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a b s t r a c t

Phytoplanktonic species acclimated to high light are known to show less photoinhibition. However, little
has been documented on how cells grown under indoor conditions for decades without exposure to UV
radiation (UVR, 280–400 nm) would respond differently to solar UVR compared to those in situ grown
under natural solar radiation. Here, we have shown the comparative photosynthetic and growth
responses to solar UVR in an indoor- (IS) and a naturally grown (WS) Skeletonema costatum type. In
short-term experiment (<1 day), UPSII and photosynthetic carbon fixation rate were more inhibited by
UVR in the IS than in the WS cells. The rate of UVR-induced damages of PSII was faster and their repair
was significantly slower in IS than in WS. Even under changing solar radiation simulated for vertical mix-
ing, solar UVR-induced higher inhibition of photosynthetic rate in IS than in WS cells. During long-term
(10 days) exposures to solar radiation, the specific growth rate was much lower in IS than WS at the
beginning, then increased 3 days later to reach an equivalent level as that of WS. UVR-induced inhibition
of photosynthetic carbon fixation in the IS was identical with that of WS at the end of the long-term expo-
sure. The photosynthetic acclimation was not accompanied with increased contents of UV-absorbing
compounds, indicating that repair processes for UVR-induced damages must have been accelerated or
upgraded.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Solar ultraviolet radiation (UVR, 280–400 nm) is known to af-
fect microalgae and aquatic primary production [1,2]. The deleteri-
ous effects of UVR include inhibition of growth and photosynthesis
[3–5], damage of proteins and DNA [6–9] and suppression of nutri-
ent uptake [10]. On the other hand, positive effects of UVR have
also been documented, such as UV-A-aided repair of damaged
DNA [6], UVR-driven photosynthetic carbon fixation in the absence
of PAR [11] and UV-A-enhanced photosynthesis in the presence of
it [12–15].

Phytoplankton species show different abilities to cope with high
levels of PAR and UVR. Cells harvested from deeper layers tend to
be more sensitive to high levels of PAR and UVR [16,17], while
those in shallow water layers are more resistant to high PAR as
well as UVR [14,18]. However, algal species grown under indoor
conditions are usually used to explore their eco-physiological
responses to UVR [4,5,19].

Indoor-grown species are usually exposed to artificial light
sources in the absence of UVR (either in a UV-B-opaque glass ves-
sels or under UVR-free illumination). These species might have
ll rights reserved.

.

adapted to the UVR-free environment, and can be very sensitive
to UVR and high levels of PAR because intensity and quality of irra-
diation can alter structural and functional features of the photo-
synthetic apparatus [20]. Consequently, responses to UVR of the
indoor-grown cells, especially those grown for decades, may not
reflect what happens in nature considering the radiation shock
when shifted from indoor to outdoor conditions.

This study aims to investigate photosynthetic response of
Skeletonema costatum, a cosmopolitan and ecologically important
diatom, to solar UV radiation and to examine the difference in pho-
tosynthetic performance between the indoor and naturally grown
cells while exposing them to constant and changing levels of
UVR and PAR.

2. Materials and methods

2.1. Species and culture conditions

Two types of S. costatum, an indoor-maintained type (IS) and
another isolated from natural seawater (WS), were used for this
study. The IS (2042) had been grown under low PAR (<10 lmol
photons m�2 s�1) for decades and was obtained from the Ocean
University of China. The WS was isolated from the coastal
water of Nan’ao island (23.47�N, 117.09�E) during July–August,
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December 2006. It was cultured together with the IS under cool-
white fluorescent light of 80 lmol photons m�2 s�1 (12L:12D) at
25 �C in an air-conditioned room for a month before used for
experiments. Natural seawater (salinity, 30‰) was sterilized and
enriched with f/2 medium [21]. Cells of both IS and WS were inoc-
ulated at an initial concentration of 0.5 � 105 cells ml�1 for short or
5 � 105 cells ml�1 for long-term experiments. The uni-algal cul-
tures were carried out with quartz tubes (59 mm in diameter
and 350 mm long) which allows equal penetration of PAR and
UVR. A water bath with running through seawater was used for
temperature control (24–25 �C). All of the cultures were aerated
(1 L min�1).

