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SUMMARY: One of the adaptations whereby phytoplankton can alleviate damage induced by ultraviolet radiation (280-400 
nm) is the synthesis of mycosporine-like amino acids (MAAs). The synthesis of MAAs was studied after exposure of the 
Antarctic diatom Thalassiosira sp. isolated from Potter Cove (South Shetland Is., Antarctica) to 2 treatments with a solar 
simulator: surface (Sfix) and vertical mixing (Mix) irradiance conditions. Light exposure was simulated in daily cycles 
with maximum irradiance at noon. Only 2 MAAs, Porphyra-334 (82-85%) and Shinorine (15-18%), were identified. The 
concentration of the two compounds increased during experimental light exposure (50-55%) and declined in the dark (10-
15%). During the light period the synthesis rate of MAAs per unit of chlorophyll a was higher in the Sfix treatment (µ=0.17 
h-1) than in the Mix treatment (µ=0.05 h-1). In spite of the higher MAA levels, low cell numbers were observed in the Sfix 
treatment, suggesting that the algae synthesized photoprotective compounds at the expense of growth. Our results document 
overlapping effects of both daily light cycles and vertical mixing affecting the synthesis of MAAs. This, and the high thermal 
dissipation of the ultraviolet B radiation energy (280-320 nm) absorbed by these substances, suggest a rapid photoadaptive 
response of Thalasiossira sp. upon exposure to elevated irradiance in a stratified water column, as well as the complementary 
role of vertical mixing in photo-protection. 
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RESUMEN: Efectos de la mezcla vertical sobre la síntesis a corto plazo de micosporinas (MAAs) en la dia-
tomea antártica Thalasiossira sp. – La síntesis de micosporinas (MAAs) es una de las adaptaciones por las cuales el 
fitoplancton puede reducir los daños inducidos por la radiación ultravioleta (UVR, 280-400 nm). La síntesis de MAAs fue 
estudiada después de la exposición de la diatomea antártica Thalasiossira sp., aislada en Caleta Potter (Islas Shetland, Antár-
tica), a dos tratamientos: condiciones simuladas de irradiancia en superficie (Sfix) y mezcla vertical (Mix). La luz fue simu-
lada utilizando un simulador solar con ciclos diarios con irradiancia máxima al mediodía. Sólo se identificaron dos MAAs, 
Porphyra-334 (82-85%) y Shinorina (15-18%). La concentración de ambos compuestos aumentó durante la exposición a 
la luz (50-55%) y declinó en oscuridad (10-15%). Durante el período de luz, la tasa de síntesis de MAAs (calculada para 
cada tiempo dividiendo cada valor por el valor correspondiente de clorofila a) fue mayor en el tratamiento Sfix (µ=0.17 h-1) 
comparada con el tratamiento Mix (µ=0.05 h-1). A pesar de la alta concentración de MAAs, se observó un bajo número de 
células en el tratamiento Sfix, sugiriendo que las algas sintetizan los compuestos fotoprotectores a expensas del crecimiento. 
Nuestros resultados documentan una superposición de los efectos de la luz y la mezcla vertical, afectando la composición de 
ambas familias de MAAs. Esto, junto con la alta energía de disipación de radiación ultravioleta B (UVBR, 280-315 nm) por 
estas substancias, reflejan una respuesta fotoadaptativa rápida de Thalasiossira sp. en su exposición a alta irradiancia en una 
columna de agua estratificada, así como también el rol complementario de la mezcla vertical como factor de fotoprotección.

Palabras clave: micosporinas, mezcla vertical, diatomea antártica, respuesta fotoadaptativa, UV.
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INTRODUCTION

