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Photoprotective function of mycosporine-like amino acids in a bipolar diatom (Porosira
glacialis): evidence from ultraviolet radiation and stable isotope probing

SUN-YONG HA1∗, HYOUNG SUL LA1, JUN-OH MIN1, KYUNG-HO CHUNG1, SUNG-HO KANG1 &
KYUNG-HOON SHIN2

1Division of Polar Marine Environment, Korea Polar Research Institute (KOPRI), Incheon, South Korea
2Marine Environmental Science Department, Hanyang University, Kyeonggi-do, Korea

This study investigated the synthesis of photoprotective compounds by Bacillariophyceae (Porosira glacialis) in real time using a 13C
tracer. Our results show a relationship between the net production rates of mycosporine-like amino acids (MAAs) and photoprotective
pigments such as diadinoxanthin (DD). After 24 h, the total carbon uptake rate of P. glacialis was higher when exposed to photosynthetically
active radiation (PAR) than when exposed to ultraviolet radiation (UVR). However, with time, the total carbon uptake rate and turnover
rate of P. glacialis exposed to UVR increased to the point where the net production rate of MAAs under UVR was higher than that of
P. glacialis exposed to PAR. The differences in MAA and DD production rates and carbon uptake indicate the production of MAA and
DD as a defense strategy in response to UV-induced damage. The results of this study provide insight into the synthetic pathways of
photoprotective compounds and the carbon cycle within P. glacialis cells and reveal contrasting patterns in the production of MAAs and
xanthophyll compounds such as DD over time.

Keywords: carbon stable isotope, mycosporine-like amino acids, xanthophyll compound, Porosira glacialis

Introduction
Ultraviolet radiation (UVR) inhibits photosynthesis and
the primary productivity of phytoplankton (Helbling et al.
1992, Häder et al. 2007) and adversely affects protein syn-
thesis and DNA in cells (Karentz et al. 1991). Moreover,
UVR interferes with the absorption of nutrients (Behrenfeld
et al. 1995) and affects the biochemistry of various types of
cellular enzymes (Sinha & Häder 2002). The effects of UVR
on the metabolism or survival of phytoplankton cells vary
significantly by species according to their abilities to adapt
to UV exposure and repair damaged DNA (Karentz et al.
1991).

The production of photoprotective compounds is a
means by which aquatic organisms can protect themselves
against strong light and UVR, and has been shown to
enable survival in extreme environments (Moeller et al.
2005). Since they absorb radiation between 310 and 362 nm,
mycosporine-like amino acids (MAAs) can function as pho-
toprotectants in phytoplankton that are exposed to harmful
natural light (Häder et al. 2007), and have been shown to
protect intracellular organs against UVR (Karentz 2001,
Whitehead et al. 2001, Volkmann & Gorbushina 2006).
Xanthophyll pigments, which are located in the cytoplasm,
act as a passive sunscreen (Garcia-Pichel & Castenholz
1993).
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Several studies have reported a relationship between
xanthophyll pigments and MAAs with respect to UVR
(Shinha et al. 2003, Ha et al. 2010, Korbee et al.
2010). Ha et al. (2010) suggested that the concentration
of DD, a xanthophyll compound found in P. glacialis,
decreases as the concentration of MAAs increases with
the length of exposure to artificial UV. As protectants,
the two types of compounds are complementary. MAAs
act by absorbing UV light, and xanthophylls act by scat-
tering light energy (Demming-Adams & Adams 1996,
Sinha et al. 2003). However, this relationship between
photoprotective compounds may depend on the phyto-
plankton species involved or on environmental factors
(Ha et al. 2010, Korbee et al. 2010). Korbee et al.
(2010) reported that, in Heterocapsa spp. (Dinophyta),
excess energy caused by UVR exposure is converted to
heat when nitrogen is not a limiting factor, resulting in
the accumulation of MAAs (Conde et al. 2004). How-
ever, when nitrogen is limiting, MAA content decreases
and excess energy is instead de-epoxidized by xantho-
phyll cycle pigments. Zudaire & Roy (2001) reported
that the coastal diatom Thalassiosira weissflogii is a rel-
atively UV-tolerant species; the xanthophyll cycle is acti-
vated, and MAAs are synthesized when photoinhibition is
relieved.

