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ABSTRACT The presence of UV-absorbing compounds, thelr In vivo absorption and photoinducibility 
were investigated in the colonial form of the prymnesiophyte Phaeocystis antarctica and 11 species of 
Antarctic diatoms. High in vivo phytoplankton absorption peaks centered at 315-320 nm wavelengths 
indicated the presence of UV-absorbing compounds in all cultures of P. antarctica examined. UV- 
absorbing compounds, detected as in vivo absorption peaks at slightly longer wavelengths 
(330-333 nm), were present in most diatom species, but were absent or present in minute amounts in 
smaller species. UV-absorbing compounds were identified in the diatoms as the mycosporine-like 
amino acids (MAAs) porphyra-334, mycosporine-glycine, and shinorine but could not be positively 
identified in P. antarctica. Accumulation of MAAs was induced by llght in the blue/UV portion of 
the spectrum (305-460 nm). For diatoms, induction was most effective at wavelengths between 370 and 
460 nm with very little response observed at ultraviolet-B (UVB, 280-320 nm) wavelengths. In contrast, 
induction was maximal at 340 nrn and significant at wavelengths down to 305 nrn in colonies of 
P. antarctica. Induction requlred continuous illurn~nation and exhibited an Initial lag phase (10 to 24 h 
in length), an exponential phase (60 to 120 h in length), and a steady-state phase. The cellular content 
of MAAs was stable in viable cells kept for over 2 mo In prolonged darkness and became d~luted 
through successive cell divisions in cells grown in non-inducing ~llumination (red and yellow light). The 
potential sunscreening effect (S) of MAAs, calculated as the fractional reduction of UV exposure to a 
centrally-located cellular target, ranged from 0.03 to 0.50 for diatom cells and from 0.65 and 0.72 for 
P, antarctica colonies. S exhibited an increasing trend with cell and colony size. Whereas MAAs are 
thought to be intracellularly located, the large values of S determined for P. antarctica suggests that 
UV-absorbing compounds associated with the colonies are located within the extracellular colonial 
matrix. The results indicate that most phytoplankton species examined have the potential to respond to 
an increase in UVR resulting from seasonal changes in solar zenith angle by increasing their MAA con- 
tent. A similar response to elevated UVB levels resulting from depleted ozone concentrations may be 
limited to P. antarctica. 
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INTRODUCTION 

The extent of biological harm resulting from natu- 
rally occurring levels of ultraviolet radiation (UVR, 
280-400 nm) may depend on solar radiation both as a 
source of damage and as  a source of regulatory infor- 
mation. Organisms have developed a broad range of 
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adaptive strategies that may reduce the impact of solar 
UVR (for overview see Vincent & Roy 1993, Karentz 
1994), which include repair of UVR-induced damage to 
DNA (Sancar & Sancar 1988, Karentz et al. 1991b) and 
the production of UV-absorbing substances that act as 
UV sunscreens (Caldwell et al. 1983, Karentz et al. 
1991a). There is a growing body of evidence that UVR 
and blue light play a n  important role in the regulation 
of mechanisms for acclimation to UVR. For example, 
gene regulation of the key enzyme of the flavonoid 
biosynthetic pathway, chalcone synthase, has been 
shown to be directly regulated by ultraviolet-A (UVA, 
320-400 nm) and blue light (Strid et  al. 1994). Flavo- 
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noids are the substances that provide sunscreen 
protection in higher plants (Beggs & Wellmann 1994, 
Stapleton & Walbot 1994). Recent work indicates that 
UV-absorbing compounds present in Antarctic phyto- 
plankton functlon as UVR sunscreens (Helbl~ng et  al. 
1996) and that the abundance of these compounds is 
regulated by the exposure of phytoplankton cells to 
UVR and blue radiation (Carreto et al. 1990b). 

The most commonly identified class of UV-absorbing 
compounds in phytoplankton are mycosporine-like 
amino acids (MAAs), which are water-soluble sub- 
stances composed of a cyclohexenone ring with an 
amino acid side group (Karentz et  al. 1991b). Over a 
dozen different MAAs have been reported (Nakamura 
et  al. 1982, Dunlap et  al. 1986, Carreto et al. 1990a, 
Karentz et  al. 1991b, Shick et al. 1992, Davidson et  al. 
1994), each exhibiting distinct absorption maxima in 
the range from 310 to 360 nm. The cellular regulation 
of MAAs has not been well documentcd, but the 
results of several studies indicate that MAA accumula- 
tion in phytoplankton may respond to the quantity and 
spectral distribution of visible and UV light. For natural 
phytoplankton samples collected in the Southern 
Ocean, the highest concentrations of UV-absorbing 
compounds were found in surface samples (Mitchell et 
al. 1989, Vernet et  al. 1989, 1994, Helbling et  al. 1994), 
where light levels are highest. A similar depth depen- 
dency for UV-absorbing compounds was observed in 
corals (Dunlap et  al. 1986). Furthermore, irradiation 
with sub-lethal doses of UVR in the laboratory and in  
situ enhanced the accumulation of UV-absorbing com- 
pounds in algae (Carreto et al. 1990b, Marchant et al. 
1991) and cyanobacteria (Garcia-Pichel & Castenholz 
1993). 

If the induction of UV-absorbing compounds in 
marine organisms is regulated by visible and UV light, 
then the characterization of that regulation could pro- 
vide insight into the potential for phytoplankton to 
respond to variation in UV radiation brought on by 
seasonal changes in solar elevation and by changes in 
atmospheric ozone concentration. In this study, we 
examined the kinetics and spectral response of 
photoinducibility of UV-absorbing compounds, their 
loss in non-inducing illumination conditions, and their 
absorption characteristics in 11 Antarctic diatom spe- 
cies and in colonies of the prymnesiophyte Phaeocystis 
antarctica. The results are discussed in terms of the 
potential for UV-absorbing compounds to provide pro- 
tection from UV damage. 

