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Summary

Photoinhibition of photosynthesis was investigated in the Mediterranean green macroalga Acetabularia
mediterranea using pulse amplitude modulated (PAM} chiorophyll fluorescence and oxygen evolution
measurements 77 situ under solar radiation. Fluorescence parameters measured during the course of the
day showed thar moderate photoinhibition occured even in the natural environment of this alga when the
sun was at high angles, but photosyntheric capaciry was almost fully restored until sunser. A drastic decline
in effective quantum yield was monitored when plants collected at 5 m depth were exposed to high irradi-
ance close to the surface. Removal of the short wavelength band from solar radiation using cut-off filters
revealed that UV has an overproportional inhibitory effect on photosynthesis. Especially the UV-B part of
the spectrum contributes to photoinhibition whereas UV-A seems to be less effective in A. mediterranea.
Total recovery of PAM chlorophyll fluorescence was obtained after 2h of shading in all samples, indicating
reversible photoinhibition rather than non-reversible photodamage. Oxygen evolution showed slower
kinetics of inhibition.

Key words: Acetabularia mediterranea — Chlorophyta — Oxygen measurement — PAM fluorescence — Photoin-
hibition — Solar radiation — Ultraviolet radiation,

Abbreviasions: B, = inirial fluorescence in the dark-adapted state, 2l reaction centers are open (oxidized);
F,, = maximal fluorescence in the dark-adapred state, all reaction centers are closed (reduced); F,” and F’
= the same for the light-adapted state; F, = variable fluorescence, calculated as Fy,-Fo; AF = variable fluo-
rescence in the light-adapted state, calculated as F./-F; F = current steady state fluorescence; PAM =
pulse amplitude modulated fluorimeter; PAR = photosynthetic active radiation; qP = photochemical
quenching of chlorophyll fluocrescence; QN = non-photochemical quenching of chlorophyll fluorescence;
UV-B = ultraviolet-B radiation (280-315 nm); UV-A = ultraviolet-A radiation (315-400 nm).

Introduction higher plants, whereas considerably less data are available on
algae. This imbalance may be due to complicated data inter-

Despite the fact that about half of the primary biomass pretacion as removing aquatic plants from cheir natural envi-
production occurs in aquatic ecosystems, most ecophysiologi-  ronment creates several stress factors and thus gives rise to a
cal investigations of photoinhibicion have been restricted to  number of artifacts. The development of portable instru-
ments, however, made it possible to obrain essential photo-

* Correspondence. synthetic parameters iz sifu. A miniaturized and computer-
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controlled fluorometer provides satisfactory data for quench-
ing analysis by the saturation pulse method (Quick and Hor-
ton, 1984; Dietz et al., 1985). With the pulse-amplitude-
modulation (PAM) system (Schreiber et al., 1986) an easy
and sensitive determination of PS II effective quantum yield
(@ 11) is possible under field conditions as the empirically de-
veloped expression & I = (F,-F)/F,, " = AF/F, (Genty et al.,
1989) does not require previous knowledge of fluorescence pa-
rameters from dark-adapred plants. The linear relationship be-
tween @ IT and the quantum yield of CO; fixation has been
demonstrated (Weis and Berry, 1987; Schreiber and Bilger,
1993). The evaluation of photosynthetic electron transport
rates and the information on the status of the photosynthetic
apparatus under natural conditions yield valuable insights into
plant stress conditions and contribute to a better understand-
ing of the mechanisms of regulated energy dissipation. Algae of
different taxonomic groups show a distinctly different behavior
upon illumination (Hider et al., 1996 a—d; Hanelt, 1992}, and
especially the ability to cope with enhanced UV radiation va-
ries widely among species. Therefore a broad survey is neces-
sary to understand photosynthesis in aquatic ecosystems and
its interaction with enhanced solar UV radiation.

Another device for the evaluation of ecophysiological pro-
perties of algal photosynthesis is a portable and submersible
chamber for oxygen exchange measurements (Hider and
Schifer, 1994 a, b). This device allows computer-controlled
monitoring of oxygen exchange in siru.

