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Abstract

Mycosporine-like amino acids (MAAS) were studied in zooplankton from 13 Argentinian lakes
covering a broad range in altitude, maximum depth and physico-chemical properties of the water.
Four to nine different MAASs (predominantly porphyra-334 and shinorine) were found in the
copepods Boeckella gibbosa, B. gracilipes, B. meteoris and Parabroteas sarsi, and in the ciliate
Stentor amethystinus, while MAAs were undetectable in the cladoceran Daphnia middendorffiana.
Among the different copepods, maximum MAA concentrations accounted for 0.25-1.31% of the
dry weight, and contents were generally about three to seven times (up to 43 times) higher in the
animals living in the clearest lakes compared to those occurring in low-UV systems. This
variability in the content of MAAs was related to the lake altitude (r2 = 0.71), and the fraction of
the water column to which 1% of the surface UV radiation at 320 nm penetrated (r2 = 0.57). Our
data therefore underscore the role of MAAs as sunscreens to decrease the potential negative
effects of solar radiation, but they also indicate that other environmental factors besides UV
transparency play a role in determining MAA concentrations. One lake was selected to obtain
additional information on the qualitative composition of MAAs in seston of <100 wm between two
sampling sites and over a 2 month study period (austral summer). Six different MAAs were
detected in the samples, with porphyra-334 and palythine being predominant. In the copepods
collected simultaneously, there was low variation in MAA concentrations between the two sites
and over time. Thus, our results suggest that under similar UV exposure conditions MAA contents
of planktonic organisms show low temporal variation.

INTRODUCTION

Solar ultraviolet radiation (UVR, 290-400 nm) plays an important ecological role in many
aquatic ecosystems. Both laboratory and field experiments have shown that UVR is
potentially lethal to freshwater zooplankton (Siebeck, 1978; Williamson et al., 1994;
Zagarese et al., 1994). UV tolerance, however, varies among species and populations
(Cabrera et al., 1997; Zagarese et al., 1997a; Tartarotti et al, 1999; Leech and Williamson,
2001), and also depends on the UV transparency of the habitat (Stutzman, 1999). While in
many lakes UVR is attenuated rapidly, it can penetrate deep into waters with low

© Oxford University Press 2004; all rights reserved

" CORRESPONDING AUTHOR: btartaro@marine.usf.edu.

1pPRESENT ADRRESS: DEPARTMENT OF MARINE SCIENCE, UNIVERSITY OF SOUTH FLORIDA, 140 SEVENTH
AVENUE SOUTH, ST PETERSBURG, FL 33701, USA

2pRESENT ADRRESS: INSTITUTO DE INVESTIGACIONES BIOTECNOLOGICAS INSTITUTO TECNOLOGICO DE
CHASCOMUS, UNIVERSIDAD NACIONAL DE GENERAL SAN MARTIN CAMINO DE CIRCUNVALACION LAGUNA KM.
6 CC 164 (B7130IWA) CHASCOMUS, PROVINCIA DE BUENOS AIRES, ARGENTINA



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

TARTAROTTI et al.

METHOD

Page 2

concentrations of dissolved organic carbon (DOC), as typically found in lakes at high
elevation (Morris et al., 1995; Laurion et al., 2000).

In response to the presence of UVR, zooplankton have evolved different strategies to cope
with high fluxes of solar radiation. These organisms can actively avoid UVR by vertical
migration (Leech and Williamson, 2001; Rhode et a/., 2001), recover from DNA damage by
photoenzymatic repair (Zagarese et al., 1997a) or accumulate protective compounds such as
melanin and carotenoids (Hairston, 1976; Hessen and Sgrensen, 1990). Mycosporine-like
amino acids (MAAs) are another family of photoprotective compounds recently described in
freshwater organisms (Sommaruga and Garcia-Pichel, 1999). These compounds are
colourless, show high molar extinction coefficients and have their absorption maxima (309—
360 nm) within the UV-B (290-320 nm) and UV-A (320-400 nm) wavelength range.
Nineteen described MAAs result from N-substitutions of different amino acid moieties to
the cyclohexenone or cyclohexenimine chromophore [for review see (Karentz, 2001)].
These screening compounds are known from more than 380 species of marine organisms,
ranging from bacteria, algae, corals and sea urchins to fish [for reviews see (Karentz, 2001;
Shick and Dunlap, 2002)], while information on MAAs in freshwater organisms is limited to
epilithic cyanobacteria, (micro)algae, and several metazooplankton species (Sommaruga and
Garcia-Pichel, 1999; Xiong et al., 1999; Tartarotti ef al., 2001; Gongalves et al., 2002;
Helbling et al., 2002; Laurion et al., 2002; Rocco et al., 2002).