UV-absorbing compounds, especially mycosporine-
like amino acids (MAAs), strongly absorb ultraviolet 
radiation (UVR, 280-400 nm) in phytoplankton and 
macroalgae (Carreto et al. 1990a, Karsten et al. 1999; 
Shick et al. 1996). More specifically, MAAs absorb 
UVR in the 310 and 360 nm range, within the spectral 
region of major photodamage. The photoprotective 
function of MAAs has mostly been inferred from their 
efficient UVR absorption and from the experimen-
tal evidence that biosynthesis and accumulation of 
MAAs can be induced by exposure to photosyntheti-
cally available radiation (PAR, 400-700 nm) and UVR 
(Bandaranayake 1998, Carreto et al. 1990a, b, Kräbs 
et al. 2004). Moreover, algae with higher MAA con-
centrations seem to be better protected against pho-
todestruction of photosynthetic pigments and display 
better growth and motility (Neale et al. 1998a, 1998b, 
Karsten et al. 1999, Klisch and Häder 2002, Banaszak 
2003). The identification of repair and photoprotective 
mechanisms that may allow Antarctic phytoplankton 
to survive and reproduce under natural UVR, and 
particularly under increased ultraviolet B radiation 
(UVBR) flux scenarios (Lubin et al. 1989), is a key 
to understanding the dynamics of carbon fluxes in the 
South Antarctic. Cullen and Lesser (1991), Neale et al. 
(1998b) and Hernando and Ferreyra (2005) suggested 
that the impact of solar radiation on Antarctic phyto-
plankton in the upper metres of the water column in 
the euphotic zone is significantly modulated by vertical 
mixing. Both the degree of exposure to UVBR and the 
balance between damage and repair are a function of 
mixing depth and mixing speed (Neale et al. 1998b). 
As phytoplankton is moved vertically, cells experi-
ence both different irradiance and spectral exposures. 
Therefore, mixing in water column is a key factor to 
be considered in evaluating MAA induction patterns 
(Ivanov et al. 2000, MacDonald et al. 2003).

The water column attenuates solar radiation, and the 
amount of energy received at a given depth depends not 
only on the surface irradiance, but also on the attenua-
tion coefficient (Kd). The light-absorbing components 
in the aquatic system are the water itself, dissolved 
organic carbon (DOC), and coloured dissolved organic 
matter (CDOM), photosynthetic pigments, and the 
concentration of inorganic particles such as sediment 
run-off (Kirk 1994). Attenuation of UVR is higher than 
that of PAR as DOC and CDOM do not absorb within 
the visible light range. 

It is still not fully understood what exactly regu-
lates MAA synthesis in phytoplankton. Several studies 
suggest that the total irradiance (Carreto et al. 1990a, 
Neale et al. 1998b, Taira et al. 2005) in agreement 
with spectral quality of PAR and UVR (Carreto et 
al. 1990b, Riegger and Robinson 1997, Portwich and 
García-Pichel 2000, Kräbs et al. 2002, 2004) and the 
availability of assimilable nitrogen (Frame 2004) shape 
the process of MAA production. Experiments carried 

out with several species of Antarctic phytoplankton to 
identify the wavelengths which trigger MAA formation 
(Davidson et al. 1994, Villafañe et al. 1995, Helbling 
et al. 1996, Riegger and Robinson 1997, Hernando et 
al. 2002) indicate a high variability in the spectral in-
duction pattern. In some species, MAAs accumulate in 
response to UVBR (Helbling et al. 1996), whereas in 
others induction is dependent on PAR, blue light and 
ultraviolet A radiation (UVAR) (315-400 nm), with 
no additional effects of UVBR (Bandaranayake 1998). 
The production of MAAs in the dinoflagellate Alex-
andrium catenella, for instance, is PAR-dependent. 
However, the synthesis was inhibited when the algae 
were additionally exposed to high UVBR (Carreto et 
al. 2002), suggesting that the synthesis of this putative 
protection mechanism is susceptible to UVBR in the 
dinoflagellate. In other algal groups, such as chloro-
phytes and criptophytes, MAAs were not synthesized 
or were not photoinduced upon exposure to either high 
PAR or UVR (Helbling et al. 1996, Riegger and Rob-
inson 1997). In addition, in some species of cyanobac-
teria MAAs are mostly induced by UVBR and unaf-
fected by UVAR and PAR (Sinha et al. 2002). It there-
fore seems that different photoreceptors are involved 
in MAA induction. It has been suggested that these 
photoreceptors are responsible for the regulation and 
production of species-specific MAA induction patterns 
in response to the environmental light regime (Carreto 
et al. 1990a, Riegger and Robinson 1997, Portwich and 
García-Pichel 2000, Kräbs et al. 2004). 

