
Ž .Biochimica et Biophysica Acta 1321 1997 183–193

Morphological and molecular changes in the unicellular green alga
Dunaliella salina grown under supplemental UV-B radiation: cell
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Abstract

The effect of supplemental UV-B radiation during growth in the green alga Dunaliella salina was investigated. At the
cellular level, supplemental UV-B radiation induced a doubling of the cell volume, a phenomenon attributed to a slow-down
in the rate of cell division. At the thylakoid mebrane level, supplemetal UV-B radiation induced photodamage to the 32 kDa
Ž . Ž .D1 and 34 kDa D2 reaction center proteins of Photosystem II. The molecular target of photodamage to D1 and D2, and
the temporal sequence of events leading to repair of Photosystem II from this UV-B photodamage, appeared to be different

Ž .from those that operate under photosynthetically active radiation PAR . Thus, mechanistically, photodamage and repair
under supplemental UV-B may be a distinctly different phenomenon from the damage and repair cycle induced by visible
light. q 1997 Elsevier Science B.V.
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1. Introduction

Light quality and light intensity exert significant
effects on the organisation of the photosynthetic ap-
paratus. Changes in the quality of photosynthetically

Ž .active radiation PAR are known to bring about
adjustment and optimisation in the relative concentra-
tion of Photosystems I and II in such diverse organ-
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quinone of Photosystem II; Q , secondary electron-acceptingB
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w x w xisms as cyanophytes 1–3 red and green algae 4–6
w xand higher plant chloroplasts 7–9 .

The level of irradiance during plant growth modu-
lates the size and composition of the light-harvesting

w xantenna of the photosystems 10,11 . In general, low
light intensity promotes larger Chl antenna size for

Ž .both PS I and PS II larger photosynthetic unit size .
High-light conditions elicit a smaller Chl antenna
size. This adjustment in the Chl antenna size of the
photosystems comes about because of changes in the
size of the auxiliary Chl ab light-harvesting complex
w x12–15 . Persistently high levels of irradiance cause
impairment in the activity of PS II and result in
losses in the capacity for photosynthesis. This light-
induced inhibition of photosynthesis is better known

w xas photoinhibition 16 . The molecular basis of
photoinhibition is photo-oxidative damage to the PS
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w xII reaction center 17–19 . This photodamage causes
irreversible inactivation in the function of the 32 kDa
Ž .D1 reaction center protein and stops photosynthesis
w x20 . Under physiological conditions, photosynthesis
recovers from this adverse effect through a repair
process that restores the functional status of PS II. A
central aspect of the PS II repair is the selective

w xdegradation 21 and turnover of the D1 protein
w x22,23 . This PS II damage and repair cycle, as the

w xphenomenon has come to be known 24 , is of great
importance for the maintenance and productivity of
photosynthesis.

A special case of irradiance-induced photodamage
in plants is by supplemental UV-B radiation. The
latter is known to bring about multiple adverse ef-
fects on photosynthesis: it lowers the quantum effi-
ciency of photosynthesis, inhibits the electron trans-
port and photophosphorylation processes, lowers the

w xchloroplast protein content of Rubisco 25–27 , and
damages nucleic acids with a concomitant adverse

w xeffect on protein biosynthesis 28,29 .
A combination of PAR and UV-B radiation results

in enhanced rates of photodamage and degradation of
w xthe D1 protein 30 , although UV-B driven protein

cleavage occurs at different sites as compared to that
induced by PAR, and is thought to be independent of

w xthe presence of oxygen 31–33 . It is further thought
that different photosensitizers mediate D1 photodam-
age and degradation in the visible and UV-B spectral

w xregion 30,34 .
The interplay between PAR and supplemental

UV-B radiation and the role of the latter in photo-
damage and turnover of the D2 protein are questions
of current interest. In this work, we addressed the
effect of supplemental UV-B radiation on the mor-
phology, growth and photodamage to D1 and D2
proteins in the green alga Dunaliella salina under in
vivo conditions. The results show distinct effects at
the cellular level and suggest independent adverse
effects by PAR and UV-B on the photosynthetic
apparatus.