One recent study providing information on the qualitative and quantitative composition of
MAA:s in different freshwater zooplankton species shows that these sunscreens are present
in certain taxa but are absent in others (e.g. cladocerans), and that the variability in their
concentrations is strongly related to lake transparency (Kjg), lake altitude and the fraction of
the water column to which 1% of the surface UVR at 320 nm (Z4: Zmax) penetrated
(Tartarotti et al, 2001). Rocco et al. (Rocco et al., 2002) compared the tolerance to UV
between different populations of the copepod Boeckella poppei from the Antarctic
Peninsula. They found that the population with the lowest MAA concentration also showed
the lowest tolerance to solar and artificial radiation. The high concentrations of MAAs found
in copepods from clear-water ecosystems (Tartarotti ef a/., 2001) and MAA-dependent UV
tolerance (Rocco et al., 2002) suggest that these compounds constitute an important strategy
to minimize UV damage in planktonic organisms.

In this investigation, our objective was to study the qualitative and quantitative composition
of MAAs in different zooplankton taxa from Patagonian lakes covering a broad range of UV
transparency, altitude, maximum depth and chemical properties of the lake water, thus
providing a large natural gradient in UV exposure conditions. In addition, a reservoir was
sampled three times during the austral summer to assess potential seasonal variation in the
MAA content of zooplankton, and to follow the qualitative composition of MAAS in seston
<100 pm (i.e. phytoplankton assemblages, small heterotrophic organisms, dissolved and
particulate organic matter).

Sampling sites

Thirteen lakes located in northern Patagonia (~41°S), Argentina, at elevations between 590
and 1950 m above sea level were sampled during the austral summer of 1997 (Table I). Two
sites (hereinafter referred to as Upstream and Dam) of the Alicura reservoir were sampled
three times during December 1997 and January 1998. The maximum depth of the study
lakes ranged from ~0.3 to >400 m, vertical attenuation coefficients (Kg) at 320 nm varied
from 0.14 to 166.22 m~2, and concentrations of DOC ranged from 0.38 to 521 g m~3 (Table

).
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Zooplankton sampling and sample processing

Depending on lake characteristics, zooplankton was collected from a boat or from the shore
by either vertical (deep lakes) or horizontal (Znax <2 m) net (55 wm mesh size) tows around
noon. In the laboratory, the organisms were kept at 4°C and in dark conditions until further
processing within 24 h. Crustacean plankton were concentrated on a net sieve of 100 um
mesh size and washed several times with tap water to remove phytoplankton. Under the
stereomicroscope, CO»-narcotized copepods were separated into the different life stages
present during the study period (i.e. juvenile stages copepodid CIV, copepodid CV female
and male, adult female and male, egg-carrying females), while the cladoceran Daphnia
middendorffiana was separated into juvenile and adult life stages. Individuals were carefully
picked into Eppendorf microcentrifugation tubes (2 mL volume) kept on ice, with two to six
replicates per population and/or life stage. The number of individuals per tube ranged
between two (egg-carrying females of Parabroteas sarsi) and 300, but was ~60 individuals
per tube in most cases. In certain circumstances, because of the low number of individuals
present in the sample, different developmental stages of the copepods were pooled in one
tube. The ciliate Stentor amethystinus was carefully concentrated onto a Whatman GF/F
filter.