© 2014 The International Society for Diatom Research
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Goericke & Welschmeyer (1993) reported a method for
measuring specific rates of chlorophyll synthesis using a 14C
tracer. The method determines the amount of assimilated
inorganic carbon by measuring the amount of newly fixed
carbon incorporated into all cellular constituents. When
inorganic 13C or 14C is used as a tracer for newly fixed
carbon, the rate of synthesis for each compound can be
calculated from the amount of tracer in each compound
(MAAs and xanthophyll pigments). The newly synthesized
compounds have specific activities that equal the specific
activity of the inorganic carbon (Goericke & Welschmeyer
1993, Ha et al. 2012).

In the present study, the photoprotective strategy of the
diatom Porosira glacialis (Grunow) Jørgensen, which lives
in polar oceans, was investigated by incubating cells of P.
glacialis with labeled carbon tracers under indoor UV expo-
sure. The synthesis rates of photoprotective UV-absorbing
compounds (MAAs) and xanthophyll pigments were deter-
mined as a function of the duration of exposure to artificial
UVR. In addition, the initial productivity of photoprotec-
tive compounds was used as an indicator of the survival
ability of phytoplankton adapted to extreme environments.
In this study, the net production rate of each compound was
determined using a 13C tracer. This experimental approach
provided insight into the real-time processes of delivery and
distribution of UV-absorbing compounds in diatom cells in
response to UVR.

Materials and methods
Porosira glacialis (KCCPM serial number AnM0008) is a
dominant phytoplankton species in polar waters. The cul-
tures used were provided by the Korea Polar Research
Institute (KOPRI) culture collections for polar microor-
ganisms (KCCPM). Stock cultures were grown under a
light intensity of 30 μmol m−2 s−1 and a temperature of
4◦C. The salinity of the culture solution was 32–34%.
Pororsira glacialis was sub-cultured under a light inten-
sity of 30 μmol m−2 s−1. Prior to the exposure tests, the
last sub-culture was grown under a light intensity of
15–20 μmol m−2 s−1. Ultraviolet-A (UVA) and ultraviolet-
B (UVB) irradiation were provided by TL-D 15 W and
Ultraviolet-B Actionic BL 15 W lamps (Philips, Eindhoven,
The Netherlands), respectively. The source of visible light
was an FL 15D lamp (15 W, Kumho Electric, Seoul, Korea).
Diatom samples were transferred to culture media and kept
in darkness for about 24 h for adaptation prior to exposure
experiments.

A unialgal culture of P. glacialis was grown in f/2
medium (Guillard & Ryther 1962) prepared from fil-
tered Antarctic seawater. Incubations were performed in
500 mL, UV-transparent quartz bottles. The bottles were
covered with two types of UV cut-off filters. The first
was a 295 nm cut-off filter (Ultraphan, UV Opak, Digefra,
Munich, Germany) that transmits UVB radiation, UVA-A
radiation, and photosynthetically active radiation (PAR).
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Fig. 1. Transmittance spectra of the quartz bottles used for grow-
ing P. glacialis and the cut-off filters (solid line = 295-nm cut-off
filter, broken line = 395-nm cut-off filter) used to cover the PAR,
and the UVA and UVB lamps respectively.

Combined PAR + UVA + UVB is designated UVR. The
second was a 395nm cut-off filter (Ultraphan, UV Opak,
Digefra) that transmits only PAR (Fig. 1). The intensity
of UVR was examined under the following conditions:
5.2 μW m−2 at 250 nm (UVB); 12.3 μW m−2 at 320 nm
(UVA); and 1.8 μW m−2 at 395 nm (PAR) as measured with
a UVX®radiometer (model UVX-25 and UVX-31, UVP,
Upland, CA, USA). UV exposure tests were conducted
continuously for 3 days at 4◦C. To determine the levels
of chlorophyll a (Chl a), MAAs and xanthophyll pigments,
and carbon fixation rate, sample aliquots were collected at
24 h intervals. Culture bottles were mixed thoroughly prior
to removing the sample aliquots.

