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Wavelength-dependent xanthophyll cycle activity in marine
microalgae exposed to natural ultraviolet radiation

ANITA G. J. BUMA", RONALD J. W. VISSER!, WILLEM H. VAN DE POLL', VIRGINIA E. VILLAFANE?,
PAUL J. JANKNEGT! AND E. WALTER HELBLING?

"Department of Ocean Ecosystems, Centre for Ecological and Evolutionary Studies, University of Groningen, The Netherlands
2Estacion de Fotobiologia Playa Unién and Consejo Nacional de Investigaciones Cientificas y Técnicas (CONICET) Casilla de
Correos N° 15 (9103) Rawson, Chubut, Argentina

(Received 26 September 2008; revised 18 December 2008; accepted 18 February 2009)

The wavelength dependency of xanthophyll cycling in two marine microalgae (Thalassiosira weissflogii and Dunaliella
tertiolecta) was studied by establishing biological weighting functions (BWFs) during exposure to natural ultraviolet radiation.
High-(HL) and low-(LL) light-acclimated cultures of both species were exposed outdoors for up to 60 min under a series
of UVR (280400 nm) cut-off filters, after which the de-epoxidation state of xanthophyll cycle pigments, radiocarbon
assimilation and photochemical quantum yield were measured. Exposures were repeated 4-8 times during the daily cycle to
create exposure—response curves for each wavelength condition. UVR affected the three target processes significantly in both
species and biological weights increased with decreasing wavelength, particularly in the UVBR region (280-315nm). Minor
wavelength dependency was observed between 315 and 360 nm. After BWF normalization to 300 nm, the LL cultures showed
highly similar responses when comparing the three target processes, while the BWFs for the HL cultures differed significantly.
The observed enhanced xanthophyll cycling activity in the UVR region implied that xanthophylls had an active role in
diminishing UVR stress. However, this enhancement seems to be an indirect effect of damage within the dark reactions of
photosynthesis. Hence, another vital target process further downstream in the photosynthetic process, possibly involved in the
dark reactions, seems to be responsible for the high similarity in BWFs.

Key words: biological weighting function, carbon assimilation, microalgae, photochemical quantum yield, ultraviolet
radiation, xanthophyll cycling

Introduction the underlying target processes, natural UVR is
indisputably a common stress factor in marine

Ultraviolet radiation exposure may cause adverse . ) )
microalgal assemblages. Photosynthetic organisms

effects in marine microalgae, ultimately leading

to reduced growth or viability loss. Natural ultra- may respond to excess irradial'lce, iml“ding excess
violet A radiation (UVAR: 315-400nm) and PAR (400-700 nm), by enhancing D1 protein turn-

ultraviolet B radiation (UVBR; 280-315nm) over, 194uc1ng DN_A repatr mechanisms, or by
synthesizing protective pigments. At the regulatory

level, damage to PSII is avoided by utilizing
quenching pathways that may prevent accumula-
tion of reactive oxygen species (ROS). Non photo-

reduce primary productivity in a vast range of phy-
toplankton assemblages, as shown by in situ
radiocarbon incorporation measurements. Other
cellular targets that are studied to monitor adverse i .
UVR effects include DNA damage or the reduc- chemical quenchmg ,(NPQ) refers .to processes
tion in PSII efficiency (Villafafie et al., 2003). such as state transitions, representing a change

Direct comparisons between the alleged responsi- n the relative antenna s1ze of PSII and _PS_I’ qnd
ble target processes for UVR stress and their pos- high energy state quenching by heat dissipation

sible functional relationships are rare. At the same ‘1/19219 3).<a;11thophyll C};Clel 9‘;(3“];}/ (T%ng &l Oz\zz)?)rés,
time, comparison of studies addressing UVR S ’ Qrtorll et al., h ’h nazzi et al., )
effects is frustrated by differences in species- OME Microalgac are thought to use stat? tran.51-

gy o s . tions or changes in the PSII core as their major
specificity, quantitative and qualitative irradiance

o . . form of NPQ (van Leeuwe et al., 2005; Finazzi
conditions or experimental duration. Yet, whatever )
et al., 2006; Eisenstadt et al., 2008). For other