Sampling of <100 ym seston and sample processing

In addition to zooplankton samples, water samples from Alicura reservoir were taken from a
boat with a Van Dorn sampler (5 L) at depths of 2, 6 and 20 m (Upstream) or 2, 6 and 30 m
(Dam). Pre-filtered (100 um mesh size; to remove large zooplankton) water samples were
concentrated onto Whatman GF/F filters under low vacuum pressure. The volume filtered
varied depending mainly on the amount of phytoplankton biomass present, but was
generally 2-3 L.

All samples were immediately frozen (-20°C), lyophilized within 1 month and kept in dry,
dark and cold (-80°C) conditions until extraction within 2 years. Karsten et a/. (Karsten et
al.,, 1998) report that macroalgae can be stored under these conditions for several years
without any detectable loss of MAAs.

Extraction and HPLC analyses

MAAs were extracted according to the most efficient protocol reported for copepods and
natural phytoplankton assemblages in a study by Tartarotti and Sommaruga (Tartarotti and
Sommaruga, 2002). Briefly, samples were extracted twice in 25% aqueous methanol (v:v;
MeOH; HPLC grade) for 2 h in a water bath at 45°C. The extraction efficiency after two
serial extractions was >98%. Samples were sonicated (1 min at 0.5 cycles and 20%
amplitude; UP 200S, Dr Hielscher GmbH, Germany) on ice at the beginning of the first
extraction. The pooled extracts were cleared using a 0.1 um pore size Anodisc filter
(Whatman) and evaporated to dryness under vacuum in 2 mL Eppendorf
microcentrifugation tubes, using a SpeedVac concentrator (Savant). The samples were
stored at —80°C for further characterization using high performance liquid chromatography
(HPLC) within 1 week. For separation and quantification of MAAs, the concentrated, dried
extracts were resuspended in 0.05-0.1 mL 25% MeOH (v:v), and 10-30 p.L aliquots were
injected in a Phenosphere 5 um pore size RP-8 column (4.6 mm internal diameter x 25 cm,
Phenomenex) protected with a RP-8 guard column (Brownlee), for isocratic reverse-phase
HPLC analysis. Samples were run with a mobile phase of 0.1% acetic acid in 25% aqueous
MeOH (v:v), and a flow rate of 0.79 mL min~1. The MAAs in the eluate were detected by
online UV spectroscopy. Peak measurement was carried out at 310, 320, 334, and 360 nm in
a Dionex system with a diode array detector (scanning from 200 to 595 nm). Individual
peaks were identified by relative retention time, absorption spectra, and by co-
chromatography with standards extracted from the marine alga Porphyra yezoensis and
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Palythoa sp. (obtained from Dr U. Karsten, University of Rostock, Rostock, Germany, and
Dr M. Shick, University of Maine, Orono, USA). The total content of specific MAAs in
each sample was calculated from HPLC peak areas, using published molar extinction
coefficients (Tartarotti ef a/., 2001). The molar extinction coefficient for asterina-330 was
assumed to be the same as that of palythinol (Dunlap ef a/,, 1989). A mean molar extinction
coefficient of published values (e: 40 000) was used for one unknown compound
(absorption maximum at ~331.2 nm). The molecular weights (mw) of the different MAAs
are given in Figure 1. Concentrations of the different MAAs were normalized to the dry
weight of the zooplankton, expressed as mg g~ dry weight.

UV attenuation measurements

RESULTS

Absorbance of GF/F-filtered (Whatman) samples was determined by spectrophotometry
(Shimadzu) using 1 cm or 10 cm quartz cuvettes against a blank consisting of low-carbon
deionized water. Absorption coefficients (&) were calculated as a= In(104), with A the
absorbance reported for a 1 m path (m™1). The diffuse vertical attenuation coefficients (Ky)
were predicted by optical colour measurements using the model equations reported in
Morris et al. (Morris et al., 1995) and Laurion et a/. (Laurion et al., 2000) for lakes of high
altitude. In Lake Trébol and Alicura reservoir, underwater irradiance—depth profiles were
obtained at ~305, 320, 340 and 380 nm, and photosynthetically active radiation (PAR; 400-
700 nm) was measured with a PUV-500 radiometer (Biospherical Instruments). Diffuse
attenuation coefficients (Ky) for downward irradiance were determined from the slope of the
linear regression of the natural logarithm of downwelling irradiance (£y) versus depth (2).