Carbon fixation rate
To determine the rate of carbon fixation due to photosyn-
thesis, NaH13CO3 (98% 13C) was added to the seawater
samples. To increase the isotopic ratio of particulate organic
carbon, the 13C level was increased to 10% in the dissolved
inorganic carbon (DIC) pool. 10 mL of each sample was
then filtered through pre-baked (450◦C, 4 h) GF/F 25-mm
filter paper and stored at –80◦C until analysis. The filtered
samples were dried completely in a lyophilizer and exposed
to 1N HCl fumes overnight to remove inorganic carbon.
The samples were then neutralized with NaOH fumes. The
degree of 13C enrichment was measured using an EA-irMS
(EuroEA-Isoprime IRMS, GV Instruments, Manchester,
UK) and the carbon fixation rate was calculated using the
expression developed by Hama et al. (1983).

Carbon uptake rate(ρc(t)) = �POC(t)
t

= αis − αns

αic − αns
× POC(t)

t
(1)
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Photoprotective function of mycosporine-like amino acids in a bipolar diatom (Porosira glacialis) 3

ais: the 13C % of particulate organic carbon in an incubated
sample;

ans: the 13C % of particulate organic carbon in a natural
(non-incubated) sample;

aic: the 13C % of dissolved inorganic carbon in the
incubation bottle;

t: incubation time;
POC(t): concentration of particulate organic carbon in

the incubated sample.

Extraction and analysis of MAAs and pigments
To determine MAAs in particulate organic matter, 50 mL of
each sample was filtered through pre-baked GF/F 47 mm
filter paper and stored at –80◦C until analysis. Three
milliliters of 100% MeOH was added to each filtered sam-
ple, which was then sonicated for 30 s in an ultrasonicator
(30 s, 50 W; ULH-700 s, Ulsso Hitech, Chungcheongbuk-
do, Korea) to break down the sample physically. Samples
were refrigerated at 4◦C overnight and then extracted.
After extraction, a 0.2 μm syringe filter (PTFE 0.20 μm
hydrophobic, Millipore, Billerica, MA, USA) was used to
transfer the samples into 2mL microtubes. A centrifugal
evaporator (CVE-200D, EYELA, Tokyo, Japan) was used
to dry each sample completely. The dried samples were then
dissolved in 500 μL of distilled water. To this was added
100 μ L of chloroform and the samples were centrifuged
for 10 min at 10,000 rpm. A total of 400 μ L of supernatant
was removed and injected into a high-performance liquid
chromatography column (HPLC) to quantify the MAAs in
each sample.

To determine pigment composition, phytoplankton sam-
ples (50 mL) were filtered over pre- combusted 25 mm
GF/F filters. The filter papers were placed in a Petri
dish wrapped with aluminum foil to prevent photolysis
during storage at –80◦C. To extract the pigments, filter
papers were placed in Teflon bottles containing 100%
acetone (3 mL). Prior to extraction, 50 μ L of 1 mg mL−1

apo-8-carotennoate was added to each sample as an inter-
nal standard. Pigment extraction was performed with an
ultrasonicator (30 s, 50 W; ULH-700 s, Ulsso Hitech) and
samples were stored for 24 h at 4◦C. One milliliter of the
extract was passed through a syringe filter (PTFE 0.2 μm
hydrophobic) to remove any debris. Quantitative pigment
analyses were performed by HPLC.

MAA analyses were performed with an HPLC sys-
tem (1200 series, Agilent Technologies, San Jose, CA,
USA; columns: Zorbax Eclipse XDB C18 column, 5 μm,
150 × 4.6 mm, Agilent Technologies). The detector was an
Agilent DAD (G1315D) and absorbance was measured at
313 nm (250–750 nm scan). MAA compounds [shinorine
(SH) and porphyra-334 (PR)] were collected individu-
ally using a fraction collector [Agilent analyte (G1364C)
FC] (Fig. 2a). The mobile phase consisted of 100% dis-
tilled water (with 0.1% acetic acid) at a constant flow of

0.8 mL min−1. Shinorine and porphyra-334 were used as
standard reference compounds for quantitative MAA analy-
ses. The HPLC method used for accessory pigment analyses
was based on that of Jeffrey & Wright (1997). Pigment
compounds were separated through an HPLC column (Zor-
bax Eclipse XDB C18 column, 250 × 4.6 mm, 5 μm) with
mobile phase A (80:20 methanol:0.5 M ammonium acetate,
pH 7.2, v/v), mobile phase B (90:10 acetonitrile:deionized
water, v/v) and mobile phase C (100% ethyl acetate). A seg-
mented linear gradient was programmed as follows. Initial
conditions were re-established by a reversed linear gradi-
ent (10 min). The flow rate was 1 mL min−1 and the sample
injection volume was 100 μ L. The individual absorbance
of each compound was detected at 430 nm (250–750 nm
scan). The identification of peaks was based on the reten-
tion time of pigment standards (DHI Water & Environment,
Hørsholm, Denmark) (Fig. 2b). Pigment concentrations
were calculated based on chromatographic peak areas in
accordance with the method developed by Park (2006).
Analytical results were processed with an Agilent HPLC
1200 series ChemStation integrator-processor.