Climate warming results in a decrease in sea ice 
during summer in polar regions, including the coastal 
regions of King George Island (Serreze et al. 2007, 
Schloss et al. 2008), which will alter water column 
stratification and mixed layer depth (Finkel et al. 
2010). To improve predictions of recent changes in 
water column stratification in the area of the West Ant-
arctic Peninsula, plankton physiologists need to deter-
mine how to quantify the key physiological responses 
of major bloom-forming species.

In the present study we examined the short-term 
(hours) MAA synthesis of a typical Antarctic bloom 
forming diatom, Thalassiosira sp. The algae were cul-
tured and exposed to simulated solar radiation under 
static surface exposure conditions (Sfix treatment), 
as well as under changing irradiance intensity, and to 
variable spectral conditions (PAR: UVAR: UVBR) to 
simulate the vertical mixing in the water column (Mix 
treatment). 

MATERIALS AND METHODS

Isolation and culture of Thalassiosira sp.

Thalassiosira sp. was isolated from the natural 
community of Potter Cove, King George Island (Ant-
arctica, 62º14´S, 58º38´W) one month before the start 
of the experiments, following Hernando et al. (2002). 
Isolated cells were grown in PyrexTM vessels (exposed 
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to PAR+UVA) with f/2 medium (Guillard and Ryther 
1962). The culture vessels (700 ml) were exposed to 
natural solar irradiance in the window of a refrigerated 
aquarium at 0-2ºC for 10 days. Aliquots of exponen-
tially growing Thalassiosira sp. were diluted with 
0.7-µm filtered seawater and addition of f/2 medium 
(v/v) before experimental incubations, reaching cell 
concentrations of ~5-10x103 cell ml-1.

Incubation experiments

Two experiments, simulating surface exposure and 
mixing (Sfix and Mix treatments, respectively), were 
conducted in a solar simulator (SONSI) developed at 
the Alfred-Wegener Institute for Polar and Marine 
Research (AWI, Germany; see Bracher and Wiencke 
2000 for a detailed description). The SONSI has a 
light source and 3 stacked filters of variable thick-
ness (and therefore variable light transmission). The 
samples were illuminated with a 400-W metal halide 
lamp (Phillips MSR 400HR) containing a number of 
lanthanide rare earths, resulting in a solar-like con-
tinuum. The original lamp spectrum was modified by 
interferential chemical filters absorbing in different 
wavelength regions, in order to simulate the natural 
solar spectrum (Bracher and Wiencke 2000). Photons 
of wavelengths shorter than 280 nm were eliminated 
with a 6.5-mm-thick borosilicate glass (Schott, TEM-
PAX) filter. 

In order to simulate local natural surface solar irra-
diance conditions, a series of measurements was per-
formed in Potter Cove with a PUV-510 spectroradi-
ometer (Biospherical Instruments Inc.). A surface so-
lar UVBR scenario of 360 DU ozone, (UVBR: UVAR 
ratio =0.05) was simulated based on the UVBR:UVAR 
ratios calculated from the field measurements carried 
out on several days prior to the experiment. Solar in-
clination corresponding to the latitude and time of the 
year (November), as well as the daily sun inclination 
corresponding to a 24-h cycle, were simulated (Fig. 
1). During the experiment, irradiance reaching the al-
gae was monitored using a spectroradiometer special-
ly designed for the SONSI at the AWI (Bracher and 
Wiencke 2000). The instrument records irradiances 
between 260 and 720 nm for each bandwidth. Ver-
tical mixing conditions in the SONSI were adjusted 