MATERIALS AND METHODS 

Phytoplankton species. The 11 diatom species, 
Porosira pseudodenticulata (Hustedt) Jouse, Thalas- 

siosira tumida (Janisch) Hasle, Thalassiosira antarctica 
Comber, Chaetoceros sp.  1, Chaetoceros sp. 2 ,  Pro- 
boscia inermis (Castracane) Jordan & Ligowski, 
Porosira glacialis (Grun.) Jsrg., Cosinodiscus centralis 
Ehr., Stellarima microtrias (Ehrenberg) Hasle & Sims, 
Fragllariopsls linearis (Castracane) Frenguelli, and 
Fragilariopsis cylindrus (Grun.) Krieger in Helmcke & 
Krieger, and the prymnesiophyte Phaeocystis cf. 
antarctjca were obtained from the collection of polar 
phytoplankton species at the Alfred Wegener Institute. 
All species were isolated from the plankton of the 
Weddell Sea, Antarctica. The cultures were main- 
tained in batch culture in filter-sterilized (0.2 pm mesh 
size) Antarctic sea water (33 psu) enriched with Drebes 
Medium (Stosch & Drebes 1964) at 0°C. P antarctica 
was maintained in the colonial phase. 

Light fields and spectral measurements. Experimen- 
tal incubations were carried out in refrigerated incuba- 
tors that maintained temperature at 0 i 0.3"C. Four dif- 
ferent light fields were used to illuminate the algal 
cultures, depending on experimental requirements. A 
white-light field, which provided photosynthetically 
active radiation (PAR) at wavelengths between 400 
and 700 nm, was generated with a bank of 5 white flu- 
orescent tubes (Osram L 40W/25). Irradiance was 
adjusted with acetate neutral density filters. A 
yellow-light (>460 nm) and a red-light (>560 nm) field 
were obtained by placing a yellow or red acetate 
filter (No. 401 and No. 482, Strand Lighting, Wolfen- 
buttel-Salzdahlum, Germany), respectively, before 
the white-light source. A full spectrum light field 
(UVB/UVA/PAR, 280-700 nm) was generated by 
2 white fluorescent tubes, 2 UVA fluorescent tubes 
(Philips TL60W/09N) and 1 UVB fluorescent tube 
(Philips TL 40W/12). 

Measurements of the white, yellow, and red light 
fields were made with a LICOR (LI) PAR light meter 
equipped with a 47t sensor (LICOR-L1 193SB). Spectral 
irradiance (280-700 nm) was measured using a custom 
built non-scanning double monochromator (1.3 nm 
resolution) with a microchannel plate detector (Tug & 
Baumann 1994). 

Experimental design. To survey phytoplankton spe- 
cies for UV-absorbing compounds, the diatoms were 
incubated at the standard conditions of 100 pm01 pho- 
tons m-2 S-' of white light illumination at 0 + 0.3OC. 
After incubation for a minimum of 5 generations, the 
cultures were sampled for measurements of cell num- 
ber and size, algal absorption, and MAA content. To 
obtain 3 size classes of the pryrnnesiophyte Phaeocys- 
tis antarctica with colonies of uniform radius, stock cul- 
tures were first filtered over gauze mesh with 500, 100 
or 20 pm mesh size. Filtered colonies were resus- 
pended in enriched Drebes Medium and allowed to 
grow at standard conditions for a minimum of 5 gener- 
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ations, after which the radii of 80'% of the 1 0-4 

colonies in each of the 3 size classes fell 
within the desired ranges of 50-100, 
200-400 and 800-1400 pm. The P. ant- 1 0 . ~  

5 arctica cultures were sampled for mea- v 
surements of colony number and size, 5 
algal absorption, and MAA content. 5 10~6 

To examine the dependence of the 
accumulation of UV-absorbing com- '' 

U 

pound on irradiance and spectral dis- 
tribution, maintenance cultures of the 
diatoms TI?alassiosira tum~da ,  T. antarc- 10-8 
tica, and POI-osira pseudodenticulata 

280 320 360 400 440 480 520 
were subdivided and then incubated in 

Wavelength (nrn) 
red and yellocv light (100 pm01 photons 
m'2 S-') and at  7 or 8 different intensities 
of white light, ranging from 20 to 
350 pm01 photons m-' S-'. After the cul- 
tures had grown in semi-continuous cul- 
ture for a minimum of 10 generations, 
samples were taken for determination of v 
cell number, cell size, algal absorption, 5 
and the cellular content of MAAs. 

To examine the wa\lelength-depen- 
dent accumulation of UV-absorbing com- 
pounds at  higher resolution (narrow 
wavelength bands), semi-continuous c.ul- 
tures of Phaeocystis antarctica, Porosira 
pseudodenticulata, and Tl~alassiosira tu- 
mida were maintained for a minimum of 280 320 360 400 440 480 520 