Calculated net production and turnover rates of MAAs
MAA and pigments were collected through a tin cap
(including the pre-baked filter paper). After solvent removal
by centrifugal evaporation (CVE-200D, EYELA), the 13C
content of each compound was measured using EA-irMS
(EuroEA-Isoprinme IRMS, GV Instruments). The net pro-
duction rate of each MAA and pigment (specific compound
net production rate, SPR) was calculated from the com-
pound concentration and the atomic percentage of 13C,
using the modified equation proposed by Ha et al. (2012)
(Hama & Handa 1987, Hama et al. 1988, Falkowski 1991,
Takahashi et al. 1991).

�SPR(t) = SPR × αis − αns

αic − αns
(2)

� SPR(t): The amount of each specific carbon compound
produced photosynthetically during incubation;

ais: The atomic percentage of 13C in each of the specific
compounds in the incubated sample;

ans: The atomic percentage of 13C in each specific
compound in the natural sample;

aic: The atomic percentage of 13C in samples incubated
in 13C-enriched medium;

SPR: Concentration of each specific carbon compound
at the end of incubation;

The turnover rate of each MAA can also be calculated
using the following equation to understand the relationship
between MAA concentration and net production rate (Hama
et al. 1983).

Turnover rate(t) = αis − αns

αic − αns
× 1

t
(3)
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4 Ha et al.

Fig. 2. An HPLC chromatogram shows the (a) MAA and (b) pigment composition (b) of P. glacialis cells. (a) 1 = shinorine,
2 = porphyra-334; (b) 1 = chlorophyll c3; 2 = chlorophyll c2; 3 = fucoxanthin; 4 = diadinoxanthin; 5 = cantaxanthin; 6 = chlorophyll
a; 7 = β-carotene.

Possible isotopic discrimination against 13C during photo-
synthetic uptake was not considered in this study because
of its negligible effect on the uptake rate (Hama et al.
1983).

Statistical analyses
All measurements were made in triplicate on different
cultures and the results are expressed as means with a
single standard deviation. Statistical differences between
the results were tested using RM-ANOVAs (version 18,
SPSS Inc., Chicago, IL, USA) with time as the repeated
factor. Data from each individual time were also analyzed

with t-tests, and P values of < 0.05 and < 0.01 indicated
statistically significant differences.

Results
Growth and carbon uptake rates and MAA
concentrations in P. glacialis
Significant differences (RM-ANOVA F = 1096.8, P <

0.01) were observed in the carbon uptake rates and MAA
concentrations in P. glacialis cells that were continuously
exposed to either PAR or UVR for 72 h. The carbon
uptake rate under continuous exposure to PAR for 24 h was
0.54 (±0.05) mgC L−1 d−1. In contrast, exposure to UVR
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Fig. 3. (a) Carbon uptake rate and (b) turnover rate of P. glacialis
as a function of PAR and UVR exposure. Black bar = PAR incu-
bation; Gray bar = UVR incubation. P values are indicated by
asterisks: ∗,< 0.05 and ∗∗, < 0.01.

for the same period yielded 0.33 (±0.08) mgC L−1 d−1.
However, after 72 h, this rate dropped to 0.17 (±0.01)
mgC L L−1 d−1, lower than both the initial carbon uptake
rate of P. glacialis exposed to PAR and that exposed to UVR
(0.27 (±0.03) mgC L−1 d−1) (Fig. 3). After 24 h of expo-
sure, the growth rates were 7.02 (±0.85) and 7.85 (±0.17),
exposed to PAR and UVR respectively. However, after 72 h
of exposure, these values were 7.26 (±4.57) and 13.84
(±6.10) respectively, representing a significant increase in
the growth rate for cells exposed to UVR (Table 1). The
Chl a concentration was 10.94 μg L−1 prior to light expo-
sure (T0) and reached a maximum of 14.66 (±0.37) μg L−1

after 24 h of PAR exposure. However, the Chl a concentra-
tion fell to 13.28 (±0.8) μg L−1 after 72 h of PAR exposure.
In cells exposed to UVR, the Chl aconcentration fell to
13.28 (±0.8) μg L−1 after reaching a maximum of 15.18
(±0.07) μg L−1 (Table 1).

