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SUMMARY

Sev-eral aspects of photosynthesis tn vivo (CO.̂  and ().̂  cxchat-igc, chlorophyll Huorescet-ice atid its qucnchit-ifj
components) were measured in Spirulinci platensis after Hlterint,' suspensions of this cyanobacteria through fibre
glass filters. This simple procedure allowed the use of methods which pt-eviously could be applied only to leaves.
Fluorescence characteristics displayed by Spirulina in suspension or collected on the solid support were similar,
indicating that filtration and assay did not by then-iselves affect the photosynthetic ptocess. When oxygen evolution
and carbon dioxide uptake were followed simultaneously their kinetics differed, and the rate of O^ evolution was
often higher than the rate of CO^ uptake. Slow kinetics and other fluorescence characteristics were stt-ongly
modified in aged cultures or when nutrient supply during growth was not optimal, or after exposure to
photoinhibitory photon flux densities. Photoinhibition and recovery were studied in two strains differing in their
sensitivity to high photon flux densities. During illumination using high photot-i flux densities two phases could
be determined. After a few minutes variable fluorescence decreased and ' dark fluorescence' (i^,) was unchanged,
but after prolonged illumination /*̂ , increased. The latter phase appeared earlier in the more sensitive strain and
could be brought forward by increasing photon flux densities or, in some circumstances, by increasing [OJ.

Results are discussed in terms of the underlying relationships between electron transport and photosyt-ithetic
carbon assimilation and of the use of chlorophyll fluorescence as a diagnostic probe. It is suggested that
measurement of chlorophyll fluorescence (by itself or in conjunction with quantum yield) on cyanobacteria or algae
collected on solid support could provide a convenient screening procedure to assess senstivity to photoinhibition
and to other kit-ids of stt-css likely to bc et-icountered in large-scale culture.

Kev words: Chlorophyll fluorescet-ice; cyanobacteria; photosynthesis; photoinhibition; Spirulina platensis.

understanding of chlorophvll fluorescence kinetics
I.VTRODUCTION . . . . • • ' - i i - » ^1

in leaves, and it is now possible to interpret the
Re-illumination of leaves, isolated intact chloroplasts changes in chlorophyll fluorescence yield in relation
or algae initiates complex changes in chlorophyll to physiological changes and regulation of photo-
fluorescence yield, namely the Kautzky effect (for synthesis (Walker, 1981; Sivak & Walker, 1985).
reviews see Papageorgiou, 1975; Renger & The use of new instruments and methods, and of old
.Schreiber, 1986; Fork & Mohanty, 1986). In spite of methods employed in new ways, facilitates the
their complexity, these changes can provide useful analysis of chlorophyll fluorescence kinetics in leaves
information on the basic photochemical mechanisms (Sivak & Walker, 1987).
and also on the interaction between photochemistry In the last ten years the culture of Spirulina
and photosynthetic carbon assimilation. Recent platensis as a model system for the outdoor culti-
progress in this field has indeed led to a better vation of algal biomass as a source of protein and

Abbreviations: PSI, photosystem I; PSII, photosystem II, chemicals has been growing in importance and has
Arth B, gas-vacuolated strain; Spg, non-vacuolated strain; /•;„ led to the establishment of several commercial
'dark fluorescence'; (/\,),,,, maximum variable fluorescence; / \ , production sites in Israel, Thailand, USA and
variable fluorescence; (/-'")„, light-saturated variable fluorescence; „., . ,-^, . , , • \ ^ j 4.U ^ < - , . ^ , . n (
,, , photochemical c,uel.ching coeflicient; ,,,, non-photochemical ^ ^.wan. This tendency has Stimulated the study of
coefl^cient; PFD, photon flux density. basic aspects of photosynthesis in these cyano-
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bacteria, and the search for early warning probes of
stress and of screening techniques to select strains
with better productivity (Vonshak & Guy, 1988).