The aim of this paper is to describe the effects of narural
solar UV radiation on the photosynthetic capacity and an es-
timation of the effectiveness of different wavelength bands on
the photoinhibition of the Mediterrancan alga Acezabularia

mediterranea.

Materials and Methods

Plant mazerial

Thalli of the common Mediterranean alga Acetabularia mediterra-
nea were collected from a depth of 5m on the coast of Saronikos
Gulf, near Korinth, Greece (37° 58’ N, 23*0"E). The algae grew on
pieces of rock in front of a rocky shore facing east. The thalli were
collected while still atrached to the stones, and transported in a
light-tight container, which also prevented any mechanical disturb-
ance; they were then immediately subjected 10 the measurements.
The experiments were carried out in the summers of 1995 and 1996.

Measurements of fluorescence induction

In vive induced chlorophyll fluorescence was measured on site
with a portable pulse amplitude modulated fluorometer (PAM
2000, Waltz, Effeltrich, Germany) as described by Schreiber and
Bilger (1993). To follow the changes in fluorescence paramerers upon
excessive radiation, plants from 5 m depth were brought to a shallow
rock pool. The fluence rate close to the surface is about twice as high
as at the natural growing site (Hider er al., 1996b). To allow an esti-
mation of the damage of the photosynthetic apparatus on the basis of
F and F,’ measurements, all experiments were performed on cloud-
less days in the time between 11:30 and 14: 30, as during that time
the change in light intensity was less than 10%. Incoming waves pro-
vided a temperature constance of less than 1°C compared with the
original habitat. After collection, F and F,” were measured immedia-
tely, and the algae were covered for 30 min. After dark adapration the
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quantum yield was determined again. Three parallel samples were ex-

posed 2.5 h under different cur-off filters, 10X 10 cm each, which re-
moved short wavelengths (WG 295, WG 335, and GG 400, all from
Schott & Gen., Mainz, Germany). As a control, one sample was ex-
posed without any filter. Measurements of the effective quantum
yield were performed every 30 min. Subsequently, the samples were
covered again and the recovery of photosynthetic quantum yield was
determined periodically during the following hours.

To assess the daily variation in the effective quantum yield at the
growth site, thalli were collected every hour from sunrise to sunset,
and the fluorescence parameters were measured in the shade imme-
diately after collection.

The PAM fluorometer provides preprogrammed experimental
runs that can also be modified by the user. Using this feature the de-
pendence of the fluorescence paramerers on the actinic fluence rare
was determined. First, F, and F, were measured in the dark-adapted
sample. Then the sample was exposed to an intermediate irradiance
(23 W m™?) of red light produced from an array of light emitting
diodes for 10 min for activarion of the Calvin cycle enzymes; sub-
sequently, a series of 11 levels of irradiation, starting from the lowest,
were applied, lasting 6.5 min each. At the end of each irradiation pe-
riod a saturating white light pulse was given to determine the fluo-
rescence parameters, F, " and the effective quantum yield. For cor-
rect determination of qP and gN a far red light pulse was given be-
fore the saturating light pulse 1o determine F,".

To assure comparability between all samples, the intensity of
measuring light, pulse length and distance were kept constant.

Oxygm excha nge measurem ents

_ Samples were transferred from the dark container into the sub-
mersible chamber for oxygen exchange measurements in the warter
column under solar radiation. Care was taken during handling to
avoid any damage to the algae. Dark respiration was measured first,
followed by measurements of net oxygen production for 4 min at
various depths in the warer column. Subsequently, the sample was
exposed close to the surface, but still submerged, until photoinhibi-
tion was reached. In another rype of experiment the kinetics of pho-
toinhibition were investigated in thalli immediately after collection.
After exposure, the thallus area and the dry weight were measured.