2.2. Experimentation

The experiments were carried out at the Marine Biology Station
of Shantou Univ. located in Nan’ao island (23.47�N, 117.09oE) in
the South China Sea. Short-term experiments were designed to
evaluate effects of solar UVR on photochemical efficiency (UPSII)
and photosynthetic carbon fixation. Long-term experiments were
performed to examine the acclimation of the indoor-grown cells
to solar UVR.

2.2.1. Treatments
The cultures in quartz tubes were exposed to three radiation

treatments: (1) PAB, tubes covered with a 295 nm cut-off foil
(Ultraphan, Digefra, Munich, Germany), transmitting UV-B + A
and PAR irradiances above 295 nm; (2) PA, tubes covered with
320 nm cut-off foil (Montagefolie, Folex, Dreieich, Germany),
transmitting UV-A and PAR; and (3) P, tubes covered with a
395 nm cut-off foil (Ultraphan UV Opak, Digefra, Munich, Ger-
many), transmitting PAR alone. Triplicate cultures were run under
each treatment. The transmission spectra of these foils have been
published elsewhere [22].

2.2.2. Short-term experiments
Impact of UVR on the effective quantum yield (UPSII) of S. costa-

tum was examined during a 60-min exposure (noon time) on July
18th, 2006. Recovery of the yield was followed for 360 min under
low PAR (10 lmol photons m�2 s�1) provided by a cool-white fluo-
rescent tube. The mean solar irradiances during the 60 min expo-
sure for PAR, UV-A and UV-B were 363.73, 60.98 and 2.01 W
m�2, respectively. The biologically weighted UV-B irradiance was
0.20 W m�2 (normalized at 300 nm) [23], estimated on the basis
of the irradiances reaching the cells in the quartz tubes covered
with 295 nm cut-off filter.

In contrast to the above exposures under constant levels of PAR
or UVR, the cells were also exposed to changing levels of solar radi-
ation, in a way reflecting their vertical movement during mixing. A
device as described in Helbling et al. [14], consisting of 1 fixed (sta-
tic samples) and 1 rotating system (moving samples), was used.
Neutral screens that allowed even attenuation of PAR and UVR
were used to obtain 5 levels (100%, 50%, 25%, 13%, 6%) of the irra-
diances. The turnover rate of the rotating system simulated that of
mixing, determining how fast the cells experience the irradiation
changes. The static or moving samples were exposed to two radia-
tion treatments, PAR alone or PAR + UVR. The cells in the fixed sys-
tem (i.e. static samples) received 100% of incident solar radiation
during the whole incubation period (1 h). At the beginning of each
experiment, three tubes were wrapped in aluminum foil and used
as a control for photosynthetic carbon fixation. The turnover time
of the wheel, and thus that of the filters in the rotating system, was
achieved by using a step motor controlled by a micro-processor.
The duration of each rotation (i.e. from 100 to 6 and back to
100% irradiance) varied from 10 to 60 min. Since the experiments
lasted 1 h, the number of rotations varied according to the turnover
rate. For example, a turnover time of 10 min, resulted in 6 revolu-
tions. A total of 5 parallel experiments (i.e. fixed and rotating sys-
tems) were performed on 5 successive days (noontime, 11:30–
12:30) during December 17th to 21th, 2006. The average irradianc-
es during the 1 h incubations were 240.78 (PAR), 36.01 (UV-A) and
0.97 (UV-B) W m�2, respectively.

2.2.3. Long-term experiments
In order to see how the IS acclimates to solar radiation, the cells

were cultured semi-continuously (initial and renewed cell density
at 5 � 105 cells ml�1), by diluting the culture with fresh medium
every 24 h. The cells in quartz tubes were exposed to full spectrum
solar radiation for 10 days (from August 17th to 27th, 2006). Cells
were counted under microscope (BX50F4, Olympus optical CO.
Ltd., Japan) with a haemacytometer. Growth rate was estimated
every 24 h, and photosynthetic carbon fixation rate was deter-
mined at the beginning (t0) and end (day 10, t10) of the exposure.
Parallel comparisons were made between the IS and WS or among
the treatments with or without UV-A or UV-B.

2.3. Measurements and determinations

2.3.1. Quantum yield and photosynthetic carbon fixation
The effective quantum yield (UPSII) was measured with a pulse-

amplitude-modulated (PAM) fluorometer (PAM-WATER-ED, Walz,
Germany), as described previously [5], and calculated according
to Genty et al. [24]:

UPSII ¼ DF=F 0m ¼ ðF
0
m � FtÞ=F 0m ð1Þ

where the effective quantum yield ðDF=F 0mÞ was determined by
measuring the instant maximal fluorescence ðF 0mÞ and the steady
state fluorescence (Ft) of light-adapted cells.