to simulate the mixing depth and speed determined 
during field experiments by Hernando and Ferreyra 
(2005) for the vertical movement of particles under 
the conditions of turbulent fluxes. We simulated a 
speed of mixing corresponding to an average of wind 
speed of ~6 m s-1 in our Mix treatment, following the 
results from Schloss and Ferreyra (2002) for Potter 
Cove. Therefore, the depth of the simulated mixing 
layer was within the first few meters of the water 
column (5-10 m). Exposure of cells to UVR began 
at a simulated depth of 7 m, increasing by 1-m fixed 
steps each hour until the irradiance at the surface was 
reached. Cells were exposed for 2 hours to simulated 
surface conditions. Then, downward mixing was 
simulated at the same fixed steps to complete one 
mixing cycle. In the Sfix treatment, the algae were 
exposed to simulated surface conditions continuously 
to the solar irradiance corresponding to the latitude of 
Potter Cove at the time of the year. In this treatment 
the irradiance corresponding to a 24-h solar cycle was 
simulated. Maximum irradiance in the SONSI was 
reached after 9 h of exposure in both treatments (Fig. 
1). UVBR below 5 m depth was not simulated dur-
ing laboratory experiments due to the low irradiance 
values measured in the field and the lack of sensitiv-
ity of the SONSI spectroradiometer. The calculated 
daily doses of UVBR, UVAR and PAR are shown in 
Table 1. Quantity and quality of simulated surface ir-
radiance were adjusted hourly to variable spectral at-
tenuation coefficients, and the SONSI filter solutions 
were changed to simulate the underwater irradiance 
field. The recorded natural spectral coefficients were 
used for the preparation of the interference solutions. 
The initial Thalassiosira sp. cultures were placed in 
quartz tubes (100-ml volume), exposing cells to both 
UVR and PAR (280-700 nm). Incubation was main-

Fig. 1. – Daily irradiance time courses of PAR, UVAR and UVBR in the experimental exposures of Thalassiosira sp. cultures under simulated 
radiation and simulated surface static (Sfix treatment) and vertical moving (Mix treatment) incubations. 

Table 1. – Daily doses of PAR, UVAR and UVBR during the ex-
perimental exposures of Thalassiosira sp. cultures

 Static Surface Vertical Mixing

UVBR  (KJ m-2) 47.8 31.0
UVAR  (KJ m-2) 1520 1086
PAR     (KJ m-2) 14152 12045
UVBR:UVAR 0.031 0.028
UVR:PAR 0.11 0.09
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tained at 3ºC. Three replicate samples were used for 
each treatment time point. After being filtered, the 
replicate samples had to be pooled to achieve enough 
volume for extraction of MAAs to reach the detection 
limit of the analysis method. Chl a, cell counts and 
MAA samples were taken every 3 hours. 

Determination of chlorophyll a (Chl a) and cell 
counts

Chl a was analyzed fluorometrically using a Shi-
madzu RF150 spectrofluorometer, following Holm-
Hansen et al. (1965). A fourth quartz tube (100 ml 
volume) was exposed in the SONSI in order to deter-
mine Chl a. Unreplicated samples of 6 ml from this 
last tube were filtered through a GF/F Whatman glass 
fibre filter and the photosynthetic pigments were ex-
tracted in absolute methanol at room temperature for 
1 hour (Holm-Hansen and Riemann 1978). The spec-
trofluorometer was calibrated using a standard of Chl 
a (Sigma). Three replicate samples for cell counting 
were kept in dark bottles and fixed with formalin previ-
ously neutralized with sodium borate (final concentra-
tion 0.4%). Cells were enumerated with a microscope 
using a Sedgwick-Rafter counting slide according to 
Villafañe and Reid (1995).

Growth measurements 

Instantaneous growth rates were determined ac-
cording to the following equation: 

µ=ln(N1/Nn-1)/(t1)

where µ is a specific growth rate constant (h-1), t1 is 
the time in hours of measurement, N1 is the parameter 
concentration at time t1 and Nn-1 is the parameter con-
centration at the previous time. 

