace (6 1%);
ND, not detected. Values represent means þ S.D. (n = 3).

Fig. 6. Kinetics of the rate of salt-induced increase in the dis-
tance R between PSII and PSI chlorophyll^protein complexes
upon addition of 10 mM MgCl2 in C. reinhardtii (a) and C.
subcaudata (b) cell suspensions. The R values were estimated
from the kinetic analysis of the curves similar to those pre-
sented in Fig. 5, using expression 2, as described in [36]. Mean
values þ S.E. were calculated from three independent experi-
ments.

Fig. 5. Typical kinetic traces of Mg2þ-induced chlorophyll £uo-
rescence increase in C. reinhardtii (A) and C. subcaudata (B)
cell suspensions. The arrows indicate the addition of 10 mM
MgCl2. F, £uorescence intensity before addition of Mg2þ ; vF,
maximal £uorescence registered after Mg2þ addition. All other
experimental conditions are given in Section 2.
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major fatty acid species in DGDG of C. subcaudata
were 16:0, 16:4 and 18:3 with low levels of 18:1. In
contrast, in C. reinhardtii the major fatty acid species
of DGDG were 16:0, 18:1 and 18:3, with no detect-
able levels of 16:4 (Table 6).

The two Chlamydomonas species di¡ered signi¢-
cantly in the fatty acid composition of sulfoquinovo-
syldiacylglycerol (SQDG). As previously report-
ed [43], C. reinhardtii exhibited high levels of 16:0
and lower amounts of 18:0, 18:1 species, and
18:3(9,12,15) (Table 6). In marked contrast, the ma-
jor fatty acid content associated with SQDG from C.
subcaudata was 16:0, 16:4 and 18:3. Thus, the C16/

C18 ratio of SQDG was comparable with MGDG
and DGDG in C. subcaudata, while the C16/C18 ratio
of SQDG was about 2-fold higher in C. reinhardtii
(Table 6).

In phosphatidylglycerol (PG), the levels of 16:0
and 16:1 (trans-3

v) were higher in C. reinhardtii
than in C. subcaudata, while C. subcaudata exhibited
signi¢cant levels of 14:0 (Table 6). The trend in high-
er levels of unsaturated 18C fatty acids in C. subcau-
data was also observed at the level of PG, in partic-
ular the levels of 18:3 (Table 6). However, the ratio
of C16/C18 was similar between the two species (Ta-
ble 6).

Table 6
Fatty acid composition of the major membrane lipids of C. reinhardtii and C. subcaudata grown at 29‡C/20 Wmol m32 s31 and 8‡C/20
Wmol m32 s31, respectively

Fatty acid Diacylglycerol (mol%)

MGDG DGDG SQDG PG

C. reinhardtii
14:0 ND Tr ND Tr
16:0 2.0 þ 0.6 32.3 þ 0.7 86.4 þ 2.3 31.6 þ 1.0
16:1* 8.0 þ 0.5 11.0 þ 0.4 Tr 33.9 þ 2.6
16:2(7,10) 1.0 þ 0.0 Tr ND Tr
16:3(7,10,13) 4.0 þ 0.4 3.3 þ 0.0 ND ND
16:4(4,7,10,13) 27.8 þ 3.3 ND ND Tr
18:0 Tr 1.1 þ 0.2 1.5 þ 0.1 2.6 þ 0.3
18:1(9) 16.5 þ 2.8 25.9 þ 0.6 3.3 þ 0.5 14.2 þ 0.3
18:1(11) 1.7 þ 0.8 4.9 þ 0.4 3.7 þ 0.6 5.0 þ 0.6
18:2(9,12) 1.7 þ 0.2 3.2 þ 0.1 ND 4.5 þ 0.2
18:3(5,9,12) Tr 2.0 þ 0.4 ND ND
18:3(9,12,15) 33.0 þ 0.9 14.3 þ 0.3 4.0 þ 0.4 5.8 þ 0.7
18:4(5,9,12,15) 2.4 þ 0.5 1.4 þ 0.2 ND Tr
C16/C18 43 47 87 67
C. subcaudata
14:0 Tr 1.7 þ 1.7 Tr 10.5 þ 0.3
16:0 Tr 10.6 þ 1.4 32.9 þ 2.1 16.6 þ 1.0
16:1* Tr Tr Tr 24.7 þ 1.2
16:2(7,10) Tr Tr Tr 2.1 þ 1.8
16:3(7,10,13) 1.0 þ 0.1 6.1 þ 1.5 1.3 þ 0.2 Tr
16:4(4,7,10,13) 45.0 þ 0.2 23.3 þ 2.5 9.3 þ 1.6 6.6 þ 1.5
18:0 Tr Tr Tr Tr
18:1(9) Tr 3.5 þ 0.5 2.6 þ 0.2 1.8 þ 0.5
18:1(11) Tr 2.5 þ 0.7 6.6 þ 0.8 5.8 þ 1.4
18:2(?) Tr Tr Tr Tr
18:2(9,12) 1.1 2.6 þ 0.2 2.4 þ 0.2 2.0 þ 0.2
18:3(9,12,15) 35.3 þ 0.5 44.5 þ 2.2 38.5 þ 1.1 24.4 þ 0.2
18:4(6,9,12,15) 15.8 þ 0.5 3.6 þ 0.3 4.0 þ 0.5 4.6 þ 1.2
C16/C18 47 43 44 61

