
Journal of Photochemistry & Photobiology, B: Biology 153 (2015) 1–6

Contents lists available at ScienceDirect

Journal of Photochemistry & Photobiology, B: Biology

j ourna l homepage: www.e lsev ie r .com/ locate / jpb
Physiological response of marine centric diatoms to ultraviolet radiation,
with special reference to cell size
Yaping Wu a,⁎, Zhenzhen Li a, Wanjun Du b, Kunshan Gao a

a State Key Laboratory of Marine Environmental Science, Xiamen University, Xiamen, China
b School of Environment and Natural Resources, Renmin University of China, Beijing, China
⁎ Corresponding author.
E-mail address: yapingwu@xmu.edu.cn (Y. Wu).

http://dx.doi.org/10.1016/j.jphotobiol.2015.08.035
1011-1344/© 2015 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 27 June 2015
Received in revised form 20 August 2015
Accepted 21 August 2015
Available online 8 September 2015

Keywords:
Cell size
Diatom
Photosystem
Thalassiosira
UV radiation
Three centric diatoms, Thalassiosira pseudonana (diameter ~4 μm), Thalassiosira weissflogii (~11 μm), and
Thalassiosira punctigera (~47 μm), were exposed to low and high levels of UV radiation. UV-induced inhibition
on photosystem II was correlated with cell size under high light levels, though it was insignificant under low
light levels (PAR b 63 W m−2). The highest inhibition (~15%) was observed for the smallest species. Several
mechanisms may explain the observed relationship between cell size and response to UV. All three species
counteracted UV-related photosystem damage via protein synthesis within the chloroplast. Non-photochemical
quenching (NPQ) was induced when that process was blocked with an inhibitor in T. pseudonana and
T.weissflogii, but not T. punctigera, as neither radiation nor the inhibitor had a significant effect onNPQ in this spe-
cies.Moreover, UV-induced inhibition for cells treatedwith lincomycinwashighest for T.weissflogii, whichwas in
accordance with the highest UV exposure within the cell. The intracellular UV distribution was not associated
with cell size, indicating that the package effect was not the only determinant of cell-size dependent UV sensitiv-
ity in phytoplankton.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Phytoplankton in the euphotic zone utilize sunlight for photosyn-
thesis, but may also be harmed by ultraviolet (UV) radiation at
shallower depths [1]. The biological effects of UV radiation depend on
wavelength [2]; the most detrimental radiation (UVC) is completely
filtered out by diatomic oxygen and ozone, while the intensity of UVB
is negatively correlated with the thickness of the ozone layer [3].
Though the use of CFC gases has been prohibited since the Montreal
Protocol was established, some newly identified trace gases, such as
halohydrocarbons, also destroy the ozone layer, resulting in increased
UV radiation [4]. The precise effects of UV radiation in aquatic as well
as terrestrial environments are still uncertain [5]. Phytoplankton that
are exposed to high levels of UV radiation may be at risk for damage as-
sociated with climate change [6,7].

As the most productive phytoplankton group, diatoms account for
20% of the global primary production and play a fundamental role in
the marine food web due to their abundance and size structure [8]. In
particular, large diatoms contribute substantially to buried carbon
owing to their high carbon content and fast sinking rate [9,10]. There-
fore, the responses of differently sized diatoms to UV radiation may
impact primary production and carbon export [9]. In theory, larger
phytoplankton should be more resistant to UV radiation owing to pack-
age effects, i.e., more self-shading occurs in large than in small cells [11,
12]. However, it is still unclear whether larger cells have more diluted
pigments that would offset package effects, at least partially [13].

Field studies have been conducted to investigate the relationship be-
tween cell size and UV sensitivity, but the results of these studies vary.
Some studies suggested that cell size is not a good indicator of UV sen-
sitivity [14], but a recent study showed that photosynthetic carbon fix-
ation of small phytoplankton was much more sensitive to UV than that
of larger species in a coastal area [15]. At the molecular level, small cells
are vulnerable to cyclobutane pyrimidinedimer accumulation, and pho-
tosynthesis is less inhibited byUV radiation [16], whichmaybe attribut-
ed to faster photo-repair of small cells [17]. The light absorbed and
scattered by cytoplasmic inclusion is an important determinant of the
effects of UV on photosynthesis [11]. Additionally, phytoplankton spe-
cies with differential pigments, geometry, and sub-cellular structures
could differ significantly with respect to the intracellular light regime,
and thus the UV exposure of photosynthetic organelles [11]. Figueroa
et al. found that the bio-optical characteristics of a culture [18], rather
than cell size or chlorophyll concentration, determine UV sensitivity.
An intraspecific comparative analysis has shown that large species are
less sensitive to UV than smaller species [19], indicated that the differ-
ences among species may outweigh the size effects; for example,
Phaeodactylum tricornutum was more sensitive than Thalassiosira
pseudonana, despite their similar sizes [20].
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The relationships between light absorption, cell size, and photosyn-
thesis have been investigated [11,21,22], and recent studies have re-
vealed a strong correlation between cell size and photo-inactivation in
centric diatoms under high-PAR conditions [23]. Few laboratory studies
have examined the UV responses of diatoms of various sizes, particular-
ly using closely related species, which are expected to differ minimally
with respect to traits such as cell geometry and pigmentation. In this
study, we selected three species within the genus Thalassiosira that
ranged in cell diameter from ~4 to ~47 μm to determine whether UV
sensitivity is correlated with cell size and the underlying mechanisms
that mediate this relationship.