Correspondence to: Anita G. J. Buma. E-mail: a.g.j.buma@ marine algae NPQ was found to be Strongly @iqe—
rug.nl arly related with xanthophyll cycle activity
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(Olaizola & Yamamoto, 1994; Schofield er al.,
1998; Dijkman & Kroon, 2002; Ruban et al.,
2004). In plants and green algae, the process
of energy dissipation by xanthophyll cycling is
associated with the reversible de-epoxidation of
violaxanthin to its active heat-dissipating forms
zeaxanthin and antheraxanthin (VAZ). For algae
in the golden-brown lineage de-epoxidation from
diadinoxanthin to diatoxanthin (DD/DT) occurs.
In plants, the xanthophyll cycle is thought to be
activated when the acidification of the lumen, by
the proton pump, is sufficiently high and the pH
has dropped below a critical point (Yamamoto
et al., 1999; Muller et al., 2001). Conversely, epox-
idation would occur during low irradiance or dark-
ness, when ApH is reduced.

Information on the role of xanthophyll cycling in
preventing or reducing UVR damage is contradic-
tory. First of all, UVBR was found to induce new
synthesis of xanthophyll pigments, increasing
xanthophyll/photosynthetic (xan/phot) pigment
ratios, thereby indicating an active role of xantho-
phyll pigments in UVBR protection (Buma et al.,
1996, 2000; Prezelin et al., 1998; Goss et al., 1999;
Moisan & Mitchell, 1999; Zudaire & Roy, 2001).
Secondly, it was suggested that UVBR-induced via-
bility loss in marine microalgae was prevented by
pre-acclimating the cultures to high irradiance that
induced increased xan/phot ratios (van de Poll ez al.,
2005, 2006). Thirdly, enhanced de-epoxidation was
described for a picophytoplankter exposed to UVR
(Sobrino et al., 2005). In contrast, other studies
showed a negative impact of UVR on xanthophyll
cycling, in particular the enzymes involved in
xanthophyll conversion (Pfundel et al., 1992;
Bischof et al., 2002; Mewes & Richter, 2002).
Consequently, a rather unclear view exists of the
significance and effectiveness of xanthophyll cycle
activity in preventing UVR stress in microalgae.

Biological weighting functions (BWFs) are an
essential tool to understand and predict the UVR
wavelength dependency of biological processes.
Until recently, BWFs based on inhibition of
carbon assimilation showed variability due to spe-
cies specificity, habitat origin, nutrient status or
irradiance history (Cullen et al., 1992; Boucher &
Prezelin, 1996; Neale et al., 1998; Litchman et al.
2002; Villafafie et al., 2004). Andreasson &
Wangberg (2006) compared BWFs (<360 nm) of
PSII quantum yield and inhibition of carbon
assimilation in three microalgal species. This
study showed differences in UVBR responses for
both parameters, with a lower sensitivity for PSII
photochemical quantum yield as compared with
carbon assimilation (Andreasson & Wangberg,
2006). In addition, Sobrino et al. (2005) presented
a BWF for xanthophyll de-epoxidation in the
marine picoplankter Nannochloropsis gaditana,
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demonstrating enhanced de-epoxidation in the
UVR region.

In the present study we compared the impact of
solar UVR on three target processes: xanthophyll
cycle activity, carbon assimilation and PSII fluo-
rescence (e.g. photochemical quantum yield) by
constructing BWFs for all three parameters simul-
taneously. To facilitate realistic wavelength ratios
and thus realistic relative proportions of damage/
repair process, the cultures were exposed to natural
solar irradiance under relevant UVR cut-off filters.
We used two microalgae with different xanthophyll
cycles: a green flagellate (Dunaliella tertiolecta:
VAZ cycle) and a diatom (Thalassiosira weissflogii:
DD/DT cycle). Finally, in order to examine the
impact of the state of conversion of the xantho-
phyll cycling on the wavelength dependency of
the other two targets, xan/phot ratios were varied
by pre-acclimating both species to high (HL) and
low (LL) irradiance.