2. Materials and methods

2.1. Cell growth

Dunaliella salina cells were grown in an artificial
w xhypersaline medium similar to that of 35 , containing

1.5 M NaCl, 5 mM MgSO , 0.3 mM CaCl , 0.1 mM4 2

KH PO , 20 mM EDTA, and 5 mM NH Cl supple-2 4 4

mented with a mixture of iron and micronutrients.
Carbon was supplied as NaHCO at an initial concen-3

tration of 25 mM. Cells were cultivated in Petri
dishes having a 6 cm radius and containing 40 ml
culture medium so as to prevent shading and to allow
for a uniform exposure of cells to photosynthetic and
UV-B radiation. Mild agitation of the cell culture was
achieved by placing the Petri dishes on an orbital

Ž .shaker Red Rotor, Hoefer Scientific operated at a
low speed. This configuration permitted a uniform
illumination of cells and, at the same time, removal
of O from the liquid medium. The density of cells in2

the culture medium was counted using the Neubauer
ultraplane and an Olympus BH-2 light microscope.

The D. salina culture was illuminated by a mix-
ture of continuous incandescent and cool-white fluo-
rescent light bulbs. The incident irradiance was 170–
180 mmol photonsPmy2 Psy1, measured with a
LICOR model LI-185B Quantum-Radiometer-Pho-
tometer connected to a LI-190SB sensor. UV-B radia-
tion was provided by ultraviolet emitting fluorescent

Ž .tubes Philips model TL12r40W . The undesired
short wavelength emission of these lamps in the
UV-C region of the spectrum was filtered by screen-
ing through pre-solarized sheets of cellulose diacetate
Ž .absolute cut off at 280 nm . The incident intensity of
the UV-B radiation at the level of the cell culture was
0.75 mmol photonsPmy2 Psy1, measured with a

Ž .UV-B digital radiometer UVP, model UVX .

2.2. Isolation of thylakoid membranes

D. salina cells in their mid-late logarithmic growth
phase were harvested by centrifugation at 3000=g
for 4 min at 48C. Pellets were resuspended in 0.5 ml
of fresh growth medium and stored frozen at y808C
until all samples were ready for processing. Samples
were thawed on ice and diluted in 10 ml sonication
buffer containing 100 mM Tris-HCl, 100 mM NaCl,
5 mM MgCl , 0.2% Na-ascorbate, 0.2% PVP, 1 mM2

6-aminocaproic acid, 1 mM p-aminobenzamidine,
pH 6.8. Cells were disrupted by sonication for 30 s in
a Branson Sonifier operated in the pulsed mode with
a 50% duty cycle and an output power setting of 5.
Unbroken cells and other large cell fragments were
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removed by centrifugation at 3000=g for 4 min at
48C. The supernatant was then centrifuged at 75 000
=g for 30 min at 48C. The resulting pellet of
thylakoid membranes was resuspended in solubiliza-
tion buffer containing 2 M urea, 7% SDS, 20%
glycerol and 0.5 M Tris-HCl, pH 6.8, transferred in
Eppendorf tubes, and centrifuged at 50 000=g for 5
min to remove unsolubilized material. Chlorophyll

w xconcentration was measured by the method of 36 ,
and samples were diluted with solubilization buffer to
the final concentration of 200 nmol Chlrml. Beta-
mercaptoethanol was then added to a final concentra-
tion of 10%. Samples were stored at y808C until
ready for further processing.