Qualitative and quantitative composition of MAAs

In total, eight different MAAs were identified in the planktonic organisms of the 14 aquatic
ecosystems investigated (Figure 1): mycosporine-glycine, shinorine, porphyra-334,
palythine, asterina-330, palythinol, usujirene and palythene. One unknown UV-absorbing
compound with an absorption maximum at ~331.2 nm (hereinafter referred to MAA 331)
was frequently found (Figure 1).

At least four distinct MAAs were detected in the calanoid copepods Boeckella gibbosa, B.
gracilipes, B. meteoris and P. sarsi (Figure 2A). Boekella gibbosa living in clear-water lakes
at high altitudes (Table I) contained detectable amounts of all nine screening compounds
(Figures 1 and 2A). Mycosporine-glycine, shinorine, porphyra-334, palythine, usujirene,
palythene and MAA 331 were present in the B. gracilijpes population of Lake Verde, the
same MAAs except palythene were identified in the populations of Lake Trébol and Alicura
reservoir (Figure 2A). Four different MAAs (mycosporine-glycine, shinorine, porphyra-334
and MAA 331) were found in P. sarsiand B. meteoris from the shallow, highly productive,
saline lakes (Figure 2A).

Porphyra-334 was the predominant compound in the copepods examined, followed by
mycosporine-glycine and shinorine (Figure 2A). In B. gracilipes of Alicura reservoir,
however, shinorine, MAA 331, and palythine were the predominant compounds (Figure
2A). Although the MAA composition and the relative contribution of MAAs are similar
among different populations, some populations show larger variability, for example, B.
gibbosafrom Lake Negra or B. gracilipes from Lake Verde (Figure 2A).

The highest mean concentration of a specific MAA (4.7 + 1.8 mg porphyra-334 g~1 dry wt)
was found in B. gibbosa from Lake Schmoll. This copepod population also had the highest

mean total MAA concentration (8.6 + 3.2 mg g~ dry wt), while the lowest concentration of
MAAs (0.2 + 0.05 mg g1 dry wt) was found in B. gracilipes from Lake Trébol (Figure 2A).
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In the different copepod species, maximum total concentrations of MAAs ranged from
0.25% (P. sarsi), 0.26% (B. meteoris), 0.37% (B. gracilipes) to 1.31% (B. gibbosa) of the
dry weight.

Six different MAAs were identified in the ciliate S. amethystinus (Figure 2B). Shinorine,
porphyra-334, and palythine were the most abundant MAAs in this ciliate species (Figure
2B). Conversely, the cladoceran Daphnia middendorffiana, occurring in the saline Lake
Toro, lacked these UV-absorbing compounds.

In the <100 m seston of Alicura reservoir, six distinct MAAs were detected (Figure 3).
Porphyra-334, palythine and shinorine were the predominant compounds (Figure 3). Total
MAA concentrations for water column values ranged from 0.02 to 1.51 ug L1,

Variation in MAA composition and concentration with time

In the <100 wm seston of Alicura reservoir, palythene made up to 4.3% of the total MAA
pool (Figure 3), while this compound was not detectable in B. gracilipes, the copepod
species living in Alicura reservoir (Figure 4). Conversely, the unknown MAA 331
contributed ~27% of the total MAA content in the copepod (Figure 4), a compound that was
not found in the <100 pm seston (Figure 3). The relative contribution of the different
compounds to the total MAA pool in the <100 pwm seston varied with time and among
sampling sites (Figure 3). Among different sites (Upstream and Dam) and during the 2-
month study period, contents of MAAs showed low variation in B. graciljpes (Figure 4).

