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ABSTRACT

UV radiation (280-400 nm) is known to affect phytoplankton in negative, neutral and positive ways
depending on the species or levels of irradiation energy. However, little has been documented on how
photosynthetic physiology and growth of red tide alga respond to UVR in a long-term period. We exposed
the cells of the marine red tide diatom Skeletonema costatum for 6 days to simulated solar radiations with
UV-A (320-400 nm) or UV-A + UV-B (295-400 nm) and examined their changes in photosynthesis and
growth. Presence of UV-B continuously reduced the effective photosynthetic quantum yield of PSII,
and resulted in complete growth inhibition and death of cells. When UV-B or UV-B + UV-A was screened
off, the growth rate decreased initially but regained thereafter. UV-absorbing compounds and carotenoids
increased in response to the exposures with UVR. However, mechanisms for photoprotection associated
with the increased carotenoids or UV-absorbing compounds were not adequate under the continuous
exposure to a constant level of UV-B (0.09 W m~2, DNA-weighted). In contrast, under solar radiation
screened off UV-B, the photoprotection was first accomplished by an initial increase of carotenoids
and a later increase in UV-absorbing compounds. The overall response of this red tide alga to prolonged
UV exposures indicates that S. costatum is a UV-B-sensitive species and increased UV-B irradiance would

influence the formation of its blooms.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Enhanced solar UV-B radiation reaching the Earth’s surface due
to thinning of the stratospheric ozone layer can result in significant
impacts on various organisms [1]. Increased UV-B radiation has
been found to be detrimental to all kinds of photosynthetic organ-
isms by affecting a number of physiological and biochemical
processes, such as growth, pigmentation, enzymes and photosyn-
thesis [2-5]. Most commonly, studies on phytoplankton have
examined short-term (a few hours) effects on photosynthesis and
DNA [6,7]. These results are important to look at the initial re-
sponses to UV stress, however, they can hardly reflect the effects
over long-term exposures. Further damages [8-10] or acclimation
[11,12] might occur over longer periods (days) of exposure. Since
red tides always sustained for several days, long-term studies
(>1 d) seemed required to examine the responses of red tide alga
to solar UVR. In addition, photoprotective strategies developed to
minimize UVR-related harms [13,14], such as synthesis of UV-
absorbing compounds (mainly mycosporine-like amino acids
(MAAs)) or production of quenching agents, can be accomplished
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in different time scales for different species or radiation treat-
ments. Therefore, long-term studies are needed to elucidate the
balance between damage and repair when cells are considered
for their sensitivity to UVR.

Skeletonema costatum is a cosmopolitan marine diatom and
known as a major component of most red tides in eutrophic re-
gions [15,16], causing huge economic loss in aquaculture, though
it is also used as a food organism. Many studies had focused on
the ecophysiology of S. costatum, especially on its carbon acquisi-
tion mechanisms in relation to CO, levels in the context of red tide
[17-21]. However, S. costatum is inevitably exposed to high solar
UV radiation when it forms red tide with cells concentrated to
the upper water layers. A few studies, using UV-B lamp in a
short-time scale, showed that UV-B radiation could damage the
DNA in S. costatum [22,23] and influence its ability of competition
with other species [24]. Recently, it has been shown that light his-
tory affected the physiological responses of S. costatum to solar
UVR [25]. Nevertheless, our knowledge about the physiological
behavior of S. costatum in the presence of UVR is still limited.

In the present study, we investigated the effects of prolonged
UV exposure on growth rate, cell size and photosynthesis of the
red tide alga S. costatum, and also examined the mechanisms by
which this organism cope with UVR.
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2. Materials and methods
2.1. Organisms

Skeletonema costatum (Greville) Cleve (strain 2042) was ob-
tained from the Institute of Oceanography, the Chinese Academy
of Sciences, and maintained under axenic conditions in the labora-
tory. The cells were grown in filtered and sterilized seawater en-
riched with f/2 medium under 200 pmolm™2s~' (12:12 LD
cycle) at 20 °C before being used for experiments.