In this paper, methods especially developed for
the study of leaves have been adapted to microalgae.
Several aspects of the photosynthetic process were
studied in Spirulina platensis after filtering suspen-
sions of this cyanobacterium through glass micro-
fibre filters. This simple procedure allows the
application to cyanobacteria of methods which
previously could only be applied to leaves, like the
analysis of chlorophyll fluorescence and its quench-
ing components during changes in the composition
of the gas phase and illumination, and the simul-
taneous measurement of CO.̂  uptake and Oj evolu-
tion with controlled concentrations of these gases.
In the studies described here, two strains of the
cyanobacteria which difler in their sensitivity to
photoinhibitory photon flux densities (A. Vonshak,
R. Guy, R. Poplawsky & I. Ohad, in preparation)
were used, and their photosynthetic characteristics
compared, 'l^he relevance of the differences found to
the sensitivity of Spirulina to photoinhibition is
discussed.

MATERIALS AND METHODS

Culture of the cyanobacteria

Spirulina platensis was grown in batch cultures in
Zarouk's medium, pH 9-2, containing 0-2 M NaH CO.,
(Vonshak et al., 1982) and kept in suspension
using a rotary shaker. Temperature was 30 °C and
the photon fiux density (PI"D) was 120//Fm '•'s '
(white) provided by an incandescent lamp. Two
strains differing in their sensitivity to photo-
inhibitory PFD were used, Arth B - a larged coiled
gas-vacuo'ated filament (originally isolated in an
alkaline lake in Kenya) and Spg a somewhat
smaller coiled, non-vacuolated filament (originally
isolated from Lake Chad A. Vonshak, R. Cjuy, R.
Poplawsky & 1. Ohad, in preparation).

Spirulina on solid support

A glass microfibre filter (Whatman) of 50 mm
diameter was mounted on a 100 ml capacity filter
holder (SartoHus SM 16219) and washed with 20 ml
distilled water. The fiow rate was high enough to
enable filtration without the use of vacuum. Spirulina
(containing about 300 //g chlorophyll determined as
in Bennet & Bogorad, 1973) in 20 ml of growth
medium were filtered so that the cyanobacteria was
left on the top of the filter. A 10 cm^ disc was then
cut and placed in position in the gas-exchange
chamber on a moist (but not wet) piece of capillary
matting, te) avoid loss of water by the sample during
the measurements in the open system.

Measurement of different aspects of photosynthesis

Chlorophyll fiuorescence was measured using a
pulse amplitude modulation (PAM) fluorometer
(Schreiber, Bilger & Schliwa, 1986) (PAM 102, 103,
chlorophyll fluorometer and various accessories,
from H. Walz, Effeltrich, Germany). The system
provides a low-intensity, pulsed measuring beam
(peak wavelength 650 nm) from a light-emitting
diode at frequencies of 1-6 or 100 kHz. Suitable
optical filters allow the removal of reflected
measuring light while transmitting the far-red
fluorescence emitted by the sample. The system is
capable of measuring fiuorescence yield without
being disturbed by large changes in unfiltered actinic
illumination required for quenching analysis
(Schreiber et al., 1986) by the saturation pulse
method. This approach is based on the rationale that
intermittent abrupt illumination by sufficiently
strong light will transiently cause the complete
reduction of the primary PSIl acceptor and the
complete removal of photochemical quenching,
producing a corresponding increase in variable
fiuorescence, F,^., to {F.f)^. Any residual cjuenching is
assumed to be non-photochemical. This procedure
therefore allows the assessment of the two main
components of fiuorescence cjuenching on a con-
tinuous basis. The intensity of the actinic light was
varied as indicated in the figure legends. When
quenching coefficient had to be determined, saturat-
ing flashes of white light, 8000//F m ' ' ' s " ' and of
700 ms duration were used. The curve (/%)„ (maximal
variable fluorescence reached when the saturation
pulse is applied) supplies stiaightforward and valu-
able information on the development of non-
photochemical quenching, i.e. low {FJ^ indicates
high non-photochemical quenching. 'Dark fluores-
cence" (F,,) was determined on a dark-adapted
sample with the measuring beam set at the lower
frequency (16 kHz), and in some experiments
changes in 'dark fluorescence' following interruption
of actinic illumination were also followed.

