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Photoinhibition and Its Recovery in Two Strains of the Cyanobacterium
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Two strains of Spirulina platensis; marked Sp-G and Sp-RB, were studied for their response
to high photon flux densities (PFD). Sp-RB, a gas vacuolated strain, appeared more sensitive to
the high PFD treatment as compared with Sp-G, a non-vacuolated strain. The loss of the photo-
synthetic activity due to the photoinhibitory treatment was obtained at the level of whole cells as
well as the membrane level. Sp-RB was more sensitive than Sp-G at both levels. Experiments us-
ing chloramphenicol during the photoinhibition process, and others in which the fate of radio-
active labeled thylakoid proteins was followed, indicated that the difference between the strains
lies in the rate of loss of the Dl polypeptide with an electrophoretic mobility of 32-34 kDa. Both
strains recovered from the photoinhibition when placed under low PFD. The recovery process
started immediately after PFD was reduced, without any observed lag period, and was sensitive to
chloramphenicol. Light was required for full recovery of activity. The rate of recovery of the
two strains studied was very similar.
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Photoinhibition is defined as a loss of the photo-
synthetic capacity due to damage caused by PFD in excess
to that required to saturate photosynthesis. The phenom-
enon of photoinhibition has been studied intensively and
is well documented in algae and higher plants (Critchley
1981, Greer et al. 1986, Kyle and Ohad 1986, Oquist 1987,
Powles 1984).

In recent years, attempts have been made to determine
the cellular and molecular mechanisms of this phenom-
enon. It is generally agreed now that the primary site of
damage is located at Photosystem II (Cleland et al. 1986,
Theg et al. 1986, Trebst and Draber 1986). It was sug-
gested by Kyle et al. (1984) that the light dependent tur-
nover of the Dl protein might play a crucial role in the pro-
cess of photoinhibition in vivo. As opposed to that,
several workers claimed that the primary target of photo-
inhibition is the P680 or QA components of Reaction Center
II (Cleland et al. 1986, Critchely 1981, Theg et al. 1986).

Abbreviations: PFD, photon flux density; DPC, diphenylcar-
bazide; DCIP, 2,6-dichlorophenol-indophenol; LDS, lithium
dodecyl sulfate.
1 Contribution no. 29 of the Micro-Algal Biotechnology Lab.

While the initial stages of photosystem II inactivation may
precede the degradation of the Dl protein, the accelerated
rate of degradation, under photoinhibiting conditions
(Kyle et al. 1984) of this Reaction Center II component
(Dl) (Trebst and Draber 1986, Namba and Satoh 1987) and
the requirement for its de novo synthesis in order to
recover photosynthetic activity (Ohad et al. 1984, Oquist
1987, Reisman et al. 1986) should be considered when stu-
dying the process of photoinhibition.

Spirulina platensis, a cyanophyte, has been used for
the last ten years as a model organism in many studies on
outdoor cultivation of alga biomass as a source of protein
and chemicals (Richmond 1987). Although much progress
has been done in this field, resulting in a set-up of several
commercial production sites all over the world (Israel,
Thailand, Taiwan, U.S.A.), the original goal of producing
a cheap alternative source of protein has not yet been
achieved, and the cost of production is still one order of
magnitude higher than that of conventional sources of pro-
tein. One of the main reasons for this fact is the marked
decrease in productivity occurring upon scaling-up
laboratory conditions to outdoors, even when environmen-
tal conditions are favorable (Vonshak and Richmond
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1985). A possible explanation to this fact, is a decrease in
the photosynthetic activity due to photoinhibition. In this
work, we tested two strains of Spirulina for their sensitivity
to high light intensities under laboratory conditions. The
first strain—Sp-RB—contains gas vacuoles which enable
the algae to float on the water surface. The second
strain—Sp-G—is a non vacuolated one which requires effi-
cient stirring in order not to sink (Vonshak 1987). A com-
parison of strains within the same species might help to fur-
ther elucidate the initial stages of the photoinhibition
damage in order to better understand the photoinhibitory
process, as well as the possible identification of more resist-
ant strains to high PFD.

