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The mechanism of photoinhibition was investigated in three representative macroalgal species growing on the coast
of Patagonia: the chlorophyte Ulva rigida C. Agardh, the rhodophyte Porphyra columbina Montagne and the
phaeophyte Dictyota dichotoma (Huds.) Lamour. Dark adapted specimens were exposed to 15 min unfiltered solar
radiation to induce photoinhibition, and subsequently the recovery of the photosynthetic quantum yield was
followed for up to 6 h. Photoinhibition is believed to be due to the damage and proteolysis of the D1 protein in the
reaction center of Photosystem II. During recovery this protein is resynthesized. In order to prove this hypothesis,
inhibitors of the chloroplast protein synthesis, streptomycin and chloramphenicol were applied. Both retarded
the repair process indicating an inhibition of the D1 protein resynthesis during recovery after the damage they
experienced during light exposure. Some algal groups use the xanthophyll cycle to ameliorate the inhibition by
excessive light. Dithiothreitol, an inhibitor of violaxanthin de-epoxidase, was administered, to impair the
xanthophyll cycle. It strongly affected both photoinhibition and recovery even in the red algal species, which do
not have the xanthophyll cycle, indicating that this drug has significant side effects and should be used with caution
for the study of the involvement of this protective cycle in algae. Pigmentation was followed in the three species
using absorption spectroscopy of thallus extracts at 665 nm during continuous exposure to natural solar radiation
or radiation deprived of the UV component during two days. The results indicated a pronounced variation in
pigmentation over time due to bleaching and resynthesis. Solar radiation was monitored during the experiments
in three channels (UV-B, UV-A and PAR) using an ELDONET instrument on site.

1 Introduction

Macroalgae are major biomass producers in marine ecosystems
populating coastal regions and continental shelves.1 They are
ecologically important for being at the basis of the intricate
food web in the oceans and giving shelter to adult and larval
stages of fish, crustaceans, mollusks and other animals. They
are also economically important and are being exploited for
food production, as fertilizers and raw material for gelling
substances such as agar and carragheenan.2

Living in the intertidal zone, macroalgae are exposed to
drastically changing irradiances as well as changes in salinity,
temperature and desiccation. Since most of the species are
sessile, they experience a complicated pattern of irradiances
controlled by the diurnal changes and the superimposed tidal
rhythm.3,4

The thalli can adapt to the widely changing irradiances by
several protective mechanisms. Many macroalgae were found to
be adapted to low light conditions (shade plants) and to shut
down the photosynthetic apparatus when exposed to high solar
irradiances, which they experience, e.g., when low tide coincides
with low solar zenith angles.5,6 One adaptation mechanism
is photoinhibition, which is a high light-induced reduction
of the photosynthetic quantum yield.7,8 Photoinhibition can be
monitored by measuring photosynthetic oxygen production 9–11

or by following chlorophyll fluorescence parameters using a
pulse amplitude modulated (PAM) fluorometer.12,13 Both tech-
niques have been used to study photoinhibition in red, green
and brown algae.13–18 Most studied algae in the supralittoral
and eulittoral show a pronounced photoinhibition under

ambient solar radiation which increases toward noon and in the
early afternoon hours 4,19 to recover in the late afternoon and
evening hours. During exposure to intense solar radiation
photosynthetic pigment content either decreases 20–24 or
increases.19,25 Susceptibility of marine macroalgae to visible
and UV solar radiation is highly variable among species which
results in a specific depth distribution of species, and the pene-
tration of solar visible and UV radiation has a decisive role in
controlling the depth zonation of macroalgae.26–28 Sublittoral
species are generally more sensitive to solar radiation than
eulittoral species.4,26,29,30 This can be easily demonstrated by
transplantation experiments of algae from deep to shallow
waters.31

The main photoinhibition site is the reaction center of photo-
system II.32 Recent research indicates that excessive visible or
UV radiation kinks the D1 protein, which controls the electron
transport after the primary photon absorption; this protein is
subsequently removed by proteases 33 resulting in a reduced
quantum efficiency of photosynthesis.34 During recovery a new
protein is restored; this process is facilitated by a rapid turnover
of the protein.35,36