Samples of Spirulina were studied routinely on
solid support but, for comparison, suspensions were
used in some experiments (see e.g. Fig. 1). For the
liquid-phase assays, 0-5 ml of a Spirulina suspension
in growth medium containing about 1 5//g chloro-
phyll mT' was placed in a home-made oxygen-
electrode Perspex chamber in which the sample can
be illuminated from the top. The weak measuring
beam, the actinic light and the sarurating flashes
were provided through the fibre-optic bundle of the
PAM system (this also collected the fiuorescence
emitted by the sample), which fitted the transparent
Perspex chamber top.

For the cyanobacteria on solid support, the
samples collected on glass microfibre filters were
placed in a gas-exchange chamber (a chambet
designed to be used with broad leaves, Sivak &
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Walker, 1985). CO.̂  was measured by infrared gas
analysis (IRGA, AbS-225-MK3, 5% cells, ADC,
Hoddesdon, U.K.) Gases (CO.̂ , O.̂  and N.) were
mixed to obtain the required concentrations using a
Signal Blender (Signal series 850, Signal, U.K.) and
moistened in a column with moist acrylic capillary
matting (for greenhouse use) at room temperature.
When CO., and O., were measured, the gas-phase was
partly dehumidified by cooling it to 6 °C before
entering the chamber, to avoid excessive conden-
sation on the narrow tubing leading to the IRGA.
Temperature in the chamber was 30 °C and photon
flux was varied as indicated.

R E S U L T S A N D D I S C U S S I O N

Although photosynthetic characteristics of Spirulina
platensis were studied routinely on solid support, for
comparison some parallel experiments were per-
formed using samples in suspension (Fig. 1).
Characteristic fluorescence induction kinetics dis-
played by the same cyanobacteria upon illumination
when assayed on solid support are illustrated in

Time ^

Figure 1. Characteristic induction kinetics of chlorophyll
fluorescence {l\.) nnd oxygen evolution displayed by
Spirulina platensis (Spg) in suspcMision. The san-iple was
re-illuminated with actinic light for 3 min after a 1 min
dark interval. Flashes of saturating photon Hux densities
were given every 10 s. Broken linos indicate the F^, and
(^v)m determined on the darU-adapted sample. Tempera-
ture: 30 °C.

Time >•

Figure 2. Characteristic chlorophyll fluorescence {I\)
induction kinetics displayed by Spirulina platensis (Spg)
on solid support. The sample was re-illuminated for 3 min
after a 1 min dark interval, darkened again and re-
ilkin-iinated at the next PFD. Note kinetics of Huorescencc
upon 'darkening', i.e. alter- actinic light was switched off.
Only the very low-intensity measuring ligbt was on
througbout tbe experiment. Tbe broken line indicates tbe
F, determined on tbe dark-adapted sample. Temperature:
30 °C; [OJ, 2",,; [CO.,], 0-5".,. Pboton flux density was
varied as indicated beside eacb curve.

Figure 2. Fluorescence kinetics displayed upon
illumination and darkening, response to light in-
tensity, kinetics of quenching components and F^./
F^, ratios were similar in suspension and in solid
support. This sin-iilarity indicates that filtration and
assay on filter did not affect to a significant extent the
photosynthetic process. In the gas phase the signal-
to-noise ratio was better than in the stirred suspen-
sion (cf. Figs 1 and 2), allowing a n-iorc precise
determination of the quenching componetTts and a
better definition of the kinetics.

Variable fluorescence (/•",.) ŵ as lower in Spirulina
than in healthy, non-stressed, \-ascular plants, i.e. 1\./
F^, ratios were lower, with typical values around 4 in
spinach and barley, and 2 in the cjanobacteria.
Fluorescence yield was, however, high enough to
provide a good signal/noise ratio, particularly when
assayed on solid support. Quenching components in
fiuorescence induction kinetics were analysed as
defined by Schreiber et al. (1986). In this method.
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Figure 3. Variable fluorescence, F,./(/\,),,, (A), and
quenchin).! coefficients </„ (D) and </,.. (O) measured in
Spirulina platensis Spg (open symbols) during steady-state
photosynthesis at difTerent PFD (in conditions as for Fig.
2). Quenching coefHcients were calculated as in Scbreiber
('/ al. (1986). Data for spinach (measured in air at 20 °C)
arc also illustrated for comparison (closed symbols).