2.2. UV radiation treatments

Cells at mid-exponential growth phase were harvested, washed
once and resuspended in fresh media to a final concentration of
about 1 x 10° cells mL™'. They were dispensed in UV-transparent
quartz tubes, which were maintained in a flowthrough water bath
for temperature control at 20+ 1 °C. The cultures were aerated
(0.3 Lmin!) and exposed to three different radiation treatments:
(1) cells receiving UV-B, UV-A and PAR (PAB treatment, 295-
700 nm) - quartz tubes covered with Ultraphan film 295 (UV Opak,
Digefra, Munich, Germany); (2) cells receiving UV-A and PAR (PA
treatment, 320-700 nm) - quartz tubes covered with Folex 320
(Montagefolie, No. 10155099, Folex, Dreieich, Germany) and; (3)
cells receiving PAR alone (P treatment, 395-700 nm) - quartz
tubes covered with Ultraphan film 395 (UV Opak, Digefra, Munich,
Germany). The irradiance of PAR was set at 788.9 pmol m 2 s~!
(161 Wm™2), UV-A and UV-B were at 28 and 0.9 W m™2, respec-
tively. DNA-weighted UV-B irradiance was 0.09 W m~2 [26]. Such
irradiance levels were based on the averaged daytime solar irradi-
ances for each band measured locally in May and June when the
red tide organism bursts out with high frequency. The constant
levels of PAR, UV-A and UV-B were provided for 12 h every 24 h
(12 h darkness) with a solar simulator (Sol 1200, Dr. Honle GmbH,
Germany) equipped with a 1000-W xenon arc lamp and were mea-
sured with a broadband filter radiometer (ELDONET, Real Time
Computer Inc., Germany).

The cultures were operated semi-continuously by renewing
partially the medium every 24 h to the initial cell concentration
except for those under PAB treatment that caused cell death
due to the lethal effects of UV-B. Samples were taken from each
radiation treatment every day at the middle of the light period
(6 h) to determine effective quantum yield of PSII, cell concentra-
tion, concentration of UV-absorbing compounds and photosyn-
thetic pigments.

2.3. Morphological examination and cell count

Morphological examinations were performed using a com-
pound microscope (Zeiss Axioplan 2, Carl Zeiss Germany). Digital
images were recorded with a Zeiss Axicam camera and analyzed
with a Vision Analysis System (AxioVision 3.0). Length axes (I)
and diameter (d) of 100-200 cells were measured in at least 10
fields. The means of | and d were used to calculate cell volume of
the cylindrical diatom as: 7 x (d/2)? x I [27]. Cells were counted
microscopically using a haemacytometer.

2.4. Growth rates

Samples were taken daily for cell counts and the specific growth
rate (u) was calculated as

w= ln(xn/xn—l)/(Tn —Tu1),

where X, and X,_; are the cell concentrations (cells ml~!) at the
beginning and end of (T,-T,,_1) period.

2.5. Measurements of effective quantum yield

A portable pulse amplitude modulated fluorometer (PAM-
WATER-ED, Walz, Germany) was used to determine the chloro-
phyll fluorescence. The effective photosynthetic quantum yield
(@psy) was determined by measuring the instant maximal fluores-
cence (F,) and the steady state fluorescence (F;) of light-adapted
cells and calculated according to Genty et al. [28]as: @psj; = (Fm—
Fy)/F . In the course of measuring F,, and F,, the saturating pulse
and actinic light were set at 4000 and 150 umolm 25!
respectively.

UVR-induced inhibition of @pg;; was calculated as: Inh(%) = (Yp-
Yx) x Yp~! x 100, where Yp indicates the ®pg; under P treatment,
while Yy indicates that under either PA or PAB treatment.

2.6. Evaluation of UV-absorbing compounds and photosynthetic
pigments

Samples were filtered onto Whatman GF/F glass fiber filters
(25 mm). UV-absorbing compounds were extracted into 10 mL of
absolute methanol overnight, centrifuged (5000g for 5 min) and
the extract was scanned in the 250-750 nm wavelength interval
using a scanning spectrophotometer (Shimadzu UV-1206, Japan).
Total concentration of UV-absorbing compounds was estimated
from the peak at 334 nm according to Dunlap et al. [29]. Chloro-
phyll a was extracted and determined according to Jeffrey and
Humphrey [30]. The concentration of carotenoids (Car) was deter-
mined following the equations of Parsons and Strickland [31].

2.7. Statistical analysis

One-way analysis of variance and t-test were used to establish
difference among the different radiation treatments. A confidence
level of 95% was used in all analysis.

3. Results

Cell concentration of S. costatum in the cultures exposed to
PAR + UV-A + UV-B (PAB) (Fig. 1A) decreased straightly from ca.
1 x 10% to 0.05 x 10° cells mL~! by 20 times over a period of 6
days, indicating the complete inhibition of growth and death of
cells. In contrast, cells receiving PAR or PAR + UV-A became accli-
mated after several days’ exposure. The growth rate (u) decreased
till day 2 under PA and but till day 4 under the P treatment, then
increased remarkably. Although presence of UV-A resulted in more
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Fig. 1. Growth of Skeletonema costatum under different radiation treatments. (A)
Changes in cell concentration under full-spectrum solar radiation (PAR+UV-
A+UV-B: 295-700 nm) (n=38); (B) specific growth rates under solar radiation
depleted of UV-B (PAR + UV-A: 315-700 nm) and solar radiation deprived of total
UV (PAR: 395-700 nm) (n = 3).



