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ABSTRACT: High fluence PAR (photosynthetically active radiation, 400-700 nm), UV-A (320-400 nm),
and UV-B (280-320 nm) radiation were tested for their ability to stimulate the production of UV-absorb-
ing mycosporine-like amino acids (MAASs) in 6 diverse species of marine phytoplankton. Dunaliella ter-
tiolecta, Thalassiosira weissflogli, Pyramimonas parkeae, Paviova gyrans and Isochrysis sp. were
grown under (1) low fluence PAR (LL, 25 to 75 pmol photons m™2 s7'), (2) high fluence PAR (HL, 255 to
290 umol photons m™2 57!}, (3} PAR+UV-A (240 to 268 pmol photons m™ 5! and 4910 mW m™?, respec-
tively) and (4) PAR+UV-A+UV-B (103, 216, or 304 mW m~? weighted UV-B). Amphidinium carterae was
grown under similar conditions in LL but reduced levels of PAR and UV radiation were used in the
other treatments. UV-B supplementation caused a significant depression (23-57 %) in the chl a-specific
growth rate of all species except P. gyrans, which received the second lowest UV-B dose. The quantum
yield of fluorescence for photosystem Il declined by 4-17 % with exposure to UV-A and/or UV-A+UV-
B. The 2 prymnesiophytes exhibited the highest and the dinoflagellate the lowest resistance to UV-B
radiation. In vivo absorption spectra indicated that only P. gyrans has a pronounced UV maximum. Of
the 3 MAA compounds detected in P. gyrans, only 1 with peak absorption in the UV-A range was pho-
toinducible. The other species examined exhibited relatively small in vivo UV absorption peaks. In
these species, only 1 MAA was detected, a compound with peak absorption in the UV-B range and lim-
ited inducibility. UV-B radiation more effectively induced MAAs than UV-A or HL in 4 of the 6 species.
In P. gyrans large increases in the concentration of the inducible MAA were obtained with HL and with
UV-A+UV-B radiation. Relative to LL cells, UV-B-exposed P. gyrans exhibited a 145-fold MAA increase
accompanied by an 11-fold increase in the in vivo UV absorption. In all other species HL had minimal
or no effect on MAA production. UV-A radiation effectively increased the chl a-specific MAA content
in Isochrysis sp. (77 %), T weissflogii (73%), and P. parkeae {43%), and UV-B supplementation
increased it by a further 141% in Isochrysis sp. and 95% in P. parkeae. On a cell volume basis, UV-B
also approximately doubled the MAA concentration in the latter 2 species. We conclude that, although
MAAs may be commonly present in phytoplankton cells, an ability to produce significant amounts of
these compounds through photoinduction is limited to certain species or taxa, particularly some prym-
nesiophytes and dinoflagellates.
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INTRODUCTION

Compounds that selectively absorb ultraviolet (UV)
radiation are found in a wide variety of terrestrial
(Caldwell et al. 1983), freshwater (Garcia-Pichel &
Castenholz 1993) and marine (Karentz et al. 1991b)
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photoautotrophs, and may play an important role in
providing protection from deleterious UV wavelengths
(Garcia-Pichel et al. 1993, Landry et al. 19995).
Mycosporine-like amino acids (MAAs) form the most
common class of UV-absorbing compounds in marine
organisms (Karentz et al. 1991b). These compounds
presumably are synthesized by marine algae (Karentz
1994) and have absorption maxima ranging from 310
to 360 nm (Nakamura et al. 1982). Because they occur
in compound mixtures they exhibit a broad in vivo
absorption peak, most often in the UV-A (320-400 nm)
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region of the spectrum (Garcia-Pichel & Castenholz
1993, Davidson & Marchant 1994).

MAAs have been isolated and identified from a num-
ber of free-living marine phytoplankton species (Car-
reto et al. 1990a, b, Ferreyra et al. 1994, Lesser 1996,
Vernet & Whitehead 1996), and a UV-absorbance peak
suggesting the presence of MAAs has been recorded
from unialgal cultures (Yentsch & Yentsch 1982,
Marchant et al. 1991, Davidson et al. 1994} and from
natural phytoplankton assemblages (Ferreyra et al.
1994, Vernet et al. 1994, Montecino & Pizarro 1995). A
few species, e.qg. the dinoflagellate Alexandrium exca-
vatum (Carreto et al. 1990a, b) and the prymnesio-
phyte Phaeocystis pouchetii (Marchant et al. 1991,
Davidson & Marchant 1994), are known to produce
MAAs in high concentrations. In Antarctica, high in
vivo absorption at wavelengths indicative of MAAs
was characteristic of assemblages dominated by prym-
nesiophytes (Vernet et al. 1994) and by the chain-form-
ing diatom Thalassiosira gravida (Ferreyra et al. 1994).
The presence of UV-absorbance peaks, however, is not
ubiquitous among marine phytoplankton. For exam-
ple, some antarctic diatom populations may contain
substantial amounts of UV-absorbing compounds (Fer-
reyra et al. 1994), whereas others have low concentra-
tions of UV-absorbing compounds {Karentz et al.
1991a, Davidson & Marchant 1994, Davidson et al.
1994). Studies in the Southeastern Pacific (Montecino
& Pizarro 1995) and in Antarctica (Vernet et al. 1994)
also have shown that some assemblages exhibit a pro-
nounced absorption in the UV, whereas others do not.

The role of MAAs as internal UV filters has not been
clearly established for marine phytoplankton. Since
absorption by MAAs does not interfere with light har-
vesting for photosynthesis, these compounds could
play a significant role in the photoprotection of algae.
Some evidence exists for the inducibility and photo-
protective function of MAAs in corals (Dunlap et al.
1986, Banaszak & Trench 1995). MAAs also were
shown to reduce UV-induced damage in sea urchin
eggs not previously exposed to UV radiation (Adams &
Shick 1996). Assessing the functional value of MAAs is
complicated by the occurrence of a suite of cellular
functions involved in the UV acclimation response
(Karentz 1994, Lesser 1996). Conclusions regarding
the photoprotective function of MAAs in algae previ-
ously were based on indirect evidence, i.e. correlations
between MAA content and UV resistance following
UV exposure (Vernet et al. 1994, Villafane et al. 1994).

The few studies that directly addressed the effects of
MAA content on wavelength-dependent inhibition of
photosynthesis suggest important species-specific dif-
ferences in MAA photoprotective value. Photoinhibi-
tion at wavelengths absorbed by MAAs was less
severe in MAA-rich than in MAA-poor cultures of the

dinoflagellate Gymnodinium sanguineum (Neale et al.
1996). Lesser (1996) concluded that UV-absorbing
compounds in the dinoflagellate Prorocentrum micans
provided incomplete protection from UV damage. In
this species, MAA concentrations doubled under sup-
plemental UV radiation, yet the ensuing decrease in
photoinhibition at wavelengths absorbed by MAAs
was not sufficient to prevent oxidative stress and a
reduction in growth. Species-specific differences in the
functional value of MAAs can partially be explained by
differences in the optical pathlengths among cells of
various sizes (Garcia-Pichel 1994), since shorter path-
lengths will limit the protection of intracellular targets.