tbe plant material is illuminated intermittently witb
saturating pulses, and quencbing components can be
estimated. Saturating Hasbes raised fiuorescence
yield from /*',_, to a new value {F,^),., wbicb varied witb
tbe experimental conditions but was below tbe (î ,.,)™
determined on a dark-adapted sample. Altbougb
fluorescence kinetics were, as mentioned above,
similar to tbose displayed by leaves, tbere were
significant differences in quencbing cbaracteristics.
In leaves of spinacb or barley, F^, does not cbange
mucb witb PFD and is very near F,, even at very bigb
PFD. In Sprirulina, increased pboton flux increased
variable fluorescence. Quencbing analysis (Fig. 3)
indicated tbat tbis was a result of decreased pboto-
cbemical quencbing ((7(,), wbicb followed a similar
trend in response to pboton Bux to tbat of spinacb,
but was not compensated by an increase of non-
pbotocbemical quencbing (f/,,;), wbicb was low in
comparison to tbe <?,., sbown by spinacb at similar
PFD.

Recently, measurement of F,, bas been simplified
by tbe concept of ' dark fiuorescence ' because tbe use
of an extremely weak modulated measuring beam
allows i\, to be recorded in a situation so near to real
darkness tbat it will not materially afiect tbe
oxidation status of Q^, tbe primary electron acceptor
(Scbreiber et al., 1986). Relaxation kinetics of 'dark
fluorescence' after interruption of actinic illumi-
nation and tbe effect of saturating flasbes upon
darkening were also studied. In leaves tbese cbarac-
teristics can be used to assess cbloroplast energi-
zation (Bilger & Scbreiber, 1986; Sivak, 1987).
Figure 2 sbows typical relaxation kinetics of 'dark
fluorescence'. Upon darkening fluorescence falls
below tbe initial F,, in kinetics resembling tbose
observed in spinacb or barley (Sivak & Walker,
1987). Saturating fiasbes applied at 1 min intervals
after interruption of actinic illumination raised
fluorescence to tbe initial F,,, (not illustrated). Tbis

bebaviour suggests rapid relaxation of energization,
consistent witb tbe dissipation of transtbylakoid
ApH being responsible for tbese cbanges (Sivak,
1987). No slow component in tbe dissipation of F^
could be detected in Spirulina. Tbis slow pbase bas
been observed in several bigber plants and is one of
tbe pbenomena attributed to tbe operation of tbe
xantbopbyll cycle (Sivak, 1987; Bjorkman, 1987),
wbicb does not exist in cyanobacteria.

It was considered possible tbat pbotosyntbetie
induction migbt be involved in tbe differential
sensitivity to pbotoinbibitory PFD sbown by tbe two
strains used in tbis study. For example, slow
induction after a dark period, or fast re-establisb-
ment of induction after a few minutes of darkness,
would constitute a disadvantage in cultures exposed
to continuous ebanges in pboton flux during growth,
and excess excitation energy during induction of
pbotosyntbetie carbon assimilation would favour
pbotoinbibition. Tbe relationsbip between cbloro-
pbyll fluorescence and pbotosyntbesis upon
re-illumination or an increase in pboton fiux is illus-
trated in Figure 4. Upon re-illumination after a
relatively long dark period (l.S min) or upon a large
increase in pboton fiux, pbotosyntbesis in Spirulina
reacbed a steady state after a few seconds, in contrast
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Figure 4. Simultaneous measurement of chlorophyll
fluorescence {FJ, oxygen evolution and carbon dioxide
uptake in Spirulina platensis. {a) Re-illumination (with
210//,Em ~s ') after 15 min and 1 min dark intervals