20 generations continuously illuminated Wavelength (nm) 

with the yellow light field (100 pm01 pho- 
Fig. 1. (A) Spectral distribution of irradiance for 5 light fields (LF) produced 

tons m-2 S-')' This procedure prevented when the UVA/UVB/PAR-light field was passed through 5 different long- 
induction and produced algal cultures pass cutoff filters (LF1 = WG 320, LF2 = WG 335, LF3 = WG 360, LF4 = 
that exhibited low absorption in the UV GG 420, LF5 = GG 420 + No. 401). Phytoplankton cultures were  grown in 
wavelengths, Cultures in early exponen- these light fields to generate the response curves for the accumulation of UV- 

tial phase were dispensed in 1500 ml absorbing compounds (B) Difference spectra were calculated by subtract- 
ing, wavelength per wavelength, any 2 successively numbered light field 

aliquots Open P1exlglas spectra presented in ( A ) .  For example, the LF1 spectrum was subtracted from 
Rdhm GmbH, Darmstadt, Germany) en- the LF2 spectrum to generate difference spectrum 325 The 4 difference 
closures that were shielded on the sides spectra are defined as: 325 = LF1 -- .LF2,347 = LF2 - LF3.367 = LF3 - LF4, and 

to exclude stray light, ~~~h of 4 of the 463 = LF4 - LF5 Bars at  the top of the graph represent the wavelength range 
containing 90% the energy In each irradiance band. The spectra are labeled enclosures was covered with a different with the median wavelength of the irradiance bands 

3 mm long-pass cutoff filter (WG 320, 
WG 335, WG 360 or GG 420; Schott, 
Mainz, Germany) with 50% transmittance wave- 
lengths at  320, 335, 360 and 420 nm respectively 
(Fig. 1). The remaining enclosure was covered with a 
combination of the GG 420 and the yellow acetate filter 
(No. 401) that passed wavelengths >460 nm. 

To begin the experiment, illumination was provided 
from above by the UVB/UVA/PAR light field, resulting 
in a different spectral distribution in each of the enclo- 
sures (Fig. 1,  Table 1) .  Samples for determination of 
cell numbers, cell size, algal absorption, and chl a con- 
centration were taken at the beginning of the experi- 

ment and  after the onset of illumination at  12 to 24 h 
intervals. To maintain the cultures in exponential 
growth the cultures were diluted a t  each sampling step 
to approximately the initial cell concentration. The 
experiments were concluded after 4 to 6 d and samples 
were taken for identification and quantification of 
MAAs. 

To examine the effect of prolonged periods of 
darkness on the accumulation of UV-absorbing 
compounds, semi-continuous cultures of Thalassio- 
sira antarctica and Porosira pseudodenticulata were 
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Table 1. Total irradiance (E, 280-700 nrn) and the fraction of with the filtrate were placed in the reference and sam- 
the total in the UVB (280-320 nm) and the UVA (320-400 nm) ple position of the spectrophotometer and used to zero 
for the spectral distrlbut~ons used in illuminatmg algal cul- 
tures. Spectral distributions are labeled numerically as In the spectrophotometer. The fluid in the sample cuvette 

Fia. I A  was replaced with culture and the absorption spectrum 
2 - - -  

determined (h = 250 to 750 nm) 

Spectral E UVB UV A 
distribution (W m2) (?h of E) (% of E) 

LF 1 15.9 3.2 57.0 
LF2 14.0 0.07 54.3 
LF3 9.9 0.002 33.4 
LF4 6.4 0 0 
LF5 6.4 0 0 

maintained at continuous white-light illumination 
(100 pm.01 photons m-2 S-') for at least 10 generations. 
The cultures in early exponential phase were then 
transferred to dark conditions and maintained for 62 d.  
To ensure total darkness, the flasks were covered with 
aluminum foil and wrapped in black cloth. At the 
beginning of the experiment and at  intervals of 10 to 
22 d,  samples were withdrawn for determination of 
cell number, algal absorption, and chlorophyll a con- 
centration. 

Chlorophyll a measurement. Cells from algal cul- 
tures (10 to 100 ml aliquots) were collected under gen- 
tle filtration onto glass fiber filters (GF/C Whatman, 
25 mm), homogenized in 90% acetone and extracted 
for 2 h at 4°C. Chlorophyll a determinations were mad.e 
using the fluorometric method of Evans et al. (1987). 

Cell counting and microscopy. Samples of algal cul- 
tures (20 ml) were placed in plastic vials and fixed with 
formalin (buffered with Na-hexamin) at a final concen- 
tration of 1 %. Diatom cells were enumerated and their 
linear dimension determined (valve diameter and 
length) under an inverted microscope (Utermohl 1958). 
Cell volume was calculated, assuming the diatoms 
were cylindrical. Phaeocystis antarctica colonies were 
enumerated and colony diameters were measured 
under an inverted microscope. Estimate of cell size 
were also made. Cells per colony (CN) were calculated 
using the equation of Rousseau et al. (1994) 

where V is the colonial volume expressed in mm3. 
Total concentration of cells was calculated from cells 
per colony and colony size distnbution in the culture. 

In vivo absorption measurements and sunscreen 
factors. Algal absorption was determined using a UV- 
visible spectrophotometer (Varian Cary 3E) fitted with 
an integrating sphere. Six m1 of culture were cleared of 
particles by gentle filtration through a syringe filtration 
cartridge (0.2 pm mesh) and the filtrate was collected. 
Two matched quartz cuvettes (1 cm path-length) filled 

Sunscreen factors (S) were calculated according to 
the equation of Garcia-Pichel (1994) 

S = Jtot - Jbkg 

1 - Jbkg 

where J,,, is the efficiency factor for self-shading for 
the entire cell and Jbk, is the efficiency factor for self- 
shading for components of the cell not induced by the 
light treatments used in this study. J was calculated 
from 

1 e-2a,R - 1 
Jtot and Jbkg = 1 -- - 

a,R 2(a,R12 

whcrc R is the radius of the cel! or colony and a, is the 
absorption coefficient at the wavelength of maximum 
absorption in the UV determined from in vivo algal 
absorption measurements. J,,, was determined from 
cultures grown under illumination conditions that 
induced the production of UV-absorbing compounds 
and Jbkg was determined from cultures grown under 
non-inducing illumination conditions. Mean cell vol- 
ume between induced and non-induced cultures was 
not significantly different. For non-spherical cells, R 
was the radius of a sphere equal in volume to the mean 
cell volume of the culture. 