Photoinducible production of UV-absorbing com-
pounds may improve the ability of a population to accli-
mate to changes in the UV environment. With the de-
crease in stratospheric ozone from anthropogenic
inputs of chlorinated fluorocarbons there has been a
gradual increase in the amount of harmful UV radiation
reaching the ocean surface (Kerr & McElroy 1993).
Since only wavelengths shorter than about 320 nm are
significantly enhanced due to ozone depletion (Crutzen
1992) the effectiveness of UV-B (280-320 nm) wave-
lengths for MAA induction deserves special attention.

There is limited evidence as to the inducibility of
MAAs in phytoplankton. MAA accumulation may
occur as a result of UV-induced alterations in the syn-
thesis of amino acids (Goes et al. 1995). High fluence
PAR (photosynthetically active radiation, 400-700 nm;
Carreto et al. 1990a), blue light (400-500 nm; Carreto
etal. 1990b), UV-A (Carreto et al. 1990b, Ferreyra et al.
1994) and UV-B wavelengths (Davidson & Marchant
1994, Lesser 1996) have been implicated in the induc-
tion response. On the other hand, MAA production
proved insensitive to UV-B radiation in 5 common
antarctic diatoms (Davidson et al. 1994).

The present study examines the inducibility of UV-
absorbing compounds in 6 diverse species of marine
phytoplankton. High fluence PAR, UV-A, and UV-B
radiation are tested for their ability to stimulate MAA
production, as a step towards understanding the uni-
versality and photoinducibility of this group of UV-
absorbing compounds in microalgal assemblages.

MATERIALS AND METHODS

Cultures and experimental conditions. Unialgal
batch cultures of Dunaliella tertiolecta Butcher
(Chlorophyceae), and Thalassiosira weissflogii (Gru-
now) Fryxell et Hasle (Bacillariophyceae) in Expt A,
Paviova gyrans Butcher (UW349, CCMP607, Prymne-
siophyceae) in Expt B, and Pyramimonas parkeae Nor-
ris et Pearson (UW442, CCMP724, Prasinophyceae),
Isochrysis sp. (UW635, Prymnesiophyceae), and Am-
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phidinium carterae Hulburt (Dinophyceae) in Expt C
were grown in an environmental growth chamber
under 2 irradiance regimes. In the first regime, (1) low
and (2) high fluence PAR without supplementary UV
radiation (PAR-only treatments) were used. The sec-
ond regime consisted of (1) PAR supplemented with
UV-A radiation (PAR+UV-A treatment), and (2) PAR
supplemented with UV-A and UV-B radiation (PAR+
UV-A+UV-B treatment). D. tertiolecta was originally
isolated from Puget Sound, Washington (USA), T.
welssflogii from Long Island, New York (USA), and A.
carterae from Brixham Harbor, England. Cultures of
these species were obtained from the collection at the
School of Oceanography, University of Washington. P.
gyrans, P. parkeae and Isochrysis sp. were obtained
from the culture collection at the Department of
Botany, University of Washington. With the exception
of P. gyrans, cells were grown in {/2 medium (Guillard
& Ryther 1962) prepared with natural seawater from
Yaquina Bay, Oregon (USA). For P. gyrans, the same
enrichment was added to artificial seawater (Spotte et
al. 1984). Cultures were gently inverted once a day.

Sterile techniques were used for all culture work to
minimize bacterial growth. PAR-only cultures were
grown for 4 to 9 d, depending on growth rate, and har-
vested during exponential growth. UV-exposed cul-
tures were grown for an additional 3 to 7 d prior to final
harvest.

The PAR-only cultures were grown under white light
alone prior to the setup of the UV-exposure cultures in
the same growth chamber to examine the effect of
photon fluence density (PFD) on production of UV-
absorbing compounds, and to generate a population of
high-light-acclimated cells for subsequent UV expo-
sure treatments. Low light (LL) and high light (HL)
PAR-only cultures were inoculated to an initial concen-
tration of 10 ug chl a I'! from stock cultures that had
been maintained at 16°C and 45 pmol photons m™2 57!
for 5 d prior to the inoculation to achieve log growth.
After inoculation, the PAR-only cultures (400 ml) were
grown at 18°C in 0.5 1 pyrex Erlenmeyer flasks without
replication on a 16 h light:8 h dark photoperiod, deliv-
ered as a stepwise function to simulate daily changes
in solar radiation (Behrenfeld et al. 1994). Maximum

Table 1. Irradiances for PAR-only (LL: low light, HL: high light) and UV-exposed (PAR+UV-A, PAR+UV-A+UV-B) cultures. PAR

values shown correspond to peak photon fluence densities (PFDs) provided for 8 h of the 16 h light period. UV-A and UV-B radi-

ation were supplemented for 8 and 5 h 47!, respectively. PAR-only cultures were grown in pyrex flasks without replication. UV-
exposed cultures were grown in teflon bottles covered by appropriate UV-blocking filters, with 3 replicates per treatment

Species Treatment PAR
(umol m~?s7)
Dunaliella tertiolecta LL 75
HL 290
PAR+UV-A 263
PAR+UV-A+UV-B 268
Thalassiosira weissflogii  LL 75
HL 290
PAR+UV-A 263
PAR+UV-A+UV-B 268
Isochrysis sp. LL 29
HL 270
PAR+UV-A 263
PAR+UV-A+UV-B 268
Pyramimonas parkeae LL 25
HL 255
PAR+UV-A 263
PAR+UV-A+UV-B 259
Paviova gyrans LL 33
HL 280
PAR+UV-A 263
PAR+UV-A+UV-B 240
Amphidinium carterae LL 27
HL 120
PAR+UV-A 73
PAR+UV-A+UV-B 76

“Biological weighting function for the photoinhibition of Phaeodactylum sp. (Cullen et al. 1992) normalized to 1 at 300 nm

UV irradiance (mW m2)

UV-A Unweighted UV-B  Weighted UV-B¢
(320-400 nm) (286-320 nm) (286-320 nm)
4910 30.7 4.0
5730 732.0 304.2
4910 30.7 4.0
5730 732.0 304.2
4910 30.7 4.0
5730 732.0 304.2
4910 30.7 4.0
5250 591.0 216.4
4910 30.7 4.0
4380 3201 102.7
1290 7.5 1.4
1580 1711 72.3
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PFDs, supplied for 8 h in the center of the light period,
are listed in Table 1. [llumination was provided by a
ceiling mounted combination of high output daylight
fluorescent lamps (Philips F72T12/D/VHO) and 60 W
incandescent bulbs (see Fig. 1 in Behrenfeld et al. 1994
for emission spectrum). Light was attenuated by cover-
ing LL culture vessels with neutral density screening.
No UV-blocking filters were used for PAR-only cul-
tures.