Another protective mechanism against excessive radiation is
the xanthophyll cycle which relies on the thermal dissipation of
excess excitation energy preventing the formation of singlet
oxygen in the chloroplasts.37 Zeaxanthin formation is also
involved in an increase in non-photochemical quenching,38,39

and the xanthophyll cycle was found to play a role in the
adaptation mechanism to high light conditions.40,41

The aim of the current work was to demonstrate the
involvement of protein synthesis in the recovery of the photo-
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synthetic quantum yield using inhibitors of chloroplast protein
synthesis in green, red and brown algae. The violaxanthin
de-epoxidase inhibitor, dithiothreitol was used to study the
role of the xanthophyll cycle in these three major macroalgal
groups. In addition, changes in pigmentation during exposure
to intense solar radiation and during the night recovery were
investigated.

2 Materials and methods

2.1 Measurement of solar radiation

Solar radiation was monitored during the experimental period
using a filter radiometer (ELDONET, Real Time Computer,
Möhrendorf, Germany) measuring in three wavelength bands
for UV-B, 280–315 nm; UV-A, 315–400 nm; and PAR, 400–700
nm.42,43 The instrument, located on the roof of the Estación
de Fotobiología Playa Unión,44 records the irradiance in each
channel and the ambient temperature at 1 min intervals. All
data are transferred to and are available on the central server of
the ELDONET network (www.eldonet.org).45

2.2 Plant material

Specimens of the common Chlorophyte Ulva rigida C. Agardh,
the Rhodophyte Porphyra columbina Montagne and the Phaeo-
phyte Dictyota dichotoma (Huds.) Lamour were selected for the
experiments. Algal species were harvested during low tide every
day from tidal pools on the east facing, gradually sloping rocky
shore of Playa Barrancas Blancas south of Playa Union (65� 3�
W, 43� 19� S, Rawson, Patagonia, Argentina). U. rigida grows in
shallow rock pools and is always submerged even at low tides.
P. columbina grows on exposed surfaces and is in the air during
low tide, during which time it can almost dry out. D. dichotoma
is found in deeper rock pools and crevices often in shaded
habitats. During the research period the salinity was 30 g l�1, the
temperature around 29.4 �C in the rock pools, the pH 9.0 and
the redox value 113 mV. The oxygen concentration was 10.8 mg
l�1 and the nitrogen content 3 μg l�1 as nitrate.

2.3 Experimental procedures

The specimens were carried to the laboratory in dark containers
in ample water to keep the temperature constant. For the
inhibitor experiments the thalli were kept in 1 l containers in
dim light at the final inhibitor concentrations (see below) over-
night. Preliminary experiments showed that 1 h incubation was
not sufficient. Immediately before solar exposure the thalli
were transferred into custom-made UV transparent Plexiglas
holders (GS 2458, Röhm and Haas, Darmstadt, Germany).
The holders were placed into 1 l open containers holding the
same inhibitor concentrations; they had open sides to allow
water to flow through the holders; but the thalli were held
in place with the same side facing upwards during irradiation
and measurement. The samples were exposed to natural solar
radiation for 15 min during local noon on clear days.

The photosynthetic parameters were determined by PAM
fluorescence (see below) after the dark incubation, after the
exposure time and at predefined times during the recovery
period for up to 6 h. The distance of the fiber optic to the thalli
was kept at 6 mm and the angle with the thallus surface at 60�.

2.4 Inhibitors

The inhibitor of the violaxanthin de-epoxidase, dithiothreitol
(DTT) was purchased from Sigma (Taufkirchen, Germany) and
added at a final concentration of 1 mM. This inhibitor is also
reported to affect the development of the non-photochemical
quenching.46 The involvement of the D1 protein synthesis in
the recovery process was studied using the chloroplast protein
biosynthesis inhibitors chloramphenicol (Sigma) at a concen-

tration of 2 mg ml�1 and streptomycin (Serva, Heidelberg,
Germany) at a final concentration of 500 μg ml�1 in sea water.

2.5 Measurements of PAM fluorescence

A portable pulse amplitude modulated (PAM) fluorometer
(PAM 2000, Walz, Effeltrich, Germany) was used to measure
the in vivo chlorophyll fluorescence non-invasively.47 The
instrument determines chlorophyll a fluorescence from photo-
system II (PS II). The effective photosynthetic quantum yield
(Y) was calculated using the equations of Genty et al.48 and
Weis and Berry: 49

where Fm� is the maximal fluorescence induced by a satura-
ting pulse and Ft the current steady state fluorescence induced
by a weak red light in a light-adapted thallus (ambient
radiation). The optimal quantum yield was measured in dark-
adapted plants where Fm (maximal fluorescence induced by a
saturating pulse) substitutes Fm� and Fo (ground fluorescence
induced by a weak red background light) replaces Ft.