MAA measurements

For identification and quantification of MAAs, 
8-ml samples were filtered onto Whatman GF/F filters 
and frozen (–20°C). Filters were extracted with a Vi-
bra Cell probe sonicator (Sonics and Materials; 1 min, 
100 W pulse mode, 0ºC) into 4-ml 100% HPLC grade 
methanol. The extracts were filtered (Whatman GF/F) 
and dried using a centrifugal vacuum evaporator (Cen-
trivap, Labconco, Co.). The residue was redissolved in 
500 µl of water and vortexed for 30 s. After passing 
through a 100 k Dalton ultrafilter (Ultraspin™), sam-
ples were analyzed by HPLC according to the method 
of Carreto et al. (2002). Briefly, the individual MAAs 
were separated by reverse phase gradient elution on an 
Alltima (Alltech) C18, 5-µm column (4.6 mm i.d. × 150 
mm length) protected by its own Alltech guard column 
(4.6 mm i.d. × 20 mm length) and thermostated to 30°C. 
The gradient included an initial isocratic hold of 8 min 
with 100% Solvent A (0.2% acetic acid) followed by 

a 12-min linear gradient from 0 to 40% of Solvent B 
(methanol:acetonitrile:0.2% acetic acid, 25:25:50) 
at a flow rate of 1.0 ml min–1. Individual peaks were 
identified by their online absorption spectra, retention 
time and co-chromatography with authentic standards 
isolated from the red algae Porphyra sp. Quantification 
was made by peak-area integration at 330 nm, using 
the following molar extinction coefficients: ε334=44700 
for Shinorine (Tsujino et al. 1980) and ε334=42300 for 
Porphyra-334 (Takano et al. 1979).

Statistical analyses 

In order to test for differences in Chl a, MAA/Chl 
a concentration between treatments and differences in 
the ratio between Shinorine and Porphyra-334 during 
the exposure time, a one-way ANOVA analysis was 
applied. To analyze the significance of the differences 
observed between Porphyra-334 and Shinorine during 
exposure time, an ANCOVA analysis was applied. 
Repeated measures ANOVA (RMANOVA) were 
performed (Statistica, version 5.1) to determine the 
significance of the differences observed in the growth 
rate of Thalassiosira sp. for each treatment. In all cases 
assumptions for the test were verified.

RESULTS 

Chl a

The initial cultures of Thalassiosira sp. used in the 
experimental treatments showed minor differences in 
the MAAs cell content and in the MAA/Chl a ratio 
(Table 2). In order to normalize the Chl a values, each 
exposure time point was divided by the initial concen-
trations of the culture used in the experiment. Despite 
the lower Chl a concentration of Thalassiosira sp. used 
for the Sfix treatment, the values were not significantly 
different (F=3.02, P>0.05) from those used for the Mix 
one. Chl a concentration in the Mix treatment increased 
during the light period and then stabilized at the begin-
ning of the dark period. In contrast, the synthesis of 
Chl a was arrested during the first few hours in the Sfix 
treatment and increased again after 6 hours of acclima-
tion to Sfix irradiance conditions, until 12 h when the 
Chl a concentration stabilized at similar levels to those 
observed in the Mix treatment (Fig. 2). 

Table 2. – Values of MAA cell contents (pg cell-1), MAA/Chl a (ng 
ng-1) ratio and Chl a (mg L-1) in Thalassiosira sp. cultures before the 

start of the experiments (0 h) and at the end of them (24 h). 

  0 h 24 h

Static Surface  
 MAAs (pg cell-1) 35.3 49.17
 MAA/Chl a (ng/ng) 1.17 1.46
 Chl a (mg L-1) 3.11 3.93
Vertical Mixing  
 MAAs (pg cell-1) 40.8 37.89
 MAA/Chl a (ng/ng) 1.44 1.41
 Chl a (mg L-1) 3.34 3.5
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Cell growth

Maximum growth rates were attained during the 
first 6 h of the experiment. RMANOVA analyses 

for Thalassiosira sp. instantaneous growth rate (h-1) 
showed a significant interaction between treatments 
and exposure time during the light period (3-15 h). 
Growth rates were significantly higher at hours 3, 6 
and 12 in the Mix treatment than in the Sfix treatment 
(RMANOVA, P<0.01) (Fig. 3). 

MAAs identification and synthesis

The chromatogram of the cell extract of the diatom 
Thalassiosira sp. showed a 2-peak MAA profile (Fig. 
4): Porphyra-334 (relative proportion: 82-85%) and 
Shinorine with lower concentrations (relative propor-
tion: 15-18%). 

