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This study aimed to compare the ability of two
Arthrospira platensis (Nordst.) Gomont strains, M2
and Kenya, isolated from two different habitats, to
acclimate to low temperature (15�C). Both strains
had similar growth rates at 30�C, but once accli-
mated to low temperature, M2 showed a greater
decline in growth (59% vs. 41% in the Kenya strain).
We suggest that the Kenya strain acclimated better
to low temperature by down-regulating its photosyn-
thetic activity through (i) decreasing antenna size
and thus reducing energy flux into the photosys-
tems; (ii) decreasing reaction center density
(RC ⁄ CSX) and the performance index, thus decreas-
ing the trapping probability and electron transport
rate while maintaining electron transport probability
for electron transport beyond QA

) unchanged; (iii)
increasing the energy dissipation flux. In contrast,
the M2 strain showed no difference in antenna size
and exhibited a much lower decrease in RC ⁄ CSX

and a lower dissipation rate. Hence, the Kenya
strain minimized potential damage on the acceptor
side of PSII compared to the M2 cells. Further-
more, acclimation to low temperature was accompa-
nied by an improved mechanism for handling
excess energy resulting in an enhanced ability of the
Kenya strain to rapidly repair damaged PSII RCs
and withstand a high photon flux density (HPFD)
stress; this finding might be defined as a cross-adap-
tation phenomenon. This study may provide a tool
to identify strains suitable for outdoor mass-produc-
tion in different regions characterized by different
climate conditions.

Key index words: Arthrospira; cyanobacteria; fluo-
rescence; OJIP test; outdoor production; photo-
synthesis; photosystems I and II

Abbreviations: chl0, chl at time 0; DCMU, 3-(3,4-
dichloro-phenyl)-1,1dimethhylurea; dwt, dry weight;
Fo, Fv, Fm, minimal, variable, and maximal fluores-
cence yields of dark-adapted cultures; Fv ⁄ Fm, maxi-
mum quantum yield of primary photochemistry;
HPFD, high photon flux density; kpi, rate constant
of photoinactivation; krec, rate constant of recovery;

Pc, phycocyanin; PI(ABS), performance index on an
absorption basis; PQ, plastoquinone; QA, primary
quinine electron acceptor of PSII; QB, secondary
quinine electron acceptor of PSII; RC, reaction
center; RC ⁄ CSX, reaction center density; TMPD,
N ¢N ¢N ¢N ¢-tetramethyl-p-phenylenediamine; uEo, quan-
tum yield of electron transport beyond QA

); uPo,
maximum quantum yield for primary photochemis-
try; wo, electron transport probability for electron
transport beyond QA

)

In nature, cyanobacteria are exposed to daily and
seasonal fluctuations in temperature and light,
which are the major factors determining photosyn-
thetic and growth rates (Huner et al. 1998, Raven
and Geider 2003). Low temperatures or high light
intensities may disrupt the balance between the
absorption of energy through photosynthesis and
the ability to utilize this energy. Such conditions
may cause a higher excitation pressure on PSII that
results in damage to the photosynthetic apparatus
(Huner et al. 1998, Yamamoto 2001, Wilson et al.
2006).

Several major regulatory mechanisms may be
involved in the protection of the PSII apparatus
from photodamage under stress conditions: photo-
chemical processes related to electron transport,
nonphotochemical processes by which excess energy
is dissipated as heat and fluorescence or transferred
to other systems, and modification in D1 pro-
tein turnover under excess energy stress (Prasil
et al. 1992, Campbell et al. 1998, Huner et al. 1998,
Melis 1999, Adams et al. 2001, Yamamoto 2001,
Tsonev and Hikosaka 2003).

Polyphasic rise in chl a fluorescence (OJIP test)
has been used as a tool to evaluate modifications in
PSII photochemistry in a wide range of studies, not
only in higher plants (Tomek et al. 2001, Ban Dar
and Leu 2003, Force et al. 2003, Zhu et al. 2005,
Strauss et al. 2006) but also in algae (Hill et al.
2004, Hill and Ralph 2005, Kruskopf and Flynn
2006) and cyanobacteria (Strasser et al. 1995, 2004,
Lu and Vonshak 1999, Lu et al. 1999, Qiu et al.
2004, Lazár 2006). This tool has been used in a
variety of studies, including structure and function
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of the photosynthetic apparatus, characterization of
vitality and physiological condition, and selection
of species tolerant to stress conditions (Hermans
et al. 2003, Goncalves and Santos 2005).