Exponentially growing HL cultures (LL culture in the
case of Amphidinium carterae) provided the inocula
for the UV exposure treatments. Three replicates per
UV treatment were inoculated to an initial concentra-
tion of 10 ug chl a 1! in UV-transparent, 0.45 1 teflon
bottles wrapped with mylar (315 nm cutoff) for the
PAR+UV-A treatment or with cellulose acetate (290 nm
cutoff) for the PAR+UV-A+UV-B treatment. The mylar
film was replaced daily, the cellulose acetate film
every 3 d. Temperature and PAR conditions were sim-
ilar to those described above for PAR-only cultures.
UV-A and UV-B radiation were provided for 8 and 5 h
d!, respectively, in the center of the 16 h light period
by a bank of alternating UV-A340 and UV-B313 fluo-
rescent lamps (National Biological Corporation) posi-
tioned vertically between each of the culture vessels.
UV-B exposures were adjusted according to the sensi-
tivity of each species by varying the number of layers
of cellulose acetate film: 1 layer for Dunaliella terti-
olecta, Thalassiosira weissflogii, Isochrysis sp., and A.
carterae, 2 layers for Pyramimonas parkeae, and 4 lay-
ers for Pavlova gyrans. Varying filter thickness causes
spectral shifts that are comparable to those caused by
variations in the thickness of the stratospheric ozone
layer (Rundel 1983). Cultures of A. carterae addition-
ally were covered by neutral density screens attenuat-
ing 72 to 77 % of all visible and UV radiation. PAR and
UV dose rates in our experimental cultures are listed in
Table 1. We have compared these dose rates with val-
ues from solar scans performed with the same instru-
ment at the Hatfield Marine Science Center (45°N) in
1991. Based on the same biological weighting function
(Cullen et al. 1992), UV-B dose rates in our cultures
ranged from 9 to 36 % of summer, and from 31 to 132%
of winter near-noon UV-B radiation values. UV-A/UV-
B ratios (based on unweighted dose rates) in our cul-
tures ranged from 8 to 14, and were thus somewhat
lower than the ratio of 18 determined from the solar
scans.

PFDs in PAR-only cultures were measured using a
Licor quantum meter with a 2n cosine collector. PAR
and UV radiation in the UV-exposed cultures were
measured at 1 nm increments using an Optronic 752
spectroradiometer with a 2r cosine collector. To esti-
mate the total irradiance received by the cultures (i.e.
the irradiance coming from all directions) separate

spectral scans were made with the collector pointing
upwards and downwards. The wavelength-specific
contribution of the latter to the total irradiance
(upwards + downwards) was thus estimated and sub-
sequently used as a correction for scans performed
only in the upwards position. A teflon bottle cut in half
and covered by the appropriate optical filters and/or
screens was positioned over the light collector for
measurements of spectral irradiance in UV-exposed
cultures. Reported PAR and UV dose rates for UV-
exposed cultures {Table 1) are based on spectral scans
made at a single near-center position in the chamber.
Behrenfeld et al. (1994) report a 16 % gradient in PAR
within the same chamber, but uniform UV-A and UV-B
conditions throughout due to separate lamps for each
vessel location. All radiation measurements were done
in air and no corrections for light extinction in the cul-
tures were made.

Growth, cell volume and fluorescence. Chloro-
phyll a-specific growth rates were estimated for all
species from daily measurements of in vivo, DCMU-
[3-(3,4-dichlorophenyl)-1,1-dimethylurea] enhanced
chl a tluorescence (Vincent 1980). Fluorescence was
measured with a Turner Designs 10-005R fluorometer
at the beginning of the light period, following 30 to
45 min adaptation in the dark (F), and then again after
addition of 2 x 107> M of the electron flow inhibitor
DCMU in water (F,). Fy and F,, were recorded after
60 s in the fluorometer. Chl a-specific growth rates
were estimated from linear regressions of InF,, versus
time during the exponential phase of growth, assum-
ing no significant changes in the F,:chl a ratio during
the growth period. The relationship between F, and
chl a concentration was determined by linear regres-
sion analysis on samples collected at the end of each
growth period and extracted in 90 % acetone or 100 %
methanol following measurements of in vivo fluores-
cence. Regressions based on all extracted samples
yielded the following R? values: Dunaliella tertiolecta,
0.980 (n = 13); Thalassiosira weissflogii, 0.925 (n = 19);
Pavlova gyrans, 0.973 (n = 15); Isochrysissp., 0.923 (n =
20); Pyramimonas parkeae, 0.980 (n = 18); Amphi-
dinium carterae, 0.943 (n = 15). The cellular fluores-
cence capacity (CFC) index was calculated as (F, -
Fy)/Fy, (where F, — Fyis equivalent to variable fluores-
ence, F,) and used as a measure of photochemical
capacity, i.e. the quantum vyield of fluorescence for
photosystem II (PS II) (Vincent 1980, Falkowski &
Kiefer 1985).

Cell-specific growth rates were estimated for species
in Expt C from daily cell counts, determined within 2 h
of the onset of the light period, using an El-Zone 80XY
electronic particle counter. Cell volumes were esti-
mated from mean cell dimensions obtained from the
El-Zone, assuming spherical shapes.
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In vivo absorption spectra. At the end of the
growth period, cells were collected by gentle filtration
(differential pressure < 1 Hg) onto 25 mm Whatman
GF/F glass fiber filters. Spectra (250 to 750 nm) were
recorded immediately with a Shimadzu UV-2101PC
double beam spectrophotometer equipped with an
integrating sphere (ISR-260). The sample filter was
mounted at one entrance port to the integrating
sphere and a clean filter saturated with distilled water
was used as the reference at the other port. Blanks
were prepared by filtering appropriate volumes of
growth medium and their spectra subtracted from
sample spectra. Sample filters were carefully ex-
tracted in hot methanol and scanned again to deter-
mine absorption due to the non-pigmented fraction
(Kishino et al. 1985). The digitally stored spectra were
corrected for residual scattering by subtracting the
optical density at 750 nm and for pathlength amplifi-
cation (Mitchell 1990). For PAR-only cultures, 2 dupli-
cate samples per culture were scanned and averaged.
For UV-exposed cultures, 1 sample per culture was
scanned and the spectra from the 3 replicate cultures
were averaged. Pigment-specific spectral absorption
coefficients were calculated from these spectra and
the concentrations of chl a obtained from pigment
extracts.

Pigment extractions. Cells were collected by filtra-
tion onto 25 mm Whatman GF/F glass fiber filters and
extracted in 2 ml 100 % methanol or 90 % acetone for at
least 24 h at —15°C in the dark. Extracts were clarified
by filtration (0.2 um). Methanol extracts were scanned
(250-750 nm) with a Shimadzu UV-2101PC double
beam spectrophotometer to determine presence of UV-
absorbing compounds and stored at —80°C for analysis
by high pressure liquid chromatography (HPLC) with-
out further treatment. Chl a concentrations were deter-
mined from the methanol extracts using (1) the provi-
sional equation of Humphrey & Jeffrey presented in
Jeffrey & Haxo (1968) for species containing chls a and
¢ (Thalassiosira weissflogii, Isochrysis sp., Pavlova
gyrans, Amphidinium carterae) or (2) the equation of
Porra et al. (1989) for species containing chls a and b
(Dunaliella tertiolecta, Pyramimonas parkeae). For a
comparison of methods some chl a concentrations were
also determined in 90% acetone extracts (Jeffrey &
Humphrey 1975) of UV-exposed cultures. In D. terti-
olecta, T. weissflogii and P. gyrans chl a estimates from
methanol extracts were within 7% of estimates from
90 % acetone extracts. In P. parkeae, Isochrysis sp. and
A. carterae, however, methanol extractions underesti-
mated chl a concentrations by 95, 48 and 32 %, respec-
tively, relative to 90 % acetone, as determined by linear
regression analysis (n = 6, R®> = 0.99, 0.97, and 0.99).
The basis for this rather large, yet possibly consistent,
discrepancy is unknown. For these species, chl a con-

centrations were derived from 90% acetone extracts
when available (UV-exposed cultures) or otherwise
from methanol extracts corrected for this discrepancy
(PAR-only cultures). Values corrected in this manner
are thus restricted to the in vivo absorption coefficients
and the chl a-specific MAA contents of P. parkeae,
Isochrysis sp. and A. carteraein LL and HL treatments,
and should be considered tentative.