Rapid and significant increases in the concentra-
tions of Porphyra-334 and Shinorine were observed 
from the beginning of the experiment in both treat-
ments (Porphyra-334 F=11.14 and Shinorine F=8.99 
for the Mix treatment [P<0.05]; Porphyra-334 
F=20, and Shinorine F=16.56 for the Sfix treatment 
[P<0.01]) (Fig. 5). Under both conditions, MAA 
concentrations increased during the light period and 
decreased toward the beginning of the dark period. 
The concentration of both MAAs was significantly 
higher in the Sfix than in the Mix treatment (ANCO-
VA F=9.79, P<0.01 for Porphyra-334 and F=9.87, 

Fig. 2. – Time course of Chl a (normalized to initial values) dur-
ing exposures: Sfixed surface (filled triangles) and vertical mixing 

(open triangles).

Fig. 3. – Cell instantaneous growth rate (µ=h-1) of Thalassiosira 
sp. as a function of the exposure time (hours) for surface and mix-
ing treatments. Sfixed surface (filled triangles) and vertical mixing 

(open triangles). Vertical bars are standard deviations. 

Fig. 4. – Typical chromatogram of cell extracts of the diatom Tha-
lassiosira sp.: 1) Shinorine, 2) Porphyra-334. Detection at 330 nm

Fig. 5. – Time course of normalized to initial values cell contents 
of Porphyra-334 (a) and Shinorine (b) during exposures: Sfixed sur-

face (filled triangles) and vertical mixing (open triangles).
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P<0.01 for Shinorine; Fig. 5 a and b respectively). A 
rapid increase in the MAA/Chl a ratio was observed 
during the first 3 hours of the Sfix treatment. Despite 
the higher concentrations of MAAs observed in the 
Sfix treatment until 15 h, the values of the ratio were 
not significantly different (F=4.22, P>0.05) from 
those of the Mix treatment. After 15 h of exposure the 
MAA/Chl a ratio remained almost constant (F=0.01, 
P>0.05) (Fig. 6).A marked increase in the Shinorine/
Porphyra-334 ratio was observed at the beginning 
of the experiment in both treatments, followed by a 
sharp decrease during the period of maximum light 
exposure, and a second increase following 15 h of 
exposure, which lasted until the end of the experi-
ment. The Shinorine/Porphyra-334 ratio in the Mix 
treatment was significantly higher than that in the 
Sfix treatment during the first 15 h in the light period 
(F=11.05, P<0.01) (Fig. 7). However the differences 
between exposure times for the light period (until 15 
h) were not significant (F=2.74, P>0.05).

DISCUSSION

Diatoms generally contain low concentrations of 
MAAs, with some species even reported to produce no 
MAAs at all (Jeffrey et al. 1999, Riegger and Robinson 
1997, Laurion et al. 2003). However, in agreement with 
previous reports from Antarctic diatoms (Riegger and 
Robinson 1997, Hernando et al. 2002), Thalassiosira 
sp. had high amounts of 2 widely distributed MAAs, 
Porphyra-334 and Shinorine. Porphyra-334 was the 
dominant UV-absorbing compound (relative propor-
tion: 82-85%) detected in algae in both treatments, 
whereas Shinorine was present in a lower proportion 
(relative proportion: 15-18%). Both compounds have 
their maximum absorption at 334 nm, in the low UVA 
range (Neale et al. 1998b). Conde et al. (2004) showed 
that ~97% of the absorbed UVB photon energy can be 
dissipated as heat. The absorption maxima of MAAs 
is in the 310 to 360 nm range, and it has been hypoth-
esized that they can act as sunscreens and thus reduce 
harmful effects of UVR (Carreto et al. 1989). Also, 
many important molecules, such as cytochromes and 
catalase, have their absorbance maximum in the UVAR 
range (White and Jahnke 2002) and might be protected 
by the MAA screening. Accordingly, Leu et al. (2006) 
showed an increase in the ratio of the photoprotective 
pigments diadinoxanthin and diatoxanthin/Chl a con-
tent in the Arctic diatom Thalassiosira antarctica var. 
borealis exposed to UV radiation. 