2.3. SDS-PAGE and Western blot analysis

Thylakoid membrane proteins were resolved by
SDS-PAGE using the discontinuous buffer system of

w x37 containing 12.5% acrylamide, 0.41% bis-
acrylamide and 4 M urea. The stacking gel contained
4.5% acrylamide and 4 M urea. Gel lanes were

Ž .loaded with 2–4 nmol Chl aqb . Electrophoresis
on 0.15=14=16 cm slab gels was performed at 28C
at a constant current of 8 mA for 16–18 h. Gels were
stained with 0.1% Coomassie Brilliant Blue R for
protein visualization, or incubated in transfer buffer
for 30 min. Following resolution by SDS-PAGE,
thylakoid membrane polypeptides were electrophoret-
ically transferred onto a nitrocellulose membrane
Ž . w xSchleicher and Schuell, 0.1 mm as described 38 .
Immunochemical detection of the 32 and 34 kDa
reaction center proteins of PS II was performed upon
incubation with specific polyclonal antibodies raised
in rabbit in this laboratory. Color development with
alkaline-phosphatase conjugated antibodies was per-

w xformed as described previously 15 . Immune cross
reactions were quantitated by scanning the nitrocellu-

Ž .Fig. 1. Light microscope photographs of Dunaliella salina grown under PAR Control, upper panel or supplemental UV-B radiation
Ž .UV-B, lower panel . Note the significant difference in cell size upon growth under the two irradiance conditions. Magnification: 3200= .
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lose membranes with a LKB-Pharmacia XL laser
densitometer.

3. Results

3.1. Cell characteristics and rates of growth

D. salina cells are ellipsoid or ovate in shape and
have a clearly polar structure, with two anterior
flagellae, a single basal cup-shaped chloroplast that
may partially surround the nucleus, and a distinctive
mucilaginous cell coating. One macroscopic effect
that was consistently observed in D. salina cultures
grown under supplemental UV-B radiation was a
significantly increased cell size. Fig. 1 shows D.

Ž .salina photographs of control upper panel and UV-
Ž .B-treated cells lower panel , the latter being clearly

larger than the control. Table 1 shows statistically
significant differences in the dimension of cells grown
under control or UV-B conditions. Both length and
width were on the average 20% greater in UV-B-
treated than control cells. On first approximation, a
D. salina cell may be considered to be a rotational
ellipsoid. As such, its volume can be calculated on
the basis of the actual cell dimensions. Table 1 shows
that the volume of UV-B-treated cells was about
108% greater than that of the control cells. In order to

Table 1
Cell dimensions in control and UV-B-treated D. salina

Parameter measured Control UV-B- Percentage
cells treated change

cells

Ž .Length mm 9.60 11.46 19.4
Ž .Width mm 6.44 7.86 22.0

Lengthrwidth ratio 3.46 3.91 13.0
3Ž .Calculated cell volume mm 202 420 108

3Ž .Packed cell volume mm 203 410 102

Cellular width and length dimensions were measured with a
Ž .compound light microscope. Calculated cell volumes were based

on the assumption of ellipsoid cell shape and were obtained upon
application of the formula V spw2lr6, where w is the ellipsoid

Ž .width cell diameter along the short axis and l the ellipsoid
Ž .length cell diameter along the long axis . Packed cell volume

was measured upon precipitation of a known number of cells in
hematocrit tubes. Numbers are the mean value of at least 20
independent measurements. Standard error of the mean was about
"15% of the values given.

Fig. 2. Growth curves of Dunaliella salina. Plotted is the natural
Ž . Ž .logarithm ln of the cell density per unit volume N cells per ml

as a function of time after culture inoculation. A: growth under
Ž . Ž .PAR Control or supplemental UV-B radiation UV-B . B: effect

Ž .of lincomycin on cell growth under PAR Control or supplemen-
Ž .tal UV-B conditions UV-B .

independently test this finding, 400 ml of D. salina
cultures, containing a known number of cells, were

Ž .precipitated in a packed cell volume hematocrit
tube. The volume of the pellet from the UV-B grown
sample was again about twice that of the control
Ž .Table 1 . These results show that, in effect, the
supplemental UV-B radiation under our growth con-
ditions caused a doubling in the D. salina cell vol-
ume. Kinetically, cell dimensions and volume in-
creased gradually upon transfer of control cultures to
supplemental UV-B radiation, accompanied by an

Žincrease in the chlorophyll content of the cells data
.not shown .