In many cases, exposure of photosynthetic cells
to extreme environmental conditions results in a
decrease in the maximum quantum yield of primary
photochemistry (Fv ⁄ Fm) and is often interpreted as
photodamage (Powles 1984, Torzillo et al. 1998,
Maxwell and Johnson 2000). Nevertheless, this
decrease is often identified as an adaptive acclima-
tion process of down-regulation of PSII, a protective
mechanism that helps dissipate excess energy from
the photosynthetic apparatus (Allen and Ort 2001,
Tsonev et al. 2003, Hill et al. 2004, Kramer et al.
2004, Hill and Ralph 2005).

Sonoike et al. (2001) demonstrated the impor-
tance of down-regulation in the acclimation process
to high light stress by comparing the response of
wildtype and a pmgA mutant of Synechocystis PCC
6803. The wildtype down-regulated PSII activity fas-
ter than the mutant and demonstrated a greater
decrease in photochemical efficiency that resulted
in lower electron flow and higher nonphotochemi-
cal quenching. In spite of the fact that the mutant
cells grew faster during the first 3 d of exposure to
high light, the failure to down-regulate the flow of
electron transport finally led to cell death.

Mass production of Arthrospira is carried out
mainly in large open ponds where light and temper-
ature fluctuations vary from early morning (15�C
and 1,000 lmol photons Æ m)2 Æ s)1) to midday
(35�C and 2,200 lmol photons Æ m)2 Æ s)1) and are
difficult to control (Vonshak et al. 1982, Vonshak
1997). Such conditions may cause a significant
decrease in photosynthetic activity and productivity
(Lu and Vonshak 1999, Vonshak et al. 2001).

Any attempt to improve productivity to increase
the economic feasibility of algal mass culturing
requires selection of strains that are adapted to the
local climate fluctuations. Very little is known about
attempts to isolate and use different strains that are
suitable for specific climatic conditions. Many of the
studies related to selection of strains compare the
growth and productivity of the cultures under opti-
mal conditions. In this study, we emphasize the
importance of screening and selecting strains on
the basis of their ability to withstand and acclimate
to environmental stress. The strains selected in this
study grow at a similar rate under optimal condi-
tions but respond differently once exposed to envi-
ronmental stress.

MATERIALS AND METHODS

Growth conditions and acclimation. Two strains of the
filamentous cyanobacterium A. platensis—the strain marked
as M2 isolated from Lake Chad, and the Kenya strain
isolated from Lake Nakuru in Kenya—were obtained from
the culture collection of the Centro di Studio dei Micror-
ganismi Autotrofi in Florence, Italy, and were grown in

batch-cultures in Zarrouk’s medium containing 0.2 M NaCO2
(Vonshak et al. 1982). Cultures were incubated in a gyratory
shaker agitated (Innova 4340, New Brunswick Scientific,
Edison, NJ, USA) continuously at 120 rpm with an enriched
atmosphere of 1% CO2 and illuminated continuously at a
photon flux density of 70–75 lmol photons Æ m)2 Æ s)1. Con-
stant temperature was maintained, either at the optimal
temperature of 30�C or at a low-temperature treatment of
15�C. Cultures were grown and periodically diluted to chl
concentration of 5 lg Æ mL)1 to maintain a logarithmic
phase of growth. All measurements were performed on
logarithmic phase cultures.

Measurement of pigments. Pigments were assayed spectro-
photometrically; chl a was measured at 666 nm according to
Bennet and Bogorad (1973) (OD666 = 13.9 lg Æ mL)1). Phyco-
cyanin was measured at 620 nm (Boussiba and Richmond 1979;
OD620 = 125 lg Æ mL)1).