Variability of MAA concentrations and MAA numbers among lakes

A positive relationship was found between total mean MAA concentrations of the copepods
and lake elevation (/2 = 0.71; Figure 5A), and the fraction of the water column to which 1%
of the surface UVR at 320 nm (Z104: Zmax) Penetrated (72 = 0.57; Figure 5B). The highest
MAA contents were generally found in the copepods from the clearest lakes (Figure 5C).
However, the B. gracilijpes populations from slightly turbid lakes had similar low MAA
contents to those found in B. meteorisand P. sarsiliving in lakes of very high UV
attenuation (Table I, Figure 2A). A negative relationship was found between number of
MAAs present in the different copepod species and populations and lake transparency (Kj at
320 nm) (Spearman’s rank correlation test, 752 = —0.743).

DISCUSSION

Mycosporine-like amino acids are widely distributed among the zooplankton taxa of
freshwater ecosystems covering a broad range in geographic location, as well as optical and
chemical characteristics of the water. These screening compounds are present in all marine
and fresh-water copepods examined so far (Karentz et a/., 1991; Sommaruga and Garcia-
Pichel, 1999; Tartarotti et al,, 2001; Gongalves et al., 2002; Helbling et al., 2002; Rocco et
al., 2002; this study), however, there were no MAAs found in D. middendorffiana,
confirming the lack of these compounds in cladocerans such as Daphinia, Bosmina and
Chydorus (Tartarotti et al., 2001; Gongalves et al., 2002). Interestingly, the mixotrophic
ciliate S. amethystinus contained detectable amounts of six different MAAs (Figure 2B),
showing the occurrence of these compounds in highly diverse planktonic groups. Apart from
copepods and Stentor, MAAs are also found in rotifers (Tartarotti et a/,, 2001).

At present, we do not have an explanation for this taxon-specific presence or lack of MAAs,
mainly because there is no information available on how these alga-derived compounds are
transported from the animal’s gut to the different parts of its body. It may be speculated that
such contrasts come from differences in the organism’s physiology (e.g. enzymatic activity/
regulation) during the process of MAA accumulation, as both calanoid copepods and
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cladocerans such as Daphnia are known to feed predominantly on the same food, i.e.
phytoplankton (Tartarotti et a/, 2001). Although cladocerans are more UV-sensitive
compared with copepods (Williamson et al., 1994; Cabrera et al., 1997; Leech and
Williamson, 2000; Gongalves et al., 2002), they have several efficient strategies for dealing
with UV exposure by actively avoiding surface layers (Leech and Williamson, 2001; Rhode
et al., 2001) and/or by the melanization of their carapace (Hessen and Sgrensen, 1990;
Rautio and Korhala, 2002).

In spite of the fact that the same types of these compounds (except for unknown MAA 331)
are detected in different freshwater copepods, the number of MAAs present and their
dominances vary strongly. All individuals studied contain at least two (Tartarotti et al.,
2001; Gongalves et al., 2002), three (Rocco et al., 2002) or four (Helbling ef a/., 2002; this
study) distinct MAAs. The maximum number of MAAS in copepods is nine (B. gibbosa, this
study), which is close to the maximum reported number of 10 in the coral Stylophora
pistillata (Shick et al,, 1999). The advantage of having several MAAs with different
absorption maxima may lie in a more effective optical filter-system. Interestingly, the
copepods living in highly transparent and UV-exposed lakes had nine different suncreens
covering the whole MAA absorption range from 310 to 360 nm, while A. sarsiand B.
meteoris, coming from aquatic systems with high UV attenuation, had only four distinct
compounds (Figure 2A). In fact, the numbers of MAASs present in the different copepod
species and populations correlated with the lake transparency (rs? = —0.743).

Porphyra-334 (13 populations) and shinorine (one population) were the predominant MAAS
in the calanoid copepods examined (Figure 2A). Porphyra-334 is also the main MAA in
other species of the genus Boeckella (Helbling et al., 2002; Rocco et al., 2002). When
comparing the composition of MAAs in <100 pm seston (mainly consisting of
phytoplankton and small heterotrophic organisms) and zooplankton from Alicura reservoir
(Figures 3 and 4), the lack of palythine and the presence of MAA 331 in B. gracilipes may
be explained by animal metabolism or enteric bacteria which can lead to interconversions of
ingested MAA:s into different ones, as suggested for marine invertebrates (Dunlap and
Shick, 1998). An alternative explanation may be a different (long-term) dynamic in the
accumulation of MAAs in zooplankton (Tartarotti ef a/., 2001).