Statistics

For PAM measurements at least 8 individual organisms were
measured (except for the acrinic irradiance series) from which mean
values and standard deviation were calculated. For the filter experi-
ments Student’s t-tests were performed to evaluate significant differ-
ences between the treatments. Photosynthetic oxygen exchange was
measured at least three times for each irradiation. All experimental
runs were repeated at least 2 times.

Measurement of solar radiation

Salar irradiance (W m~2) at the surface was measured in three
wavelength bands (UV-B 280-315 nm; UV-A 315-400 nm; PAR
400-700 nm) using a permanently installed instrument (ELDO-
NET, Real Time Computer, Mohrendorf, Germany). The instru-
ment includes commercially available, waterproof filter sensors
(Grébel, Ettlingen, Germany). Readings were taken at 1s intervals
and were averaged over 1 min. After amplification and analog/digital
conversion the data in the three channels were graphically displayed
and stored in a computer. Hourly and daily doses were calculated
for each wavelength band. Typical irradiances under clear skies at
noon were 390 W m™? for PAR, 38 W m™> for UV-A and
0.95Wm™? for UV-B.



Results

PAM fluorescence measurements

For experiments in which the effective quancum yield after
excessive irradiation was determined, the recorded value of
PS II effective quantum yield immediately after collection
was around 0.65 (Fig. 1). The slight differences between the
mean values of the population of one rock can be ascribed to
the fact that under natural conditions irradiacion varies
slightly. After adapration for 30 min under a shading cover
with only dim light coming from the sides, all samples had
recovered to almost the optimal quantum yield measured
earlv in the morning (see below). Also standard deviation
decreased to minimal values since in contrast to variable
growth conditions the dark exposure was identical for all or-
ganisms in the population. Exposure to solar radiation caused
a drastic decline in the yield within 30 min. Organisms that
received unfilcered sunlight and those that were covered by a
WG 295 fileer showed a more pronounced decline in effec-
tive quantum yield than plants under the WG 335 or GG
400 filcers, After 2.5 h, the quantum yield had dropped by
35% in the populations exposed to partially UV-depleted ra-
diation and by 53 % in the group that received the full solar
spectrum. The differences between the plants that received

Adaption

Exposition
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full sunlight and those covered by the WG 295 filter were neg-
ligible. Algae that were exposed to UV-B and UV-A depleted
radiacion showed mostly a higher yield than those exposed to
radiation depleted only of UV-B, but these differences were al-
ways below the significance level. The fast recovery after 2h in
the shade to almost optimal quantum yield in all samples indi-
cates that no irreversible photodamage had occurred during
exposition. The recovery reveals differences between exposure
to sunlight with or withourt the UV-B component, as plants
without UV-B treatment reached the initial values after 1h
whereas the others needed at least twice as long.

To determine to which extent photoinhibition occurs at
the natural growing site, algae were collected every hour from
dawn to dusk and their quantum yield was measured imme-
diately. The optimal quantum yield recorded before sunrise
was around 0.75 (Fig. 2). The effective quantum yield moni-
tored later in the day gradually declined with increasing solar
radiation and reached its minimum effective quantum yield
of 0.52 around 15:00 h. The quick recovery within the next
hour to values above 0.6 is due to the fact that the growing
site of the algae was in the shade after 15:15h. The recovery
to almost the optimal quantum yield is achieved within 2h,
even before sunset.