)- {b) Response to an increase in PFD from 210 to
-' (Artb B).
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with the behaviour of spinach, which would show in
similar circumstances an induction period lasting
several minutes. Both strains displayed, in this
respect, similar behaviour. When oxygen evolution
and carbon dioxide uptake were following simul-
taneously, they differed. Although calibration of O.,
and CO., measurements is extremely difficult in
these experimental conditions, spinach photosyn-
thesis can be taken as a reference because for a
spinach disc illuminated under saturating [CCJ and
2 O/Q O , CO2 uptake and O.̂  evolution follow similar
kinetics (Sivak & Walker, 1985). In Spirulina assayed
in similar conditions to those used with spinach, O.,
evolution rates were often twice the rate of COj
uptake (Fig. 4). The differences between O, evolu-
tion and COj uptake observed in Spirulina could be
attributed to artefacts related to the diffusion of gases
through the medium retained by the filter. However,
this observation could also represent genuine
differences between the uptake of external CO.̂  and
evolution of Oj, related to the utilization of inorganic
carbon accumulated by the cyanobacteria (grown in
0-2 M NaHCOg) or to the utilization of other electron
acceptors also present in the growth medium and
retained by the filter and/or in the cells and/or the
periplasmic space such as sulphate or nitrate.
Fluorescence kinetics were similar at air concen-
trations of CO^ (not illustrated) or in 0-5 "„ CO^,
suggesting that Spirulina was using carbon from the
inorganic pool accumulated during growth.

Oxygen has many important roles in photo-
synthesis in leaves, but its effects cannot be easily
studied in suspensions of algae or chloroplasts
because of its rapid formation and accumulation in
solution as a result of photosynthesis. The use of a
solid support is particulary useful when studying the
effect of oxygen concentration [O.J, which is difficult
to manipulate in the liquid phase. Increased [O.̂ ]
diminished the height of the fluorescence peak
observed upon illumination, suggesting that oxygen
can be an efficient electron acceptor. Kinetics after
the first few seconds, however, were very similar in
high and low [O^], and when [O.J was varied during
the steady state, no change in fluorescence yield
could be detected. These results suggest that reduc-
tion of carbon dioxide (and of other acceptors like
nitrate and sulphate) take over from Oj as electron
acceptors after the first few seconds of illumination.

Fluorescence kinetics as illustrated in Figure 2 are
fairly similar to those generally displayed by spinach
and vascular plants in general, but they were strongly
modified by several factors. Slow fluorescence
kinetics in Spirulina grown in high [Ca^^], are
illustrated in Figure 5 (cf. Fig. 2). Repetitive,
saturating flashes (required for analysis of quench-
ing) raised fluorescence yield to a higher value,
which varied with time of illumination but was
higher than the (î v)m determined on a dark-adapted
sample. In these circumstances, quenching analysis
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Figure 5. Fluorescence kinetics in stressed cultures.
Cultures of Arth B were grown in nutrient solution with
increased [Ca-̂ *] (10 times that of the control, 90 mM
instead of 9 mM). The figure illustrates fluorescence
kinetics ii-i the ' dark' (only measuring beam on) and
during illun-iination with two different photon flux den-
sities (first with 210 and after a dark interval with 830
liE m~'̂  s '). The dots indicate fluorescence yield (Ff},.,
reached upon illumination with saturating fiashes. It can
be seen that (/\,), in the absence of actinic light was in these
circumstances lower than in its presence. Note relaxation
kinetics of fiuorescence after darkening (cf. Fig. 2) and the
continuous decrease of 'dark fluorescence'.

as defined for leaves and applied in Figure 3 becomes
nonsensical. Similar changes were observed in aged
cultures (not in logarithmic phase) or if photo-
inhibitory PFD were used during the course of the
experiment (see below).

Photoinhibition and recovery, two phenomena
recently studied in Spirulina platensis (Vonshak &
Guy 1988), could be easily monitored by measuring
chlorophyll fluorescence. Figure 6 illustrates fluores-
cence kinetics before photoinhibition (Fig. 6a), and
the modification of induction kinetics upon re-
illumination after photoinhibition (Fig. bb) and
partial recovery from photoinhibition (Fig. be). The
duration and intensity of illumination chosen for this
photoinhibitory treatment resulted in a loss of 50 "o
efficiency in the use of light (quantum yield), as
measured using a leaf disc electrode (Delieu &
Walker, 1983; Walker & Osmond, 1986).