*16:1(trans-3) in PG; 16:1(cis-7) in the other lipids.
Tr, trace (6 1%); ND, not detected.
Values represent means þ S.D. (n = 3).
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4. Discussion

In conjunction with numerous earlier reports in
plants and algae [6,8,14], exposure of either C. sub-
caudata or C. reinhardtii to short-term heat stress
resulted in a typical heat-induced increase of the
room temperature Fo £uorescence up to a critical
temperature; however, C. subcaudata exhibited a
TCRIT that was 10‡C lower than that of C. reinhardtii
(Fig. 1). This is in agreement with previous reports
that lower threshold temperatures for the heat-in-
duced rise in Fo £uorescence have been observed in
low temperature-grown plants and algae in compar-
ison with those acclimated to moderate temperatures
[5,25]. In addition, Raison et al. [25] observed that an
increase in lipid £uidity in low temperature-grown
plants correlated with lower threshold temperatures
for the thermal stability of the thylakoid membranes.
While our study did not directly measure membrane
£uidity, higher membrane £uidity has been linked
with higher unsaturation of the acyl chains [48] and
could explain the lower TCRIT in the psychrophilic
alga since a considerably higher unsaturation index
was estimated in C. subcaudata in comparison with
C. reinhardtii (Table 5).

Several possible functional and/or structural
changes in the photosynthetic apparatus have been
proposed to contribute to the heat-induced rise in Fo

£uorescence. The increase in Fo levels has been at-
tributed to the dissociation of LHCII [7,8,38] from
the PSII core as well as inhibition of the PSII-depen-
dent photochemical activity via heat-induced damage
to the donor site [9^12]. In support of these ¢ndings,
the heat-induced blue shift in the 77 K £uorescence
emission peak corresponding to the LHCII complex
from 685 nm to 679 nm in C. reinhardtii (Table 1)
could be indicative of disassociated light harvesting
complexes [49,50] in the mesophilic alga. Further-
more, the rise in the Fo £uorescence might be also
due, in part, to a selective degradation and loss of
function at the level of the PSII core (CPa), as in-
dicated by the loss in structural stability of CPa in
heat-treated C. reinhardtii cells (Table 2). Inhibition
of electron transport from QA to QB [52,53] as well
as dark reduction of QA [54] via the chloroplast Ndh
complex reduction of the plastoquinone pool [55]
have been also suggested as potential causes for the
heat-induced rise in Fo. Thus, the activation of a

substantial dark stromal electron £ow that was pre-
viously reported in C. reinhardtii [40] may be en-
hanced under elevated temperatures and could have
contributed to the heat-induced rise in Fo.

In contrast with C. reinhardtii, heat-treated C. sub-
caudata cells at a TCRIT of 40‡C exhibited neither a
signi¢cant shift of the LHCII peak (Table 1) nor
thermal instability at the structural level of CPa (Ta-
ble 2). Furthermore, we have previously suggested
that there is minimal contribution from stromal re-
ductants to the dark reduction of the plastoquinone
pool in C. subcaudata [40]. Hence, it appears that the
cause of the rise in Fo £uorescence in C. subcaudata
is distinct from the postulated heat-induced function-
al and/or structural adjustments in the photosyn-
thetic apparatus of C. reinhardtii as described above.
One possible explanation to account for the rise in Fo

in the psychrophilic alga could be a higher degree of
heat-induced aggregation of LHCII into supramolec-
ular arrays in heat-treated cells of C. subcaudata [56].
In support of this suggestion, heat-stressed thyla-
koids of C. subcaudata exhibited a higher ratio of
oligomeric to monomeric LHCII (0.96) as compared
to C. reinhardtii (0.42) (Table 2), which could be an
indication of the formation of LHCII aggregates.