Quantification and identification of UV-absorbing 
compounds. A relative measure of the accumulation of 
UV-absorbing compounds was obtained from ethanol 
extracts of the algal cells. Cells from algal cultures 
(50 to 100 m1 aliquots) were collected under gentle fil- 
tration onto glass fiber filters (GF/C Whatman). The fil- 
ters were extracted in 80% ethanol for 24 h at 4°C in 
the darkness. Extraction efficiencies were >96%. This 
procedure also extracted the photosynthetic pigments. 
The extracts were centrifuged (3000 X g, 10 min) and 
the supernatant was decanted and saved. Absorption 
spectra (250-750 nm) of the ethanol supernatant were 
recorded with a scanning spectrophotometer (PU8 7 20 
UV/Vis Spectrophotometer, Philips). The cellular con- 
tent of UV-absorbing compounds was determined as 
the measured absorption coefficient of the extract at 
the wavelength of maximum absorption in the UV nor- 
malized to cell number (auvlcell, units = cm2 cell-'). 
Direct cell counts could not be obtained for Phaeocys- 
tis antarctica because of the colonial growth habit of 
the species. Therefore, the relative quantity of UV- 
absorbing compounds associated with P. antarctica is 
expressed as absorption at the UV maximum normal- 
ized to the absorption at the chlorophyll a red peak at 
664 nm (aW/dbG4). 
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MAAs were separated by reverse-phase high-per- 
formance liquid chromatography (HPLC) (Nakamura 
et al. 1982, Dunlap & Chalker 1986) using a Waters 
600MS HPLC system. Cells and associated particles 
from algal cultures (50 to 100 m1 aliquots) were col- 
lected under gentle filtration onto glass fiber filters 
(GF/C Whatman). The filters were placed in cryovials 
and immediately frozen in liquid nitrogen. The filters 
were then transferred to a freezer (-70°C) for storage 
and analyzed within 12 mo of collection. The frozen fil- 
ters were extracted in the dark for 24 h at 4OC in 25% 
methanol and filtered through glass fiber filters (GF/C 
Whatman) to remove particles. The filtrate was applied 
to an  RP-8 column (25 cm, Waters) that was protected 
by an  RP-8 guard column (1 cm, Waters). The MAAs 
were eluted with an  isocratic mobile phase [15% 
methanol and 0.06 % acetic acid (v/v)] at a flow rate of 
0.7 m1 min-' at  20°C and detected by absorption inea- 
sured with a Waters 966 photodiode array UV/vislble 
detector. Individual MAAs were identified from reten- 
tion times and absorption characteristics using pig- 
ment standards and were quantified using the inte- 
grated peak area and the published molar extinction 
coefficients (Takano et al. 1978). In the case of the 
unstable mycosporine-glycine the extinction coeffl- 
cient for the stable methyl-ester (Ito & Hirata 1977) was 
used as described in Dunlap & Chalker (1986). 

Response spectra. For each phytoplankton species, 
MAA induction (measured as dUV/a664) was deter- 
mined at  the steady-state stage (see 'Results') of MAA 
accumulation from algal cultures grown under 5 differ- 
ent light fields (LF1 to LF5; see Flg. 1 and Table 1). To 
generate a response spectrum, the difference in MAA 
induction in cultures grown under 2 sequentially num- 
bered light fields was divided by the difference in total 
irradiance (obtained by subtraction) between these 2 
light fields (LF1 - LF2, LF2 - LF3, LF3 - LF4, LF4 - LF5; 
see Fig. lA,  B).  The median wavelengths for the spec- 
tra of the resulting 4 light field pairs, determined to be 
325, 347, 367, and 463 nm, were used for the x-axis 
coordinate to generate the response spectra. 

RESULTS 

UV-absorbing compounds 

Absorption maxima centered at 330-333 nm were 
observed in the in vivo absorption spectra of most of the 
Antarctic diatoms surveyed (Fig. 2), which indicates the 
presence of UV-absorbing compounds in association 
with the algae. The exceptions were the smaller spe- 
cies, Chaetoceros sp. 1 and Fragilanopsis cylindrus (see 
Table 2 for cell radii), for which no or very small absorp- 
tion peaks in the UVA and UVB were observed. UV ab- 

sorption per cell (auv/cell) varied by over 4 orders of 
magnitude anlong all diatom species and clones sur- 
veyed (Table 2). Bidigare et al. (1996) and Helbling et 
al. (1996) also noted variability in the presence and in- 
ducibility of UV-absorbing compounds among species 
of Antarctic diatoms. In the pi-ymnesiophyte, P. antarc- 
tica, a peak was observed in the in vlvo absorption 
spectra at wavelengths between 315 and 320 nm and 
the UV peak relative to the red peak was much greater 
than that observed in the diatoms (Fig. 2).  