2. Materials and Methods

2.1. Species and Culture Conditions

Thalassiosira weissflogii (CCMA102, ~11 μm) was isolated from the
South China Sea in 2004 and obtained from the Center for Collection
of Marine Bacteria and Phytoplankton (CCMA) of Xiamen University.
T. pseudonana (CCMP1335, ~4 μm)was obtained from theNational Cen-
ter for Marine Algae and Microbiota (NCMA). Thalassiosira punctigera
(CCAP 1085/19, ~47 μm) was obtained from the Culture Collection of
Algae and Protozoa (CCAP).

Cells were inoculated in pre-aerated, sterilized filtered seawa-
ter and enriched with Aquil medium. Cultures were maintained
semi-continuously with a maximal chlorophyll concentration of
below 20 μg L−1 in polycarbonate bottles (500 mL). Cultures were
illuminated with cool fluorescent tubes at a photon flux density of
~200 μmol m−2 s−1, with a 12:12 light/dark cycle at 20 ± 1 °C,
and culture bottles were manually shaken 3–4 times per day and then
randomly distributed in the growth chamber.

2.2. Determination of Cell Absorbance, Chlorophyll Concentration, and Size

The 100-mL cultures (or media for blanks) were filtered on GF/F fil-
ters, and then gently attached to the filter holder in the spectrophotom-
eter, which was equipped with an integrating sphere (Lambda950,
PerkinElmer, Waltham, MA, USA). The absorbance was scanned be-
tween 280–750 nm and corrected using the blank filter. After measure-
ments, filters were immediately extracted in absolute methanol for 2 h
at room temperature and centrifuged. The supernatant was measured
with a spectrophotometer (DU800, Beckman, Pasadena, CA, USA), and
the chlorophyll concentration was calculated according to the methods
of [24]. Cell sizewasmeasured under amicroscope calibratedwith ami-
crometer [25].

2.3. Experimental Set-up

The experiments were conducted under a solar simulator (Sol 1200,
Hönle, Gräfelfing, Germany) with a 1000-W xenon arc lamp as a light
source. Measurements of UV-B light (280–315 nm), UV-A
(315–400 nm), and PAR (400–700 nm) were obtained using a broad-
band radiometer (PMA2100, Solar Light, USA). While the spectrum of
UV within the quartz tube which covered with Ultraphan 295 filter,
was measured with a spectrometer (HR4000, Ocean Optics, USA).

In themiddle of the light period, cells in the exponential phase were
harvested and transferred to quartz tubes (50 mL) directly at a density
of less than 20 μg chl-a L−1, dark-adapted for 15 min, and added with
lincomycin (final concentration, 0.5 mg mL−1) or milli-Q water (as a
control). The tubeswere then coveredwith Ultraphan 295 or 395filters,
which block radiation below 295 or 395 nm, respectively, to create
PAR+UV-A+UV-B (PAB) and PAR treatments. Tubes were then incu-
bated in a water bath under the solar simulator, and the temperature
was controlled with a cooling system (CTP3000, Eyela, Tokyo, Japan).
Two light levels were applied consecutively (for 60 min each) using
a neutral-density mesh. The low-light conditions were PAR =
63.2 W m−2 and UVR = 13.1 W m−2; high light conditions were
PAR=141.7Wm−2 andUVR=35.1Wm−2. Chlorophyll fluorescence
was measured with an XE-PAM fluorometer (Walz, Eichenring,
Germany) before and during light exposure at a time interval of 12min.