A comparison of the fluorescence parameters F and F,/
(Fig. 3) reveals chart art the natural growth site F shows only
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Fig. 1: Photosyntheric quantum yield of A. mediterranea harvested from 5 m was measured after coliection (11:30 h), after 30 min of dark
adaptation, during 2.5 h of exposure to solar radiation close to the surface and during recovery in the shade. The thalli were exposed <o un-
filtered solar radiacion (open bars) or under cut-off filters: WG 295 (hatched bars), WG 335 (dotted bars) and GG 400 (solid bars). For
cach data point at least eight measurements were averaged and the standard deviation calculated. Asterisks indicate those values thac signifi-
cantly {p<0.05) deviate trom the values measured for the unfiltered exposition in each time group.
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Fig.2: Photosynthetic quantum yield from dawn to dusk of A. mediterraneaharvested from 5 m. Thalli were retrieved from their growing site and
measured immediately after collection. For each data point at least eight measurements were averaged and the standard deviation calculated.
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Fig. 3: Fluorescence paramerers F (left bars) and . (right bars) immediately after harvest at 11:30 Jocal time and after different illimina-
tion: at the natural growing site (5 m depth, open bars} or close to the surface under GG 400 {hatched bars) and WG 295 (solid bars) cut-
off filters. Plants under filters were shaded after 14:30h for recovery. For each data point at jeast eight measurements were averaged.
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Fig. 4: Fluorescence parameters measured in A. mediterranea harvested from 5m depth in dependence of the fluence rate of the actinic red
light. Before the experiments the thallus was adapted to an intermediate fluence rate of 23Wm™? for 10 min and then exposed to increasing
irradiances for periods of 6.5 min each. At the end of each period the fluorescence parameters were determined. Diamonds: F, squares: pho-
tosynthetic quantum yield, triangles: photochemical quenching, crosses: non-photochemical quenching, asterisks: Fy," and circles: Fy'.

minor variations throughout the day, whereas F,,," drops to
70 % of early morning values (data not shown) when the sun
ts at high angles. Plants exposed close to the surface, which
received the full solar spectrum, not only show a drastic de-
cline of the F, parameter to less than half of the values
measured at the growth site but also show a reduced steady
state fluorescence. Excess PAR without the UV part of the
spectrum leads to a less pronounced reduction of F,” and has
only liccle effecton E

To determine the dependence of the fluorescence param-
eters on irradiation wich actinic light, an automatic run was
performed on freshly harvested samples (Fig. 4). The sample
was first dark-adapted, and F, and Fj, were measured (data
not shown). Then the thallus was adapted to light using the
built-in red light emitting diode with an irradiance of
23 W m™ for 10 min. Subsequently, the actinic light irradi-
ance was increased in 11 steps from 1 to 79 W m™2. The effec-
tive quantum yield gradually dropped from 0.59 to below
0.2, countered by an increase of the non-photochemical
quenching gN from 0.05 to values close to 1, representing
minimal quantum yield. In contrast, the photochemical
quenching qP started with a value of 1, indicacing optimal
energy exploitation for photosynthesis, and decreased to val-
ues around 0.6. Also the maximal fluorescence level, after a
saturating lighe pulse, F,” showed a drastic decline upon in-
creasing fluence rates, whereas both the steady state fluores-

cence, F and the minimal fluorescence yield, F,” showed only
small decreases.

Oxygen exchange measurements

Thalli harvested from 5m depth showed a pronounced respira-
tion when transferred into darkness (Fig. 5). Exposure to sunlight at
different depths between 5m and I m caused a net oxygen produc-
tion ranging from 0.25 pmol O, mm™?min™ tw 0.35 pmol O,
mm™~?min~". Despite the fact that the plants were adapted to irradi-
ances at 5 m, the highest net oxygen production was found close to
the surface with an evolution of 4.8 umol O mm™*min™".

To determine the kinetics and the extent of photoinhibition ar
the level of oxygen production, freshly harvested plants from 5m
depth were exposed to solar radiation just below the water surface
(Fig. 6). The net oxygen production remained rather constant for
30 min. Thereafter the oxygen evolution was more and more inhib-
ited, and a zero net production was detected after 150 min of expo-
sure.

Discussion

Photoinhibition, the light-dependent reduction in photo-
synthetic efficiency (Kok, 1956), is a widespread phenom-
enon in oxygenic photosynthetic organisms and can result in
considerable decreases in photosyntheric productivity. fts nat-
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Fig. 5: Photosynthetic oxygen exchange of A. mediterranea collected at 5 m depth in darkness and subsequently ar decreasing depths from

5m 1o Om for 4 min each.

ural occurrence has been demonstrated in higher plants
(Bjorkman and Demmig, 1987; Schreiber er al., 1994),
macroalgae (Hanelt, 1992; Hanelt et al., 1992; Franklin et al.,
1992) and phytoplankton (Helbling et al., 1992; Leverenz et
al., 1990; Herrmann et al., 1996). The mechanism of pho-
toinhibition is still controversial, but it is widely regarded as
an intrinsic feature of photosynthetic organisms to protect
their photosynthetic apparatus from excessive radiation.

