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Abstract

We tested the hypothesis that there is a relation between phylotypes (phylogenetic types, as
determined by restriction fragment length polymorphism (RFLP) and partial sequence analysis of
the small subunit ribosomal RNA gene (SSUrDNA)) and the synthesis of mycosporine-like amino
acids (MAAs) by symbiotic dinoflagellates under the influence of ultraviolet radiation (UV-B/A)
and photosynthetically active radiation (PAR). We exposed 27 isolates of symbiotic dinoflagellates
simultaneously to UV-B/A and PAR, and subsequently determined the MAAs present in cell
extracts and in the media. The algae used included 24 isolates of Symbiodinium spp. originating
from jellyfishes, sea anemones, zoanthids, scleractinians, octocorals, and bivalves, and three others
in the genera Gymnodinium, Gloeodinium and Amphidinium from a jellyfish, an hydrocoral and a
flatworm, respectively. In this study, all of the phylotype A Symbiodinium spp. synthesized up to
three identified MAAs. None of the 11 cultured phylotypes B and C Symbiodinium spp.
synthesized MAAs. The three non-Symbiodinium symbionts also synthesized up to three MAAs.
The results support a conclusion that phylotype A Symbiodinium spp. have a high predilection for
the synthesis of MAAs, while phylotypes B and C do not. Synthesis of MAAs by symbiotic
dinoflagellates in culture does not appear to relate directly to depths or to the UV exposure regimes
from which the consortia were collected.  2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

In clear, tropical, shallow-water environments such as coral reefs, the fluence of
ultraviolet radiation (UVR, 280–400 nm), particularly UV-B (280–320 nm), is high
(Smith and Baker, 1979; Baker et al., 1980). The seminal study by Jokiel (1980)
introduced the concept that UVR plays an important role in the diversity and abundance
of benthic, coral-reef dwelling organisms. Jokiel and York (1982) highlighted the
deleterious effects of solar UVR on the photosynthetic performance of the endo-
symbiotic dinoflagellates in the coral Pocillopora damicornis, and the resulting
impairment of skeletal growth. The discovery of UV-absorbing substances, ‘S-320’, by
Shibata (1969), (later found to be mycosporine-like amino acids, MAAs), and the
subsequent observation of an inverse relation in corals between the presence (and/or
concentration) of ‘S-320/MAAs’ and depth (Maragos, 1972; Dunlap et al., 1986;
Gleason and Wellington, 1995; Kuffner et al., 1995; Shick et al., 1995; Banaszak et al.,
1998) led to the concept that ‘S-320/MAAs’ performed a photo-protective (sun-screen)
function against UVR (Bandaranayake, 1998; Dunlap and Shick, 1998). That ‘S-320’
were MAAs was demonstrated by Dunlap and Chalker (1986). As the parent class of
mycosporines are fungal metabolites synthesized via the shikimate pathway (Favre-
Bonvin et al., 1987), and there is no known equivalent biosynthetic pathway in animals
(Bentley, 1990), it was assumed that symbiotic algae synthesized MAAs and provided
them to their hosts. This suggestion was sustained by the observation that the non-
symbiotic dinoflagellate Alexandrium excavatum synthesized MAAs when exposed to
UVR (Carreto et al., 1990a,b). Shick et al. (1999) have provided evidence for the
involvement of the shikimate pathway in MAA synthesis in the stony coral Stylophora
pistillata.

Consistent with the hypothesis of symbiont synthesis of MAAs, Banaszak and Trench
(1995b) demonstrated that cultured Symbiodinium microadriaticum, exposed simul-
taneously to UV-B (280–320 nm)/A (320–400 nm) and photosynthetically active
radiation (PAR, 400–700 nm), synthesized quantitatively more MAAs than when
exposed to PAR only. Significantly, the same MAAs were detected in the cells and in the
culture medium. The tissues of Cassiopeia xamachana collected at Lee Stocking Island,
Bahamas, and S. microadriaticum freshly isolated from the jellyfish, both contained the
same suite of three MAAs, but the aposymbiotic scyphistomae did not synthesize
MAAs, even under the stimulus of UV-B/A. By contrast, the animal tissues of
aposymbiotic and symbiotic Anthopleura elegantissima contained up to seven MAAs,
but neither freshly isolated symbionts nor cultured S. californium demonstrated evidence
of MAAs, even when exposed to UV-B/A (cf. Stochaj et al., 1994). It was suggested that
the animals acquired MAAs from their diet. Analogous situations may exist in the
Caribbean zoanthid Palythoa caribaeorum (Lesser et al., 1990) and the scleractinian
coral Acropora microphthalma (Shick et al., 1995).