Fig. 2A shows growth curves of D. salina culti-
vated under conditions of photosynthetic irradiance

Ž .only Control or under supplemental UV-B-radia-
tion. Plotted is the logarithm of the cell number as a
function of time after culture inoculation. Following a
commonly observed lag phase, which corresponds to
adjustment of the cells in the fresh growth medium,
the growth curves of control and UV-B-treated cells
showed the following two significant differences.
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Ž . Ži The cell density at the stationary phase ln
Ns15.7 for the control and ln Ns14.9 for the

.UV-B grown cells suggests a difference by a factor
of about two in the cell number per unit volume

Ž 6between control and UV-B-treated Ns6.6P10
cellsrml in the control versus Ns3.0P106 cellsrml

.in the UV-B-treated culture . This difference in cell
count might suggest that one or more nutrients in the
growth medium become limiting earlier in the UV-
B-treated than in the control culture. However, if the
total biomass is calculated by normalisation of the
number of cells with a factor that takes into account
the cell volume, then the observed growth differences

Žappear to be much less pronounced N PVolcontrol control
.s;N PVol .UV-B UV-B

Ž .ii The slope S of the logarithmic linear portion of
the growth curve was consistently less steep in UV-
B-treated cells, being S s0.15 hy1 and S scontrol UV-B

0.13 hy1. This indicates a somewhat slower rate of

Fig. 3. SDS-PAGE profile of Coomassie-stained thylakoid mem-
brane polypeptides of D. salina grown under PAR-conditions
and exposed to supplemental UV-B radiation for variable periods
of time. Lanes were loaded with 4 nmol chlorophyll.

Fig. 4. Upper panel: Western blot analysis of D. salina thylakoid
membrane polypeptides probed with specific polyclonal antibod-

Ž .ies raised against the 32 kDa D1 reaction center protein. Note
the declining levels of D1 as a function of cell exposure to
supplemental UV-B radiation. Lower panel: densitometric quanti-
tation of the Western blot shown in the upper panel. Results were
normalized on the amount of D1 present at zero time.

cell division in the UV-B-treated than in the control
samples.

Fig. 2B shows changes in the growth of D. salina
that occur upon transferring control cultures to sup-
plemental UV-B conditions, in the presence or ab-
sence of the chloroplast protein biosynthesis inhibitor
lincomycin. Following the transfer of control cells to
supplemental UV-B, the rate of cell growth in the
culture was lowered and the stationary phase was
reached at a lower cell density. Addition of 1.5 mM
lincomycin to the growth medium did not completely
stop cell growth until a few hours after the addition
of the antibiotic. During this period, it is expected
that cell division and most of the metabolic processes
would continue to occur, presumably by the enzymes
already existing in the cell. However, 48 h after the
addition of lincomycin, no viable cells could be
detected in the growth medium. A 5-times higher
concentration of this antibiotic yielded essentially the

Ž .same results data not shown , suggesting that lin-
comycin permeability into the cell is not a complicat-
ing factor in this phenomenology. The transfer of
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control D. salina cultures to supplemental UV-B
conditions was generally adverse to growth and this
effect could be detected after a few hours under
UV-B light. Addition of lincomycin to UV-B-treated
cells also caused cell growth to stop within a few
hours after the addition of this inhibitor. The extent
of the inhibitory effect of lincomycin on cell growth

Žwas similar in control and UV-B-treated cells Fig.
.2B .