Analysis of mycosporine-like amino acids. MAAs
were separated by reverse-phase isocratic HPLC
(Hewlett Packard Series 1050) with a Brownlee RP-8
column (Spheri-5, 4.6 mm x 25 cm) protected with an
RP-8 guard column, in an aqueous mobile phase con-
taining 0.1 % acetic acid and 15 % (Thalassiosira weiss-
flogii) or 25% (all other species) methanol (v:v) at a
flow rate of 0.6 ml min™* (Dunlap & Chalker 1986).
Detection of peaks was by absorbance at 313 and
340 nm. As MAA standards were not available, peaks
were tentatively identified by comparison with pub-
lished retention times, by the ratio of peak areas deter-
mined at 313 and 340 nm, and by co-chromatography
with extracts of Paviova gyrans exposed to UV-B and
Porphyra sp. collected at South Beach, Oregon. Identi-
ties of major peaks in the latter 2 extracts were con-
firmed by A. Banaszak. Relative chl a-specific (all spe-
cies) and cell-volume-specific (Expt C only) MAA
concentrations were calculated from peak areas nor-
malized to injection volume, and expressed as peak
area (relative units) per ng chl a and peak area per
um?, respectively. All the samples of a given species
were analyzed on the same run to minimize potential
biases from variations in column efficiency.

Significance of UV-A versus UV-A+UV-B treatment
effects was evaluated by Student's t-test or Welch's
approximate f-test following an F-test for variance
homogeneity (Sokal & Rohlf 1981). Because PAR-only
data lack true replication, for these treatments only the
standard deviation (SD) is given as a measure of
within-culture variation and sampling error.

RESULTS
Growth rate and cell volume

Fig. 1 shows growth rates estimated from daily chl a
in vivo fluorescence for all 6 species, and Table 2 lists
cell-specific growth rates for the 3 species whose
growth was in addition estimated from daily cell
counts. PAR-only growth rates (Fig. 1) suggest light
limitation of Isochrysis sp. and Pyramimonas parkeae
at 29 + 4 pmol photons m™2 s™! and light inhibition of
Amphidinium carterae at 120 umol photons m™ s,
However, lack of experimental replication precludes
statistical evaluation of observed LL/HL differences in
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Fig. 1. Chl a-specific growth rates for 6 species cultured at low light (LL), high light (HL), PAR+UV-A, and PAR+UV-A+UV-B.

Chl a was estimated from in vivo fluorescence after addition of DCMU. Rates were calculated by linear regression following In

transformation of chl a values obtained daily between the following days of exposure to LL or HL, PAR+UV-A, and PAR+UV-

A+UV-B, respectively: Dunaliella tertiolecta, 2-5, 0-3, 0-3; Thalassiosira weisstlogii, 1-4, 0-3, 0-3; Isochrysissp., 4—7, 1-5,4-7;

Pyramimonas parkeae, 4-7, 1-4, 4-7,; Paviova gyrans, 3-7, 1-6, 1-6; Amphidinium carterae, 4-9, 1-5, 1-6. PAR-only cultures:

error bar represents 95 % confidence interval of regression coefficient (cultures were not replicated). UV-exposed cultures: error
bar represents 95% confidence interval of the mean of 3 replicate cultures

growth. UV-B radiation at doses listed in Table 1 sig-
nificantly affected the growth rates of all species
except the prymnesiophyte Pavlova gyrans (Fig. 1,
Tables 2 & 3). Because initial trials with this species
showed a strong inhibition of chl a-specific growth
under weighted UV-B doses of 304 and 216 mW m™
(1 and 2 layers of cellulose acetate, respectively), the
UV-B dose was subsequently reduced to 103 mW m™2
by addition of 2 more layers of cellulose acetate. At
this UV-B dose, P. gyrans exhibited a 7 %, non-signifi-
cant decrease in the chl a-specific growth rate relative
to the PAR+UV-A treatment. In Isochrysis sp. the

Table 2. Cell-specitic growth rates (d *, mean + SD, n = 3)

determined for 3 of the 6 species in UV treatments (PAR+

UV-A, PAR+UV-A+UV-B). Numbers in parentheses indicate

days after onset of UV exposure included in growth rate cal-
culations. Irradiance levels as in Table 1

Species PAR+UV-A PAR+UV-A+UV-B
Isochrysis sp. 0.787 £0.048 (1-5) 0.141 £0.022 (1-4)

0.688 +0.101 (4-7)
Pyramimonas  0.672 £ 0.054 (1-4) 0.083 £ 0.264 (1-3)
parkeae 0414 £ 0.116 (3-6)
Amphidinium  0.606 £ 0.033 (1-5) 0.293 +£ 0.009 (1-6)
carterae

depression of growth by UV-B radiation was signifi-
cant when expressed as chl a-specific but not when
expressed as cell-specific. Upon exposure to UV-A+
UV-B radiation, Isochrysis sp. and P. parkeae had 3 to
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Fig. 2. Relationship between in vivo fluorescence based chl a-

specific growth rate and cell-specific growth rate in UV-

exposed cultures of Isochrysis sp. (m, 0), Pyramimonas

parkeae (a, a}, and Amphidinium carterae (e, ©). Open sym-

bols, PAR + UV- A treatment; solid symbols, PAR+UV-A+UV-
B treatment
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Table 3. Effects of UV-B radiation on chl a-specific growth rate, cell-specific growth rate, cellular fluorescence capacity (CFC),

cell volume, chl a-specific MAA concentration, and cell- and cell-volume-specific MAA concentration, expressed as percent

change of the PAR+UV-A+UV-B treatment relative to the PAR+UV-A treatment. One-tailed probability values from Student's
t-tests for comparison of treatment means in parentheses. ns: means not significantly different at o = 0.05. ND: no data

Species Growth rate CEC Cell volume MAA concentration®
Chl a-specific Cell-specific per ng chl a per cell per cell volume
Dunaliella tertiolecta -57% ND -9.0% ND +51% ND ND
(p =0.002) (ns) (ns)
Thalassiosira weissflogii -64% ND -5.6% ND -0.1% ND ND
(p = 0.000) (ns) (ns)
Isochrysis sp. -23% -13% -4.1% +31% +141% +170% +105%
{p = 0.000) {ns) {(p=0.010) (p=0.004) (p=0.011) (p=0.006) (p=0.031)
Pyramimonas parkeae -41% -38% -17.4% +72% +95% +327% +138%
{p =0.003) (p=0.013) (p=0.033) (p=0.003) (ns)® (ns)© (ns)d
Pavlova gyrans -7 % ND +3.5% ND +23% ND ND
(ns) (p=0.022) (ns)
ND +1.0%"* ND ND
(ns)
ND +277 %' ND ND
(p = 0.000)
Amphidinium carterae -57% -52% -1.4% +58% +0.7% +183 % +77%
{p = 0.000) (p = 0.000) (ns) (p = 0.000) {ns) (p=0.009) (p=0.021)
*Mpycosporine-glycine-like compound, except as indicated for P. gyrans
®4+159% (p = 0.003) if outlier is dropped (see text for details)
“+467 % (p = 0.024) if outlier is dropped
94206 % (p = 0.029) if outlier is dropped
“Compound 2 {unknown)
'Compound 3 (shinorine/porphyra-334-like)