Materials and Methods

Growth conditions—Spirulina platensis Sp-RB and
Sp-G strains, were grown in batch cultures in Zarouk's me-
dium, containing 200 mil sodium bicarbonate. (Vonshak
et al. 1982) Sp-RB—a large coiled gas-vacuolated filament
was originally isolated from an alkaline lake in Kenya, and
Sp-G—a somewhat smaller coiled filament non-vacuolat-
ed, was originally isolated from lake Chad and obtained
from the laboratory of C. J. Soeder, Julich W. Germany.
The algae were grown at 35°C and kept in suspension by
bubling CO2-enriched (1%) air. Illumination was provid-
ed by cool white fluorescent lamps with an intensity of
15O/ iEm" 2 -s H .

Photoinhibition—A) Whole cells: Cells were concen-
trated to 25|ig ch lml" 1 and then illuminated at high PFD
of 3 ,500 / /Em~ 2 s~ 'a t 30°C for varying time. At time in-
tervals, samples were withdrawn and tested for their photo-
synthetic activity by various assays. B) Thylakoid mem-
branes: Cells suspended in buffer (50 mM MES, 5 mM
CaCl2, 100 mM sucrose, 2mM amino caproic acid, 2mM
benzamidine, pH6.5), were broken by sonication with a
microtip using a Branson sonifier (Danbury, Connecticut)
operated at step 5. The broken cells were layered upon a
cushion of 2 M sucrose in the same buffer and centrifuged at
150,000 x g in a Beckman SW41 rotor for 15 min. The thy-
lakoid membranes were collected from the 2 M sucrose inter-
phase and suspended in buffer to a chlorophyll concentra-
tion of 50 fig • ml ~'. Translucent microfuge tubes contain-
ing 50|/l of the thylakoid suspension were then incubated
in a transparent temperature-controlled water bath (30° C)
and illuminated at 2,500 ) u E m ~ 2 s ~ ' . Samples were with-
drawn at different time intervals for determination of pho-
tosynthetic activity. High light intensity in all experiments
was provided by a high pressure iodine lamp.

Determination of protein degradation—Cells were
pulse labelled with 35SO2~ (O.MmCi-mT1) for 2 h at light
intensity of 850^E-m~2-s~', and thylakoid membranes
were isolated from the cells as described above. The la-
belled thylakoid membranes were washed and subjected

to high PFD of 2,500 / / E m 2 s '. Samples were run on
LDS polyacrylamide slab gels 12-15% with 4 M urea ac-
cording to Kyle et al. (1984). The dried gel was autoradio-
graphed by standard procedures.

Photosynthetic activity assays—Determination of O2

evolution-Cells of both species were diluted ten fold to a fi-
nal concentration of 2.5 fig chlml" 1 with fresh Zarouk's
medium and O2 evolution was measured using a Clarck
type O2 electrode. The temperature (30°C) was kept cons-
tant and illumination was provided by a slide projector
lamp at an intensity of 700 / iEm~ 2 s~ ' .

The electron flow of PS II was measured spectrophoto-
metrically using DPC as an electron donor and DCIP as an
electron acceptor (Bar-Nun and Ohad 1977).

Variable fluorescnec was measured using a modu-
lated light source as described by Bults et al. (1982).
Fluorescence emission spectra were recorded using a
Perkin-Elmer spectrofluorimeter model MPF4. Excitation
was at 380 nm according to Gendel et al. (1979). Chloro-
phyll was determined according to Bennet and Bogorad
(1973).

Recovery experiments—A) Photoinhibited cells were
divided into three: 1) control—cells stirred in dim light at
30°C; 2) dark treated—cells stirred in darkness at 30°C; 3)
chloramphenicol treated—cells stirred in dim light at 30°C
with the addition of 50/igml~' chloramphenicol (D( —)
Sigma, U.S.A.). B) Chloramphenicol 50mgml" ' was
added during photoinhibition. Samples were withdrawn
at indicated time intervals and their O2 evolution activity
measured and were compared to that of samples which
were photoinhibited without chloramphenicol. At the
same time, samples were incubated with the same concen-
tration of chloramphenicol in order to ensure that chloram-
phenicol by itself does not inhibit oxygen evolution.