Materials and methods
Cultures

Dunaliella tertiolecta (Dunal) Teodoresco
(Chlorophyceae) and Thalassiosira weissflogii
(Grunow) G. Fryxell et Hasle (Bacillariophyceae) were
obtained from the Algal Culture Collection of Estacion
de Fotobiologia Playa Union (EFPU). Between 1 and 21
of Thalassiosira weissflogii and Dunaliella tertiolecta
were acclimated to low (60 pumolm—2s™'), or high
(200 pmolm~2s™"), photosynthetically active radiation
(PAR) for at least 1 week prior to the outdoor expo-
sures. Pre-acclimation was in culture chambers at 20°C,
in a 16-h:8-h light-dark cycle. Cultures were diluted
daily with F/2 medium (Guillard & Ryther, 1962),
based on pre-filtered, sterilized natural seawater from
the Argentinean Sea, in order to maintain maximal
growth under the imposed conditions.

Experiments and sampling

Experiments were conducted outside the EFPU, Playa
Union, Chubut, Argentina (43°S; 65°W) during January
2006. Outdoor exposure experiments were performed on
January 16 and 18 for D. tertiolecta LL and HL, respec-
tively. Experiments with 7. weissflogii LL were per-
formed on January 20, while 7. weissflogii HL was
incubated on January 24 and January 26. On the day
of the outdoor exposures, the cultures were diluted four-
to five-fold (v/v) with fresh F/2 medium. Samples were
then exposed 4-8 times (30 and 60min) over a 24h
period, exposing cultures under all wavelength condi-
tions simultaneously, followed by simultaneous sam-
pling for carbon assimilation, effective quantum yield
and xanthophyll cycling. Just prior to each outdoor
incubation (t0), samples for HPLC, chlorophyll ¢ anal-
yses and Pulse Amplitude Modulated (PAM) fluores-
cence measurements were taken from the pre-cultures.
In addition, 2ml of culture was fixed with formalin
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(final concentration 0.5%) and stored at 4°C, until flow
cytometric analysis of cell density which was carried out
at the University of Groningen — RuG (see below). All
outdoor exposures were in screw-capped quartz tubes;
20 ml for carbon incorporation and PAM measurements
and 50 ml for xanthophyll pigment measurements. For
each wavelength treatment six tubes were placed in
a black aluminum frame, and covered with Schott cut-
off filters (WG280, WG305, WG320, WG345, WG360)
and Plexiglas UF-3 (cut-off at 400 nm) thereby creating
in total six spectral UV conditions. Subsequently, the
tubes were exposed outdoors in a temperature con-
trolled water bath (20.041.5°C). Two out of the six
tubes per wavelength treatment were ‘spiked’ with radio-
carbon to measure carbon incorporation (see below).
After 30 min two tubes of each wavelength treatment
were collected and processed for HPLC and PAM fluo-
rescence measurements. After 60 min, the remaining
four tubes were harvested for HPLC, PAM fluorescence
measurements and carbon incorporation. At all times,
the cultures were immediately taken inside and pro-
cessed. To establish exposure-response curves for
BWF construction, the above described exposure experi-
ments were done for each species and acclimation con-
dition (i.e. LL or HL). In order to ascertain the largest
possible range in irradiance levels, these experiments
were evenly distributed over the daily cycle (first incu-
bation starting ca. 10:00h and last incubation starting
ca. 16:00 h). An example of a dataset for carbon assim-
ilation, obtained during four 1h exposures is given in
Fig. 1 (T. weissflogii LL culture), with the starting times
for the incubations indicated in Fig. 2 (arrows, lowest
panel UVBR irradiance). In order to keep the sample
processing time to a minimum, we chose the above-
described design, instead of performing simultaneous
incubations, using neutral density screens (all irradiance
levels simultaneously). This would increase the number
of samples beyond the capability of rapid processing (see
below under HPLC analysis), required for all the param-
eters under study. It should be noted that in our exper-
imental set-up the ratio UVB/UVA/PAR changed

4.5
Thalassiosira LL
4.0 4
35 4
3.0 4

2.5 A

204

Assimilation number

1.5 4

—e— 10-11h
—C— 11.30-12.30h
—v— 13.30-14.30h
—&— 15-16h

1.0

05 T T T T T T T
280 300 320 340 360 380 400

Wavelength (nm)

Fig. 1. Example of wavelength dependent carbon assimila-
tion in 7. weissflogii low light (LL) cultures during four
outdoor exposures on January 20th. X-axis: Schott filter
number indicating the 50% transmission wavelength;
Y-axis: carbon assimilation.
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throughout the day and thus from one incubation to
the other. On the other hand, this approach accounted
for the natural spectral variability experienced by
the cells without disturbing BWF calculations (based
on dose-response curves of measured irradiances).
Furthermore, the initial conditions of the cultures
changed slightly during the day (mean and standard
deviation are presented in Table 1). However, these
changes were taken into account as BWF data were
normalized to t=0 values for each incubation series.