The concentrations of both DD and MAAs tended to
increase with exposure time (Table 1). The ratio of DD to
Chl a, a xanthophyll compound, was initially 0.33 increas-
ing to 0.58 after 24 h of PAR exposure, and to a maximum
of 0.83 after 72 h. In cells exposed to UVR, a maximum
DD:Chl a ratio of 0.88 was reached from an initial value
of 0.58 (Table 1). Such characteristics were observed with

Table 1. Concentration of each protective compound, chl
a, and growth rate of P. glacialis during exposure to artificial
UV radiation.

Initial PAR UVR

Chl a (mg/L)
T0 10.94
T24 14.66 (±0.37) 15.18 (±0.07)
T48 14.13 (±0.76) 12.97 (±0.14)
T72 12.11 (±0.54) 13.28 (±0.8)

Growth rate
T24 7.02 (±0.85) 7.85 (±0.17)
T48 12.22 (±3.67) 8.18 (±0.74)
T72 7.26 (±4.57) 13.84 (±6.1)
Diadinoxanthin (ratio of chl a)

T0 0.33
T24 0.58 (±0.02) 0.58 (±0.03)
T48 0.69 (±0.003) 0.78 (±0.02)
T72 0.83 (±0.01) 0.88 (±0.02)
Shinorine (μg/μg chl a)

T0 0.65 (±0.11)
T24 0.39 (±0.003) 0.37 (±0.01)
T48 0.41 (±0.02) 0.45 (±0.03)
T72 0.42 (±0.003) 0.43 (±0.004)

Porphyra-334 (μg/μg chl a)
T0 5.84 (±0.4)
T24 4.78 (±0.04) 4.60 (±0.12)
T48 5.16 (±0.31) 4.78 (±0.27)
T72 4.90 (±0.06) 5.26 (±0.35)

UV-absorbing compounds such as shinorine and porphyra-
334. The concentration of light-scattering compounds, such
as DD, per unit Chl a decreased when P. glacialis was
first exposed to light, but then tended to increase with
increased exposure time. Shinorine concentration per unit
Chl a was initially 0.65 (±0.11) μ g mg Chl a−1, but
increased from 0.37 (±0.01) to 0.43 (±0.004) μ g mg Chl
a−1 (maximum) after exposure to UVR. The initial con-
centration of porphyra-334 (5.84 ± 0.4 μg mg Chl a−1) was
higher than that of shinorine. After exposure to UVR, this
increased from 4.6 (±0.12) to 5.26 (±0.35) μ g mg Chl a−1

(maximum) (Table 1).

Net production rate of MAAs in P. glacialis
The net production and turnover rates of Chl a and DD
in P. glacialis showed similar trends with incubation time
(Fig. 4). After 24 h exposure, the net production rates of
Chl a and DD under UVR were significantly higher (10.1 ±
0.52 fg C L−1 d−1 and 6.6 ± 0.4 fg C L−1 d−1 respectively)
than those under PAR (7.9 ± 0.2 fg C L−1 d−1 and 5.3 ±
0.5 fg C L−1 d−1 respectively). However, the net production
rates of Chl a and DD decreased with prolonged UVR expo-
sure. Net production and turnover rates of both Chl a and
DD were higher when cells were exposed to PAR compared
to UVR (Fig. 4).
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Fig. 4. The (a, b) net production rate and (c, d) turnover rate of (a, c) chlorophyll a and (b, d) diadinoxanthin in P. glacialis as a function
of PAR and UVR exposure conditions. The white bars indicate the absolute values of each compound concentration (a, b). Black bars
indicate PAR exposure and gray bars correspond to UVR exposure. P value is given by ∗∗, which indicates < 0.01.