The MAA composition in Poroslra pseudodenticulata 
was comprised of porphyra-334, inycosporine-glycine, 
and shinorine, representing ca 75, 20, and 5 %  by 
weight of total MAAs, respectively. For all other 
dlatom species examined, porphyra-334 was the pre- 
dominant MAA, representing ca 95% of total MAA 
composition, with shlnorine accounting for the remain- 
ing ca 5 % .  Other studies also reported that porphyra- 
334 and shinorine were the dominate MAAs in Antarc- 

Table 2 Cell and colony radlus, content of h4AAs, and estl- 
mated values of sunscreen-factor, S, for (a) 11 diatom specles 
and (h) 3 Phaeocystls antarct~ca cultures with different colony 
size ranges Numbers in parentheses ind~cate separate clones 
for a specles The relatlve content of MAAs IS  presented as 
auv/cell for d~atoins and a,,/a,,, for P antarct~ca S values 
were calculated for P antarchca using cells and colon~es as 
the optlcal unlt The cultures were grown for a minimum of 
5 generations under standard cond~t~ons  of 100 pm01 photons 

m-z S -1 of whlte-l~ght illumination at O°C 

(a) Diatoms Valve radius au,/cell S 
(pm) (cm2 cell-' 

X 10.~) 

Thalassiosira tumida 12.9 
Thalassioslra antarctica (1) 11.1 
Thalassioslra an tarctlca (2) 24.4 
Poros1~-a pseudodenticulata (1) 21.2 
Porosll-a pseudodenticulata (2) 30.0 
Chaetoceros sp. 1 4.7 
Chaetoceros sp. 2 5.8 
Proboscis lnerm~s 2.1 
Poroslra glacial~s 14.1 
Stellarima microtr~as 11.7 
Cos~nodiscus cen tralis 23.1 
Fragdariopsis linearis 2.2 
Fragllariopsis cylindrus 1.5 

(b) P. antarctica 
Colony size Optlcal unlt Rad~us au,/a,,, S 

(pm) 

Small Colony 50-100 18.5 0.65 
Cell 3.5 0.76 

Middle Colony 200-400 25.2 0.70 
Cell 3.5 0.87 

Large Colony 800-1400 48.3 0.72 
Cell 3.5 0.94 
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Fig. 2. 
at 676 

Thalassiosira t umida 
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3.0, Porosira pseudodenticulata 

6.0 7 
Chaetoceros sp. 7 
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Porosira glacialis 

Phaeocystis antarctica 
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Wavelength (nm) 

In vivo algal absorption spectra of Antarctic diatoms and Phaeocystis antarctica, normalized to the red chlorophyll a peak 
nm. The cultures were grown for a minimum of 5 generations under standard conditions of 100 pmol photons m'2 s '  of 

white-light illumination at 0Â° 

tic phytoplankton (Villafane et al. 1995, Bidigare et al. tions and was not affected by the quantity or spectral 
1996). In the present study, the relative proportion of quality of light. MAA content per cell was strongly cor- 
individual MAAs for a given phytoplankton species related to any/cell of ethanol extracts of diatom cells 
showed little variation regardless of incubation condi- (Fig. 3) ,  indicating that changes in absorption at the 
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P. pseudodenticuleta I 

0 1 I I I t 
0 0.1 0.2 0.3 0.4 0.5 

Cellular MAA content (prnol ce l l ' )  

18 
T. tumida I 

Cellular MAA content (prnol cell.') 

Fig. 3.  Relationship between a,,/cell and cellular content of 
MAAs. The solid line is a least-square regression fit of the 
data with an r2 of 0.94 for Porosira pseudodenticulata and 
0.98 for Thalassiosira tumida. Note the different scales of axes 

UV peak were due  to MAA accumulation within the 
cells and supporting our use of auv/cell as a relative 
measure of the cellular content of UV-absorbing com- 
pounds. Individual chemical species of MAAs could 
not be completely separated and identified from 
ethanol extracts of Phaeocystis antarctica. However, 
the substances eluted from the HPLC column exhib- 
ited absorption characteristics like those of MAAs. 
Bidigare et al. (1996) identified the MAA mycosporine- 
g1ycine:valine in an  Antarctic species of Phaeocystis 
based on the retention time and the absorbance spec- 
tra of compounds separated by HLPC. Therefore, we 
tentatively identify these substances as mycosporine- 
like amino acids. 

The sunscreen factor, S, ranged from 0.03 to 0.94 for 
all species examined (Table 21, indicating that the 
potential for protection from the damaging effects of 
UVR varies greatly among species. In addition, S 
determined for the diatoms and for Phaeocystis antarc- 
tica when colonies were used as the optical unit exhib- 
ited an  increasing trend with larger cell radius, even 
among clones of the same species (Table 2, Fig. 4) .  This 

increase in S with cell/colony radius was similar in 
shape to the curve for maximum S (Fig. 4) predicted 
from the model of Garcia-Pichel (1994). That S often 
fell below model predictions suggests that the maxi- 
mum accumulation of MAAs was not always induced 
or that our values for Jbkg (see Eq. 2) were too large. In 
either case, our estimate of S is conservative. Alter- 
nately, the assumption of a maximum MAA content of 
l 'ld of dry cell weight to calculate maximum S from the 
Garcia-Pichel model may have been too large. When S 
was calculated for P. antarctica using cells as the opti- 
cal unit, all values were far greater than the predicted 
upper limit of S. 

Induction of UV-absorbing compounds 

Induction of MAAs was observed for algal species 
grown under white-light illumination (Fig. 5 ) .  auv/cell 
was linearly correlated to irradiance levels, demon- 
strating the dependence of induction on photon flu- 
ency rate. MAA accumulation did not saturate at  irra- 
d i a n c e ~  as great a s  350 pm01 photons m-' S-'. In 
contrast, auv/cell decreased with time (data not shown) 
in cultures grown under red light (>560 nm) or yellow 
light (>460 nm), indicating that induction of MAAs was 
restricted to wavelengths less than 460 nm. The 
decrease in auvlcell was inversely proportional to the 
division rate, suggesting that MAAs became diluted 
through successive divisions rather than being actively 
destroyed. Consequently, cultures with a low MAA 
content were produced by continued growth under red 
or yellow light over several generations. The reduction 
in a,,/cell through successive divisions was also 
observed in cultures incubated in darkness (Fig. 6). 