2.4. Chlorophyll Fluorescence Measurements

A total of 12 tubes (four treatments) were dark-adapted for 15 min,
and sub-samples were taken from each tube tomeasure the initial chlo-
rophyll fluorescence with the XE-PAM. The quartz tubes containing the
samples were placed in a water bath under low-light levels. After five
rounds of measurements (60 min), samples were exposed to high-
light levels by removing the neutral density screen, and measured
following the same procedure.

2.5. Data Analysis

Photochemical yield andnon-photochemical quenching (NPQ)were
measured with the XE-PAM and calculated according to the following
equations:

Photochemicalyield ¼ Fm′−Ftð Þ=Fm′

NPQ ¼ Fm−Fm′ð Þ=Fm;

where Fm is the dark-adaptedmaximal fluorescence, Fm′ is the effective
maximal fluorescence, and Ft is the steady-state fluorescence under
actinic light.

The relative inhibition of photochemical yield by UV was estimated
according to the following equation:

Relative inhibition %ð Þ ¼ PPAR−PPABð Þ=PPAR � 100;

where PPAR and PPAB represent the photochemical yield under PAR and
PAB treatments, respectively. Relative inhibition was calculated when
PPAR and PPAB were significantly different. Statistical differences among
treatments were analyzed with a one-way analysis of variance
(ANOVA) and Tukey's test, and the significance levelwas set atp=0.05.

To estimate the UV distribution within the cell, cells were assumed
to be spherical with an even distribution of pigments. Several parame-
ters, i.e., the spectral absorbance of filters with intact cells, spectrum of
UV within quartz tube, and cell density on the membrane, were used
to derive the attenuation coefficient of UV radiation (280–400 nm).
The relative UV intensity was plotted as a function of the optical length
from the cell surface. The attenuation coefficient for UV was calculated
as:

kuv ¼ −Ln

Z 400nm

λ¼280
Eλ � Tλ

Z 400nm

λ¼280
Eλ

� L;

where Eλ is the relative UV intensity within the quartz tube, Tλ is the
transmittance (in percentage) of the algal mat on the filter, while L
(μm) represents the thickness of the algal mat.

The rate of UVR-induced damage to photosystem II (PSII) (k, min−1)
and the corresponding repair rate (r, min−1) were calculated according
to the following equation of [26]:

P0
Pt

¼ r
kþ r

þ k
kþ r

e− kþrð Þt ;

where P0 and Pt represent the initial photochemical yield or at a certain
time point, respectively, and t is the exposure time in minutes.
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3. Results

The dark-adapted photochemical yield was ~0.6 for T. pseudonana,
and decreased immediately after exposure to low light. It remained rel-
atively stable for control samples (without lincomycin) after incubation
under low light, and no significant UV inhibition was observed for this
light level (Fig. 1A). For the samples treatedwith lincomycin, the photo-
chemical yield decreased gradually after low-light exposure, and was
significantly lower for UV-exposed samples than control samples.
When samples were exposed to high light, the photochemical yield of
samples for all treatments decreased gradually toward the end of the in-
cubation period, with lower values observed for UV-exposed samples
(Fig. 1A). The trend observed for T. weissflogii was similar to that of
T. pseudonana, while with higher dark adapted photochemical yields
(~0.7) observed, the yields of lincomycin-treated samples decreased
significantly, especially for UV-exposed samples (Fig. 1B). T. punctigera
had the lowest dark-adapted photochemical yield, but the patterns ob-
served under low and high light were similar to those of the other spe-
cies (Fig. 1C), but with less reduction for lincomycin-treated samples
during exposure to PAR or PAB. In addition, UV did not show significant
effects on non-lincomycin-treated samples, even under high light con-
ditions (Fig. 1C).
Fig. 1. The photochemical yield of Thalassiosira pseudonana (A), T. weissflogii (B), and
T. punctigera (C) during exposure to low light (0–60 min) and the subsequent high light
(61–120 min) for two radiation treatments (PAR and PAB) with or without lincomycin.
Vertical lines represent standard deviations, n = 3.
The relative UV-mediated inhibition of photochemical yield for con-
trol samples was almost zero for the three species under low light, with
two outliers for T. pseudonana and T. punctigera (Fig. 2A). Under high
light, UV inhibition was observed for T. pseudonana and T. weissflogii.
UV inhibition was highest for the smallest species, and was not
observed for the largest species, T. punctigera (Fig. 2A). For the
lincomycin-treated samples, UV showed a significant inhibitory effect
for all species. This effect increased as the low-light exposure time in-
creased, while decreased over time under high light. T. pseudonana
and T. punctigera showed similar responses to UV,while T. weissflogii ex-
hibited higher UV sensitivity than that of the other specieswhen treated
with lincomycin (Fig. 2B). The relative UV-mediated inhibition at the
end of the incubation period was negatively correlated with cell size,
with highest valuewas observed for T. pseudonana (~15%),while lowest
was observed for T. punctigera (0%) (Fig. 2C).