4 d initial lags in growth. The mean chl a-specific
growth rate in Isochrysis sp. UV-B exposed cultures
increased from 0.129 d-! (Days 1 to 4) to 0.661 d°!
(Days 4 to 7}, closely resembling the increase in cell-
specific growth rates (Table 2), and reaching 77 % and
87 % of the chl a- and cell-specific PAR+UV-A rates,
respectively. P. parkeae PAR+UV-A+UV-B-exposed
cultures averaged no net chl a- or cell-specific growth
during the first 3 d of exposure. After this time lag,
cells partially recovered and their growth rate
increased to 59 and 62 % of the chl a- and cell-specific
PAR+UV-A rates, respectively.

Growth rates determined from in vivo fluorescence
for Isochrysis sp. and Pyramimonas parkeae UV-
exposed cultures were close (3 and 5 % higher, respec-
tively) to growth rates determined from cell counts, an
indication that chl a fluorescence per cell remained
stable during the exponential growth phase (Fig. 2,
Tables 2 & 3). In contrast, growth rates determined
from in vivo fluorescence for Amphidinium carterae
UV-exposed cultures were consistently lower than,
and averaged 78% of, growth rates determined from
cell counts, possibly resulting from a gradual reduction
of the chl a fluorescence per cell during the study
period (Fig. 2).

Cell volumes, obtained by approximating the vol-
ume of a sphere, increased significantly with UV-B
radiation in the 3 species examined (Table 3).

Cellular fluorescence capacity

The CFC index (F,/F,) declined with UV-A and/or
UV-A+UV-B exposure in all species except Paviova gy-
rans (Fig. 3). After 4 d of exposure, CFC was significantly
depressed by UV-A radiation in Thalassiosira weissflogii
(10%) and Amphidinium carterae (10%), and by UV-
A+UV-B radiation in Dunaliella tertiolecta (12%), T.
weisstlogii (15 %), Isochrysis sp. (10%), and A. carterae
(11%) (paired t-test, Table 4). The large variability in
CFC among Pyramimonas parkeae PAR+UV-A+UV-B
replicates (range: 0.42 to 0.55) explains the lack of a sig-
nificant UV-A+UV-B effect on Day 4 relative to Day 0
(Table 4). Nonetheless, CFC was significantly lowerin P.
parkeae cultures exposed to UV-A+UV-B than in those
exposed to UV-A alone (Table 2), indicating a UV-B ef-
fect on CFC in this species as well. In addition to P.
parkeae, only Isochrysis sp. had a significantly lower
CFC index under UV-A+UV-B exposure than under
UV-A exposure alone (Table 2).
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Fig. 3. Effects of UV radiation on
CFC (cellular fluorescence capac-
I ity) calculated as (F, - F)/Fp.
Mean + SD prior to {f, n = 6)
and after 3 d (Thalassiosira weiss-
flogii) or 4 d (all other species} of

[ UV exposure (n = 3). Signifi-
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Dunaliella Thalassiosira ) Isochrysis Pyramimonas
tertiolecta weissflogii sp. parkeae

In vivo absorption

Pigment-specific spectral absorption coefficients for
cultures exposed to LL, HL, PAR+UV-A, and PAR+
UV-A+UV-B are shown in Fig. 4 and total absorption in
Fig. 5. In contrast with Paviova gyrans, the other 5 spe-
cies examined exhibited relatively small in vivo
absorption peaks or shoulders with maxima ranging
from 339 to 344 nm (Table 5). In Thalassiosira weiss-
flogii, absorption spectra suggest that the compounds
responsible for UV absorption were induced somewhat
by high fluence PAR and by UV-A and UV-A+UV-B
radiation. In Dunaliella tertiolecta, induction was
restricted to high fluence PAR and UV-A radiation.
Absorption spectra showed no evidence of high flu-
ence PAR- or UV-induced production of UV-absorbing
compounds in Isochrysis sp., Pyramimonas parkeae or
Amphidinium carterae. On the other hand, P. gyrans
exhibited a large increase in UV absorption following
exposure to HL and UV radiation (Figs. 4 & 5, Table 5),
with maxima at 335-336 nm. Absorption coefficients in

Table 4. Effects of UV-A and UV-A+UV-B radiation on CFC.

One-tailed probability values from paired Student's t-tests

for comparison of treatment means prior to (&) and after 3 or

4 d of exposure to PAR+UV-A or PAR+UV-A+UV-B radiation.
ns: means not significantly different at o0 = 0.05

Species to vs fy vs
PAR+UV-A PAR+UV-A+UV-B

Dunaliella tertiolecta ns 0.037

Thalassiosira weissflogii ~ 0.030 0.015
Isochrysis sp. ns 0.020
Pyramimonas parkeae ns ns
Pavilova gyrans ns ns
Amphidinium carterae 0.014° 0.000¢

“Reduced PAR dose in UV treatments (see Table 1)

Paviova Amphidinium i cances of treatment effects are
gyrans carterae listed in Tables 3 & 4

this region were similar for HL and PAR+UV-A cul-
tures, suggesting a limited role of UV-A radiation in
the induction of UV-absorbing compounds in this spe-
cies. UV-B-exposed cultures exhibited a 5- to 6-fold
increase in UV absorption, greatly exceeding absorp-
tion by light-harvesting photosynthetic pigments.

In the UV-C region (<280 nm) the spectra show ab-
sorption by proteins and nucleic acids at 260-270 nm.
In the visible region (400-700 nm) absorption spectra
suggest treatment effects on levels of accessory photo-
synthetic pigments relative to chl a, but no major dif-
ferences in pigment composition are apparent be-
tween treatments.

Mycosporine-like amino acids

In all species except Paviova gyrans chromatography
of methanol extracts yielded only 1 major peak (reten-
tion time = 4.9 min). Based on the 313 nm:340 nm ratio
of peak areas and co-chromatography with a known
sample of P. gyrans this compound was tentatively
identified as mycosporine-glycine (Ana, = 310 nm).
Dunaliella tertiolecta, Pyramimonas parkeae, Isochry-
sis sp. and Amphidinium carterae frequently exhibited
a small shoulder (retention time = 5.0 to 5.1 min) on this
peak, possibly caused by overlap with a related com-
pound. In addition, a very small, unidentified peak
(<1.5% of total peak area) with a retention time of
6.7 min was present in P. parkeae and Isochrysis sp. P.
gyrans chromatograms typically exhibited 3 major
peaks (Fig. 6) with 313 nm:340 nm peak area ratios of
1.2, 1.6, and 0.6. Compound 1 has been tentatively
identified as mycosporine-glycine, compound 2 is an
unknown with absorption in the UV-B range, and com-
pound 3 most likely corresponds to shinorine or por-
phyra-334 (A,.x = 334 nm). The concentrations pre-
sented are based on HPLC peak areas (relative units)