The rate of UVR-induced damage to photosynthetic apparatus
(k, in min�1) and corresponding repair rate were estimated accord-
ing to previous studies [4,19] as follows:

Yn=Y0 ¼ r=ðr þ kÞ þ k=ðkþ rÞ�eðkþrÞt ; ð2Þ

where Yn and Y0, respectively, represent UPSII values at tn or t0 time.
UVR-induced inhibition of UPSII was calculated as

Inhð%Þ ¼ ðYP � YxÞ � Y�1
P � 100; ð3Þ

Inhibition per EPARðIPPÞ ¼ Inhð%Þ � E�1
PAR; ð4Þ

where YP indicates the UPSII or photosynthetic rate under P treat-
ment, while Yx indicates that under either PA or PAB treatments.
EPAR indicates the mean irradiance of PAR during the incubated
period.

2.3.2. Photosynthetic carbon fixation
Samples of 15 ml were inoculated each with 50 ll of 5 lCi

(0.185 MBq) of labeled sodium bicarbonate (ICN Radiochemicals).
After the incubations of 1 h, cells were filtered onto a Whatman
GF/F glass fiber filter (25 mm), which was then placed in a 20 ml
scintillation vial, exposed to HCl fumes overnight and then dried
at 45 �C to expel the inorganic 14C. The radioactivity of the fixed
14C was counted with a scintillation counter (LS 6500 Multi-
Purpose Scintillation Counter, Beckman Coulter, USA) after the
filter was digested in the cocktail (Wallac Optiphase HiSafe 3,
Perkin–Elmer life and Analytical Sciences, USA).

2.3.3. Growth rates and pigment determination
The specific growth rate (l) was determined as follows:

l ¼ lnðCn=Cn�1Þ=ðtn � tn�1Þ; ð5Þ

where Cn and Cn�1 represent the cell concentrations after or before
24 h (tn � tn�1) incubation, respectively.



0 10 20 30 40 50 60

0 10 20 30 40 50 60

0 10 20 30 40 50 60

0.0

0.2

0.4

0.6

0.0

0.2

0.4

0.6

0.0

0.2

0.4

0.6

 PA
A P

Φ
PS

II

 PAB

0.0

0.2

0.4

0.6

Φ
PS

II

PB
 PA
 PAB

0.0

0.2

0.4

0.6

0.8

1.0

R
at

io
 o

fΦ
PS

II
 (I

S 
: W

S)

Exposure time (min)

P
 PA
 PAB

C

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

*

*

*

*

*

*

R
at

io
 (r

 : 
k)

WS
 IS

PABPAP

D

Fig. 1. A, B: Changes in effective quantum yield (UPSII) in wild type (WS, A) and
indoor-grown stain (IS, B) of S. costatum while exposed to solar radiation for 60 min
under P (PAR alone), PA (PAR + UV-A) and PAB (PAR + UVR) treatments, respec-
tively; C: the UPSII ratio of IS to WS; D: the ratio of repair rate (r, min�1) and damage
rate (k, min�1). The vertical bars indicate SD (n = 8), ‘‘*” indicated significant
(p < 0.05) difference. The mean solar irradiances during 60 min exposure for PAR,
UV-A and UV-B was 363.73, 60.98, and 2.01 W m�2, respectively.
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Chlorophyll-a (Chl-a) and carotenoids were extracted with 90%
acetone and determined from the scanned absorption values using
the equation of Strickland and Parsons [25].

2.3.4. Radiation measurement
Incident solar radiation was continuously monitored using a

broadband filter radiometer (ELDONET, Real Time Computer Inc.,
Germany) that has three channels respectively for UV-B (280–
315 nm), UV-A (315–400 nm) and PAR (400–700 nm). The radiom-
eter is permanently installed on the roof of Nan’ao (23.47�N,
117.09�E), and measures the irradiances every second and records
the mean for each minute into a PC [26]. This instrument has been
certificated with having the correspondence error less than 0.5% in
comparison with the most accurate instrument (certificate No.
2006/BB14/1). It has been calibrated regularly with the assistance
from the maker every year.

2.3.5. Data analysis
A one-way analysis of variance (ANOVA) was used to determine

significant difference among the radiation treatments. The signifi-
cant level was set at 0.05.