84 H. Wu et al./Journal of Photochemistry and Photobiology B: Biology 94 (2009) 82-86

depression of the u during the initial period, it led to faster recov-
ery of the growth compared to the cells under PAR alone (Fig. 1B).
However, there was no significant difference between PA and P
treatments (p > 0.05).

Effects of different radiation treatments on the cell shape were
shown in Fig. 2. There were no significant (p > 0.05) changes in the
cell length axe and diameter under the PAB, PA and P treatments as
compared with control (Fig. 2A). The average volumes of the cells
were 3381(P), 3386(PA) and 3449(PAB) um> respectively.
Although it showed a slight increase of cell volumes under UV
treatment in contrast with the control (3332 pm?), no significant
(p > 0.05) differences were found (Fig. 2B). Cell sizes were not af-
fected by UV radiation.

The effective photosynthetic quantum yield (®ps;) was also sig-
nificantly inhibited by UV-B radiation (Fig. 3A). It was decreased to
28.7%, 48.8% and 62.8% of the initial value when exposed to PAB, PA
and P treatments for 2 days, respectively. Prolonged exposure un-
der PAB treatment resulted in further decline of ®pg;;. It decreased
to 17.5% of the initial value at the end of experimental period.
While under PA and P treatments, ®ps;; showed a recovery to the
initial value after 6 days. When the inhibition of ®pg; by UV-B or
UV-A was examined, respectively (Fig. 3B), it increased up to
84.7% with UV-B in 6 days, while for UV-A, it decreased with time
as compared with the PAR treatment. At the end of the culture,
after 6 days, UV-A resulted in positive effects (negative inhibition)
by about 3%.

When the spectral characteristics of the S. costatum cells sub-
jected to the PAB, PA and P treatments were compared (Fig. 4),
an obvious absorption peak of UV-absorbing compounds (absor-
bance between 310 and 360 nm) was found in the cells exposed
to PAB treatment. The absorptivity of these compounds increased
significantly after 6 days exposure. In contrast, no absorption peak
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Fig. 3. Effective quantum yield of PSII (@ps;;) (A) and UVR-induced inhibition (B) for
Skeletonema costatum cells exposed to solar irradiances for 6 days under PAR,
PAR +UV-A and PAR+UV-A+UV-B treatments. The vertical lines indicate SD
(n=5).

was observed under PA and P treatments at day 3, and only a small
peak was observed in 6 days. As shown in Table 1, the ratio of UV-
absorbing compounds to Chl a under PAB treatment was about 10
times higher than that of under PA and P treatments after 6 days
exposure. For the ratio of Car to Chl a, PAB treatment brought about
the highest value of 0.77 at day 6, which was about 7 times higher
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Fig. 2. Changes of the cell length axes, diameter (A) and cell size (B) in Skeletonema
costatum exposed to solar irradiances under PAR, PAR + UV-A and PAR + UV-A + UV-
B treatments for 6 days. (n = 100-200).

Fig. 4. Spectral characteristics of Skeletonema costatum exposed to solar irradiances
under PAR, PAR +UV-A and PAR+UV-A + UV-B treatments. The ordinate is the
optical density normalized to the concentration of chl a. A, samples exposed for 3
days; and B, samples exposed for 6 days.
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Table 1

Ratios of UV-absorbing compounds and carotenoids (Car) to chlorophyll a (Chl a) in
Skeletonema costatum cells exposed to PAR, PAR +UV-A, and PAR+UV-A +UV-B
radiation for 3 and 6 days. The control data are the data for time zero. Within each
column of the data, values with different superscript are significant at p <0.01, with
the same are not significant at p > 0.05 “nd”, not detected.

Radiation treatment UV-absorbing compounds/Chl a  Car/Chl a (pg/ug)

(pg/mg)

3d 6d 3d 6d
Control nd nd 0.08 £0.01 0.08 £0.01
P nd 0.18 £0.01° 0.29+0.14 0.13+0.00?
PA nd 0.20 £ 0.02? 0.34+0.14 0.11+0.02?
PAB 0.65 + 0.04 2.05 +0.01° 0.67+0.10 0.77 +0.06°

than that under PA and P treatment (Table 1). This ratio showed
higher values at day 3, however, it decreased with increased
absorptivity of the UV-absorbing compounds.