Our experimental data clearly indicate that the 
MAA synthesis rate is related to the daily light-dark 
cycle in Antarctic Thalassiosira sp. (Fig. 5a, b). The 
synthesis of both Porphyra-334 and Shinorine, in-
creased at the beginning of the light period, attained 
maximum concentrations at the end of the light period, 
and then decreased towards the beginning of the dark 
period (Fig. 6). This dependence on total irradiance 
supports the view that photosynthesis is a necessary 
prerequisite for the formation of MAA precursors 
(Bandaranayake 1998). As previously shown in dino-
flagellates (Carreto et al. 1990b), the synthesis of these 
compounds at high irradiances can be abrogated by 
simultaneous exposure to 3-(3-4-dichlorophenyl)-1, 
1-dimethylurea, an inhibitor of photosynthesis. Since 
the photochemical stability of Porphyra-334 and Shi-
norine is very high (Conde et al. 2000), the decrease 
observed during the dark period appears to be the result 
of a metabolic process induced during darkness. For 
instance, in the dinoflagellate A. excavatum (=A. tama-
rense) the synthesis of MAAs is a rapid and partially 
reversible photosynthesis-dependent process that is ar-
rested by low light conditions and by chemical inhibi-
tion of photosynthesis (Carreto et al. 1990a). However, 
in the red algae Chondrus crispus the synthesis of 
Shinorine was induced by UVAR plus PAR after a lag 
phase of one day, after which Shinorine continuously 
increased its concentration from the beginning of the 
light exposure and continued during darkness (Kräbs et 
al. 2004). Recently, a two-stage process for the induc-

Fig. 6. – MAA/Chl a ratios (normalized to initial values) during ex-
posures: Sfixed surface (filled triangles) and vertical mixing (open 

triangles).

Fig. 7. – Time course of the Shinorine/Porphyra-334 ratio during 
exposures: Sfixed surface (filled triangles) and vertical mixing 

(open triangles).
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tion of MAAs in the toxic dinoflagellate Alexandrium 
tamarense was reported (Callone et al. 2006). The 
first stage involves the net synthesis of mycosporine-
glycine and the MAAs bi-substituted by amino acids, 
Porphyra-334 and Shinorine, within the first 2 h of ex-
posure to higher PAR irradiances. In the second stage 
these compounds were transformed into other MAAs. 
In our experiments, the MAA composition of the dia-
tom Thalassiosira sp. did not change during the entire 
simulated daily exposure cycle and was independent 
of the light quality conditions, suggesting the lack of 
expression of some unknown enzymatic systems that 
used primary MAAs as precursors (Fig. 7), (Carreto et 
al. 2001, Callone et al. 2006). 

Only during the light period, the ratio between the 
two MAAs was slightly higher in the Mix than the 
Sfix treatment, owing to a higher rate of Porphyra-334 
synthesis in the Sfix (µ=0.42 day-1) than in the Mix 
treatment (µ=0.40 day-1). However, no significant dif-
ferences between treatments were observed (F=3.05 
P>0.05). Lower solar irradiance had a reducing effect 
on the synthesis of Porphyra-334. In the Sfix treatment 
cells were exposed to high daily integrated PAR and 
UVAR irradiance, whereas the maximum UVBR ir-
radiance and the daily UVBR dose were relatively low 
(around 20%) compared to natural spring conditions 
(Hernando 2011, Hughes 2003) (Table 1) in the Potter 
Cove area. Similar results were previously reported for 
a strain of Thalassiosira sp. isolated from the same area 
(Hernando et al. 2002), which showed that the synthe-
sis rates of both Porphyra-334 and Shinorine during 
short-term incubations under natural solar radiation 
depend on PAR intensities, and that any specific role in 
stimulating or inhibiting MAA synthesis is due to the 
UVBR. Moreover, in our experimental set-up the Chl 
a concentration decreased during the first 6 hours in 
static surface exposure (Sfix, Fig. 2) when the exposure 
to UVBR was highest (Fig. 1). Loss of pigmentation 
or pigment bleaching is a common effect of short-term 
high UVR exposure (Vernet 2000, Carreto et al. 2002). 
However, in spite of the Chl a bleaching, the specific 
rate of synthesis for Porphyra-334 was slightly high. 
Thus, it appears that Thalassiosira sp. uses the pho-
tosynthetic energy gain for the synthesis of photopro-
tective compounds and presumably re-enforces repair 
mechanisms at the expense of cellular growth (Fig. 3), 
as has been shown for the same genus by Hernando et 
al. (2002). During this study, Hernando et al. (2002) 
performed an exposure experiment to total radiation 
during 6 days using a monospecific culture of Thalas-
siosira sp. It was shown that the species had an initial 
period of growth inhibition. The rate of synthesis of 
MAAs (µ) was very high in the short-term (hours) and 
during the 2 first days of the experiment. After 2 days 
of exposure, however, the MAA content per cell was 
several times higher than that initially found, and the 
cells exposed to the PAR+UVR treatment displayed 
the maximum concentration. These results support the 
idea that during acclimation the cellular division of 