Cell or Colony Radius (pm) 

Fig. 4. Sunscreen factor (S) versus diatom cell radius (e) and P. 
antarctica cell ( A )  and colony ( A )  radius. The solid line repre- 
sents an estimate of maximum S based on radius, assumlng a 
MAA content of 1 %  cellular dry weight (Garcia-Pichel 

1994) 
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Fig 5. Relative cellular content of MAAs, measured as 
auy/cell. In cultures of Porosira pseudodenticulata, Thalas- 
siosjra tumida, and 7 antarctica that were grown for a m m -  
mum of 10 generations under whlte-light illumination rang- 
ing from 20 to 350 pm01 photons m-2 S-' The solid lines are 
least-square regression fits of the data. Note the different 

scales on ordinates 
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During the first 10 d after being transferred to com- 
plete darkness, cultures of Thalassiosira antarctica and 
Porosira pseudodenticulata increased in cell number 
and decreased in auv/cell. Decreases in auv/cell were 
inversely proportional to cell number. No change in 
cell number or auv/cell was observed from Day 10 
through the end of the incubation on Day 62, indicat- 
ing that MAAs were stable and not broken down by 
the cell over a period of 2 mo. These species of diatoms 

are known to remain viable during extended darkness 
(Peters & Thomas 1996), and when subsamples of our 
cultures were illuminated at any point during the dark 
incubation, photosynthetic and growth rates reverted 
to levels similar to those measured prior to the dark 
incubation. 

MAA accumulation was lower in cultures incubated 
under illumination where shorter wavelengths were 
selectively removed (Fig. 7). This reduced induction 
was not entirely the result of the reduction in total irra- 
diance that accompanied restricting the illumination 
wavelengths (Table l ) ,  as evidenced by the strong 
wavelength-dependence of the response curves of 
MAA accumulation (Fig. 8). For the diatoms, the radia- 
tion bands centered at 367 and 463 nm were most 
effective for induction of MAA accumulation. These 2 
radiation bands include wavelengths from 344 to 
493 nm (Figs. 1 & 8), which are primarily in the UVA 
and blue portion of the eleclroniagiletic spectrum. 
Radiation bands centered at 325 and 347 nm, which 
overlap the UVB portion of the spectrum, induced only 
minor MAA accumulation. In contrast, the induction of 
MAAs in Phaeocystis antarctica was maximal in the 
radiation band centered at 347 nm and significant 
induction was observed in radiation bands centered at 
325 and 367 nm. These radiation bands include wave- 

1, P. pseudodenticulata 

1 T. antarctica 

0 1 l l I I ! 0 
0 10 20 30 40 50 60 70 

Time (d) 

Fig. 6. Change In cell number ( W )  and relat~ve cellular content 
of MAAs (0 ,  a,,/cell) in cultures of Thalassiosira antarctica 
and Porosira pseudodenticulata that were incubated for 2 mo 
in total darkness. Before transfer to the dark the cultures were 
grown at a photon fluency rate of 100 pm01 m - 2  S-' under 
white-light illumination. Note the different scales on ordinates 
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P. pseudodenticulata 

Phaeocystis antarctica 

Irradiation time (h) 

Fig. 7 Kinetics of the accumulation of UV-absorbing com- 
pounds for algal cultures incubated at 5 different spectral dis- 
tributions. Accumulation was measured as av,,/cell for Tha- 
lassiosira tun~ida and Porosira pseudodenticulata, and as 
auv/a6r,4 for Phaeocystis antarctica. Symbols are labeled 
numerically, corresponding to the spectra distributions pre- 
sented in Fig. 1A: = LF1, 0 = LF2, A = LF3, = LF4, A = LF5). 
The error bars represent the standard deviation of 4 samples. 

Note the different scales on ordinates 

lengths from 305 to 390 nm, which primarily overlap 
the UVB and UVA portions of the spectrum. Bidigare 
et al. (1996), using broader and less defined wave- 
length bands, reported that MAAs were induced under 
PAR and UVA illumination in Antarctic diatom species, 
but that induction in Phaeocystis sp. was in response to 
UVA illumination. 

The kinetics of MAA induction exhibited 3 distinct 
phases: an initial lag phase, during which UV absorp- 
tion remained relatively unchanged; an exponential 
phase, during which UV absorption increased rapidly; 
and a steady-state phase, during which UV absorption 

Wavelength (nm) 

Fig. 8 .  Response spectra for the accumulation of UV-absorb- 
ing compounds determined for Thalassjosira tumida ( W ) ,  

Porosira pseudodenticvlata (A) and Phaeocystis antarctica (e). 
The spectra have been normalized so that the highest value in 
each curve equals 100. Bars at the top of the graph represent 
the wavelength range containing 90% the energy in each 
irradiance band as described in Fig. 1A. The bars are labeled 

with the median wavelength of the irradiance bands 

leveled off and remained relatively constant (Fig. 7). 
For Porosira pseudodenticulata and Phaeocystis 
antarctica, the lag phase ended after ca 24 h and the 
steady-state phase began ca 144 h after the onset of 
illumination. A shorter lag phase of ca 10 h was 
observed for Thalassiosira turnida and the steady-state 
phase began ca 72 h after the onset of illumination. For 
all cultures, illumination for up to 6 h followed by 24 h 
of darkness led to no measurable increase in UV 
absorption (data not shown), indicating that continu- 
ous illumination was required to induce increases in 
UV absorption. 