Growth parameters. Dry weight (dwt) of cell biomass was
determined by filtering culture samples through a GF5 ⁄ 2 glass
fiber paper (Schleicher & Schuell Inc., Keen, NH, USA) and
drying for 2 h at 105�C. Specific growth rate (l) was calculated
from the logarithmic phase growth curve, using the formula

l ¼ ðlnX2 � lnX1Þðt2 � t1Þ�1 ð1Þ

where X1 and X2 are the chl concentrations at times t1 and t2,
respectively, and units of l are the reciprocal of time.

Chl fluorescence measurement. The polyphasic rise in chl
fluorescence transients was recorded using a portable fluorom-
eter (Plant Efficiency Analyzer, Hansatech Instruments Ltd.,
King’s Lynn, UK) equipped with a liquid sample holder.
Cultures grown at the logarithmic phase at either the optimal
temperature treatment or the low temperature treatment were
diluted to a final chl concentration of 5 lg Æ mL)1 and dark
adapted for 10 min at room temperature. A polyphasic rise in
fluorescence transients (OJIP test) was recorded and plotted
on a logarithmic timescale from 50 ls to 1 s. The following
parameters: F0 (50 ls), F300 ls, FJ (2 ms), FI (30 ms), and Fm

(tFMAX) were analyzed according to the OJIP-test procedure
and used for calculation of energy fluxes based on the model of
energy fluxes in the membranes (Strasser and Strasser 1995,
Force et al. 2003, Strasser et al. 2004). The energy flux ratios in
the photosynthetic apparatus are defined in the following
equations and enable evaluation of the absorbed flux (ABS),
the trapping flux (TR), the electron transport flux (ET), and
the dissipation flux (DI).

PSII and PSI activity measurements. Cells were harvested,
washed, and resuspended to a final concentration of
5 lg Æ mL)1 chl with 20 mM Bis Tris Propane buffer pH 6.8
with 0.5 M mannitol. Permeabilization of the cell walls was
achieved by incubating the cells in the same buffer containing
9 mM p-benzoquinone for 3 min in the dark.

Electron transport activity through PSI was measured after
adding a buffer with an assay mix containing 0.9 mM
p-benzoquinone, 2 mM sodium azide (NaN3)(inhibiting respi-
ration), 10 lM DCMU (inhibiting PSII activity), 0.1 mM TMPD
(N¢N¢N¢N¢-tetramethyl-p-phenylenediamine; electron donor),
5 mM sodium ascorbate (reducing TMPD), and 0.1 mM
methyl viologen (electron acceptor) (all chemicals are from
Sigma Inc., St. Louis, MO, USA). O2 uptake in the dark and
light was measured polarographically with a Clark’s-type
oxygen electrode at 30�C under a rate-saturating light intensity
of 400 lmol photons Æ m)2 Æ s)1. PSI activity was determined as
net O2 consumption in the light. According to Robinson et al.
(1982) intact trichomes of A. platensis are permeable to the
acceptor and donor used in our measurements.

Electron transport activity through PSII was measured using
0.9 mM p-benzoquinone as an electron acceptor under a rate-
saturating light intensity of 400 lmol photons Æ m)2 Æ s)1 and
determined by O2 consumption in the light (Satoh et al.1992).
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Photoinhibitory treatments (exposure to HPFD) and photoinacti-
vation of PSII. Cultures at the log-phase of growth were
harvested and resuspended in fresh growth medium to yield
a chl concentration of 25 lg Æ mL)1. The cultures were
placed in a thermoregulated, double-jacket cylindrical glass
vessel and maintained at various temperatures (15, 25, 30, or
35�C), in the presence and absence of 10 lg Æ mL)1

chloramphenicol (Sigma Inc.). Cultures were illuminated at
an HPFD of 1,000 lmol photons Æ m)2 Æ s)1 using a high-
intensity halogen lamp (230 V, 1,000 W; Osram, München,
Germany). At given intervals, samples were withdrawn for
determination of maximum quantum yield of primary pho-
tochemistry (Fv ⁄ Fm).