2.6 Pigment analysis

Thalli of the three macroalgae were exposed in open containers
holding 1 l of sea water floating on top of a large open fresh-
water container with running water to stabilize the temperature.
The thalli were exposed to unfiltered solar radiation or
radiation deprived of the UV component by covering them
with a cut-off filter foil removing radiation below 395 nm
(Ultraphan UV Opak, Digefra, Munich, Germany). The
transmission spectrum of this filter foil has been published by
Figueroa et al.50 Samples were removed at predetermined times
during day and night, placed in 7 ml absolute methanol in
test tubes and kept in darkness for at least 4 h at 4 �C. After
the extraction period, the tubes were centrifuged for 10 min at
1000 rpm, and the absorbance of the methanolic extract was
measured in a UV-visible spectrophotometer (Hewlett-Packard
8453E). After extraction and centrifugation the thalli were
dried at 40 �C for 24 h and the dry weight determined.

2.7 Statistics

Mean values and standard deviation of the PAM fluorescence
parameters were determined from a minimum of eight
independent measurements on different thalli. All experimental
runs were repeated four times on different days. Student’s t tests
were calculated to determine whether the different treatments
caused statistically significant differences.51

3 Results
Solar radiation is shown for one representative day during
the experimental period (18 February 2002) for UV-B, UV-A
and PAR in Fig. 1. The sky was clear throughout the day with a
few scattered clouds during noon with maximal irradiances
of about 400 W m�2 in the PAR region, 55 W m�2 in the UV-A
and about 1.5 W m�2 in the UV-B region. On clear days daily
doses during February 2002 were around 30 kJ m�2 for UV-B
and 1.2 MJ m�2 for UV-A and 8.8 MJ m�2 for PAR.

After overnight dark adaptation Ulva thalli showed an opti-
mal quantum yield of over 0.7 in the controls (Fig. 2). After
15 min of solar radiation the effective quantum yield decreased
to below 0.2. While neither streptomycin nor dithiothreitol had
a statistically significant effect, the presence of chloramphenicol
further decreased the quantum yield to below 0.1. During the
recovery period after the exposure time the quantum yield
quickly rebounded and the control reached values above
0.6 even after 30 min in dim light. During the recovery the
inhibitory effect of the chloroplast protein synthesis inhibitor

Y = (Fm� � Ft)/Fm� = Fv�/Fm�
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streptomycin is evident and statistically significant. The effect
of chloramphenicol is even stronger and does not allow
recovery to the initial value even after 6 h in dim light. The
inhibitor of the de-epoxidase, dithiothreitol, causes the highest
inhibition during the recovery period. However, it must be
stated that the quantum yield was even significantly lower in the
dark adapted sample which had not been exposed to light since
the inhibitors were added.

Dictyota also shows an optimal quantum yield of above 0.7
which decreases to about 0.2 after 15 min of exposure (Fig. 3).
This brown alga takes longer to recover than the green alga
Ulva and only fully recovers after 20 h. As in Ulva, streptomycin
delays the recovery and chloramphenicol even more so at most
times of measurement. The highest impact is found with the
addition of dithiothreitol during the recovery period. It is inter-
esting to note, though, that the drug does not significantly
increase the photoinhibition during exposure which would
have been expected if it acted on the xanthophyll cycle. Also,
its effect increased with time and was maximal after 20 h of
recovery.

The red alga Porphyra had a lower initial quantum yield of
around 0.5 before exposure than both the green Ulva and the
brown Dictyota (Fig. 4). Photoinhibition during exposure to
sunlight depressed the quantum yield to about 0.3, which is
less than in the other two species. Streptomycin aggravated
photoinhibition even during exposure, but the difference to the
control decreased with increasing recovery time. In contrast,
the effect of chloramphenicol was more pronounced and the

Fig. 1 Surface irradiance in Playa Unión (43� 18� S; 65� 03� W),
Rawson, Argentina, (in W m�2) for a representative day (18 February
2002) during the study period. Measurements were done with an
ELDONET radiometer in the PAR (400–700 nm), UV-A (315–400 nm)
and UV-B (280–315 nm) wavelength ranges.