The UV-absorbing compounds shinorine and porphyra-
334 showed a different trend with exposure compared
to DD, a xanthophyll (Fig. 5). After 72 h of exposure,
the net production rate of the UV-absorbing compounds
was higher in P. glacialis exposed to UVR than it was
with PAR. Regardless of exposure time, the net produc-
tion rate of UV-absorbing compounds tended to decrease
with increased exposure time. After 24 h of exposure,
the net production rate of shinorine in cells under PAR
(0.15 ± 0.001 μg C L−1 d−1) was similar to that under UVR
(0.15 ± 0.01 μg C L−1 d−1). However, after 72 h of expo-
sure, the production rates of shinorine were higher under
UVR (0.09 ± 0.02 μg C L−1 d−1) than under PAR (0.05 ±
0.003 μg C L−1 d−14). The net production rate of shinorine
did not differ significantly with respect to exposure time
and light conditions (F = 6.9, P = 0.05). In contrast, the
net production rate of porphyra-334 differed significantly
with these factors (F = 11.31, P < 0.05). The change in
production rate of porphyra-334 was similar to that of shi-
norine but values were consistently lower. In P. glacialis
exposed to UVR, carbon uptake into shinorine tended to
be faster and proportional to exposure time. Rapid growth
was observed after 72 h under PAR (Fig. 5). However, the
turnover rate of porphyra-334 was less than one-tenth that of
shinorine. In addition, despite higher concentrations, both
the turnover rate and net production rate of porphyra-334
were lower than those of shinorine (Fig. 5).

Effects of UVR exposure
Significant changes (determined by RM-ANOVA) were
observed in growth rates and Chl a concentrations as a result
of exposure to UVR. Carbon uptake rate and net porphyra-
334 production rate depended on the type of exposure (UVR
or PAR) and the duration of exposure (Table 2). UVR treat-
ments had no effect on the concentrations of shinorine or
porphyra-334, or on the net production rate of shinorine.
The fact that no statistical differences were observed in the
net production rate of shinorine suggests active stimulation
of shinorine in P. glacialis cells. The net production rate of
porphyra-334 depended on the duration of UVR exposure
(Table 2).

Discussion
Porosira glacialis is associated with cold coastal waters
adjacent to sea ice (Hasle & Heimdal 1968, Taylor et al.
1997, Zielinski & Gersonde 1997). It grows predominantly
in the open ocean beyond the sea ice edge (Zielinski & Ger-
sonde 1997) and adopts an effective photoprotective strat-
egy against exposure to UVB by exploiting UV-absorbing
compounds such as shinorine and phophyra-334 (Riegger &
Robinson 1997, Sinha et al. 2007). Our results show adap-
tations for UV tolerance, revealed by changes in growth
rate and Chl a concentration under UV exposure. Zudaire
& Roy (2001) reported that T. weissflogii tolerates long-
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Fig. 5. The net production rates (a, b) and turnover rates (c, d) of (a, c) shinorine and (b, d) porphyra-334 in P. glacialis are given as a
function of PAR and UVR exposure. White bars indicate the absolute levels of each compound (a, b). Black and gray bars indicate PAR
and UVR exposure respectively. P values =∗, < 0.05 and ∗∗, < 0.01.

Table 2. Results of repeated-measures analysis of variance
of the effects of the UVR treatments.

UV treatment time UVR × time

Growth rate 486.99∗∗ 2.162 28.45∗∗
Chl a concentration 150.72∗∗ 21.03∗∗ 13.42∗
DD 88.74∗ 522.56∗∗ 4.44
SH 1.19 75.45∗∗ 3.1
PR 1.74 9.13∗ 1.78
Carbon uptake rate 3.98 25.79∗∗ 1096.82∗∗
PP of DD 1.39 0.38 12.24∗
Turnover rate of

DD
3.63 14.13∗ 6.74

PP of SH 3.00 284.27∗∗ 6.90
PP of PR 5.49 226.21∗∗ 11.32∗
Turnover rate of SH 3.01 54.67∗∗ 5.25
Turnover rate of PR 0.82 78.51∗∗ 18.60∗∗