Fig. 4. Pigment-specific spec-
tral absorption coefficients (a",
m? mg™ chl &) for 6 species
cultured at low light (LL),
high light (HL), PAR+UV-A,
and PAR+UV-A+UV-B. Spec-
tra shown are the means of
2 duplicate samples per culture
(LL, HL) or single samples from
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Fig. 5. Total chl a-specific in vivo absorption at UV-A (320-400 nm) and UV-B (286-320 nm) wavelengths, obtained by integra-

tion of the spectra shown in Fig. 4
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Table 5. Wavelength of in vivo UV absorption maximum and ratio of the mean chl a-specific absorption coefficients at maxima

for UV-absorbing compounds and for chi @ (811w max)/@pcni & maxi)- Absorption coefficients are from spectra shown in Fig. 4
Species Treatment UV maximum &40V max)/ @ piehl o max)
(nm)
Dunaliella tertiolecta LL 343 0.42
HL 343 0.45
PAR+UV-A 342 0.58
PAR+UV-A+UV-B 342 0.40
Thalassiosira weissflogii LL 345 0.17
HL 344 0.25
PAR+UV-A 340 0.41
PAR+UV-A+UV-B 344 0.84
Isochrysis sp. LL 341 0.55
HL 342 0.57
PAR+UV-A 342 0.53
PAR+UV-A+UV-B 342 0.48
Pyramimonas parkeae LL 340 0.72
HL 342 0.68
PAR+UV-A 340 0.77
PAR+UV-A+UV-B 343 0.61
Paviova gyrans LL 340 0.61
HL 336 1.99
PAR+UV-A 336 2.14
PAR+UV-A+UV-B 335 5.76
Amphidinium carterae LL 341 0.59
HL 341 0.37
PAR+UV-A 340 0.62
PAR+UV-A+UV-B 339 0.49
detected at 313 nm or 340 nm; the choice was deter- P
- A avlova gyrans
mined by the 313 nm:340 nm peak area ratio, >1 or <1, o | 313 nm
respectively. Peak integration included the shoulder 2 3
<
when present. As peak areas are commonly used to L
derive concentrations when the response factors for _%
the compounds are known, the relative concentrations < 2 ||
presented here allow for direct quantitative compar- |
. 4 I L
isons between treatments, but not between com- MV LS _
pounds. 3 10 15
Transfer from LL to HL caused a small increase in the :
concentration of MAAs in Thalassiosira weissflogil ,
(44 %) and Pyramimonas parkeae (9%; Fig. 7). In the ' Paviova gyrans
dinoflagellate, Amphidinium carterae, HL caused a 6- § ( 340 nm
fold increase in the chl a-specific concentration of this s
compound. However, since there was evident bleach- g I'
ing of A. carterae cultures in HL, chl a degradation and ﬁ 2
not an increase in the cellular MAA concentration most w ¥

likely explains the large increase in the chl a-based
estimate of MAA content in this species. Dunaliella ter-
tiolecta and Isochrysis sp. did not increase their MAA
content in HL.

Exposure to UV radiation— UV-A alone or in combi-
nation with UV-B—generally caused a small to moder-
ate increase in the relative chl a-specific concentration
of the mycosporine-glycine-like compound (Fig. 7). In
Thalassiosira weissflogii, Pyramimonas parkeae, and

5 10 15

Retention Time (min)

Fig. 6. HPLC chromatograms of mycosporine-like amino acids
from methanol extracts of Pavlova gyrans grown under
PAR+UV-A. The compounds are (1) mycosporine-glycine-like
compound (retention time, RT = 4.6 min), (2) unknown (RT =
5.1 min), (3) shinorine/porphyra-334-like compound (RT =
6.0 min), and (4} unknown (RT = 7.7 min). Both 313 nm (top)
and 340 nm (bottom) chromatograms are the same scale
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centration of the predominant
MAA, a mycosporine-glycine-like
compound, for 5 species cultured
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tures (PAR+UV-A, PAR+UV-A+ 0
UV-B). Absorbance detection at Dunalielia
313 nm tertiolecta

Isochrysis sp., the average chl a-specific concentration
of the mycosporine-glycine-like compound was 73, 43,
and 77 % higher, respectively, in UV-A-exposed than in
PAR-only HL cultures. No effect of UV-A on this quan-
tity was observed for Dunaliella tertiolecta. Because
Amphidinium carterae in UV treatments received a
PAR dose that was intermediate between LL and HL
(see Table 1), the 53 % increase observed between LL
and UV-A-exposed cultures (Fig. 7) can at least in part
be attributed to the higher PAR dose, and the UV-A ef-
fect alone cannot be determined from the data.
UV-A+UV-B radiation more effectively induced
MAAs in some species than UV-A radiation alone.
UV-B supplementation increased the average chl a-
specific concentration of the mycosporine-glycine-like
compound by 141 and 95% in Isochrysis sp. and Pyra-
mimonas parkeae, respectively, relative to PAR+UV-A
cultures (Table 3). The large standard deviation associ-
ated with the PAR+UV-A+UV-B treatment of P

Compound 1

125 1

100

75 T+

50 4

o

25+

Relative Concentration
(area ngchla™")

0 0

Compound 2

Amphidinium
carterae

Thalassiosira Isochrysis
werssflogii sp.

Pyramimonas
parkeae

parkeae (Fig. 7) is due to an unexpectedly high chl a
concentration in one of the replicate cultures. The
remaining 2 cultures averaged a concentration of 716 +
103 (relative units ng™* chl &), representing a highly
significant (p = 0.003), 159% increase relative to the
UV-A treatment. In Thalassiosira weissflogii, Paviova
gyrans and Amphidinium carterae, by contrast, the
chl a-specific concentration of this MAA was not
increased further by irradiation with UV-B, and in
Dunaliella tertiolecta it increased by a non-significant
51%. On a cell volume basis (Table 3), UV-B supple-
mentation approximately doubled the MAA concen-
tration in Isochrysis sp., P. parkeae and A. carterae. In
P. gyrans large increases in the concentration of com-
pound 3 were obtained with high fluence PAR and
with UV-B supplementation, but UV-A radiation alone
had a negligible effect (Fig. 8, Table 3).

The relationship between the UV absorption coeffi-
cient (a'puvmax) and the relative concentration of

Compound 3
1500 —

1250 + | OLL

| OHL
1000 1| PAR+UV-A
| MPAR+UV-A+UV-B

250 | Y\\:
N

Fig. 8. Relative chl a-specific concentrations of mycosporine-like compounds in Paviova gyrans cultured at low light (LL), high

light (HL), PAR+UV-A, and PAR+UV-A+UV-B. Mean and SD of 2 duplicate samples (LL, HL} or 3 replicate cultures (PAR+UV-A,

PAR+UV-A+UV-B). Absorbance detection at 313 nm (compounds 1 and 2) or 340 nm (compound 3). For compound identification
see Fig. 6



218 Mar Ecol Prog Ser 174: 207-222, 1998

MAAs was analyzed collectively for all species by lin-
ear regression (data not shown). As both of these para-
meters are expressed on a chl a basis the relationship
is independent of the pigment concentration. There
was a very weak, yet significant positive correlation
between the 2 variables (R* = 0.25, p = 0.014, n = 24).
Only for Pavlova gyrans did a’puvmay clearly increase
as a function of MAA concentration.