Moderate photoinhibition in A. mediterranea was found ar
its natural growing site, comparable with findings in other
green algae (Hader et al., 1996 a,b). The decline in the effec-
tive quantum yield followed the encountered photon fluence
rate and was not due to a circadian periodicity, since meas-
urements on a cloudy day showed less effect (data nor
.shown). The quick recovery after shading indicares that no
photodamage had occurred.

The photosynthetic yield of A. mediterranea harvested
from 5m and exposed to unfiltered solar radiation close to
the surface dropped drastically to 50 % of the initial values.
The minimal value of the yield parameter at the narural
growing site never fell below 70 %, not even in algae growing
naturally in shallow waters (data not shown). This increased
sensitivity reflects an adapration to the lower irradiances
found ar 5m, which is about half of the surface radiation. By
an almost complete recovery after 2 h of shading these algae
demonstrate their capacity to cope with a wide range of
fluence rates, in contrast to some green and red algae thar did

not recover after a comparable treatment (Hider et al., 1996
¢,d). As the steady state fluorescence F is affected under stress
conditions a linear relationship berween Y and the photosyn-
thetic electron transport is not warranted any more. Decreas-
ing F values under excess radiation might arise from rever-
sible regulatory mechanisms such as photoprotection via
thermal dissipation. A loss of F due to photobleaching seems
not very likely as after shading F recovers quickly. An increase
in F,’, which would be indicative for photodamage o PS II
(Demmig-Adams, 1990; Franklin et al., 1992) and has been
found in some red algae (Hanelt, 1992; Hider et al,, 1996¢),
was never seen in A. mediterranea.

The removal of wavelengths shorter than 335 nm resulted
in a significantly reduced degree of photoinhibition, but ad-
ditional removal of longer wavelengths did not further di-
minish photoinhibition. Similar results were reported for
other algae (Helbling et al., 1992; Larkum and Wood, 1993;
Herrmann er al., 1995; Hider et al., 1996b), but cannot be
generalized as findings in phytoplankton showed a similar or
even higher photoinhibitory effect of the UV-A component
(Holm-Hansen er al., 1993).

Measurements of oxygen evolution under high light condi-
tions close to the surface showed slower inhibitory kinertics
than PAM measurements. The net oxygen production was
hardly affected during the first 30 min. In more sensirive al-
gae the net production declined rapidly after exposure to
high fluence rates (Hader et al., 1996 d), again indicating thar
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Fig. 6: Photosynthetic oxygen exchange of A. mediterranea harvested from 5 m and exposed close to the surface.

A. mediterranea is relatively insensitive to enhanced radiartion.
The fact thar after 150 min of exposure zero net oxygen pro-
ducrion was reached although the quantum yield mainrained
50% might be due to an increased respiration.

Different inhibitory kinetics for effective quantum yield
and oxygen production after excess radiation have been re-
ported under artificial conditions for green (Herrmann et al.,
1995) and red algae (Hanelr et al., 1992) and may be due to a
regulation at different levels. Although donor side photoinhi-
bition has not yet been demonstrated to be a feature of pho-
toinhibition under physiological conditions, the different on-
set of inhibition suggests this explanation. It seems chat regu-
latory mechanisms and capacity not only vary between algae
of different groups (Biichel and Wilhelm, 1993) but also
among different species of green algae. To elucidate the mo-
lecular mechanisms and the wavelength dependence of pho-
toinhibition and photodamage further investigations of inhi-

bition and recovery kinetics as well as detailed action spectra
are necessary.
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