4. Discussion

UVB-induced effects depend on many factors, such as the levels
of irradiation, the sensitivity of the organisms, the spectral compo-
sition in the UV-B range and the exposure regime [32,9]. Although
the radiation conditions used here can not replicate the natural so-
lar conditions in the field, the results of the present study add to
our knowledge in understanding the mechanisms involved in the
inhibition and the photoprotective strategies developed in this
red tide species during the prolonged UV exposure.

UV-B resulted in a continuous reduction of effective photosyn-
thetic quantum yield of PSII (Fig. 3) and growth rate, while UV-A
resulted much less inhibition. UV-B-related inhibition of PSII yield
could be caused by damages to PSII proteins [33,34]. High UV-B
exposures can also block the de novo synthesis of D1 protein, influ-
encing the ability of cells to cope with the damage to PSII function
[35]. In the absence of UV-B, UV-A or the higher level of PAR re-
sulted in an initial decrease in the growth rate, which recovered la-
ter on (Fig. 1B). This initial decrease of growth was related to the
initial decrease in photochemical activity of PSII (Fig. 3) and the
metabolic cost for defending strategies against UVR. While the sub-
sequent increase in growth rate indicates a physiological acclima-
tion. Compared with PAR alone, presence of UV-A facilitated the
recovery of growth in the late phase, as was supported by the neg-
ative inhibition of ®pg; caused by UV-A (Fig. 3B). Previous studies
showed UV-A was involved in photorepair of damaged DNA [36]
and used for CO, fixation by phytoplankton as an additional source
of energy [7].

To minimize or counteract deleterious effects caused by short
UV irradiances, phytoplankton cells often develop protective strat-
egies, such as synthesis and accumulation of UV-absorbing com-
pounds, which play a protective role against solar UVR [2]. In
this study, presence of UV-B led to an induction of the UV-absorb-
ing compounds in S. costatum. However, the concentration of UV-
absorbing compounds peaked at 334 nm with the highest value
of 2.05 pgmg~! Chl a (equal to 2.1 x 10~° ug cell™') was much
lower than that of other red tide organisms, such as Heterosigma
akashiwo and Alexandrium tamarense, that showed higher values
>4 x 10°% pug cell! [5] and 14.5 pg pg~! Chl a [37], respectively.
Other studies on diatoms also showed lower levels of UV-absorb-
ing compounds [38]. The low level of UV-absorbing compounds
in S. costatum, together with the carotenoids which functioning
as antioxidants and quenching photosensitization products [39],
could not provide complete protection for S. costatum during the
long-term exposure. For the cells exposed to PAR + UV-A, a very
interesting protective strategy found: photoprotection was first
activated with an increase in carotenoids, but was then an increase
in the UV-absorbing compounds (Table 1). Such a temporal se-

quence, with changes in UV-absorbing compounds following
changes in pigments, was also observed in a terrestrial cyanobacte-
rium Nostoc commune [40]. Carotenoids might provide an immedi-
ate, active SOS response to counteract acute cell damage by UVR,
but the dominating role in UV protection might still be played by
UV-absorbing compounds, though its induction would take more
time. However, a fast synthesis of UV-absorbing compounds would
be operated when cells were confronted with huge potential dam-
age, as seen here in cells exposed to high UV-B radiation in the
presence of UV-A and PAR.

It was reported that cell enlargement could increase the path-
length of light traveling through the cell, thus afford greater pro-
tection to the nucleus of cells [41]. However, no pronounced
increase in cell size was found in S. costatum in this study
(Fig. 2). Cell volumes of diatom species have been shown to be
increased when exposed to low or moderate level of UV-B radi-
ation [9]. Both Phaeodactylum tricornutum [8] and Cyclotella sp.
[9], when exposed to a low level of UV-B treatment (<2000
Jm~2d~!, DNA-weighted biologically effective dose), showed an
increase of cell volume. However, higher UV-B treatment
(3888Jm2d~') used here might completely block the cellular
metabolic processes, including protein and pigment biosynthesis,
thus did not bring about significant change in the cell size of S.
costatum.

In the oceanic environments, S. costatum cells are tossed up and
down, receiving changing levels of UV radiation and PAR. Forma-
tion of S. costatum red tide depends on interactive effects of many
environmental factors as well as on biological factors (such as graz-
ing). However, the disappearance of the red tide might be more re-
lated to the organism'’s high sensitivity to solar UV-B, which caused
more damages when the cells are distributed in the surface seawa-
ter during the blooms.
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