DISCUSSION
Growth and sensitivity to UV radiation

The inhibition of chl a-specific growth by UV radia-
tion may result from photoinhibition of photosynthesis,
assimilatory processes, and/or direct effects on cellular
DNA. We measured a depression in the quantum yield
of PS Il fluorescence by UV-A or UV-A+UV-B radiation
in 5 of the 6 species examined, as expected from UV-
induced damage to PS II (Renger et al. 1989). Degrada-
tion of the D1 32-kDa protein complex within PS II is
mediated by oxidative stress (Richter et al. 1990). This
complex is one of many targets responsible for UV-B
inhibition of photosynthesis (Franklin & Forster 1997).
UV-B was shown to inhibit the major CO, fixing
enzyme, Rubisco (Strid et al. 1990, Lesser 1996). A
depression of nitrogen uptake and assimilation (Déhler
1985} as well as reduced rates of DNA synthesis (Buma
et al. 1996) with exposure to UV-B have been reported
for various microalgae. Impairment of any or all of
these functions are likely to result in growth inhibition.

From the UV-B doses delivered and the depressions
in chl a-specific growth we calculated an index of
UV-B sensitivity (Behrenfeld et al. 1992) yielding the
following rating in UV-B resistance: Pavilova gyrans =
Isochrysis sp. > Dunaliella tertiolecta 2 Pyramimonas
parkeae > Thalassiosira weissflogii > Amphidinium
carterae. This rating assumes a linear dose-response
relationship and suggests highest resistance for the 2
prymnesiophytes. However, the location of P. gyransin
this ranking is uncertain since the low UV-B dose pro-
vided was based on initial tnals which indicated that
this species was highly susceptible to the higher UV-B
doses. In comparison, the dinoflagellate Prorocentrum
micans suffered a 32% depression in chl a-specific
growth rate when grown with a total daily UV dose
roughly one half of our lowest UV treatment (Lesser
1996), indicating that it is more sensitive to UV-B radi-
ation than any of the species in the present study.

Based on evidence of a strong correlation between
light-saturated photosynthetic rate and DCMU en-
hancement of fluorescence (Samuelsson & Oquist
1977, Falkowski & Kiefer 1985), we analyzed the rela-
tionship between growth rate depression and the

decline in F,/F, following exposure to UV-B. Correla-
tion analysis, however, yvielded a very weak positive
association (r = 0.40) between these 2 parameters
(columns 2 and 4 in Table 3). This can be explained by
the co-occurrence of multiple UV-B-induced changes
in cell metabolism that determine the extent of growth
inhibition. At one extreme, Amphidinium carterae ex-
perienced a 57 % reduction in the chl a-specific growth
rate yet only a 1.4%, non-significant reduction in
F,/Fy, suggesting that for this species it is not PSII, but
other UV-B-sensitive cellular targets (e.g. Rubisco,
DNA, membranes) that determine performance under
UV-B stress. Similarly, the 30% UV-B-induced reduc-
tion in growth experienced by the dinoflagellate Proro-
centrum micans was not accompanied by a significant
drop in F,/F, (Lesser 1996). At the other extreme is
Pyramimonas parkeae, which for a 41 % decrease in
chl a-specific growth had a correspondingly high
17.4 % decrease in F,/F;,, suggesting that, for this spe-
cies, reduction in F,/F, can explain a significant por-
tion of the UV-B-induced inhibition of growth.

The growth patterns observed following exposure to
UV-B radiation suggest that Isochrysis sp., Pyrami-
monas parkeae, and possibly Pavlova gyrans under-
went a period of UV-B acclimation. Lags in growth
lasted a few days and were followed by partial recov-
ery. Lesser et al. (1994) point out that acclimation to UV
establishes a new equilibrium between damage and
repair processes. The initial lag in growth observed in
these species seems to indicate differential cell death
or activation of repair mechanisms requiring protein
synthesis (Ohad et al. 1984, Lesser et al. 1994). How-
ever, some repair activation rates may be too rapid to
explain an acclimation period lasting several days. In
Thalassiosira pseudonana, for example, cumulative
carbon uptake reaches an equilibrium between dam-
age and repair 30 to 60 min after exposure to UV-B
(Lesser et al. 1994). A period of acclimation to UV radi-
ation was not apparent in our cultures of Dunaliella
tertiolecta, T. weissflogii, or Amphidinium carterae.
Similarly, Jokiel & York (1984) found no evidence of
photoadaptation in 14 d exposures of phytoplankton to
solar UV-B radiation. In 30 d outdoor growth experi-
ments with the temperate estuarine diatom Phaeo-
dactylum tricornutum, Behrenfeld et al. (1992) instead
observed an increase in UV-B sensitivity with time.
The authors ascribed this to a progressive decrease in
photorepair capabilities associated with a decline in
ambient photorepair wavelengths.

Variations in cell size are considered significant in
photoprotection since increased cell volume would
protect sensitive sites, particularly centrally located
DNA, by increasing the pathlength of light travelling
through the cell (Garcia-Pichel 1994). The absorption
of UV by various cellular constituents, including any



Hannach & Sigleo: Photoinduction of UV-absorbing compounds 219

selectively UV-absorbing compounds, would thus
afford greater protection to the nucleus of larger cells.
Of the species used in this study, Amphidinium
carterae, Thalassiosira weissflogii, and Pyramimonas
parkeae are relatively large-celled (average diame-
ters > 10 um), followed by Dunaliella tertiolecta, Pav-
lova gyrans, and Isochrysis sp., with average cell diam-
eters of 8.1, 5.6, and 4.5 um, respectively. Contrary to
expectations, the comparison of cell size with their rel-
ative sensitivities to UV-B radiation—a ranking based
on growth inhibition (see above)—suggests greater
UV-B resistance for the smaller-celled than for the
larger-celled species in this study. In contrast, a com-
parison of DNA damage and repair in 12 Antarctic
diatom species (Karentz et al. 1991a) indicated higher
sensitivity to UV exposure in the smaller-celled spe-
cies. Furthermore, Bothwell et al. (1993) found that
attached diatom communities exposed to ambient UV
radiation for a prolonged period of time attained signif-
icantly greater mean cell sizes than communities not
exposed to UV, and that this change resulted from a
shift to larger-celled species.

The cell volumes of Isochrysis sp., Pyramimonas
parkeae, and Amphidinium carterae were found to
increase by ca 30, 70, and 60%, respectively, with
exposure to UV-B radiation, in agreement with obser-
vations for Phaeodactylum tricornutum by Behrenfeld
et al. (1992). These presumably phenotypic changes in
cell size may be a photoprotective response, or alterna-
tively, the result of UV-inhibited cell division. Karentz
et al. (1991a) report that the size of UV-B- and UV-C-
irradiated Antarctic diatoms greatly increased in some
species due to arrested cell division. Alterations in cell
volume also were reported as a response to shifts in
PAR intensity (Thompson et al. 1991).