3.2. SDS-PAGE and Western blot analysis

Exposure of D. salina cultures to supplemental
UV-B radiation did not change the profile of
Coomassie stained-gels loaded with thylakoid mem-

Ž .brane proteins Fig. 3 . Absence of significant changes
in the polypeptide pattern over the 24-h UV-B expo-
sure period eliminates the possibility of UV-B-in-
duced gross changes in the protein composition of

Ž . Ž .thylakoid membranes Fig. 3 . Fig. 4 upper panel
shows a Western blot analysis of thylakoid mem-
brane proteins probed with specific polyclonal anti-

Ž .bodies against the 32 kDa D1 reaction center pro-
Ž .tein of PS II. As evident in Fig. 4 upper panel , a

loss of cross reacting material at ;32 kDa occurs as
a function of time under supplemental UV-B radia-
tion; this decline is attributed to a specific UV-B-in-
duced photodamage and loss of the D1 reaction

w xcenter protein 30 . The D1 decay was quantitated by
scanning nitrocellulose filters with a laser densitome-

Ž .ter. Fig. 4 lower panel shows a loss of protein in
this band by about 20% after 8 h and by about 30%
over a 24 h period. A similar phenomenology was

Ž .observed for the 34 kDa D2 reaction center protein
Ž .of PS II Fig. 5 .

Fig. 6 shows a Coomassie-stained gel loaded with
thylakoid membrane protein from D. salina cells

Ž .grown under PAR light only control , and incubated
in the presence of 1.5 mM lincomycin. The antibiotic
did not affect either the pattern or intensity of the
protein bands seen in the gel. However, when D.
salina cells were exposed to supplemental UV-B
radiation in the presence of lincomycin, loss of the
diffuse protein bands from the 32–34 kDa region was

Ž .evident in the Coomassie stained protein gel Fig. 7 .
Western blot analyses with specific polyclonal an-

Ž . Žtibodies raised against the 32 kDa D1 protein Fig.
.8 showed that indeed supplemental UV-B radiation

Fig. 5. Upper panel: Western blot analysis of D. salina thylakoid
membrane polypeptides probed with specific polyclonal antibod-

Ž .ies raised against the 34 kDa D2 reaction center protein. Note
the declining levels of D2 as a function of cell exposure to
supplemental UV-B radiation. Lower panel: densitometric quanti-
tation of the Western blots shown in the upper panel. Results
were normalized on the amount of D2 present at zero time.

Fig. 6. SDS-PAGE profile of Coomassie-stained thylakoid mem-
brane polypeptides of D. salina grown under PAR-conditions
and incubated in the presence of 1.5 mM lincomycin. Lanes were
loaded with 4 nmol chlorophyll.
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Fig. 7. SDS-PAGE profile of Coomassie-stained thylakoid mem-
brane polypeptides of D. salina grown under supplemental UV-B
radiation conditions and incubated in the presence of 1.5 mM
lincomycin. Note the loss of stain from the 32–34 kDa region.
Lanes were loaded with 4 nmol chlorophyll.

accelerated the loss of the D1 protein. The difference
in the rate of D1 loss between UV-BqLincomycin
Ž .Fig. 8, circles over that in the presence of lin-

Ž .comycin only Fig. 8, squares is attributed to PS II
photodamage brought about exclusively by the UV-B
radiation. A similar acceleration in the loss of the 34

Ž .kDa D2 protein was also observed in Western blot
analyses, obtained with polyclonal antibodies specific

Ž .for the D2 reaction center protein of PS II Fig. 9 .
Measurement of the half-lives of D1 and D2 re-

vealed that both the 32 and 34 kDa proteins show a
t s3.5–4 h in the presence of lincomycin when1r2

cells are incubated strictly under PAR conditions.
The half-lives of the two proteins were shortened
significantly upon incubation in the presence of lin-

Žcomycin under supplemental UV-B radiation t s1r2
.1.5–2 h, Figs. 8 and 9 .