An important photo-protectivemechanism, NPQ, ranged from 0–0.2
for the three species under low light without lincomycin, and there
were no significant differences in NPQ between samples treated with
PAR and PAB (Fig. 3). NPQ increased gradually for T. pseudonana and
T. weissflogii samples treated with lincomycin (Fig. 3A, B), and was
high for PAB-treated samples. After exposure to high light, the NPQ of
T. pseudonana and T. weissflogiiwithout lincomycin increased immedi-
ately under UV exposure. That of T. pseudonana samples treated with
lincomycin decreased sharply, while T. weissflogii increased somewhat
and was maintained at around 3.0 after high-light exposure (Fig. 3A,
Fig. 2. The relative inhibition induced by UV radiation for three diatom species without
(A) or with lincomycin (B) during low or high UV exposure, and the relative inhibition
at the end of the incubation period for the control samples of the three species (C). Vertical
lines represent standard deviations, n = 3.



Fig. 3. Non-photochemical quenching of T. pseudonana (A), T. weissflogii (B), and
T. punctigera (C) during exposure to low light (0–60 min) and the subsequent high light
(61–120 min) for two radiation treatments (PAR and PAB) with or without lincomycin.
Vertical lines represent standard deviations, n = 3.

Fig. 4. The relative UV intensity within T. pseudonana (A), T. weissflogii (B), and
T. punctigera (C) cells as a function of optical distance from the cell surface and the corre-
sponding attenuation coefficients (μm−1) for the UV waveband (280–400 nm) of solar
simulator.

Fig. 5. Optical density of methanol extracts of three diatom species, values were normal-
ized with OD set as 0.10 at 665 nm.
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B). For T. punctigera, NPQ was approximately 0–0.2 under low light, but
increased to ~0.5 under high light, and no significant differences were
observed between samples treated with radiation or lincomycin
(Fig. 3C).

The relative intensity of UV radiation was set at 100 at the cell sur-
face, and the distribution of UV within cells exhibited exponential
decay (Fig. 4), with attenuation coefficients of 0.37, 0.06, and
0.04 μm−1 for T. pseudonana, T. weissflogii, and T. punctigera, respective-
ly. The distributions of UV for T. pseudonana and T. punctigerawere sim-
ilar (Fig. 4A, C), while relatively higher UV exposure within cells was
observed for T. weissflogii (Fig. 4B). Specifically, themean relative UV in-
tensities were 53.4, 71.7, and 44.2 for T. pseudonana, T. weissflogii, and
T. punctigera, respectively.

The absorption spectra of methanol extracts were similar for three
species in the range of long wavelength (Fig. 5), while in the range of
short wavelength of PAR and UV, the biggest diatom, T. punctigera
showed relatively higher value, and T. weissflogii was the lowest.

The repair rates for non-lincomycin-treated samples were higher
than the damage rates during light exposure (Table 1), even under UV
exposure. For those samples treated with lincomycin, the repair rate
of T. weissflogii was completely inhibited, while T. pseudonana and
T. punctigerawere able to partially repair photo-damage, though the re-
pair rates were significantly lower than those of control samples.
4. Discussion

PSII converts light energy to electrons that drive carbon fixation in
the Calvin cycle, but is susceptible to light, especially to high levels of



Table 1
Exponential rate constants (in min−1) for repair (r) and damage (k) and the ratio of r to k for various radiation treatments with or without lincomycin (linco) for three centric diatom
species.

Species Treatment r SD k SD r/k

Thalassiosira pseudonana PAR + linco 0.0039 0.0019 0.0174 0.0009 0.2239
PAB + linco 0.0023 0.0027 0.0283 0.0022 0.0814
PAR 0.0556 0.0062 0.0172 0.0006 3.1998
PAB 0.0889 0.0107 0.0280 0.0025 3.1727

T. weissflogii PAR + linco 0 0 0.0072 0.0005 0
PAB + linco 0 0 0.0247 0.0011 0
PAR 0.0651 0.0097 0.0070 0.0004 9.0894
PAB 0.2317 0.0084 0.0244 0.0010 9.3936

T. punctigera PAR + linco 0.1053 0.0065 0.0433 0.0065 2.4328
PAB + linco 0.0247 0.0067 0.0595 0.0160 0.4142
PAR 0.1526 0.0438 0.0430 0.0062 3.5263
PAB 0.0844 0.0061 0.0591 0.0166 1.4186
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PAR or UV radiation [27]. Therefore, the susceptibility of PSII to UV radi-
ation is a key determinant of marine primary production [28,29]. In the
present study, UV-mediated inhibition of photochemical yield was
apparently related to cell size, and the species with the smallest cells
exhibited the highest sensitivities. This trend could not be explained
by any single previously proposed theory, e.g., UV distribution within
the cell, the dynamic balance between damage and repair processes,
or NPQ, indicating that multiple mechanisms are involved in the size-
dependent responses to UV radiation.