A large variability in the MAA concentrations among the different copepod species and
populations examined was observed (Figure 2A). Generally, B. gibbosahad MAA
concentrations between three and seven times higher than B. gracilipes, B. meteorisand P.
sarsi (Figure 2A). The B. gracilipes population from Laguna Trébol presented particularly
low MAA concentrations, which were 43 times lower than those in B. gibbosa from Lake
Schmoll, the population with the highest concentrations (Figure 2A). Interestingly, a large
variability in the content of MAAs (~13-fold) was found among populations of B. gracilipes,
while there was low variance among the different P. sarsiand B. gibbosa (up to 2-fold)
populations (Figure 2a). It is not clear why the population from Lake Trébol has such low
MAA concentrations, particularly because Lake Verde and Trébol have similar optical
properties (Table 1), thus, there must also be other factors besides UV exposure which are
important in regulating the MAA content in these organisms. Intra-specific variances,
however, can also be shown within populations of Cyclops abyssorum tatricus (Tartarotti et
al., 2001) and B. poppei (Rocco et al., 2002).

The aquatic systems studied cover a wide range of UV exposure conditions for planktonic
organisms, as estimated from Kj and the ratio 2;o4: Zmnax. Lakes Toro, Puesto and Flamingo
presented in Table I differed largely from the other study sites in these parameters.
Moreover, the lakes selected in the present study cover a broad range in altitude, a factor
known to affect incident UVR. Interestingly, there was a positive relationship between the
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variability in concentrations of MAAs and the lake altitude (/2 = 0.71), and the Z104: Zmax
ratio (/2 = 0.57). Such correlations have also been observed in C. abyssorum tatricus
populations from high mountain lakes of the Central Alps where both the lake altitude and
the Zy04: Zmax ratio explained 86% of the variability in MAA contents among lakes
(Tartarotti et al, 2001). Thus, our results support previous findings which assume that
MAAs play an important role in aquatic ecosystems where exposure to solar UVR is
significant (Sommaruga and Garcia-Pichel, 1999; Tartarotti et a/, 2001). Although a
positive relationship was observed between concentrations of MAAs and lake transparency
(Kg320 nm) (Figure 5C), a lower percentage (41%) of the variability in MAA concentration
among lakes compared with that found in Alpine lakes (74%) was explained by this
parameter. Therefore, our data indicate that other environmental factors (e.g. maximum
depth) besides UV transparency are important in determining the MAA content of certain
copepod species.

During summer there was no significant variation in the MAA concentrations of B.
gracilipes from Alicura reservoir (Figure 4), suggesting that MAA concentrations are
relatively stable during periods of similar solar exposure. However, long-term seasonal
dynamics can be expected, as shown for marine (macro)algae (Karsten et al., 1999;
Llewellyn and Harbour, 2003) and freshwater plankton (Tartarotti and Sommaruga, in
preparation). Moreover, dramatic changes in UV exposure conditions (e.g. ice-melting in
mountain lakes) may result in rapid (within hours) temporal changes in the MAA
concentration of freshwater phytoplankton, while variances in MAA concentrations of
zooplankton may have a longer time-scale (days, weeks) as they cannot immediately
respond by MAA synthesis.

One might ask why MAAs can be found in copepods such as P. sarsiand B. meteoris
(Figure 2A) living in saline lakes with extremely high UV attenuation (Ky32q: 75.6-166.2
m~1; Table 1). These lakes are very shallow (Zmay: ~1 m) and are exposed to strong winds
during the summer, which may result in permanent mixing of the whole water column
causing planktonic organisms to be exposed to high UV doses and fluctuating dosage rates.
In these productive lakes, high zooplankton abundances can be found throughout the whole
water column, including the upper few centimetres at noon (unpublished personal
observations), therefore, photoprotective compounds may be essential for these animals.
Parabroteas sarsi and B. meteoris not only have MAAs but they also show a strong red
pigmentation which suggests the presence of high concentrations of carotenoids providing
additional UV protection, as carotenoids act against photo-oxidative stress.