Analysis of the fraction of active PSII was performed
according to the Tsonev and Hikosaka (2003) model. They
assumed that the reduction in the fraction of active PSII during
the exposure to HPFD follows a model of two opposing
reactions with different rate constants: (i) photoinactivation of
PSII (kpi) and (ii) recovery of inactivated PSII (krec). Further-
more, they assumed that the rate constants are proportional to
the concentrations of active and inactive PSII. The fraction of
active PSII (a) is calculated from the differences in the rate
constants of inactivation of PSII during the exposure to HPFD
in the absence and presence of a protein synthesis inhibitor
and expressed as

a ¼ fkrecþ kpiexp½ � ðkpiþkrecÞt�gðkpiþ krecÞ�1 ð2Þ

where t is illumination time. In the presence of 10 lg Æ mL)1

chloramphenicol, krec becomes zero and the fraction of active
PSII (a) is expressed as

a¼ expð� kpitÞ ð3Þ

RESULTS

Growth and biomass composition. The growth of two
Arthrospira strains, M2 and Kenya, at 30�C and 15�C
is depicted in Figure 1. While no significant differ-
ence could be observed in the growth rate of the
two strains at 30�C, a significant decline was
observed when cultures were grown at 15�C. It is

worth noting that the decline in the growth of the
Kenya strain was less pronounced than that of the
M2 strain (41% and 59%, respectively; Table 1).

The two strains grown under low temperature
revealed a decline in cell content of chl and phyco-
cyanin. While the decline in chl was almost the
same (60%) in both, phycocyanin content
decreased more in the Kenya strain than in the M2
strain (68% and 61%, respectively). Thus, the ratio
of phycocyanin to chl in M2 was the same in cells
grown at both optimal and low temperatures, while
in the Kenya strain, a significant decrease in the
ratio was observed between the two treatments
(Table 1).

PSII photochemistry. To assess the modifications
that took place in the photosynthetic machinery of
the two Arthrospira strains acclimated to low temper-
ature, the polyphasic rise in chl a fluorescence tran-
sient, including the O, J, I, and P steps, was
measured and analyzed in control and acclimated
cells (Force et al. 2003, Strasser et al. 2004). The
OJIP transient expresses the successive reduction in
the electron acceptor pool of PSII (Govindjee 2004)
and as such provides a useful tool for comparing
and evaluating modifications induced by environ-
mental stress on PSII (Force et al. 2003, Zhu et al.
2005, Lazár 2006).

Although both strains demonstrated a similar pat-
tern of polyphasic rise in fluorescence when grown
at 30�C (Fig. 2a), the decrease in the fluorescence
yield at the OJIP phases in cultures grown at low
temperature revealed significant differences
between the two strains. In M2, the effect on the J
step was minor, and most of the decline appeared
at the P step; in the Kenya strain, a decline in both
J and P steps was observed (Fig. 2, a and b). The
curves of the polyphasic rise in chl a fluorescence
were used to extract specific parameters, such as
yields and RC ⁄ CSX (Table 2).

It is worth noting that in the Kenya strain, the
decreases in maximum quantum yield for primary
photochemistry (uPo; )39%), quantum yield of elec-
tron transport beyond QA

) (uEo; )42%), and
RC ⁄ CSX ()35%) were almost the same, while elec-
tron transport probability for electron transport
beyond QA

) (wo) decreased only slightly (6%).
A different pattern was observed in M2, where the
decreases in uPo ()13%), wo ()17%), and density of
RC ⁄ CSX ()16%) were almost the same, with a
greater decline in uEo ()28%) (Table 2).

Comparing the performance index (PIABS; energy
bifurcation in PSII on absorption basis) of the two
strains grown at low temperature indicates that the
decrease was greater in the Kenya strain. This
finding suggests a greater ability of the strain to
down-regulate its PSII activity compared with
M2 (Table 2).

PSI and PSII activity. To examine whether the
decrease in yield for primary photochemistry (uPo)
and in RC ⁄ CSX was generated by damage to PSII or

Fig. 1. Growth of M2 (s) and Kenya (h) strains grown at
30�C (control temperature, solid line) and 15�C (low tempera-
ture, broken line). Values represent mean ± SE of five (30�C)
and seven (15�C) independent replication experiments per treat-
ment.
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by down-regulation of PSII, the activity of PSI and
PSII of the cultures acclimated to low temperature
was measured. In both strains grown at low tempera-
ture, a lower PSII activity was observed, but the
decrease in activity was higher in M2 than in the
Kenya strain (45% and 26%, respectively; Table 3).
In contrast, a marked increase in PSI activity was
observed in both strains, with a much higher activity
in the Kenya strain than in M2 (691% and 270%,
respectively; Table 3).