Results and Discussion

The two Spirulina platensis strains Sp-G and Sp-RB
were grown under controlled laboratory conditions (Von-
shak et al. 1982). When cultures were exposed to high
PFD, a marked decrease in the rate of the light-dependent
O2 evolution was observed in both strains. Loss of activity
was more pronounced in Sp-RB than in Sp-G, especially at
short exposure times (5-20 min) (Fig. 1). A 50% decrease
in the O2 evolution activity took place after 11 min of pho-
toinhibition in the case of Sp-RB, compared to 20 min for
Sp-G.

A major morphological difference between the strains
under study is the presence of gas vaculoles: Sp-RB is
highly vacuolated, while Sp-G is free of gas vacuoles. it
was suggested by Walsby (1972) that an important physi-
ological effect of the gas vacuoles is light scattering,
thereby, enabling algae of surface water blooms to with-
stand higher light intensities.
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The gas vacuoles in Sp-RB do not seem to collapse
when the cells are exposed to, or grown under high light in-
tensities. When the vacuoles were induced to collapse by
applying physical pressure in a syringe (the vacuoles burst
without damage to the cells), the cells of Sp-RB culture
were much more sensitive to photoinhibition than before.
Inhibition of the activity to 50% in Sp-RB cells with
bursted vacuoles, occurred already after 6 min of photo-
inhibition compared to 11 min in the untreated vacuolated
cells (Fig. 1), supporting the idea that the gas vacuoles in
Sp-RB have most likely a protective role of either scattering
or reflecting the light, compensating somewhat for Sp-RB's
greater sensitivity to high light intensities.

The damage caused by photoinhibition is clearly il-
lustrated by the room temperature fluorescnece spectra.
Exposure of both strains to inhibitory PFD resulted in a re-
duction in the fluorescence emission of Chi a (680 nm) of
photosystem II (Fig. 2), as was also reported in green algae
(Kyle and Ohad 1986) and higher plants (Powles 1984).
Under high PFD, fluorescence was found to decrease in Sp-
RB much more than in Sp-G. In Sp-RB there was also a
decrease in the fluorescence emission at 665 nm, indicating
a possible damage to the phycobilisomes in this strain.

It has been reported that the loss of variable
fluorescence (Fv/Fo) in cells exposed to high light intensity,
correlates with the loss of photosynthetic electron flow via
the secondery acceptor quinone QB (Ohad et al. 1984).
When cultures of both strains were subjected to photo-

100,

15 25
TIME (min.)

Fig. 1 Photosynthetic O2 evolution activity as a function of ex-
posure time to high PFD in two Spirulina strains: Sp-G (•), Sp-
RB (O), and Sp-RB with collapsed gas vacuoles (dashed line).
Light intensity 3,500 //E-m~2-s~'; chlorophyll concentration
25 /ig• ml~' and a light path of 1.4 cm. The results are expressed
as percentage of control. The initial value (control) for Sp-G =
471 ftmol O2 • (mg Chi)"' • h" ' . The initial value (control) for Sp-
RB=497//mol O2(mg Chi)"1 -h"1. The initial value for Sp-RB
with collapsed gas vacuoles=497/rniol O2-(mgChl)~'-h~'.
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Fig. 2 Fluorescence emission spectra at 25°C of Sp-G (A) and
Sp-RB (B), control ( ) and photoinhibited cells (—-) normaliz-
ed at 550 nm. Excitation was at 380 nm.

inhibition and the variable fluorescence was measured at
different time intervals (Fig. 3), a greater loss of variable
fluorescence was observed in Sp-RB than in Sp-G, in-
dicating that there is a difference between the two strains in
the sensitivity of PS II complex to photoinhibition. Thyla-
koid membranes were isolated from Sp-G and Sp-RB and
then subjected to high PFD. Measurements of DCIP pho-
toreduction by these isolated thylakoids, using DPC as an
electron donor, showed a marked difference in the rate of

10 20 30 40 50 60

TIME (min)

Fig. 3 Room temperature variable fluorescence in Sp-G (•) and
Sp-RB (O). Cell suspensions were exposed to photoinhibitory
light intensity of 2,500//E-m"2-s~'; chlorophyll concentration
was 40/ig-ml~'. At time intervals samples were taken and
DCMU (5 im) was added 1 min before measurement. The ratio
between Fv and Fo was measured.
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loss of activity between Sp-G and Sp-RB (Fig. 4). In Sp-
RB the DCIP reduction activity was more inhibited (65%
after 30 min of photoinhibition), compared with that of
Sp-G (23% after 30 min of photoinhibition).