Recent work from this laboratory suggested that
PAR photodamage and disassembly of the PS II
holocomplex is promptly followed by formation of a
160 kDa protein complex in the thylakoid membrane
of D. salina. This 160 kDa complex contained the

w xphotodamaged but as yet undegraded D1 protein 39
as well as the D2 protein of the PS II reaction center
w x40 . It was postulated that formation of such a 160
kDa protein complex might be an obligatory step in
the PS II repair process of D. salina, designed to
protect the D1rD2 heterodimer until degradation and
replacement of the photodamaged protein could safely

w xtake place 41 . Thus, it was of interest to investigate
whether formation of such complex is of significance
in the case of PS II photodamage by supplemental

Ž .UV-B radiation. Fig. 10 upper panels show the
cross reaction between polyclonal antibodies and the
160 kDa complex in Western blots of control and
UV-B-treated D. salina. In this experiment, 1.5 mM
lincomycin were added to the growth medium at zero

Ž .time. Fig. 10 lower panel presents a quantitation of

Fig. 8. Upper panels: Western blot analysis of D. salina thyl-
akoid membrane polypeptides probed with specific polyclonal

Ž .antibodies raised against the 32 kDa D1 reaction center protein.
Ž .Cells were grown under PAR control or supplemental UV-B

Ž . Žradiation UV-B . Addition of lincomycin to the cultures 1.5
.mM final concentration occurred at zero time. Note the declining

levels of D1 as a function of lincomycin incubation. Lower panel:
densitometric quantitation of the Western blots shown in the
upper panels. Results were normalized on the amount of D1
present at zero time. Note the faster loss of D1 under supplemen-
tal UV-B than PAR conditions.
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the relative abundance of the 160 kDa complex as a
function of time after addition of lincomycin.

Addition of lincomycin to the control culture
caused a transient increase by about 60% in the
steady-state amount of the 160 kDa complex. This
increase lasted for up to 2 h, after which the abun-
dance of this complex in the thylakoid membranes

Ž .started to decline Fig. 10, lower panel, squares . This
finding is consistent with earlier measurements per-
formed in the presence of chloramphenicol, another

w xchloroplast protein biosynthesis inhibitor 39 . In
samples exposed to supplemental UV-B radiation, the
abundance of the 160 kDa protein complex did not
show a transient increase following addition of lin-
comycin to the culture. Rather, a decline in the
intensity of the 160 kDa protein band was observed
promptly upon addition of the protein biosynthesis

Ž .inhibitor Fig. 10, lower panel, circles . The half-time
for the loss of the 160 kDa complex under supple-

Fig. 9. Upper panel:Western blot analysis of D. salina thylakoid
membrane polypeptides probed with specific polyclonal antibod-

Ž .ies raised against the 34 kDa D2 reaction center protein. Cells
Ž .were grown under PAR control or supplemental UV-B radiation

Ž . ŽUV-B . Addition of lincomycin to the cultures 1.5 mM final
.concentration occurred at zero time. Note the declining levels of

D2 as a function of lincomycin incubation. Lower panel: densito-
metric quantitation of the Western blots shown in the upper
panel. Results were normalized on the amount of D2 present at
zero time. Note the faster loss of D2 under supplemental UV-B
than PAR conditions.

Fig. 10. Western blot analysis of D. salina thylakoid membrane
proteins migrating to the 160 kDa region. Cells were grown

Ž . Ž .under PAR control or supplemental UV-B radiation UV-B .
ŽAddition of lincomycin to the cultures 1.5 mM final concentra-

.tion occurred at zero time. Upper panels: cross reaction between
D1 polyclonal antibody and the 160 kDa protein complex in cells

Ž .grown under PAR control or supplemental UV-B radiation
Ž .UV-B . Lower panel: densitometric quantitation of the Western
blots shown in the upper panels. Results were normalized on the
amount of the 160 kDa complex present at zero time. Note the
transient accumulation of the 160 kDa complex in the PAR
control and the prompt decline in the amount of this complex
under supplemental UV-B conditions.

mental UV-B and lincomycin conditions was about 2
h, i.e., similar to that of D1 and D2 under the same

Ž .conditions Figs. 8 and 9 .