DISCUSSION 

A factor influencing the effectiveness of a UV sun- 
screen is the degree of correspondence between the 
in vivo absorption produced by the UV-absorbing 
compounds and the wavelengths of damaging UVR. 
In the present study, in vivo absorption of diatom cells 
attributable to MAAs showed maxima in the UVA and 
relatively strong absorption extending from 300 to 
360 nm, a range which corresponds to the UV 
wavelengths of greatest absolute photoinhibitory 
effect (Mitchell et  al. 1989, Helbling et al. 1992, 1994, 
Arngo 1994, Cullen & Neale 1994). However, absorp- 
tion of light in these wavelengths is not a sufficient 
criterion to classify a compound as a UV sunscreen 
(Garcia-Pichel 1994). The total absorption of the com- 
pounds in vivo must be high enough to reduce signifi- 
cantly the potential damage from incoming radiation. 
Therefore, in addition to the absorption spectra, the 
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intracellular concentration of UV-absorbing com- 
pounds and cell size also are important factors in reg- 
ulating a sunscreen's protective capabilities. There 
are both physical and physiological limits to how con- 
centrated small, water-soluble molecules such as 
MAAs can be in a cell. Physical limitations may be 
imposed by solubility, space constraints, and osmosis. 
Physiological limits may be set by toxicity and ener- 
getic investment for synthesis versus benefit. Garcia- 
Pichel & Castenholz (1993) found that MAAs consis- 
tently accounted for < l  % of the dry biomass of cells of 
cyanobacteria and other microorganisms, and sug- 
gested that this cellular content may represent the 
approximate physiological limit of MAA accumulation 
(Garcia-Pichel 1994). 

Considering this constraint on intracellular MAA 
content, the maximum effectiveness of a MAA as a 
sunscreen would depend largely on cell size, with the 
smallest phytoplankton cells receiving little or no pro- 
tection from UV radiation. Garcia-Pichel (1994), using 
S as a measure of sunsceening effectiveness, con- 
cluded that MAAs could be effective as sunscreens 
only for organisn~s with a radius of greater than 10 pm 
( S  > 0.4) and that for powerful and efficient sunscreen 
protection a radius of greater than 200 pm (S > 0.9) 
is required. Our results for diatoms, showing an 
increased potential for sunscreen protection, with cell 
size, are  consistent with these conclusions. In addition, 
it is possible that MAAs are not synthesized or are not 
photoinducible in the smaller diatoms where MAA 
accumulation is an ineffective strategy for reducing 
UVR damage. For example, only trace amounts of spe- 
cific MAAs could be detected in Chaetoceros sp. 1, 
Fragilariopsis cylindrus and F linearis (radius < 5  pm), 
regardless of incubation conditions. In contrast, MAA 
photoinduction was always observed in the larger 
diatoms. 

The cell-size-dependancy of S and MAA production 
observed for diatoms does not hold for the relatively 
small Phaeocystis antarctica cells (mean radius = 

3.5 pm). S values, calculated using the mean radius of 
the individual cells as  the optical unit, were 7- to 9- 
fold greater than the theoretical maximum vaIues cal- 
culated for cells the size of P. antarctica. We estimate 
that to attain such high values for S (0.75 to 0.95), 
MAAs would have to comprise between 20 and 40% 
of total dry biomass of the P. antarctica cells, far 
greater then the upper limit of ca 1 YO total dry cellular 
biomass determined by Karentz et al. (1991b) and 
Garcia-Pichel & Castenholz (1993). Marchant et al. 
(1991), noting that the concentrations of UV-absorb- 
ing compounds observed in the colonial phase of 
Phaeocystis pouchetii appear too high to be contained 
intracellularly, suggested that the compounds were 
located extracellularly, in association with the acellu- 

lar matrix In which colonlal P. antarctica cells are 
embedded. The authors reported that the single- 
celled phase of P. pouchetii, which lacks the acellular 
matrix, also lacks UV-absorbing compounds. Consis- 
tent with an extracellular location of these com- 
pounds, we note that recalculation of S using colony 
radius (50 to 1400 pm) as the optical unit resulted in 
reasonable estimates for S (ca 0.7; Fig. 4) and the 
percent of colony dry weight attributable to MAAs 
(< 1 %). The ecological implications of extracellular 
accumulation of UV-absorbing compounds are sub- 
stantial in that by adopting a colonial growth habit, 
small cells may obtain a benefit from UV screening 
that would otherwise be unavailable to them as single 
cells. 

To be effective against UVR damage, a photoregu- 
lated protection process must respond to a portion of 
the electromagnetic spectrum that provides useful 
information about ambient levels of damaging UVR. 
Recent studies have shown that wavelengths in the 
UVA between 320 and 335 nm consistently provide 
the greatest absolute photoinhibitory effect of UVR in 
natural phytoplankton populations (Mitchell et al. 
1989, Helbling et al. 1992, 1994, Arrigo 1994, Cullen 
& Neale 1994). From our results, the production of 
MAAs in Antarctic diatoms and in Phaeocystis antarc- 
tica is a light-controlled process that displays a wave- 
length-dependent response, but peak responses are 
at wavelengths somewhat longer (345-460 nm; Fig. 8) 
than those inflicting the greatest damage. This phe- 
nomenon of a shift to longer wavelengths of the 
induction-response relative to the damage-response 
spectra is commonly observed in photoregulated UV- 
protection responses in higher plants and fungi 
(Beggs & Wellmann 1994). In view of the rapid 
decrease in solar energy reaching the earth at wave- 
lengths less than 330 nm, such a shift may reflect a 
strategy to provide a sufficiently strong solar signal to 
initiate the induction processes (B. Prezelin pers. 
comm.). Cueing on the longer wavelengths would 
provide the proper signal for protection induction, 
assuming that the ratio of damaging to inducing 
wavelengths was relatively stable on an evolutionary 
time-scale (see below). 