The Dl polypeptide was reported to turnover in the
light faster than all other thylakoid polypeptides (Matto et
al. 1984, Wettern and Galling 1985) the rate of turnover be-
ing proportional to the light intensity. Thylakoid mem-
branes isolated from Spirulina cells previously labelled by
radioactive "SOj" were subjected to photoinhibitory treat-
ment in vitro. Samples were withdrawn at indicated time
intervals and the electrophoretic pattern was then resolved.
The autoradiogram (Fig. 5) shows a specific light depen-
dent decrease in the labeling of the 34 kDa polypeptide.
The band intensity was measured by scanning den-
sitometry. A marked difference was observed between the
two strains: while the less sensitive strain (Sp-G) seemed to
lose about 53% of its Dl protein showing the mobility of
34 kDa after 50 min of photoinhibition, the sensitive strain
(Sp-RB) lost about 86% of this protein, calculated from
the densitometer scan as percentage of total of peak height.

The question arised as to whether the photoinhibitory
damage is reversible as reported in other organisms (Ogren
and Oquist 1984, Ohad et al. 1984) and if so, whether the
repair already occurs during the photoinhibitory treat-
ment. Fig. 6 shows that recovery of O2 evolution also oc-
curs in Spirulina platensis. The recovery of activity was
rather fast and there was no lag phase after the onset of the
reactivation treatment. These results are very similar to
those found in Anacystis nidulans (Samuelsson et al. 1986)
and in Chlamydomonas (Lidholm et al. 1987). Chloram-
phenicol inhibited the recovery completely. Darkness, on

D
C

IP
;i 

IO
N

of
 i

ni
l

3 5?
Q —
LJ
Q:

100

80

60

40

20

- \

1 1 1 1 1
10 20 30 40

TIME(min)
50

Fig. 4 Time course of the loss of DCIP photoreduction activity
of thylakoid membranes. Thylakoid membranes were first iso-
lated from Sp-G (•) and Sp-RB (O) and then exposed to photo-
inhibitory conditions (2,500|iEm"2s"', 50 /̂g Chlml"1).
Results are expressed as percentage of control treatment incubated
in the dark. The 100% value for Sp-G—269/raiol DCIP (nig
Chi) "' • h "' . For Sp-RB—274 /imol DCIP • (mg Chi) "' - h "'.

the other hand, suppressed the recovery only partially, so
that the rate of recovery was somewhat slower and leveled
off at only 60% of the control activity. There seemed to be
no significant difference between Sp-G and Sp-RB with re-
spect to the rate of recovery.

In order to verify that recovery takes place during the
photoinhibition period as well, chloramphenicol was add-
ed to the culture at the beginning of the high PFD treat-
ment (Fig. 7). The presence of chloramphenicol during
photoinhibition enhanced the rate of decrease in O2 evolu-
tion activity of both strains so that 50% inhibition of the ac-
tivity of Sp-G was shortened from 16 min to 10 min and for
Rp-RB from 13 min to 7 min. These results may indicate

a b c a b c

Fig. S Autoradiogram of the thylakoid fraction isolated from
Sp-G and Sp-RB and subjected to photoinhibitory conditions
(2,50O//E-m"2-s"',50^gChlml"1). 1) Sp-RB; 2) Sp-G; Sam-
ples were withdrawn at a) zero time; b) after 50 min in the dark; c)
50 min from the onset of photoinhibition. The samples contain-
ing equal amounts of chlorophyll (10//g per lane) were resolved by
LDS PAGE. The densitometry scan was carried out using a soft
laser scanning densitometer model SL-TRFF Biomedical In-
struments Fullerton CA. The arrow indicates the 34 kDa (D-l
protein).

 at B
en G

urion U
niversity - A

ranne L
ibrary on A

ugust 9, 2015
http://pcp.oxfordjournals.org/

D
ow

nloaded from
 

http://pcp.oxfordjournals.org/


Photoinhibition in two strains of Spirulina 725

that by blocking the repair process with chloramphenicol,
we observe the damaging process by itself without the
moderating effect of the repair. The difference in sensitivi-
ty of the two strains was maintained, i.e. the loss of photo-
synthetic activity in Sp-RB was greater than that in Sp-G
(see table in Fig. 7).