Carbon assimilation

Samples were inoculated with 5pCi (0.185 MBq) of
labeled sodium bicarbonate (Steeman-Nielsen, 1952).
After the incubation, the cultures were filtered onto
Whatman GF/F filters (25mm) and exposed to HCI
fumes overnight. The filters were dried and subsequently
counted using liquid scintillation techniques. Carbon
incorporation was then determined from c.p.m. values
(Holm-Hansen & Helbling, 1995). Assimilation numbers
were calculated by normalization to the chl a
concentration.

(a): PAR
400 -
300
b
E
= 200 A
100 A
&
0 T T T
05:00:00 09:00:00 13:00:00 17:00:00 21:00:00
(b): UVAR
60 4
b
o 404 i
1
E
=
20 1 4 ‘ :._ i i
0 T T T
05:00:00 09:00:00 13:00:00 17:00:00 21:00:00
2.0
(c): UVBR ,.;flfm
i | —— 16-Jan
) — — — 18-Jan
15 4 £ ———— 20-Jan
| (LN 24-Jan
— = —:—  26-Jan
i
€ 10
=
0.5 4
0.0 T T T
05:00:00 09:00:00 13:00:00 17:00:00 21:00:00

Time (h)

Fig. 2. Incident photosynthetically active radiation (PAR)
(a), ultraviolet A radiation (UVAR) (b), and ultraviolet B
radiation (UVBR) (¢) during the experimental days.
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Table 1. Pre-experimental cell characteristics.
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Photosynthetic Xanthophyll Xanthophyll—-
pigments per cell, pigments per cell, photosynthetic De-epoxidation
pg (SD) pg (SD) pigments ratio (SD) state at T=0 (SD)

Dunaliella LL
Dunaliella HL
Thalassiosira LL
Thalassiosira HL

8.754 (1.266)
3.368 (1.076)
6.745 (0.344)
2.009 (0.252)

0.389 (0.103)
0.35 (0.149)

0.846 (4.43E-02)

0.712 (8.67E-02)

0.044 (0.006)
0.100 (0.016)
0.125 (0.008)
0.354 (0.008)

0.107 (0.078)
0.664 (0.058)
0.237 (0.023)
0.414 (0.089)

Samples for chl a determination (50 ml) were taken
prior to the experiments, filtered onto Whatman GF/F
filters (25 mm) and stored at —20°C until analysis after
the last exposure series on an experimental day.
Pigments were extracted in the dark (1h,4°C) in 7ml
of absolute methanol (Holm-Hansen & Riemann,
1978) after sonication for 15min (20°C). Then the sam-
ples were centrifuged and the supernatants scanned
between 250 and 750nm using a spectrophotometer
(Hewlett Packard model HP-8453E). The same extract
was used to determine chl a concentration fluoro-
metrically (Turner Designs model TD 700) from the
readings before and after acidification with 1N HCI
(Holm-Hansen et al., 1965). Both determinations were
in excellent agreement with HPLC based chl a determi-
nations (results not shown).

Fluorescence parameters

PAM fluorescence parameters were determined within
I min after sample collection, using a portable pulse
amplitude modulated fluorometer (PAM - WATER-
ED, Walz, Germany). The photosynthetic quantum
yield (Y) was determined by measuring the instant max-
imal fluorescence (F',) and the steady state fluorescence
(Fy of light-adapted cells using a saturating white light
pulse (~5300 pmol photons m~>s~" in 0.8 s) in the pres-
ence of a weak measuring actinic light. The yield was
calculated according to van Kooten & Snel (1990) and
Genty et al. (1989) as:

Y = (Fn — F)/F'm = AF/F/,

Pigments

For HPLC analysis of pigments, aliquots of 50 ml of cul-
ture were filtered onto Whatman GF/F filters (25 mm)
and immediately stored in liquid nitrogen, typically
within 2 minutes after sampling, before transportation
to The Netherlands. Here, filters were freeze-dried
(48 h) and pigments extracted in 4ml 90% cold acetone
(v/v,48h,5°C). All handling steps were done under
dim light. Pigments were resolved using HPLC
(Waters 2690 separation module, 996 photodiode
array detector) with a C;g Sum DeltaPak reversed-
phase column (Milford, MA, USA) and identified
by retention time and diode array spectroscopy
(Van Leeuwe et al., 2006).

Pigment quantification was done using standard dilu-
tions of chlorophyll a, b, ¢2, ¢3, fucoxanthin, diadinox-
anthin (DD), diatoxanthin (DT), zeaxanthin (Zea),
lutein, antheraxanthin (Anthera), and violaxanthin
(Viola). Cell counts, as determined on a Coulter Epics
MXL flow cytometer [Beckman Coulter (van de Poll
et al., 2005)] were used to calculate cellular pigment
concentrations. De-epoxidation states (DEPS) were cal-
culated as DT/(DT+ DD) for 7. weissflogii and as
(Zea + Anthera)/(Zea + Anthera + Viola) for D. tertio-
lecta (Qui et al., 2003). No correction was done for
DD and Violaxanthin pools not involved in xanthophyll
cycling, since maximal xanthophyll conversion might
differ between LL and HL cultures, or change during
UV exposure.

BWF calculation

BWFs for inhibition of carbon fixation and yield, as well
as xanthophyll cycle activity, were calculated using
an exposure-response curve based on irradiance.
The biological responses for each wavelength interval
over the incubation period were expressed as
a function of the average irradiance (over incubation
time) in the exposure interval. The irradiance over the
UVR interval and between each filter interval was deter-
mined with nanometer resolution using the STAR soft-
ware (Ruggaber et al., 1994). The wavelength integrated
irradiance values for UVBR (280-315nm) and UVAR
(315-400 nm) were then adjusted to the irradiance level
according to the actual exposure of the samples using
the data from a broad band filter radiometer
(ELDONET, see below). In addition, during some incu-
bations we used a USB diode array spectroradiometer
(HR 2000CG-UV-NIR, Ocean Optics, Duneclin, USA)
with a 10 m fiber optics and cosine diffuser to determine
the actual solar spectra. A good agreement was found
between the measured spectral energy and the spectra
determined as described above with the STAR and
ELDONET adjustment (data not shown). Thus, the
spectral data obtained with the STAR program
(adjusted as mentioned above) was used for each deter-
mination of BWF.

The spectral dependence of the BWF in the wave-
length intervals used in our experiments was extracted
using the method of Rundel (1983). A third degree poly-
nomial function was used to fit the data in each exper-
imental series: the best fit was then obtained by iteration
(*>0.95). Since four or eight different exposures were
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carried out for each culture, sufficient datapoints for
each wavelength interval were provided. Our cal-
culations were based on six spectral wavelength intervals
(as mentioned above) that had a bandwidth of 15-40 nm
over the UVR region of the spectra. Narrower band-
width intervals could not be created due to experimental
constraints. However, this would not compromise the
data in any way as the shape of the BWFs would not
be affected and thereby the relationship between the
three targeted processes would not change.

Irradiance measurements

Incident solar radiation was measured continuously
using a broadband filter radiometer (ELDONET, Real
Time Computers, Inc., Germany) installed on the roof
of the EFPU. The instrument records irradiance in the
UVBR, UVAR and PAR (400-700 nm) wavebands with
a 1-min frequency. Regular measurements using a USB
diode array spectroradiometer (HR 2000CG-UV-NIR,
Ocean Optics, Duneclin, USA) with a 10-m fiber optics
and cosine diffuser were made for calibration purposes
of the continuous measurements, as described above.

Results

Irradiance conditions were favourable for the out-
door exposures (Fig. 2), with high natural levels of
UVAR, UVBR and PAR throughout the experi-
mental period. Furthermore, conditions were sim-
ilar for the experimental days, except for January
24th. On this day (7. weissflogii HL experiments)
clouds were present, which caused variability in
incident irradiance on short time-scales (Fig. 2).
The overall stable weather conditions and few
clouds facilitated a large range of irradiance
conditions during the daily exposures.