3. Results

3.1. Short-term experiments

When the cells of S. costatum were exposed to different solar
radiation treatments with or without UVR (or UV-B), the effective
quantum yield decreased from 0.57 to 0.14 for WS and to 0.03
for IS in 10 min under PAR + UVR (PAB) (Fig. 1 A,B). Removal of
UV-B (PA) and UV-B + A (P) resulted in less inhibition of the yield
in both WS and IS. In view of the reduction of the yield, PAR led
to 63% in WS and 85% in IS, respectively. Presence of UV-A resulted
in additional inhibition by 5% in WS and 11% in IS, respectively.
Addition of UV-B resulted in further inhibition by 10% and 2% in
WS and IS, respectively. As indicated in the UPSII ratio of IS to WS
(Fig. 1C), UPSII decreased much slower in WS than in IS. The rates
of repair (r) and damage (k), estimated from the constant levels
of UPSII under different radiation treatments, were much faster in
WS than in IS. Under PAR alone, repair rate was 0.129 for WS,
and 0.039 for IS, about 2 times faster in the former than the later.
In the presence of UV-A (PA treatment), it was 0.108 for WS, and
0.013 for IS, about 7 times faster in the former than the later; while
with both UV-A and B (PAB), it was 0.077 for WS, and 0.005 for IS,
about 14 times faster in the former than in the later. In contrast to
that of IS, the ratio of r–k in WS was 2.6 times under PAR alone,
about 10 times in the presence of UV-A and about 19 times higher
with both UV-A and UV-B.

The UPSII recovered as a first order exponential function of time
(R2 P 0.92) when shifted to a low PAR of 10 lmol m�2 s�1 (Fig. 2).
The initial slope (a) of the fitted curves was used as an estimate of
the recovery rate of UPSII, so a higher a indicates a faster recovery
(Table 1). The UPSII increased much faster in the WS than in the
IS; in 60 min, the yield of WS reached 0.46, while that of the IS
recovered to only 0.03. The UPSII of the cells previously exposed
to both PAR and UVR recovered to 0.46 in WS, but only to 0.16
in IS in 360 min, respectively (Fig. 2). The yield of the cells without
previously being exposed to UV-B recovered faster regardless of
WS or IS. Those without being exposed to UV-A + B achieved the
best recovery of the yield in IS. However, no significant difference
was found between the previous PAR and PAR + UV-A treatments
in the WS cells. The recovery rate was six times faster in the cells
previously exposed to PAR alone and about 24 times faster in those
to PAR + UVR, in WS than in IS, respectively.
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Table 1
Recovery rate (min�1) (the initial change of the yield during the recovery) of the cells
under the low PAR level of 10 lmol photons m�2 s�1 after 60 min exposures to high
solar radiation (P, PAR alone; PA, PAR + UV-A; PAB, PAR + UVR)

P PA PAB

WS 0.0148 (0.0007) 0.0148 (0.0010) 0.0128 (0.0005)
IS 0.0021 (0.0003) 0.0018 (0.0002) 0.0005 (0.0002)

SD was shown in parenthesis (n = 8).
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When the cells were exposed to changing irradiances that re-
flect their irradiation paths under mixing conditions, their photo-
synthetic carbon fixation increased with decreased turnover rate
(increased circulation time). The non-circulated (static) samples
showed depressed photosynthetic rate, especially in the presence
of UVR (Fig. 3A). The highest carbon fixation rate was achieved at
60 min per rotation either under PAR or PAR + UVR. The lowest rate
was achieved under PAR + UVR for static samples. As indicated in
the carbon fixation ratio of IS to WS (Fig. 3B), the photosynthetic
rate was much lower in IS than WS under the non-rotated (static)
or fast-rotated conditions. The mean percentage difference (inhibi-
tion caused by UVR normalized to the mean PAR level during the
incubation) indicates that the highest inhibition caused by UVR
was observed under the fixed static conditions (Fig. 3C), which
was true for both of the cell types. In contrast, changing irradiation
(e.g. from 100% to 6%, and back to 100%) during mixing decreased
the inhibition. There is no significant difference in the mean per-
centage difference (inhibition per EPAR) between the two types of
the cells when they were irradiated with changing levels of PAR
and UVR except at the turnover rate of 30 min when UVR caused
higher inhibition of the photosynthesis in IS than WS.
3.2. Long-term experiments