Photoinactivation and recovery of PSII under
HPFD. Acclimation to low temperature requires the
development of protective mechanisms to deal with
excess energy absorbed. We would therefore expect
the low-temperature-acclimated cells to demonstrate

better ability to handle high light stress. To explore
this idea, we exposed cultures grown at low temper-
ature to high light conditions and evaluated the
quantitative contribution of photoprotective mecha-
nisms in the two strains. According to Tsonev and
Hikosaka (2003), rate constants that reflect photo-
inactivation and recovery in light-stressed cells can
be calculated following the rate of decline in Fv ⁄ Fm

in cultures exposed to HPFD in the presence and
absence of an inhibitor of protein synthesis (for
more details, see Materials and Methods). The
changes in Fv ⁄ Fm in cultures grown at 30�C or 15�C
and exposed to HPFD under different incubation
temperatures in the absence and presence of
10 lg Æ mL)1 chloramphenicol were measured. No
significant differences were observed between the
two strains grown at 30�C. The only difference in
the 30�C grown cells was between the protein inhi-
bited and noninhibited cells incubated at tempera-
tures above 15�C (data not shown).

A more evident difference between the two
strains was observed when cultures grown at 15�C
were exposed to HPFD with and without the protein
synthesis inhibitor. While in the Kenya strain, the
difference between the protein-synthesis-inhibited
cells and the noninhibited cells was evident at incu-
bation temperatures above 15�C (Fig. 3, e–f), in the
M2 strain the difference was observed only in cells
exposed to HPFD at 35�C (Fig. 3d).

Table 1. Growth rate parameters and pigment composition in the M2 and Kenya strains grown at control and low temper-
atures.

Control Low temperature

M2 Kenya M2 Kenya

Specific growth rate (l) (d)1) 0.447 ± 0.013 (100) 0.448 ± 0.013 (100) 0.202 ± 0.010 (45) 0.265 ± 0.011 (59)
Chl ⁄ dwt 1.46 ± 0.07 (100) 1.61 ± 0.09 (100) 0.59 ± 0.08 (40) 0.70 ± 0.08 (43)
Pc ⁄ dwt 7.68 ± 0.03 (100) 9.14 ± 0.41 (100) 3.00 ± 0.235 (39) 2.905 ± 0.325 (32)
Pc ⁄ chl 4.90 ± 0.18 (100) 5.49 ± 0.11 (100) 4.87 ± 0.18 (99) 4.2 ± 0.14 (67)

Values are mean ± SE of five (Pc ⁄ chl) and two (chl ⁄ dwt, Pc ⁄ dwt) independent replication experiments. Numbers in parenthe-
ses are percentages of the control value. dwt, dry weight; Pc, phycocyanin.

Fig. 2. Polyphasic chl a fluorescence transients (OJIP) in M2
(a) and Kenya (b) strains, grown at 30�C (s) and 15�C (h).

Table 2. Yields at t = 0, density of reaction center (RC ⁄ CSX) and performance indexes (PIABS), calculated from the
OJIP-test in the M2 and Kenya strains grown at control and low temperatures.

Control Low temperature

M2 Kenya M2 Kenya

Maximum quantum yield for primary
photochemistry (uPo)(TR0 ⁄ ABS)

0.63 ± 0.0032 (100) 0.60 ± 0.0068 (100) 0.55 ± 0.0049 (87) 0.37 ± 0.0019 (61)

Quantum yield for electron
transport (uEo; ET0 ⁄ ABS)

0.35 ± 0.004 (100) 0.35 ± 0.003 (100) 0.25 ± 0.004 (72) 0.20 ± 0.002 (58)

Quantum yield for energy
dissipation (uDo; 1 ) [Fv ⁄ Fm])

0.37 ± 0.003 (100) 0.40 ± 0.007 (100) 0.45 ± 0.005 (122) 0.63 ± 0.002 (159)

Electron transport probability
(wo; ET0 ⁄ TR0)

0.55 ± 0.005 (100) 0.58 ± 0.005 (100) 0.46 ± 0.005 (83) 0.54 ± 0.005 (94)