The pre-acclimation conditions resulted in differ-
ent pigment pool sizes in both species (Table 1).
For T. weissflogii, acclimation to HL caused
a strong reduction in the cellular content of the
major photosynthetic pigments (chl ¢ and fucox-
anthin) as compared with the LL conditions. Pool
sizes of the xanthophyll cycle pigments did not
differ between HL and LL conditions. Due to the
decrease in photosynthetic pigments the ratio xan/
phot showed a three-fold increase between HL
and LL in T. weissflogii. A similar response was
found for D. tertiolecta, with significantly lower
photosynthetic pigments (chl ¢ and chl ») under
the HL conditions, while no significant changes
in xanthophyll pigments were observed. In D. ter-
tiolecta HL acclimation induced a two-fold
increase in the xan/phot ratio. For both species
xanthophyll cycle activity was already present
under the pre-acclimation conditions: D. fertiolecta
exhibited the largest variability, showing a six-fold
difference in DEPS between LL and HL (0.107 vs
0.665 respectively), while this difference was
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smaller for the 7. weissflogii culture (0.237 for
LL vs 0.414 for HL).

The transition from the pre-acclimation condi-
tions to the high outdoor PAR conditions
(>400nm, UF-3 cut-off filter, approximating
eight times the HL PAR level), did not affect the
photochemical quantum yield in both HL cultures
with mean Y values of 0.63 (SD 0.013) and 0.56
(SD 0.04) for D. tertiolecta and T. weissflogii,
respectively, at the end of the outdoor incubations.
In contrast, mean decreases in Y of 21%
(D. tertiolecta) and 40% (T. weissflogii) as com-
pared with pre-acclimation conditions were found
for the LL cultures. With respect to carbon assim-
ilation under natural PAR only (UF-3 filter),
D. tertiolecta LL had a 72% inhibition (2.72mg
C (mg chl @)""'h™"), as compared with the HL cul-
ture that had a mean assimilation number of
9.19mg C (mg chl )" h™'. T. weissflogii LL had
41% inhibition (3.36 mg C (mg chl )" h™") rela-
tive to the HL culture that had a mean assimilation
number of 5.66mg C (mg chl a)""'h™".

BWFs for DEPS showed a similar general shape
for all four cultures (Fig. 3, upper panel). Above
360nm a strong reduction in DEPS was found.
Between 360 nm and 315 nm the wavelength depen-
dency was relatively minor, although for both HL
cultures a small optimum was observed around
360nm. LL cultures from both species showed
a significantly (p<0.05) lower DEPS between
315nm and 360 nm, as compared with the HL cul-
tures. In this same region D. tertiolecta showed
a lower DEPS than T. weissflogii. In the UVBR
region (<315nm), a sharp increase in DEPS was
observed for both species and pre-acclimation con-
ditions. The BWFs for photochemical quantum
yield (Fig. 3, middle panel) showed similar general
shapes as those for DEPS, with minor wavelength
dependency roughly between 360 and 315nm.
Similarly, steep increases were found in the
UVBR region as well as sharp decreases above
360 nm. Thalassiosira weissflogii showed little dif-
ferences between the HL and LL cultures. For D.
tertiolecta  the inhibition was significantly
(p<0.05) lower for the HL culture as compared
with the LL culture.

The BWFs for assimilation number (Fig. 3,
lower panel) showed very little difference between
the four cultures, especially when considering both
T. weissflogii cultures. Again UVBR caused
a strong inhibition, while exposure to the 315-
360nm region showed little wavelength depen-
dency. Although not significant, D. tertiolecta LL
showed the highest inhibition throughout.
Wavelength responses for the three parameters
were subsequently normalized to 1, at 300 nm for
each culture (Fig. 4).
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Fig. 3. Biological Weighting Functions (BWFs) for D. ter-
tiolecta (Dun) and T. weissflogii (Thal) (low-light-[LL] and
high-light- [HL] acclimated); upper panel; de-epoxidation
state (DEPS); middle panel: yield; lower panel: assimilation
number. Bold lines refer to BWFSs, weak lines with similar
style to their respective 95%-confidence intervals.