Values are F statistics for 3 replicate treatments. Chl a =
chlorophyll a; DD = diadinoxanthin; SH = shinorine; PR =
porphyra-334; PP = production rate; UVR = the between-
group factor; Time = the within-group factor; UVR ×
times = the interaction between UVR treatment and Time.
∗P < 0.05.
∗∗P < 0.01

term (40 days) UVB radiation. This contrasts with other
diatoms, such as Phaeodactylum tricornutum (Behrenfeld
et al. 1992), or Thalassiosira nordenskioldii, Nitzschia
closterium, and Cyclotella sp. (Buma et al. 1996), in which
decreased growth rates were observed. Rech et al. (2005)

showed that the growth rate of Amphora coffeaeformis was
reduced by about 18% by various long-term UVB treat-
ments, and Fouqueray et al. (2007) reported that its growth
rate was 20% lower than the control after between 3 and 5
days UV exposure.

The current study explored the effects of PAR and UVR
exposure on P. glacialis in terms of Chl a concentration
and growth rate (Table 1). Under these conditions and in
all cases, the carbon uptake rate dropped as the physiologi-
cal activity of the organism steadily weakened. During the
first 48 h of growth, cells were more physiologically active
under UVR than PAR (Fig. 3). However, after 72 h of expo-
sure to artificial UVR, the carbon uptake rate was higher
than under PAR exposure. This decrease in carbon uptake
rate is likely related to the initial decrease in photochemi-
cal capacity, an indicator of photoinhibition, as well as to
the potential metabolic cost of initially defending against
UV-related damage (Hazzard et al. 1997, Zudaire & Roy
2001). Previous studies have shown that UVR influences
the productivity of phytoplankton and carbon and nutrient
uptake rates (Behrenfeld et al. 1995, Helbling et al. 1996,
Wängberg et al. 2006). The results of our study show that
phytoplankton can live successfully in an extreme envi-
ronment by responding to, and controlling, strong light and
UVR through the production of photoprotective compounds
(Moeller et al. 2005).

The high concentration of the MAAs in P. glacialis
demonstrated the maintenance of carbon uptake through the
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8 Ha et al.

manipulation of photoprotective compounds (Table 1). The
compound-specific stable isotope study allowed the produc-
tion rates of newly synthesized MAAs to be calculated. The
results of these calculations provided additional evidence
for the protective role played specifically by newly synthe-
sized MAAs, rather than by pre-existing MAAs in the cells
(Fig. 5). Note that the rate of MAA production in response to
an external stress (UVR) appears to be a defensive strategy
since it increases despite a reduction in the carbon uptake
rate. The results of the current study showed that the car-
bon uptake ability of phytoplankton exposed to UVR is
greater than that of phytoplankton exposed to PAR. This
is possible through the maintenance of a high MAA con-
tent within the cell and the continued production of MAAs
despite the relatively poor biological condition of the phy-
toplankton cells themselves, as a result of UVR exposure.
MAAs are located in the cytoplasm and are not coupled
directly to the cellular photosystems (Moisan & Mitchell
2001). As such, they act as a passive sunscreen (Gar-
cia-Pichel & Castenholz 1993). Exposure to UVR results in
a positive correlation between the carbon fixation rate and
MAA concentration in the natural phytoplankton commu-
nity, which suggests effective photoprotection (Shick et al.
1991, Dunlap et al. 1995, Helbling et al. 1996, Neals et al.
1998). Several studies on natural populations have sug-
gested that MAA induction is related to irradiance (Shick
et al. 1991, Karentz 1994). Vernet et al. (1994) observed that
UV absorption in Antarctic phytoplankton, presumably due
to MAAs, was higher in surface waters and decreased with
depth.

The two MAAs (shinorine and porphyra-334) synthe-
sized by P. glacialis responded differently with respect to
net production rate v. exposure time. Concentrations of
porphyra-334 were higher than those of shinorine, even
though the net production rate of porphyra-334 was lower.
Marine diatoms and cyanobacteria have been shown to pro-
duce both porphyra-334 and shinorine upon UV irradiation
(Helbling et al. 1996, Sinha et al. 2003, Klisch & Häder
2008). A common bloom-forming cyanobacterium was able
to synthesize an MAA that directly absorbed UVR (Sinha
et al. 2003). However, in P. glacialis the net production rate
of shinorine was higher than that of porphyra-334, which
was present at higher concentrations. Under natural solar
radiation, increasing concentrations of shinorine, a bisub-
stituted MAA containing both glycine and serine, with an
absorption maximum at 334 nm (Sinha et al. 2001), were
only found during light periods (Sinha et al. 2001, Mushir
& Fatma 2011). UVR enhances the production of shinorine
(Portwich & Garcia-Pichel 1999), and Karsten et al. (1998a)
reported that shinorine synthesis was specifically induced
by the exposure to UVA radiation. Shinorine is the most
common MAA found in macroalgae, and has been found in
species collected from tropical to Arctic waters (Banazak
et al. 1998, Karsten et al. 1998b, Franklin et al. 2001).
Shinorine is also the most rapidly accumulated compound
synthesized in Stylophora colonies when they are exposed