Density of RC (RC ⁄ CSX) 24.4 ± 0.34 (100) 18.2 ± 0.59 (100) 20.6 ± 0.39 (84) 11.9 ± 0.24 (65)
Performance index on an
absorption basis, PI(ABS)

0.70 ± 0.017 (100) 0.59 ± 0.015 (100) 0.25 ± 0.009 (36) 0.11 ± 0.003 (18)

Values represent mean ± SE of two independent replication experiments per treatment with four repetitions for each. Numbers
in parentheses are percentages of the control value.
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Summarizing the data (Fig. 4) revealed a major
difference between the strains. The M2 strain grown
at 30�C demonstrated a greater resistance to light
stress. While an opposite pattern was observed in
cultures grown at 15�C, the Kenya strain demon-
strated a better capacity to withstand the light stress.

The changes in the rate constant of photoinacti-
vation (kpi; extracted from Fig. 3) as a function of
incubation temperature are shown in Figure 5, a
and d. In M2 grown at 30�C, an increase in kpi was
observed with the increase in incubation tempera-
ture. Such an increase was not observed in the low-
temperature culture (Fig. 5a). A somewhat different
response was observed in the Kenya strain, which
showed only a moderate increase in the culture
grown at 30�C and a marked decline in the low-
temperature culture (Fig. 5d).

Fig. 3. Photoinactivation of PSII, indicated by relative reduc-
tion in maximal photochemical efficiency of PSII, in M2 (a–d)
and Kenya (e–h) strains, grown at 15�C, and exposed to high
photon flux density (HPFD) of 1,000 lmol photons Æ m)2 Æ s)1 at
15�C (a, e), 25�C (b, f), 30�C (c, g), and 35�C (g, h) in the pres-
ence (closed symbols) and absence (open symbols) of
10 lg Æ mL)1 of chloramphenicol (CAM). Results are means of
four replicates in 1–4 independent experiments. Cells were incu-
bated at each temperature for 5 min at dim light.

Table 3. PSI activity (lmol O2 uptake Æ mg chl a)1 Æ h)1)
and PSII activity (lmol O2 evolved Æ mg chl a)1 Æ h)1) of
M2 and Kenya strains grown at control and low temperatures.

Control Low temperature

M2 Kenya M2 Kenya

PSI
activity

52.3 ± 2.6
(100)

52.6 ± 1.4
(100)

141.3 ± 8.3
(270.1)

363.5 ± 28.8
(691.3)

PSII
activity

248.5 ± 8.1
(100)

229.4 ± 7.7
(100)

137.7 ± 6.6
(55.4)

169.0 ± 10.5
(73.7)

Values represent means ± SE of three replications. Num-
bers in parentheses are percentages of the control value.

Fig. 4. Maximal photochemical efficiency of PSII in M2 (s)
and Kenya (h) strains, grown at 30�C (a) and at 15�C (b),
exposed to high photon flux density (HPFD) of 1,000 lmol Æ
m)2 Æ s)1 at 30�C. Values were calculated from four replicates in
2–4 independent experiments. (Data extracted from Fig. 3.)

Fig. 5. The effect of temperature on the rate constants of
photoinactivation, kpi (a, d), the rate constants for recovery, krec

(b, e), and the fraction of active PSII at equilibrium (c, f) in M2
(a–c) and Kenya (d–e) strains, at control (solid line) and low
temperatures (broken line). Values were calculated from four
replicates in 1–4 independent experiments. (Data were calculated
from Fig. 3.)
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The major difference was revealed in the rate
constant of recovery (krec) of the two strains. While
the Kenya strain maintained its recovery ability even
in the low-temperature treatment (Fig. 5e), the M2
strain grown at 15�C demonstrated a low recovery
constant that increased only when exposed to HPFD
at 35�C (Fig. 5b).

Calculating the fraction of active PSII in the two
strains revealed yet another difference between the
strains: the fraction of active PSII in the Kenya
strain responded similarly to incubation tempera-
tures regardless of growth temperature (Fig. 5f). On
the other hand, in the M2 strain grown at 15�C, the
fraction of active PSII did not increase with incuba-
tion temperature; it did increase in the culture incu-
bated at 35�C (Fig. 5c).