A further reason for the occurrence of MAAs may be that these compounds are also
involved in metabolic functions other than their assumed role as sunscreens. Mycosporine-
glycine, for example, is known for its antioxidant function (Dunlap and Yamamoto, 1995),
interestingly, the relative proportion of this compound was high (~20% of the total MAA
concentration) for both copepod species (Figure 2A). Moreover, the concentration of MAAs
seems to correlate also with osmotic stress. A role for MAA in osmotic regulation has been
reported for cyanobacteria (Portwich and Garcia-Pichel, 1999), thus in lakes like Lake Toro,
Flamingo, or Puesto where changes in salinity may imply osmotic stress to the organisms,
such an additional function cannot be excluded.

The transparent copepod populations of B. gracilipes living in Patagonian lakes lack
photorecovery (Zagarese et al., 1997a), a potential strategy to repair UV-induced DNA
damage. Low MAA concentrations observed in these animals (Figure 2A) may additionally
be responsible for their high UV sensitivity (Zagarese ef al., 1997a; Tartarotti et al.,, 2000).
Conversely, the highest MAA concentrations were found in darkly red-pigmented B.
gibbosa (Figure 2A), a species typically found in clear-water Patagonian lakes of higher
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elevation (Zagarese et al., 2000). Short- and long-term /n situ UV exposure experiments
showed that B. gibbosa was very UV-resistant (Zagarese et al., 1997a, b) and was able to
recover from UV exposure (Zagarese et al., 1997a). The high UV tolerance of B. poppei
from Antarctic lakes, however, is almost entirely related to the accumulation of MAAS as it
shows low rates of enzymatic repair (Rocco et al,, 2002). The type of habitat (e.g. shallow
versus deep, clear-water versus coloured, cold versus temperate) seems to influence the
presence or prominence of certain adaptation strategies or mechanisms, which again lead to
the UV resistance or UV sensitivity of a certain zooplankton population.
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Fig. 1.

HPLC chromatogram of an aqueous methanolic (25%) extract of the calanoid copepod
Boeckella gibbosa from Lake Negra. MAA331: unknown MAA with maximum absorption
~331 nm (assumed molecular weight, mw 332); MG, mycosporine-glycine (mw 245); SH,
shinorine (mw 332); PR, porphyra-334 (mw 346); PI, palythine (mw 244); AS, asterina-330
(mw 288); PL, palythinol (mw 302); US, usujirene (mw 284); PE, palythene (mw 284).
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Fig. 2.

(A) Mean total MAA concentrations (mg g1 dry wt) and relative contribution (%) of the
different compounds to the total MAA content in the copepods Boeckella gibbosa, B.
gracilipes, B. meteoris, and Parabroteas sarsi from 12 Patagonian lakes. (B) Relative
contribution (%) of the different compounds to the total MAA pool in the ciliate Stentor
amethystinus from Lake Nahuel Huapi.
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Fig. 3.

Relative contribution (%) of the different compounds to the total MAA content in the <100
pm seston from Alicura Reservoir at two sampling sites (Upstream and Dam) during the
austral summer of 1997/1998.
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Fig. 4.

Total MAA concentrations (mg g™t dry wt) and relative contribution (%) of the different
compounds to the total MAA content in the copepod Boeckella gracilipes from Alicura
reservoir at two sampling sites (Upstream and Dam) during the austral summer of
1997/1998.
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Fig. 5.

Rglationship between the mean total MAA concentrations (mg g~1 dry wt) in populations of
the copepods Boeckella gibbosa, B. gracilipes, B. meteoris, and Parabroteas sarsi and (A)
lake altitude, (B) the fraction of the water column to which 1% of the surface UVR at 320
nm (Z194: Zmax) Penetrated, and (C) the diffuse attenuation coefficient (Ky) at 320 nm.
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