Thalassiosira sp. was strongly inhibited by UVR. As 
the synthesis of MAAs was not affected by UVR, the 
cells exposed to full solar radiation accumulated more 
MAAs than those only exposed to PAR.

The stable ratio of MAAs during the light period 
in the Sfix treatment is indicative of a considerable 
photostability of both Thalassiosira MAA compounds 
(Conde et al. 2000), although in both treatments the 
Shinorine/Porphyra334 ratio declined in the period of 
highest light (Fig. 7), owing to faster photo-degradation 
of Shinorine, which was especially evident in the Sfix 
treatment with higher UVBR irradiation doses. Conde 
et al. (2004) showed that the photo-degradation of Shi-
norine in aqueous solution is slightly higher than that 
of Porphyra-334 under in vitro conditions. 

Fixed surface incubations (i.e. not vertically mixed) 
represent the worst-case scenario for phytoplankton. 
Samples from the natural environment are exposed to 
such a radiation regime only when remaining near the 
sea surface. This is a possible scenario in the area from 
which the samples were obtained. In Potter Cove, under 
low wind speed conditions (wind speed<4 m s-1) and 
strong inputs of freshwater from glaciers the water col-
umn became more stratified, increasing phytoplankton 
residence time within the first few metres (5-10 m) 
(Schloss and Ferreyra 2002). For Antartica there is 
evidence of increases in ocean temperature, decreases 
in ocean pH and strengthening of the westerly winds at 
the decadal scale (Meehl et al. 2007). Shallow-mixed 
layers in the upper part of the water column result in 
prolonged exposure of cells due to high light and in-
creased UVR penetration, leading to cellular damage 
as well as inhibiting photosynthesis and growth (Hern-
ando and Ferreyra 2005). Increased vertical stratifica-
tion and the decrease in the vertical mixed layer depth 
in Antarctic coastal regions are expected to select spe-
cies less susceptible to photodamage, with higher rates 
of repair, and/or other strategies to deal with high light 
stress (Finkel et al. 2010).

Altogether our data indicate that Thalassiosira sp. 
from Potter Cove can survive high UVBR exposure in 
stratified water surfaces. Further, our results document 
overlapping effects of both daily light cycles and verti-
cal mixing affecting the synthesis of both MAAs. The 
general decreasing trend in Chl a and in the Shinorine/
Porphyra ratio during the period of maximum light 
exposure in the natural environment was aligned with 
the same period in the exposure of cells in the Sfix and 
Mix treatments. This response is consistent with the 
observations by Hernando et al. (2002), who reported a 
lower Shinorine/Porphyra-334 ratio during exposure to 
the full natural daylight including UVBR and UVAR 
than in exposure conditions excluding UVBR, and to 
a lesser extent UVAR. The fact that the ratio remained 
higher in the Mix than in the Sfix treatment suggests 
that vertical mixing in Potter Cove may play a photo-
protective role. This, together with the high energy 
dissipation of UVBR by these substances, reflects a 
highly flexible adaptive response of Thalassiosira sp. 
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upon exposure to high irradiance in a stratified water 
column and the complementary role of vertical mixing 
in photo-protection. 
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