During the long-term exposures, the daily dose of solar PAR
fluctuated within a range of 2.49–9.61 MJ m�2, that of UV-A and
UV-B within 0.45–1.54 MJ m�2 and 13.2–43.1 kJ m�2, respectively
(Fig. 4A). The specific growth rate (l) was much lower in IS than
in WS during the initial period of days 1 and 2 (Fig. 4B). It increased
obviously at day 3. From day 4, the l values showed insignificant
difference between WS and IS. When the rates of photosynthetic
carbon fixation were compared between the two types of the cells
at the start (t0) and end (t10) of the culture (Fig. 5A and B), UVR-in-
duced inhibition of IS was much higher at t0 but became identical
at t10 compared with that of WS (Fig. 5C). At the same time, the
contents of chl. a and carotenoids (pg cell�1) in IS increased and
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was comparative to that of WS as the cells became acclimated to
solar radiation (Fig. 6).

4. Discussion

The cells of S. costatum grown under indoor conditions for dec-
ades, compared with those isolated from natural seawater, were
found to be more sensitive to solar UV radiation, with faster dam-
age and slower repair rates of PSII. Such a difference between the
two types of the cells reflects the effects of light histories on the
cellular defensive strategies against solar UVR. However, the in-
door-grown cells had not adapted with genetic modification to
the low PAR and UVR-free environment, since they gained the effi-
ciency in coping with UVR during their acclimation to solar UVR.

Slower repair and faster damage rates (Fig. 1) must have led to
reduced photosynthetic carbon fixation under static conditions or
at the turnover rate of 30 min per rotation (Fig. 3) which either in-
duced higher damage or limited the repair processes. Since the IS
cells required longer time to repair the UVR-induced damage (Figs.
1 and 2), their photosynthetic carbon fixation was relative higher at
the slower turnover rates (60 min per circulation) (Fig. 3B). Ratio of
PAR to UV-B can modulate the effect of UV-B [27]. Cells in the water
column are driven up and down with vertical mixing dynamics. The
higher recovery rate under low PAR condition (Fig. 2) can reflect the
situation when the cells are taken to deep layers after being dam-
aged at the water surface during mixing (Fig. 1). The duration of
stay under dim PAR levels at deeper water layers determines the re-
pair of UVR damage of D1 protein and DNA that occurred at surface
water. Obviously, vertical mixing rate is critical for the balance be-
tween UVR-induced damage and the recovery.
UVR-induced the lowest inhibition of photosynthetic carbon
fixation at the turnover rates between 30 and 60 min per rotation
(Fig. 3). This must be related to the maximal repair rate and opti-
mal extent of damage. The faster the turnover rate (in the range
of 15–45 min), the less damage caused by UVR, which mirrors less
photoinhibition. On the other side, the slower the turnover rate
(longer rotations), the higher the UVR-related inhibition, reflecting
more damage with elongated exposure at high radiation and inad-
equate repair. Previous studies showed a linear relationship be-
tween the photoinhibition values examined as photosynthetic
rate and UPSII [8]. In view of the growth rate and UVR-induced pho-
tosynthetic inhibition (Figs. 4 and 5), the response of IS cells be-
came identical with those of WS in 3 days during the
acclimation. At this point, UVR-caused damages to the cellular
components and corresponding repair must be identical between
the two types of the cells. The IS cells have achieved the acclima-
tion by adjusting contents of carotenoids (Fig. 6), which play an
important role in photoprotection. Adjustment of photosystem
(PSI and PSII) size might also have contributed to the acclimation
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[28–30]. Accumulation of UV-absorbing compounds, such as
mycosporine-like amino acids, is known to be protective against
UVR. However, there was no significant increase in these com-
pounds while S. costatum cells (4–6 lm) were grown under full
spectrum of solar radiation. Usually, small-sized cells are incapable
of synthesizing UV-absorbing compounds [31,32].

Different light histories of S. costatum resulted in different pho-
tosynthetic and growth responses to solar UVR. The acclimating
time for this difference to disappear was 3 days for S. costatum in
the present study, however, it could be species-specific and de-
pends on to what extent the light histories differ. In the present
study, the WS cells had been grown under indoor conditions for
a month after being isolated from surface seawater, however, its
capability to cope with solar UVR sustained when re-exposed to
solar radiation. The defensive strategies against UVR in the IS cells
must have been down-regulated in a much longer time scale dur-
ing its indoor-grown history of decades.
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