The three species used in present study have been cultured indoors
for many years, and pre-acclimation before the experiments was under
~200 μmolm−2 s−1 (~40Wm−2) without UV. Exposure to a compara-
ble level of PAR or PAB (PAR 63.2Wm−2, UVR 13.1Wm−2) did not af-
fect the photochemical yield, even under high light (PAR 141.7 Wm−2,
UVR 35.1 W m−2). The highest inhibition induced by UV was much
lower than that of other species with comparable sizes [30,31], indicat-
ing that the damage repair capacity is highly efficient in this genus. For
samples treatedwith lincomycin, dramatic UV-mediated inhibitionwas
observed, and this inhibitory effect increased over time under low-light
exposure, indicating that protein-dependent repair is one of the most
important mechanisms mediating responses to UV [32].

UV radiation did not have significant effects on photochemical yield
during low-light exposure. However, there was a species-specific effect
under high light, and it was strongly related to cell size. After moving to
high light, the smallest species, T. pseudonana, showed increased sensi-
tivity to UV toward the end of the exposure, similar response observed
for themedium size species, T. weissflogii, thoughwith lower sensitivity
than T. pseudonana. The largest species, T. punctigera, did not show any
sensitivity to UV radiation, even under high light. On thewhole, UV sen-
sitivity was negatively correlated with cell size, and based on the intra-
cellular UV distribution, this correlation could not be explained by the
package effect, which has been proposed as a key determinant of UV
sensitivity [12]. Indeed, the intracellular UV micro-environment influ-
enced the effects of UV. Specifically, the medium-sized species,
T. weissflogii, with highest mean intracellular UV intensity, showed the
highest UV sensitivity when treated with lincomycin, suggesting that
the in vivo absorbance of UV radiation is a determinant of UV sensitivity,
that was also in accordance with the absorption of methanol extracts,
T. weissflogii showed the lowest absorption in the range of UV, since
UV-absorbing compounds synthesized by some species can greatly re-
duce UV-related damage [33].

D1 protein is the primary target in PSII for UV photo-damage, and is
generated by de novo synthesis [34]. The balance between photo-
damage and repair is a key determinant of the maintenance of photo-
synthesis [35,36]. Although the pre-acclimation conditions were UV-
free, the damage rate was always lower than the repair rate during
low UV exposure, consistent with the low level of UV inhibition ob-
served during this period. During subsequent high UV exposure, the
damage rate was higher than the repair rate for T. pseudonana and
T. weissflogii, which exhibited significant photosystem inhibition.
Though the D1 renewal process was completely blocked by lincomycin,
PSII repair in T. pseudonana and T. punctigera still occurred. However,
repair was not observed for T. weissflogii, which may explain why it
was the most sensitive species during UV exposure when treated with
lincomycin.

NPQ is considered one of the most effective mechanisms for photo-
protection [37]. During the transition from dark to light conditions,
NPQ is normally induced; it is positively related to light intensity and af-
fected by radiation spectra [38]. The NPQ values were around 0 for
T. pseudonana and T. weissflogii under low light, and increased signifi-
cantly when cells were treated with lincomycin, indicating that protein
synthesis is the priormechanism to counteract UV inhibition [30], while
once that process was inhibited, NPQ played a key role in the response
to UV stress. Interestingly, for T. punctigera, NPQ was less responsive
to high-light exposure or the protein synthesis inhibitor, indicating
that other mechanisms were adopted by this species to counteract UV
damage.

The results of the present study showed that species in the genus
Thalassiosira are more resistant to UV radiation than other species [30,
31], and this could explain the wide distribution of this taxonomic
group. Though UV sensitivity was related to cell size for the three spe-
cies investigated, the mechanisms underlying this relationship are still
uncertain. We suggested that cell size influences UV sensitivity, but
that the responses of diatoms to UV cannot be predicted simply by cell
size; instead, multiple factors have to be considered.
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