to UVR under controlled laboratory conditions (Shick et al.
1999).

The other reason for the increased carbon uptake
rate of P. glacialis exposed to UVR rather than PAR is
the synthesis of xanthophyll compounds. The net pro-
duction rate of DD, a photoprotective xanthophyll pig-
ment, was nearly constant as a function of exposure
time. However, the productivity of DD was higher under
UVR than under PAR after 24 h of culture incubation
(Fig. 4). The photoprotective pigment DD has been reported
in the Prymnesiophyta, Dinophyta, and Bacillariophyta
(Laviale & Neveux 2011). In diatoms, the one-step xan-
thophyll cycle (de-epoxidation of DD to diatoxanthin,
DT) and the associated light-induced increase in DT are
known to contribute to photoprotection (Moisan et al.
1998, Demming-Adams et al. 1999). Although some studies
have reported UVB-induced damage to this xanthophylls
cycle (Pfündel et al. 1992), others have observed an increase
in DD and DT concentrations in some UVB-exposed
diatoms and prymnesiophytes (Buma et al. 1996, Buma
et al. 2000).

Many phytoplankton species adopt a complementary
strategy of producing photoprotective pigments that are
also UV-absorbing compounds (Ha et al. 2010). MAAs and
photoprotective pigments both act to eliminate light energy
(Sinha & Häder 2002). Such a complementary relationship
is known to be an adaptive strategy and is tailored accord-
ing to the type of phytoplankton or specific environmental
factors (Ha et al. 2010, Korbee et al. 2010). Korbee et al.
(2010) showed that the accumulation of MAA by Hetero-
capsa sp. (Dinophyta) increases as a result of the conversion
of excess energy from UVR to heat in the presence of excess
nitrogen (Conde et al. 2004). The MAA content of the cells
decreases if nitrogen is limited, but the de-epoxidation of
excess energy increases through the effects of the pigments
in the xanthophyll cycle. In addition, a study conducted
by Ha et al. (2010) on an indoor culture of Phaeocytis sp.
showed that changes in the concentrations of β-carotene
and DD depend on the duration of UVR exposure. Further-
more, the concentration of MAAs increases proportionally
with exposure time to artificial UVR (Ha et al. 2010).
Zudaire & Roy (2001) reported that photoprotection first
arose through an increase in levels of xanthophyll cycle
carotenoids, but was then replaced by an increase in UV-
absorbing MAAs. The fact that elevated net production rates
of DD were not maintained after the increase in net produc-
tion rate of MAAs suggests that MAAs served to protect
against photoinhibition, enabling a subsequent decrease in
the photoprotective xanthophyll cycle pigments.

The results of this study shed light on the synthetic path-
ways of photoprotective compounds and the carbon cycle
within P. glacialis. In particular, the contrasting patterns
that define the production of photoprotective pigments and
MAAs as a function of time and UV exposure were exam-
ined in detail. Complementary changes in the production
rate of MAAs and xanthophyll pigments with exposure time
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are the direct result of the allocation of carbon to different
photoprotective compounds. The results of this study show
that organic carbon is initially fixed to produce photoprotec-
tive pigments and that carbon (as determined by 13C tracer
experiments) is fixed to produce MAAs within the cell after
a particular length of exposure.

This study reveals the selective strategies adopted in
response to a hazardous stress in the stationary phase of
phytoplankton growth. The exposure of P. glacialis to UVR
allowed the net production rate of newly synthesized pho-
toprotective pigments and UV-absorbing compounds with
photoprotective roles to be calculated. According to the
physiological condition of the cells, the carbon uptake
ability of P. glacialis shows a close relationship with the
production of photoprotective compounds.
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