4. Discussion

In contrast to photoinhibition by visible light,
where photodamage is mediated by chlorophyll
w x18,30,42 , the primary sites of damage by supple-
mental UV-B radiation are the specialised bound
quinone Q and Q of PS II and the plastoquinoneA B

w xpool 31 . Consistent with this view is the observation
that inhibitors that displace plastoquinone were found

w xto inhibit UV-B-induced D1 degradation 34 . This
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view has recently been challenged, however. Instead,
tyrosine residues and the Mn cluster in the water-

w xoxidising complex have been implicated 33,43 . Irre-
spective of the mechanism, earlier and recent studies
demonstrate the sensitivity of PS II to UV-B radia-
tion and emphasise the UV-B-induced inhibition in
the water-to-plastoquinone oxidoreductase function
which results in slower rates of photosynthesis and

w xcell growth 44 . Moreover, a UV-B-induced inhibi-
tion in the function of the carboxylating enzyme
Rubisco would further compound this adverse effect
w x26,27 . To better understand the cellular responses to
supplemental UV-B, we undertook to investigate the
effect of such radiation at the cellular and thylakoid
membrane levels.

4.1. Effect of supplemental UV-B on cell morphology

Ž .The data on D. salina growth Fig. 1 and Table 1
show that UV-B-treated cells undergo changes in
morphology, primarily consisting of an increase in
cell size. Cell volume estimates were obtained inde-
pendently from the cell dimensions, as measured via

Ž .a light microscope Fig. 1 , and from the packed cell
volume of a known cell number. These measurements
showed a doubling of the D. salina cell volume
under supplemental UV-B, consistent with similar
results observed in UV-B-treated Chlorella Õulgaris
where cell volume increase was accompanied by an

w xincrease in starch content 45 . Such changes in cell
size can be seen as a response or adaptation to the
UV-B. The lower cell surfacervolume ratio may be
effective in countering oxidative damage, with the
cell wall and the other membranes probably acting as

w xshields 46 . Inconsistent with this view, however, is
the observation that UV-B treatment of chloroplasts
in vivo or in organello resulted in a similar extent of

w ximpairment of photosynthesis 45 . Further, dinoflag-
ellates of distinctly different cell size were equally

w xsusceptible to UV-B radiation 47 .
A more likely explanation of the UV-B-induced

cell size increase is that such radiation causes damage
to cellular DNA, leading to the formation of pyrimi-

w xdine dimers and other photoproducts 48 which in
effect interfere with the cell cycle. In particular,
specific retardation of the cell cycle in the S phase
may be attributed to on-going DNA repair under
UV-B while such retardation in the G2 phase may be

related to UV-B-induced damage of microtubules
w x49 . In UV-B-treated diatoms, cell enlargement oc-

w xcurred without a concomitant cell division 46 . Thus,
cells were capable of growth under conditions where
one, or more, steps in the progression of the cell
cycle were impaired. In essence, this response is

w xsimilar to that of other ionizing radiations 50 , known
to cause DNA damage and cell cycle arrest in yeast
and mammalian cells, with the inhibition usually

w xoccurring in the G2 phase 51 .
Interestingly, the total biomass in the fully con-

tained D. salina cultures, calculated as N PVol ,cells cells

was unaffected under the experimental conditions
employed in this work, suggesting that in spite of the
UV-B-induced photodamage and impairment, cells
were able to utilise, albeit more slowly, the entire
nutrient supply of the culture medium and, through
photosynthesis, to accumulate biomass equivalent to
that observed under PAR conditions.