The response of chlorophyll fluorescence to a
photoinhibitory treatment was complex, with an
initial phase where variable fluorescence decreased
without changes in F,, (see below) and a second phase
where i^, increased. Photoinhibition could be
accelerated by increasing PFD (not illustrated).
Although, as mentioned above, [OJ had a large
effect on chlorophyll fluorescence only during the
first few seconds of illumination, in some circum-
stances it affected the response to photoinhibitory
PFD. The second phase, i.e. that involving increased
F,,, could sometimes be brought forward by in-
creasing [OJ from 2% to 40%. This effect,
however, was not linear in respect of [O.^], and 60 /o
O2 delayed this second phase.
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Figure 7. Variable fluorescence as modified by illun-ii-
nation with photoinhibitory PFD (3300 //E m"^ s"') and by
recovery from pbotoinhibition in the 'dark' and in low-
intensity (100//Em '̂  s ') light. The dots indicate {F,^...
' Dark' means absence of actinic light, but the very weak
measuring beam was kept on throughout the experiment
and saturating light was flashed on the sample where
indicated with the dots.
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Figure 6. Effect of photoinhibition and partial recovery on
chlorophyll fluorescence {P\) kinetics. Fluorescence in-
duction kinetics upon re-illumination {a) before, (6)
immediately after photoinhibitory treatment (25 min with
3700 //E m"^ s ') and (c) after the sample was left for 1 h in
the dark. The signal was amplified ( x 2) in the second and
third traces.

Recovery of the original fluorescence characteris-
tics was faster when the sample was illuminated at
low photon flux (rather than darkened), confirming
previous data (A. Vonshak, R. Guy, R. Poplawsky &
1. Ohad, in preparation). Figure 7 follows the process
as indicated by the recovery of (F.̂ ,)j.upon illumina-
tion with saturating flashes, first in the dark (with
only the measuring beam on) and later superimposed
on a low actinic light.

Fluorescence induction under different photon
fluxes was basically similar in the two strains of
Spirulina studied, Arth B and Spg. They differed,
however, in the extent of non-photochemical
quenching developed upon illumination. Arth B, the
more sensitive strain, showed lower non-photo-
chemical quenching in every PFD used. This
characteristic was reflected in F.^ being higher than in
Spg. During the first minutes of illumination using
photoinhibitory PFD, FJF,, was higher in Arth B
than in Spg, but this relationship eventually
changed, as F,^ emitted by Arth B declined as a result
of photoinhibition (Fig. 8). F,, increased by a higher
proportion in Arth B. Sprirulina is very sensitive to

Time-

Figure 8. Fluorescence kinetics (F )̂ during photo-
inhibitory treatment (25 min, 3700/(E m '-̂  s ') of two
strains of Spiruliiia platenis which differ in their sensitivity
to photoinhibitory PI"D. Arth B is the more sensitive
strain (Vonshak & Guy, 1988). Broken line: F,.

photoinhibition in comparison with plants like
spinach or green algae, a characteristic which it is
tempting to relate to its inefficiency in building up
non-photochemical quenching. The two strains of
Spirulina used differ in their sensitivity to photo-
inhibition (A. Vonshak, R. Guy, R. Poplawsky & I.
Ohad, in preparation). As shown above, they also
differ in the response of non-photochemical quench-
ing to PFD, with Arth B, the strain more sensitive to
photoinhibition, displaying lower non-photochemi-
cal quenching at every PFD in experiments involving
short illumination periods.

C O N CI, tl S U) N S

In this paper we have explored some possible
applications of the measurement of chlorophyll
fluorescence and other aspects of photosynthesis in
Spirulina platensis on solid support. Measurements
of chlorophyll fluorescence and other aspects of
photosynthesis, such as gas exchange, may now be
used routinely in the study of other aspects of the
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reRulation of carbon and nitrogen assimilation in
cyanobacteria, as they are with vascular plants. As
shown above, differences between strains in respect
of their sensitivity to photoinhibition and recovery
can be readily detected using this approach. Fluores-
cence kinetics were modified by photoinhibition and
by other factors which diminish photosynthetic
efficiency. Low productivity of Spirulina in com-
mercial outdoor facilities as compared with labora-
tory conditions may be related, at least partly, to
photoinhibition (Vonshak & Guy, 1985). We believe
tbat the methods described above could provide a
convenient screening procedure. They could be
complemented by the measurement of quantum
yield on similar samples, as will be described in a
following paper (Vonshak, Sivak & W-'ker, in
preparation). This experimental approach could be
furtber extended to the study of the effect of other
environmental stresses likely to be encountered in
the large-scale culture of these cyanobacteria of
growing economical importance.
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