While a state II to state I transition has been cor-
related with the heat-induced rise in Fo £uorescence
[3], we believe that our results agree with previous
reports that heat treatment in C. reinhardtii (Fig.
2A,B) mimics a state I to II transition [14,19,20,47].
In support of this, the 77 K ratio of relative £uores-
cence emitted from PSI (717^719 nm) to that of PSII
(697^700 nm) shifted from 1.13 in control cells to
7.19 in heat-stressed C. reinhardtii cells (Table 1),
indicating an adjustment of the excitation energy dis-
tribution between the photosystems [45]. Further-
more, a redistribution of light energy that favors
PSI £uorescence emission should be accompanied
by a concomitant decrease in LHCII £uorescence
yields. In C. reinhardtii, the activation energy for
the decrease in PSII £uorescence was similar to the
activation energy for the increase in PSI £uorescence.

In contrast with the signi¢cant heat-induced redis-
tribution of the excitation energy in favor to PSI in
C. reinhardtii, heat-stressed C. subcaudata exhibited
only a modest decrease in PSII £uorescence (10%)
and a smaller increase of the PSI/PSII £uorescence
ratio (Fig. 2C,D; Table 1). However, it should be
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mentioned that even the initial PSI/PSII £uorescence
ratio in control non-heat-treated C. subcaudata was
also markedly lower (0.11) than in control C. rein-
hardtii cells (1.13). Thus, we believe that the lower
PSI/PSII £uorescence ratio in heat-treated C. subcau-
data might not re£ect only the lower capacity for
heat-induced energy redistribution, but could be
also associated with altered composition and/or stoi-
chiometry of the major components of the photosyn-
thetic apparatus. Indeed, in previous papers we have
demonstrated that the abundance of PsaA/PsaB
polypeptides of the PSI reaction center is drastically
reduced and the PSI/PSII ratio is much lower in C.
subcaudata (0.71) as compared to C. reinhardtii (1.43)
[31], as well as the absence of state transitions in the
psychrophilic alga [40]. Most probably, these di¡er-
ences re£ect the adaptation response of C. subcauda-
ta to its natural environment of extremely low light
and predominantly PSII exciting blue^green spectral
range [30].

Consistent with previous reports demonstrating
heat-induced increase of PSI-related photochemical
activities [1,7,8,47], C. reinhardtii cells exposed to
heat stress exhibited the expected stimulation of
P700 photoxidation (Fig. 4, Table 3). Additionally,
the heat-induced increase in P700 photoxidation in
C. reinhardtii was most pronounced at a comparable
temperature (TCRIT) to the heat-induced rise in Fo as
well as the increase in the 77 K £uorescence ratio of
PSI/PSII (data not shown). Thus, although the pre-
cise mechanism(s) for this phenomenon is still un-
clear [57], it appears likely that spillover-type changes
in the energy distribution probably contributed, in
part, to the stimulation of photoxidation of P700 in
heat-treated cells of C. reinhardtii. This is in agree-
ment with earlier studies indicating that alteration of
the excitation energy distribution in favor of PSI
results in an increased yield of P700 photoxidation
by about 25% [58,59]. Furthermore, Ivanov and Ve-
litchkova [47] attributed the heat-induced stimulation
of P700 photoxidation to an increase in the relative
PSI absorptive cross-section. While the absorptive
cross-sections were not measured in our experiments,
it is well documented that adjustments of 77 K £uo-
rescence emission correlate well with changes in the
functional absorptive cross-sections of PSI and PSII
[47,60]. This response could indicate a short-term
mechanism to protect against photoxidative damage

of PSI under conditions which preferentially inhibit
PSII-mediated electron transport [16]. More recently,
it has been demonstrated that exposure of C. rein-
hardtii to heat stress signi¢cantly enhanced (chloro)-
respiratory electron transport, which in turn sup-
pressed the activity of the linear photosynthetic
electron transport activity at the level of the cyto-
chrome b6/f complex [61]. This would result in the
prevention of the reduction of Pþ700 from electron
£ow through the cytochrome b6/f complex and would
resemble the e¡ect of 2,5-dibromo-3-, methyl-6-iso-
propyl-p-benzoquinone (DBMIB) on P700 photoxida-
tion. In support of this hypothesis, recent ¢ndings
indicated that DBMIB poisoning of C. reinhardtii
cells induced a similar stimulatory e¡ect on P700 pho-
toxidation [40] as was observed in heat-treated cells
(Fig. 4).

In contrast with C. reinhardtii, exposure of C. sub-
caudata to TCRIT did not result in any signi¢cant
e¡ects on the P700 photoxidation (Fig. 4, Table 3).
Reynolds and Huner [17] observed in rye that plants
grown under non-cold hardening conditions exhib-
ited a heat-induced stimulation of PSI-mediated elec-
tron transport, while cold-hardened plants did not
exhibit a heat-induced e¡ect at the level of PSI ac-
tivity. These authors argued that the cold-hardened
plants showed maximal PSI activities under control
conditions, and thus were unable to exhibit a further
stimulation of PSI in response to heat stress [17].
Thus, it could be suggested that cells of C. subcau-
data, which possess relatively low levels of PSI [31]
and relatively high rates of cyclic electron transport
[40], also exhibit maximal levels of P700 oxidation
under control conditions and are therefore una¡ected
at the level of PSI by incubation at elevated temper-
atures.