Water does not absorb UV-B radiation, however,
dissolved organic and inorganic matter may screen
and significantly attenuate this radiation in nature.
Moreover, it has been observed that motile cells of
the phytoplankton often respond to UV-B radiation
by negative phototaxis, i.e., moving away from the
surface into deeper areas of the culture medium

w xwhere the UV-B intensity is lower 52,53 . Thus,
extrapolation of the findings in this work to growth in
marine and freshwater ecosystems may be compli-
cated due to great changes in spectral irradiance,
vertical mixing and vertical migration of cells in the
water column. Complications may also arise because

w xof variable UV-BrUV-ArPAR ratios 54 and due to
the general lack of information on species-specific

w xresponses to UV-B exposure 55 . Changes in cell
size, as reported in this work, are likely to occur in
Antarctic phytoplankton communities, as these are

w xprimary targets of enhanced UV-B 27,46 . The above
considerations should therefore be taken into account
when attempting to arrive at predictions on marine
phytoplankton productivity in relationship to strato-
spheric ozone depletion in ecologically sensitive ar-
eas of the globe.

4.2. Effects of supplemental UV-B on Photosystem II

This work further shows that transitions from
PAR-only to PARqUV-B during cell growth cause
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a lowering in the steady-state amount of both D1 and
D2 proteins with similar rates. Under our experimen-
tal conditions, a 24 h exposure of D. salina to
supplemental UV-B radiation caused a lowering of
D1 and D2 to 60–65% of that found in the PAR

Ž .control Figs. 4 and 5 . Thus, under supplemental
UV-B radiation, D. salina cells operate with a smaller

Ž .number by ;30–35% of PS II reaction centres
than control cells. This steady-state probably reflects
a condition where the rate of PAR-induced and UV-
B-induced photodamage begins to approach the rate
limiting step of the overall repair.

The enhanced rates of D1 and D2 photodamage
under supplemental UV-B radiation were confirmed
with measurements conducted in the presence of
lincomycin, a chloroplast protein biosynthesis in-
hibitor that blocks the de novo biosynthesis of D1

Ž .and D2 Figs. 8 and 9 . It should be noted, however,
that distinctly different repair pathways must occur
following photodamage by PAR versus that occurring
under supplemental UV-B.

Under PAR, only the D1 protein is subject to
w xphotodamage 23,56 . The apparent loss of the 32 and

Ž34 kDa forms of D1 and D2, respectively Figs. 8
.and 9, squares , may be attributed to the fact that the

repair process from PAR-induced photodamage in-
volves the prompt disassembly of the PS II holocom-
plex and the conversion of the D1rD2 heterodimer

Žw xinto a 160 kDa holding complex 39,41 , see also the
.squares in Fig. 10 .

Under supplemental UV-B, both D1 and D2 pro-
w xteins are subject to photodamage 31,34,57,58 . In

this case, however, the loss of the 32 and 34 kDa
Žforms of D1 and D2, respectively Figs. 8 and 9,

.circles , cannot be attributed to the conversion of the
D1rD2 heterodimer into a 160 kDa holding com-
plex. Indeed, under supplemental UV-B, the 160 kDa
complex itself decays with a half-life similar to that

Ž .of D2 Fig. 10, circles . These results suggest that
significantly different pathways operate for the repair
of PS II from photodamage under PAR and supple-
mental UV-B. It is evident that, in the case of
supplemental UV-B, photodamage and repair of D2
is as central a process as that for D1 under PAR
w x31,34 .

D. salina grown under supplemental UV-B may
possess a unique enzymatic process for the repair of
PS II from UV-B photodamage. Ultraviolet-B radia-

tion is known to induce specific gene expression of
w xgenes involved in defence and repair processes 59 .

Thus, it is possible that D1 andror D2 degradation
and replacement under supplemental UV-B involves
the induction of specific genes coding for proteins
that are dedicated to operate under UV-B conditions.
Such consideration will explain the differential re-
sponse of the 160 kDa complex under PAR versus
UV-B conditions. Accumulation of the 160 kDa com-

Ž .plex occurs only under PAR Fig. 10, squares , pre-
sumably because processing of photodamaged D1
requires de novo protein biosynthesis. Degradation
and loss of both D1 and D2 occurs under supplemen-

Ž .tal UV-B Fig. 10, circles as the targets of photo-
damage and proteolysis are different under these

w xconditions 31,32,57 .
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