UV-absorbing compounds

The major mycosporine-like compound extracted
from the 5 species other than Pavlova gyrans was tenta-
tively identified as mycosporine-glycine, a compound
with an absorption maximum in the UV-B range (Naka-
mura et al. 1982). While we were not able to quantify its
cellular content, it is apparent that this compound was
present in very small amounts relative to chl a. In vivo
spectral absorption coefficients at UV maxima were on
the order of 0.003 to 0.018 m? mg~"' chl a for our 5 spe-
cies with low UV absorption. As can be appreciated
from the whole cell absorption spectra (Fig. 4) and the
spectra of crude methanol extracts (not shown), the UV
absorbance peak for these 5 species is small and broad,
and shifted to longer, UV-A wavelengths. This is most
likely the result of spectral overlap with pigments from
photosynthetic antenna, which can absorb down to

300 nm (Vernet et al. 1989), at one end, and absorption
by proteins and nucleic acids at the opposite end of the
spectrum. The dominant compound in P. gyrans corre-
sponds to a MAA with maximum absorbance in the
UV-A range. A compound with maximum absorbance
in the UV-A range also was identified as a quantita-
tively important MAA in the Antarctic prymnesiophyte
Phaeocystis sp. (Bidigare et al. 1996).

Our results indicate that the ability of phytoplankton
to produce significant amounts of MAAs through
photoinduction may be limited to certain species or
taxa. Taxonomic composition appeared to be one of the
most important factors in controlling UV absorption in
Antarctic phytoplankton (Vernet et al. 1994), as prym-
nesiophyte-dominated populations typically exhibited
enhanced UV absorption. The species with pro-
nounced and inducible UV absorption used here,
Pavlova gyrans, is also a prymnesiophyte, as is the
widespread and bloom-forming Phaeocystis pouchetii,
shown to contain large amounts of UV-absorbing com-
pounds (Marchant et al. 1991). The presence of MAAs
in all cultures raises the question whether these com-
pounds may have a role in the biochemistry of the cell
unrelated to UV protection.

High fluence PAR (255-290 pmol photons m™ s7})
did not induce production of UV-absorbing compounds
in all the species examined, but they all exhibited
some, albeit mostly small, degree of induction in
response to UV-A or UV-B radiation. Small increases in
MAA content with HL were observed for Thalassiosira
weissflogii and Pyramimonas parkeae, and a very pro-
nounced increase was evident for Pavlova gyrans.
Under similar conditions, Carreto et al. (1990a) trans-
ferred the dinoflagellate Alexandrium excavatum from
20 to 200 pmol photons m™? s™! and obtained a several-
fold increase in UV absorption after only 3 h. Both
absorption spectra and HPLC analyses revealed that
UV-absorbing compounds were present in all LL cul-
tures. It is therefore possible that most of our LL treat-
ments were not sufficiently light-limited to reduce
MAA production to levels appreciably lower than
under bright light. In fact, PFDs delivered to LL cul-
tures proved growth-limiting for only 2 species,
Isochrysis sp. and P. parkeae; both these cultures
received the lower PAR dose supplied in Expt C,
25-33 pmol photons m™2 571,

The highest reported relative concentration of UV-
absorbing compounds was that for the Antarctic colo-
nial prymnesiophyte Phaeocystis pouchetil, with an
extract UV:chl a absorbance ratio of 27 (Davidson &
Marchant 1994). Colonial Phaeocystis sp. increased its
concentration of UV-absorbing compounds with
increasing UV-Bradiation, although its UV absorbance
was high even when not recently exposed to UV radi-
ation (Marchant et al. 1991). Our results with Paviova
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gyransindicate that it contains very low concentrations
of UV-absorbing, mycosporine-like compounds until
exposed to bright visible light or UV radiation. A 10-
fold increase in the maximum PFD induced a 39-fold
increase in 1 of the 3 MAA compounds, and this
increase was accompanied by an almost 4-fold
increase in the UV spectral absorption coefficient.
When exposed to UV-A+UV-B radiation, there was a
145-fold increase in MAAs, accompanied by an 11-fold
increase in the UV spectral absorption coefficient, rel-
ative to LL. Our maximum values for the UV spectral
absorption coefficient of P. gyrans, 0.12 m* mg~! chl a,
compare well with values by Neale & Spector (1994)
from a Thalassiosira gravida spring bloom in Antarc-
tica that had maximum UV spectral absorption coeffi-
cients in the range 0.05-0.11 m® mg~' chl a.

The PAR dependency of MAA production in Paviova
gyrans may reflect MAA synthesis that is dependent
on photosynthetic activity, possibly enabling the
biosynthesis of precursors (Carreto et al. 1990b). When
cultures were subsequently exposed to UV-A radiation
their MAA content did not increase further, contrary to
expectations based on results from studies with
Alexandrium excavatum (Carreto et al. 1990b) and
Phaeocystis sp. (Bidigare et al. 1996). Cells transferred
from the HL culture to the PAR+UV-A and PAR+
UV-A+UV-B treatments experienced a small reduction
in PAR intensity (<10%; however, this estimate is
based on different light sensors) associated with the
lower transmissivity of teflon relative to borosilicate
glass. If this drop in PAR intensity effectively lowered
the rate of MAA production, then a relatively small
stimulating effect of UV-A radiation on MAA produc-
tion could have remained undetected.

Whole-cell absorption spectra yield very limited
information regarding the identity of the compounds
responsible for UV absorption. The 5 species that
exhibited limited induction capabilities predominantly
contained a compound with maximum absorption in
the UV-B range. In these species, however, in vivo UV
absorption maxima were shifted to longer, UV-A
wavelengths, and centered around 339-345 nm. On
the other hand, the one species that proved highly
inducible, Paviova gyrans, contained predominantly a
compound with maximum absorption in the UV-A
range. In vivo UV absorption maxima in this species
were centered around 340 nm when grown under LL
and MAAs were present in small amounts, but shifted
to shorter wavelengths in HL- and UV-induced cul-
tures, more closely reflecting the absorption maximum
of the predominant MAA. These observations are
based on absorption spectra already corrected for non-
extractable cell material, such as membranes or cellu-
lar coverings. In addition, absorption by DNA, pro-
teins, and photosynthetic pigments are superimposed

on the absorption by MAAs or any other selective UV
absorbers. Our data suggest that photosynthetic pig-
ments spectrally overlap with the selective UV
absorbers, resulting in a pronounced shift of UV
absorption maxima at low concentrations. Deconvolu-
tion of the in vivo absorption spectra will be required to
resolve pigment overlap and predict the contribution
of the MAA fraction to total absorption in the UV
range, a technique that has been applied to whole cell
absorption of visible light in phytoplankton (Bidigare
et al. 1989).

In summary, results from these acclimation experi-
ments demonstrate that UV stress elicits responses that
are species-specific. Our measurements of growth and
photochemical capacity agree with other studies (e.g.
Cullen & Neale 1994) in supporting the prediction that
there is an important differential sensitivity to UV-B
radiation among phytoplankton species, and that this
could lead to significant changes in the species compo-
sition of a natural assemblage. Based on the depression
in growth and photochemical capacity the 6 species
that we examined differed in their degree of UV-B
resistance, with the 2 prymnesiophytes exhibiting the
highest and the dinoflagellate the lowest resistance.
The 6 species also differed in the photoinducibility of
UV-absorbing compounds, as only the prymnesiophyte
Palova gyrans exhibited a pronounced MAA synthesis
response to irradiance,
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