Further data concerning the spillover type of re-
distribution of light energy were derived from Mg2þ-
induced increase of chlorophyll £uorescence. It is
generally assumed that the salt-induced increase of
chlorophyll £uorescence is associated with the lateral
segregation of chlorophyll^protein complexes of PSII
and PSI and re£ects the decrease in excitation energy
transfer ‘spillover’ from PSII to PSI [49]. Since C.
subcaudata and C. reinhardtii exhibited comparable
maximal £uorescence yields after addition of Mg2þ

(vF), it appears that an e⁄cient cation-dependent
energy redistribution exists in both Chlamydomonas
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species. In fact, C. subcaudata exhibited a 1.5-fold
lower value in comparison with C. reinhardtii for
the relative change in Chl £uorescence (Table 4),
which would indicate a higher capacity for spill-
over-type energy between the photosystems in the
psychrophilic versus the mesophilic alga. This di¡er-
ence between the two Chlamydomonas species could
not be accounted for by di¡erences in the measuring
temperature (Table 4). In contrast, the half-time for
the Mg-induced rise in Chl £uorescence was sensitive
to the measuring temperature, which agrees with pre-
vious observations that the salt-induced rise in Chl
£uorescence and the concomitant lateral segregation
of the photosystems are di¡usion-controlled process-
es [34,49]. However, while the half-times were com-
parable between the 29‡C-measured samples of C.
reinhardtii and C. subcaudata, at 8‡C C. reinhardtii
exhibited a 2.5-fold lower rate of Chl £uorescence
rise in comparison with C. subcaudata (Table 4).
We believe that this latter observation indicates dif-
ferences within the thylakoid dynamic properties be-
tween the two Chlamydomonas species.

It seems plausible that the overall higher levels of
unsaturated acyl chains observed in C. subcaudata
(Table 5) could indicate higher £uidity of the mem-
brane lipids in C. subcaudata in comparison to C.
reinhardtii. Furthermore, C. subcaudata exhibited
the unique fatty acids species, 14:0, 18:4(6,9,12,15)
and an unknown 18:2 fatty acid, that were not de-
tected in C. reinhardtii, but lacked 16:1(7), 18:0,
18:3(5,9,12) and 18:4(5,9,12,15) (Table 5). In addi-
tion, C. subcaudata exhibited di¡erences in the fatty
acid composition of speci¢c lipid classes in compar-
ison with C. reinhardtii, most notably SQDG (Table
6). Both the presence of the unique fatty acids and
the di¡erences in the fatty acid composition associ-
ated with SQDG would also a¡ect the £uidity of the
membranes [2]. Lastly, it has recently been shown
that the level of polyunsaturated fatty acids, speci¢-
cally the trienoic fatty acid content of the thylakoid
membranes, directly a¡ects photosynthetic rates and
the ability of the plant to survive elevated temper-
atures [27]. In support of this work, recent experi-
ments in our laboratory indicate that photosynthesis
rates are inhibited at lower temperatures in C. sub-
caudata versus C. reinhardtii (T. Pocock, N. Huner,
unpublished data). Thus, the presence of higher lev-
els of polyunsaturated fatty acids observed in the

psychrophilic alga may play a key role in the ele-
vated thermosensitivity of the photosynthetic process
of the Antarctic alga.

In conclusion, the increased heat sensitivity at the
level of the photosynthetic thylakoid membranes, in-
dicated by the temperature-induced increase in Fo

£uorescence, observed in C. subcaudata was a conse-
quence of an increase in unsaturated fatty acid of the
membranes lipids in combination with unique fatty
acid species in the psychrophilic alga. However, this
apparent thermal sensitivity of the photosynthetic
membranes was not accompanied by changes at ei-
ther the structural level of PSII or the functional
level of PSI in C. subcaudata. The absence of a
heat-induced e¡ect at the level of P700 photoxidation
in the Antarctic alga may re£ect either the lack of
external stromal donors or the lower capacity to re-
distribute light energy in favor of PSI. Lastly, the
stimulation of PSI observed in C. reinhardtii might
re£ect a short-term mechanism to protect against PSI
photo-destruction during environmental stresses that
selectively inhibit PSII-mediated electron transport
[16]. The absence of this acclimatory strategy in C.
subcaudata probably re£ects a loss of such short-term
acclimatory mechanisms as a result of adaptation to
extremely stable, low growth temperatures.

5. For further reading

[51]
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