Normalization allowed comparison between
wavelength responses of the different processes
and previously published 300nm normalized
BWFs (Cullen et al., 1992; Neale et al., 1998;
Neale & Kieber, 2000; Villafafie et al. 2003;
Andreasson & Wangberg, 2006). The normalized
BWEFs for both LL cultures were remarkably
similar. However, for this pre-acclimation condi-
tion, the inhibition in carbon assimilation was
slightly greater in the low UVAR region (315-
360nm) for D. tertiolecta (Fig. 4), while in the
same region T. weissflogii showed more inhibition
of photochemical quantum yield (Fig. 4).
In contrast, large differences were observed after
normalization for both HL cultures: here, the
photochemical quantum yield was least inhibited
in the low UVAR region, while DEPS showed
increased activity. For both species, inhibition of
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carbon assimilation was more pronounced in the
UVAR region as compared with inhibition of
the yield.

Discussion

BWFs obtained under solar radiation are preferred
over those using artificial irradiance conditions
(Sobrino et al., 2005; Andreasson & Wangberg,
2006), since UVR effects are the net result of
damage and repair, or protective processes that
are influenced by different wavelength regions,
including PAR. On the other hand, natural irradi-
ance exposure might cause problems due to short-
term irradiance variability resulting from passing
clouds such as occurring in our experiments on the
24th of January. During that day, 7. weissflogii HL
may have responded differently, because irradiance
fluctuations may induce a more low irradiance
response as opposed to constant irradiance
levels in T. weissflogii (van de Poll et al., 2007).
More likely, the similarity between T. weissflogii
HL and LL BWFs, as compared with those for
D. tertiolecta could be related with the smaller
difference in DEPS under the HL and LL pre-
acclimation conditions, as compared with the
D. tertiolecta cultures (Table 1).

It is well recognized that xan/phot ratios change
in microalgae and higher plants, when acclimating
to higher irradiance. Thalassiosira weissflogii is
known to decrease PSII reaction centres with
increasing growth irradiance (Behrenfeld et al.,
1998). In our study, pigment changes were caused
by changes in photosynthetic pigment content and
not by altered xanthophyll contents (Table 1), as
observed previously (Prezelin et al., 1998; Goss
et al., 1999; Moisan & Mitchell, 1999; Buma
et al., 2000, 2006). It was possible that the LL
irradiance level (60 pmolm—2s™') could have been
too high to induce different cellular xanthophyll
levels between LL and HL, since LL induced
xanthophyll cycle activity in both species
(Table 1). Therefore the differences in BWFs
between the HL and LL cultures could become
more pronounced, if differences in pre-acclimation
irradiances had been greater.

The outdoor exposure under PAR alone caused
reduction of photochemical quantum yield, as
well as carbon assimilation, (D. tertiolecta 72%,
T. weissflogii 41%) in the LL cultures, while for
the HL cultures no reduction in the yield was
observed. This indicated that the HL cultures
were better equipped for the outdoor treatments
than the LL cultures. In addition, the LL culture
was shown to be most vulnerable to UVR (Fig. 3),
whilst the D. tertiolecta HL culture was most UV
resistant. D. tertiolecta therefore seems more flexi-
ble than T. weissflogii in adjusting to a variety of
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Fig. 4. Biological Weighting Functions for all four cultures and parameters after normalization to 1 at 300 nm. Abbreviations:

DEPS: de-epoxidation state; HL: high light; LL: low light.

irradiance conditions (Van Leeuwe et al., 2005).
On the other hand, sudden transfers to excess irra-
diance would pose more risks to this species, when
acclimated to low irradiance, than it does to the
diatom examined.

The general shapes of the described BWFs
specified three wavelength regions: UVBR
(<315nm), low UVAR (315-360nm) region
and high UVAR (>360) region. Other published
BWFs for photoinhibition (radiocarbon incor-
poration) also displayed relatively minor wave-
length dependency in the low UVAR (Villafafe
et al., 2003). In addition, the maxima around
360nm, observed for all three parameters
(Figs 3,4) were also observed by other researchers
when cut-off filters within the UVAR region
were used (e.g. WG 320,335, 345,360,375nm)
(Villafane et al., 2003).