An important consideration is whether MAAs pro- 
vide protection from the increase in UV radiation 
associated with the seasonal decrease in ozone over 
the Southern Ocean. In vivo algal absorption spectra 
(Fig. 2) and the absorption spectra for MAAs (Karentz 
et al. 1991b, Karentz 1994) correspond to some of the 
UVB wavelengths that are enhanced during ozone 
depletion. Values for S as high as 0.22 to 0.30 for 
diatoms were observed at wavelengths between 
300 and 320 nm, indicating that MAAs provide 
diatoms some degree of protection from enhanced 
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UVB. Nevertheless, the induction of MAAs in diatoms 
was most effective at wavelengths between 350 and 
470 nm, with very little response observed between 
305 and 340 nm. Consequently, for this induction sys- 
tem to adequately respond to an increase in UVB 
radiation, radiation in UVA and blue wavelengths 
(350 and 470 nm) must increase proportionally to the 
UVB radiation. However, because of the wavelength- 
dependent absorption of ozone, enhancement of UVR 
during ozone depletion occurs primarily in the UVB 
range, without an equivalent increase in UVA or PAR. 
For example, a large decrease in atmospheric ozone 
from 360 to 140 DU would enhance UVB by 6 6 % ,  
whereas UVA would increase by < 1 % and primarily 
at wavelengths <335 nm (determined from Arrlgo 
1994). PAR would also increase slightly, but at wave- 
lengths greater than ca 500 nm. Therefore, it is 
unlikely that MAA production would be induced suf- 
ficiently to provide additional protection to diatoms 
during an  increase in UVB brought on by a reduction 
in atmospheric ozone (Smith et  al. 1992, Prezelin et  al. 
1994). 

In contrast, the potential for protection from UVB 
radiation by MAAs is greater for Phaeocystis antarc- 
tica. Compared to the diatoms, P. antarctica exhibited 
a higher absorption in the UV wavelengths and 
absorption peaks were shifted more towards the UVB 
(Fig. 2). In addition, the response spectra for MAA 
accumulation in P. antarctica exhibited a maximum at  
ca 340 nm and  significant induction a t  wavelengths as 
short as 305 nm. Therefore, accumulation of MAAs 
with strong absorption in the UVB may be induced in 
response to elevated UVB during ozone depletion 
events. This higher potential for protection from UVB 
damage may help explain the colonial P. antarctica 
bloom observed in the Ross Sea during the austral 
spring (Smith & Gordon 1997) when ozone depletion 
is greatest. In contrast, studies conducted under artifi- 
cial and ambient light indicate that Phaeocystis spe- 
cies appear to have greater sensitivity to UVB expo- 
sure than Antarctic diatom species (Marchant et  al. 
1991, Smith et  al. 1992, Davidson et al. 1994, Karentz 
& Spero 1995). UVB inhibition of growth rate was 
reported to be higher for Phaeocystis sp. than for the 
diatom Chaetoceros socialis (Smith et  al. 1992). Kar- 
entz & Spero (1995) reported a reduction in cell den- 
sity of Phaeocystis sp. in the marginal ice-edge zone 
that was correlated to a reduction in ozone concentra- 
tion and suggested that cell death was due to 
increased exposure to UVB. Whereas these observa- 
tions appear to be in conflict with ours, we note that 
our study reports only the potential for UV protection 
based on absorption characteristics and that very little 
is known about the protective qualities of MAAs. In 
addition, phytoplankton survival under high UVB is 

the result of a complex sulte of cellular mechanisms 
including protection, repair, and avoidance responses. 
Therefore, observations of UVB sensitivity may not 
directly correlate to the potential benefits of any 
single response. 

The accurate assessment of the effectiveness of this 
UV-protection mechanism is complex. Action and 
response spectra give some idea about the potential for 
damage and protection under a constant light field. 
However, the light field experienced by a phytoplank- 
ter will vary considerably due to annual and diurnal 
changes In sun angle and,  in particular, due  to turbu- 
lent mixing in the water column (Kirk 1994). For 
instance, Cullen & Lesser (1991) have demonstrated 
that for equal doses of UVB radiation, short exposures 
to high irradiance are more damaging than longer 
exposures to lower irradiance. Consequently, in a 
rapidly mixing water column, UVR damage to phyto- 
plankton that are approaching the surface may be par- 
ticularly acute, especially in light of the lag time 
observed for the induction of MAA accumulation. 
Alternately, the ratio of UVA/UVB and blue light/UVB 
increases with depth. Therefore, for ascending phyto- 
plankton exhibiting a MAA induction response in the 
UVA/blue portion of the spectrum (Figs. 7 & 8), our 
data indicate that the accumulation of MAAs begins at  
depth before the cells rise near the surface where the 
potential for UVB damage is greater. Further intrica- 
cies are  introduced by the interdependence of growth 
rate, MAA induction, and MAA accumulation. For 
instance, whereas MAA accumulation that is induced 
under high UVR may provide protection from UVR and 
presumably enhance growth rate, enhanced growth 
rate dilutes MAA content, thereby reducing the poten- 
tial for protection. 

The complexity of such scenarios dramatically 
increases when species composition (Table 2) and  
additional UVR protection and  repair mechanisms 
(Karentz et  al. 1991a) are considered, pointing out the 
need for a comprehensive approach for studying the 
influence of UVR on phytoplankton ecology. In this 
study of UV-absorbing compounds, we examined the 
kinetics and  spectral response of accumulation and the 
potential for a sun screening function, based on 
absorption characteristics, for a variety of phytoplank- 
ton species. Additional research monitoring specific 
cellular targets for UVR or indicators of overall phyto- 
plankton health, such as photosynthesis or growth 
rate, must be carried out to determine if the potential 
for protection and repair translates quantitatively into 
mitigation of UVR damage. Coupling this information 
to a modeling effort that includes other protection and 
repair mechanisms in a dynamic environment may be 
crucial to understanding the overall effect of UV radia- 
tlon on phytoplankton populations. 
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