Fig. 2 Photosynthetic quantum yield in Ulva rigida after a dark
period, after 15 min of exposure to solar radiation during local noon
time and during recovery in dim light in the control (black bars), with
the addition of 500 μg ml�1 streptomycin (dotted bars), 1 mM DTT
(open bars) or 2 mg ml�1 chloramphenicol (striped bars). For each data
point at least eight measurements were averaged and the standard
deviation calculated. The values for the inhibited samples are
statistically significantly different from the controls in each set with p <
0.001 (***) or < 0.01 (**), respectively, as indicated by the Student’s
t-test.

quantum yield stayed on about the same level during recovery.
Dithiothreitol depressed the quantum yield even in the controls
before exposure and increasingly impaired the photosynthetic
performance during recovery. These findings were unexpected
since red algae are reported not to possess a xanthophyll cycle.52

When exposed to the visible wavelengths of solar radiation
the absorbance at 665 nm (maximum of chl a absorption) in
Ulva rigida stayed about constant during the day and then
increased in the early evening. Then it decreased during the
night to below 50% (Fig. 5a). On the second day the absorbance
increased to the initial value and then the thalli had an almost
constant absorbance at this wavelength until the end of the
experiment after the second night. The same trend was found at
334, 440 and 470 nm (data not shown). Algae exposed to the
full solar radiation including the UV wavelength range showed
a more pronounced decrease in absorbance at most measure-
ment points. Especially on the second day the absorbance
decreased dramatically to below 10%.

In the brown alga Dictyota dichotoma the absorbance at
665 nm decreased during the first afternoon of exposure and
during the first night (Fig. 5b). Then, as in the green alga Ulva,
there was a rebound in the early morning of the second day; but
the absorbance values decreased drastically during the second
day. Similar trends were found for the other measured wave-
lengths (data not shown). In the red alga Porphyra there was an
even stronger decrease in the absorbance at 665 nm during the
first day of exposure and a partial recovery overnight (Fig. 5c).

Fig. 3 Photosynthetic quantum yield in Dictyota dichotoma after a
dark period, after 15 min of exposure to solar radiation during local
noon time and during recovery in dim light in the control (black bars),
with the addition of 500 μg ml�1 streptomycin (dotted bars), 1 mM
DTT (open bars) or 2 mg ml�1 chloramphenicol (striped bars). For
each data point at least eight measurements were averaged and the
standard deviation calculated. The values for the inhibited samples are
statistically significantly different from the controls in each set with p <
0.001 (***) or < 0.01 (**), respectively, as indicated by the Student’s
t-test.

Fig. 4 Photosynthetic quantum yield in Porphyra columbina after a
dark period, after 15 min of exposure to solar radiation during local
noon time and during recovery in dim light in the control (black bars),
with the addition of 500 μg ml�1 streptomycin (dotted bars), 1 mM
DTT (open bars) or 2 mg ml�1 chloramphenicol (striped bars). For
each data point at least eight measurements were averaged and the
standard deviation calculated. The values for the inhibited samples are
statistically significantly different from the controls in each set with p <
0.001 (***) or < 0.01 (**), respectively, as indicated by the Student’s
t-test.
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During the second day the absorbance decreased again and
only slightly recovered during the second night. Also in this
case the PAR-UV treatment resulted in a more pronounced
bleaching. The other wavelengths showed a similar trend (data
not shown).

4 Discussion
Photosynthetic organisms including macroalgae show two dif-
ferent types of photoinhibition: high light-adapted organisms
show dynamic photoinhibition which is a reversible mechanism
characterized by the down regulation of PS II. In this mechan-
ism excessive excitation energy is dissipated thermally.53 In con-
trast, chronic photoinhibition is due to photodegradation of
the D1 protein in photosystem II (PS II) causing a decrease in
the photosynthetic electron transport.54 This type is often found
in shade-adapted organisms. These adaptive processes in algae
are summarized in recent reviews.52,55

Higher plants and macroalgae use a number of protective
mechanisms designed to ameliorate light stress including
thermal dissipation of excess excitation energy, antioxidant
systems and the fast repair of photooxidative damage.7,41 The
D1 protein repair mechanism can be inhibited by blocking
the chloroplast protein synthesis, e.g. by low temperature or
by applying an inhibitor such as chloramphenicol. Another
mechanism of photoprotection involves the xanthophyll cycle.