By using two Spirulina platensis strains, we were able
to demonstrate that the initial damage to the photo-
synthetic activity caused by exposure to high photon flux
density is very fast and can be detected almost immediately
after onset of the stress. These two strains consistently
differed in their sensitivity to high light intensity. In all the
assays performed, Sp-RB was more sensitive than Sp-G.
The difference was much more pronounced in vitro ex-
periments; (DCIP reduction, faster loss of the 34 kDa of
Dl protein band, Fig. 4, 5) than at the whole cell level (O2

evolution rate, variable fluorescence measurements, Fig. 1,
3). This may be due to the different parameters used for
estimating the photoinhibitory damage, as well as a possi-
ble involvement of other cellular factors in the process
which are not present in the in vitro system.

It is most evident that recovery from the high PFD
stress requires an active process of protein synthesis, as it is
inhibited by chloramphenicol completely (Fig. 6). The
fact that some recovery of activity can be observed in the
dark may be due to residual protein synthesis activity,
which uses the existing energy pools of the cell before they
are exhausted. Since the two strains recovered at a similar
rate (Fig. 6), it seems that the difference in their sensitivity

80 -
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RECOVERY TIME(min)

180

Fig. 6 Photosynthetic O2 evolution during recovery from photo-
inhibition of Sp-G and Sp-RB. Photoinhibited cells at
3,500//E-m~2-s~' for 30min were diluted to chlorophyll concen-
tration of 2.5//g-ml~' with fresh medium, and incubated in 1)
dim light at 30cC (A) Sp-RB; (--A--) Sp-G; 2) dim light+chloram-
phenicol 50/ /gml" ' 30°C (O) Sp-RB; (-•--) Sp-G; 3) in darkness,
(•) Sp-RB; (--•--) Sp-G. The control value (before photo-
inhibition) for Sp-G was 534 //mol O2(mg C h l ) " ' h " ' and for Sp-
RB—555 //mol O2 • (mg Chi) ~' • h ~'.

to high photon flux lies in the rate of inactivation of PS II
reaction center and of the damaged protein (Fig. 7).

Our data indicates that the gas vacuoles in Sp-RB com-
pensate somewhat for its sensitivity to high light intensity.
The gas vacuoles are likely to act as light scatters or reflec-
tors, and in this way reduce the amount of effective PFD to
which the photosynthetic apparatus in the algal cells is ex-
posed. This was most evident upon the collapse of the gas

100

TIME (min.)

Fig. 7 Photosynthetic O2 evolution of Sp-G (•) and Sp-RB (O)
exposed to photoinhibitory treatment with and without chloram-
phenicol. Samples containing 50/ig-mP1 chloramphenicol
(—-)• Samples without chloramphenicol ( ). Samples in-
cubated with chloramphenicol for 25 min, at dim light lost only 2 -
5% of their O2 evolution activity. Results are expressed as percen-
tage of the non-photoinhibited chloramphenicol-treated samples.
The control values (before photoinhibition) were 522//mol O2

• ( m g C h i r ' - i r 1 for Sp-G, and 505//mol O2-(mgChl)"'-h"1 for
Sp-RB. Inthetable: *—the activity in //mol O2(mg Chl)~ 'h~ '
of: 1) photoinhibited samples and 2) photoinhibited+chloram-
phenicol samples, after 25 min of exposure to high PFD. **—
percentage of inhibition with chloramphenicol compared to the
photoinhibited samples without chloramphenicol.
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vacuoles which was followed by a marked increase in Sp-
RB's sensitivity to high PFD (Fig. 1). It is worthwhile to
further evaluate these two strains and try to verify if there
is a positive correlation between resistance to high light in-
tensity and biomass production under outdoor condit-
ions. The comparative study of two different strains of the
same organism offers an advantage, by facilitating a better
insight into the molecular mechanism of the resistance to
light stress in terms of enzyme activity or stability of struc-
tural proteins.

We wish to thank Ms. Dorot Imbar for editing the manu-
script.
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