It has been proposed that xanthophyll
cycling exhibits decreased activity during UVR

exposure, for example, due to increased activity
of epoxidase enzymes. Also, de-epoxidation could
be reduced when the ApH is disturbed by UVR
induced thylakoid membrane disruption (Jacob
et al., 2001). Similarly, UVR exposure was shown
to enhance de-epoxidation as a result of the loss of
the pH gradient across the thylakoid membrane
(Mewes & Richter, 2002). Our BWFs for xantho-
phyll cycle activity do not support these observa-
tions (Figs 3,4). Therefore, the exposures to
natural solar irradiance in this study did not
seem to cause thylakoid disruption that could
lead to decreased xanthophyll function. Instead,
the data support those obtained by Sobrino et al.
(2005), who demonstrated enhanced xanthophyll
cycle activity in response to UVR, using semi-rea-
listic exposures under a solar simulator.

The strong similarity between the BWFs of
DEPS, inhibition of yield and assimilation
number in the UVBR region observed for the LL
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cultures would imply a strong causal relationship
between these parameters. Yet, when considering
the HL cultures (Fig. 4) this did not seem to hold:
the increased overall DEPS activities and reduced
photochemical quantum yield did not automati-
cally result in a lower inhibition of carbon assimi-
lation in T. weissflogii, but was instead highly
similar to the LL culture (Fig. 3). It is known
that the fraction available for de-epoxidation
varies with growth conditions, increasing under
conditions of high irradiance (Yamamoto et al.,
1999; Lavaud et al., 2003). Given the observation
that DEPS was increased in the HL cultures
(Fig. 3) and that simultaneously the increased
xan/phot ratios in the HL cultures (Table 1)
would favour enhanced protection against excess
irradiance, lower photosynthetic inhibition under
HL would be expected. However, this was not
observed (Figs 3,4) and thus the wavelength-
dependent effect on carbon assimilation does
not seem to depend on the effectiveness of heat
dissipation, as indicated by DEPS.

Our results imply that another target process is
primarily affected at wavelengths <360 nm, possi-
bly further downstream in the photosynthetic pro-
cess. As clearly demonstrated for oilseed rape
(Brassica napus) (Keiller et al., 2003), UVBR-
mediated reduction in photosynthesis was primar-
ily correlated with the reduction in abundance as
well as expression of the large and small RuBisCO
subunits, in agreement with earlier studies on
plants (Mackerness et al., 1997; Jordan et al.,
1998). Also, Dunaliella tertiolecta exhibited differ-
ent repair dynamics related to excess irradiance
exposure (Heraud & Beardall, 2000), with inhibi-
tion of PSII and carbon assimilation linearly
related in the PAR, but not in the UVR region.
It was concluded that some factors that are
affected by UVR, such as RuBisCO activity,
would directly affect carbon fixation but only
indirectly affect PSII efficiency. As suggested by
Bischof et al. (2002) for marine macroalgae, (par-
tial) inactivation of RuBisCO could cause a down-
regulation of carbon assimilation in the UVR,
thereby causing over-reduction of the electron
transport chain, which could indirectly affect
quantum yield and DEPS. Hence, xanthophyll
de-epoxidation would then result from the destruc-
tion of another target, without initially being effec-
tive in UVR protection. Given the indications
that ROS themselves function as cell signals for
protective responses against excess irradiance
(Mackerness et al., 1999), accumulation of ROS,
due to the (partial) inactivation of the Calvin cycle,
could induce photoprotective responses such as
increased heat dissipation. In other words, xantho-
phyll de-epoxidation could be stimulated during
UVBR exposure as a result of damage that has
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already occurred instead of effectively functioning
in the prevention of damage.

In summary, our study has demonstrated that:
(1) natural UVBR stimulates de-epoxidation in
both species; (ii) this stimulation is not effective
in prevention of UVR-mediated reduction in
carbon assimilation; (iii) BWFs for carbon assim-
ilation, inhibition of yield and xanthophyll cycling
are very similar, especially in LL cells; and (iv) little
wavelength dependency occurs between 315 and
360 nm.
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