Fig. 5 Absorbance of thallus extracts from Ulva, Dictyota and
Porphyra measured at 665 nm during exposure to complete solar
radiation (open bars) or the PAR component of solar radiation (under
a 395 nm cut-off filter, black bars) in per cent of the initial value of
dark-adapted organisms.

The protective role of carotenoids against excessive excitation
energy is based on effective quenching and prevention of singlet
oxygen formation.56 Zeaxanthin formation in the xanthophyll
cycle during non-photochemical quenching is well estab-
lished.57 The functioning of the xanthophyll cycle can be
demonstrated by inhibiting the violaxanthin de-epoxidase, by
e.g. DTT.58 Algae with a large xanthophyll pool and charac-
terized by an efficient de-epoxidation of violaxanthin have been
shown to tolerate higher irradiances and longer periods of
emersion.59

While largely supportive of the hypotheses the data indicate
some unexpected results. Streptomycin inhibits protein bio-
synthesis by impairing the initiation of translation and causing
misreading of mRNA in prokaryotes and plastids. As expected,
streptomycin had no significant effect on the extent of photo-
inhibition of all three algae, since during this short exposure no
considerable D1 protein synthesis is expected. It exerted only a
limited effect on the recovery especially in Dictyota and Ulva
while this effect was less pronounced in the red alga Porphyra.
Even though chloroplast protein synthesis was retarded, after
6 h recovery was complete in all three algae even in the con-
tinuous presence of the inhibitor.

Chloramphenicol, which inhibits the peptidyl transferase
activity of the 50S ribosomal subunits in prokaryotes and
plastids, also impairs chloroplast protein synthesis, and had a
more pronounced and statistically significant effect in all three
algal groups. In all three organisms, recovery was only partial
even after 6 h in the presence of the inhibitor. However, it also
significantly affected the quantum yield during exposure in
Ulva and Porphyra, indicating that the drug may have unspecific
side effects on other physiological functions since we do not
expect a visible response during the 15 min exposure period.

DDT is considered to be a specific inhibitor of the xantho-
phyll cycle.60,61 Therefore we would expect a larger photo-
inhibition during exposure, but no effect on the recovery. How-
ever, it retarded and suppressed recovery not only in Ulva and
Dictyota but also in the red alga Porphyra, which is known
not to have a xanthophyll cycle.52 In addition, application of
DTT significantly affected the optimal quantum yield in
Porphyra and Ulva in the dark-adapted sample even before
light exposure indicating strong side effects independent of the
desired target. DDT is known to separate polypeptide subunits
linked by disulfide bonds. These results demonstrate that this
inhibitor should be used with caution when trying to affect the
xanthophyll cycle in macroalgae.

The pigment content in macroalgae is known to depend on
the irradiances in solar radiation and it is governed by a diurnal
rhythm.52,62 It also differs between sun and shade type algae.63

These daily patterns are an indication of a rapid turnover of
the pigments in the natural environment of algae.64,65 Also
during the 2 d exposure experiment all three species showed
a pronounced variation in their pigmentation. The green alga
Ulva is adapted to excessive solar radiation since it grows in
shallow rock pools high in the intertidal range. During the first
day the concentration of chlorophylls increased significantly
during exposure and decreased during the night. However,
on the second day the cumulative radiation dose prevented
any further increase in pigmentation. In contrast the two other
species, which grow lower in the intertidal range were con-
siderably affected by exposure to solar radiation and showed
a drastic decrease in the absorption at 665 nm which was even
more pronounced on the second day. Only in the beginning
of the second day there was a significant increase in the
pigmentation.

Abbreviations
DDT dithiothreitol; Fo initial chlorophyll fluorescence in a
dark-adapted plant, all reaction centers are open; Fm maximal
fluorescence in a dark-adapted plant, all reaction centers are
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closed; Fv variable fluorescence = Fm � Fo; Fo�, Fm� and Fv�
the same for the light-adapted state; Ft current fluorescence of a
light-adapted plant; PAM pulse amplitude modulated fluoro-
meter; PAR photosynthetically active radiation.
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