DISCUSSION

The growth of cyanobacteria, like that of many
other photoautotrophs, is highly dependent on the
ability of the organisms to correlate tightly the pro-
cess of light energy harvested by the photosynthetic
antenna and energy consumption by the photosyn-
thetic process. Thus, any change in environmental
conditions requires the development of acclimation
mechanisms that will adjust the energy flow from
the antenna through the two photosystems to the
Calvin cycle (Huner et al. 1998, Ensminger et al.
2006, Wilson et al. 2006).

The ability of the two Arthrospira strains to accli-
mate to low temperature was compared to improve
our understanding of the mechanisms involved in
the photosynthetic apparatus. Moreover, the com-
parison may provide a better insight into the ques-
tion of cross-adaptation in cyanobacteria. The ability
of the Kenya strain to better acclimate to low tem-
perature is first indicated in its ability to maintain a
higher growth rate than the M2 strain when grown
at the low temperature. Another indication of the
difference is reflected in the changes in the antenna
size. Downsizing the antenna in the Kenya strain
results in less energy being transferred to the photo-
synthetic RCs (Table 1).

The effect of low temperature on the polyphasic
fluorescence transient and analysis of photosynthetic
parameters. The chl a fluorescence transient (OJIP
test) is frequently used to analyze changes induced
in the photosynthetic apparatus in response to envi-
ronmental stress in algae as well as in cyanobacteria
(Force et al. 2003, Strasser et al. 2004). The reduc-
tion in the J step (Fig. 2) observed mainly in the
Kenya strain grown at low temperature may indicate
a decrease in the accumulation of reduced QA

(Govindjee 2004, Zhu et al. 2005, Lazár 2006) as
well as a decrease in the concentration of active PSII
RC (RC ⁄ CSX; Strasser and Strasser 1995), as shown
in Table 2. The decline in the P step (Fig. 2), which
was steeper in the Kenya strain, reflects a bigger
decline in the concentration of QA

), QB
2), and

plastoquinol (PQH2) (Govindjee 2004, Zhu et al.
2005, Lazár 2006). This outcome may be the result
of a decrease in the accumulation of reduced QA

and a smaller concentration of active PSII RC
(RC ⁄ CSX) in the Kenya strain. These results are in
line with other reports on the response of algae to
other stresses, such as bleaching (Hill et al. 2004),
photoinhibition (Lu and Vonshak 1999), and high
salt (Lu et al. 1999).

In the Kenya strain grown at low temperature,
the decrease in the concentration of active PSII RC
(RC ⁄ CSx; Table 2) resulted in a similar decrease in
uPo, followed by a similar decrease in uEo. In con-
trast, no significant change was observed in wo,
meaning there was no effect on the capacity of QA

)

reoxidation. A somewhat different response was
observed in M2 grown at low temperature. A higher
concentration of active PSII RC (RC ⁄ CSx) was main-
tained, which reflected maintenance of a similar
level of uPo. Thus, it is worth noting that wo was
probably affected due to the impairment in the
acceptor side of PSII that decreased the capacity of
QA

) reoxidation and resulted in a significant
decrease in uEo. Similarly, Arthrospira cells exposed
to salt stress exhibited an inhibition in both the
acceptor and the donor sides of PSII (Lu and
Vonshak 2002).

In conclusion, we suggest that the Kenya strain
acclimates better to low temperature through down-
regulating its photosynthetic activity by (i) decreas-
ing the antenna size and thus reducing the energy
flux into the photosystems; (ii) decreasing RC ⁄ CSx
and performance index on cross-section basis
(PICS), thereby lowering the trapping probability
and the electron transport rate, but keeping wo

unchanged; and (iii) increasing the dissipation flux,
which reflects the energy that either dissipates or is
transferred to other electron transport pathways. In
contrast, in the M2 strain, the antenna size stays
constant (Table 1) and shows a much lower
decrease in the density of active RC, as well as a
lower dissipation rate (Table 2). Thus, the Kenya
strain minimizes the potential damage on the accep-
tor side of PSII, while M2 cells exhibit damage on
the acceptor side reflected in a decrease in the wo.

PSI and PSII activity. Dissipation of energy not
utilized in the photochemical process may take
place by alternative electron transport pathways such
as respiration or state transitions between PSII and
PSI (Campbell et al. 1998). State transition has been
suggested to be a part of the acclimation mecha-
nisms to environmental stress in cyanobacteria,
including A. platensis, which adjusts the distribution
of excitation energy between the two photosystems
and is regulated by the redox state of the electron
transport (Campbell et al. 1998, El Bissati et al.
2000, McConnell et al. 2002, Allen and Mullineaux
2004, Li et al. 2004, Mullineaux and Emlyn-Jones
2005). Furthermore, Rakhimberdieva et al. (2001)
determined that in A. platensis, PSII contains only
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5% of the chl and binds to only 20% of the phyco-
bilisomes. Thus, PSI is the massive fraction that is
connected to most of the phycobilisomes, and thus
the species can absorb energy not only through
PSII.

It is worth noting that the larger increase in PSI
activity in the Kenya strain acclimated to low tem-
perature is in line with the increase in dissipation
flux. This concordance indicates the potential
involvement of state transition as a photoprotective
mechanism against excess energy, resulting in down-
regulation of PSII efficiency (Campbell et al. 1998).
This idea is further supported by the higher PSII
activity in the Kenya strain grown at the low temper-
ature (Table 3), suggesting that state transition is a
control mechanism that provides protection to PSII
from excitation energy (Wollman 2001) and previ-
ously suggested in A. platensis under salt stress (Lu
et al. 1999).

The effect of low temperature on the response to light
stress. Acclimation to low temperature, similar to
the acclimation to high light, is tightly connected
with the ability to utilize and regulate excess
energy (Huner et al. 1996, Miskiewicz et al. 2002,
Wilson et al. 2006). Sonoike et al. (2001) demon-
strated that under acclimation to high light stress
the adjustment of photosynthesis is not by main-
taining efficient photosynthesis but by down-
regulating electron transport. In the current work,
when acclimating to low temperature, another envi-
ronmental stress, the Kenya strain down-regulated
the electron transport rate. The similarity in the
adjustment in response to different stresses sug-
gests that the strain acclimated to low-temperature
stress may acquire a better ability to withstand an
HPFD stress.

Exposing cells to HPFD in the presence and
absence of an inhibitor of protein synthesis helps to
distinguish between the rate of damage and the
impact of the recovery process on the photoinhibi-
tory response. Once grown at 15�C, the M2 cells
appear to lose a significant part of their ability to
recover from the HPFD stress (Fig. 3). The differ-
ence between the strains in relation to their acclima-
tion ability is more evident when comparing the
response of the two strains grown at 30�C or 15�C
and exposed to HPFD at 30�C (Fig. 4). While M2
cells grown at 30�C are more resistant to HPFD
(Fig. 4a), an inversion of the response is observed
in cells grown at 15�C (Fig. 4b). Thus, it seems that
the acclimation to low temperature in the Kenya
cells provided them with an improved ability to tol-
erate the HPFD stress. Part of this ability is enabled
through a better recovery capacity of the Kenya
strain (Fig. 5e), resulting in a higher fraction of
active PSII (Fig. 5f). This finding is further sup-
ported by the suggestion of Nishiyama et al. (2006)
that in Synechocystis low temperature affects mainly
the rate of recovery and not the rate of induced
damage in PSII.

CONCLUSION

This study demonstrates that the acclimation pro-
cess associated with the photosynthetic apparatus
requires the ability to down-regulate photosynthetic
activity, which is achieved by modifying the flow into
and through, and dissipation of energy from the
photosynthetic apparatus. The ability of the Kenya
strain to acquire all of the protective mechanisms
results in a better acclimation capacity. Further-
more, the acclimation process to low temperature
was accompanied by an improved mechanism for
handling excess energy, resulting in a greater ability
of the Kenya strain to withstand an HPFD stress—a
finding that may be defined as a cross-adaptation
phenomenon (Bowler and Fluhr 2000, Savitch et al.
2000, Wilson and Huner 2000, Pocock et al. 2001,
Pastori and Foyer 2002, Wang et al. 2004). Although
both strains used in this study are identified as A.
platensis, it is interesting to note that they have
developed somewhat different strategies to cope
with the fluctuations and changes in temperature.
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