Various pieces of evidence (reviewed in Dunlap and Shick, 1998) suggest that UVR in
the coral reef environment could be a causative agent in the phenomenon known as
‘coral bleaching’, either acting independently (Gleason and Wellington, 1993; cf. Dunne,
1994), or in concert with high PAR and temperature. An ecological correlation between
the phylotypes (phylogenetic types) of Symbiodinium (groups A, B and C, Rowan,
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1998), and sensitivity to temperature and light, has been hypothesized for the
Montastraea annularis species complex (Rowan et al., 1997). Phylotypes A and B are
regarded as high-light /high-temperature adapted, and are likely to persist, whereas
phylotype C algae are considered to be low-light / low-temperature adapted, and tend to
be eliminated during ‘stressful’ events (Rowan, 1998). Baker and Rowan (1997) found

´that all the corals they analysed from the Pacific coast of Panama harboured
Symbiodinium that conformed to phylotype C, and several of these are known to occur
in very shallow habitats. It has been shown that there is no correlation between algal
phylotype and (i) photo-acclimatory capability with respect to PAR (Iglesias-Prieto and
Trench, 1994, 1997a,b), or (ii) temperature tolerance (Fitt and Warner, 1995; Warner et
al., 1996, 1999). Although Warner et al. (1996) did not record the genetic types of the
algae in the corals they studied, data from Rowan et al. (1997) and Baker and Rowan
(1997) show that the algae in Montastraea annularis (at depth, 15 m), Agaricia
lamarckii (15 m), and A. agaricites (15 m), are all phylotype C, and we have found that
the algae in Siderastrea radians (1.5 m) are also phylotype C. These algae demonstrate
different temperature tolerances, the latter being quite resistant. To date, there have been
no analyses attempting to test a correlation of phylotypes of Symbiodinium with the
synthesis of MAAs under the stimulus of UVR. Rowan (1998) emphasized the
importance of such analyses using cloned algal cultures.

We exposed 27 cultured isolates of symbiotic dinoflagellates simultaneously to
UV-B/A and PAR, and analyzed the extracts of the cells, and the media in which they
grew, for MAAs. Twenty-four of the symbionts are in the genus Symbiodinium
representing phylotypes A, B and C from sea anemones, zoanthids, scleractinian corals,
jellyfishes, octocorals and bivalve molluscs, and three others, including an Amphidinium
sp. from a flatworm, Gloeodinium viscum from a hydrocoral, and Gymnodinium
linucheae from a jellyfish. The results indicate that there is a high predilection for
phylotype A Symbiodinium to synthesize MAAs under the influence of UVR and PAR,
while there is a low propensity for phylotypes B and C Symbiodinium to synthesize
MAAs. All the non-Symbiodinium dinoflagellates tested synthesized MAAs.

2. Materials and methods

2.1. Sources of symbiotic dinoflagellates and growth conditions

The identity and geographic origins of the symbiotic dinoflagellates, and the hosts
(with the depth of collection) from which they were isolated are shown in Table 1. For
routine maintenance, the algae were grown in the defined medium ASP-8A (Blank,

22 211987), at 75 mmol quanta m s PAR (measured in the flask with a QSL-100 meter
and 4p sensor (Biospherical Instruments, San Diego, CA, USA)) delivered by banks of
40 W Sylvania Cool Fluorescent tubes screened with neutral density filters, on a
14-h:10-h light:dark photoperiod, with temperature regulated at 268C. For purposes of
the experiments, algal cells were inoculated into 50 ml ASP-8A in 125-ml Erlenmeyer
flasks, and were allowed to grow undisturbed for 2 weeks under maintenance conditions,
after which they were transferred to an experimental chamber. In the chamber, the cells
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Table 1
The identity and geographic origin (with depth of collection) of the symbiotic dinoflagellates and the hosts

afrom which they were isolated

Host species Symbiont Location Depth Culture Phylo-
(m) no. type

Phylum Cnidaria
Class Hydrozoa
Corbulifera sp. Symbiodinium sp. Belau 1 83 B

bMillepora dichotoma Gloeodinium Gulf of 2 369 –
viscum Aqaba

Class Scyphozoa
Mastigias sp. Symbiodinium sp. Belau, W. 0.5 328 A

Caroline Is.
Cassiopeia andromeda Symbiodinium sp. Gulf of 0.5 362 A

Aqaba
bLinuche unguiculata Gymnodinium Bermuda 0.5 368 –

linucheae

Class Zoanthidea
Zoanthus sociatus S. pilosum Jamaica 1 185 A

Class Actiniaria
Bartholomea annulata Symbiodinium sp. Barbados 1 23 A
Lebrunia danae Symbiodinium sp. Jamaica 1 125 B
Aiptasia pulchella S. pulchrorum Hawaii 0.5 8 B
A. tagetes S. bermudense Puerto Rico 0.5 12 B
Discosoma sancti-thomae Symbiodinium sp. Jamaica 1 152 C
Pocillopora damicornis Symbiodinium sp. Hawaii 2 351 B

Class Scleractinia
Stylophora pistillata Symbiodinium sp. Gulf of 10 370 A

Aqaba
Monitpora verrucosa S. kawagutii Hawaii 2 135 C
Meandrina meandrites S. meandrinae Jamaica 10 130 A
M. meandrites Symbiodinium sp. Jamaica 10 133 C
Oculina diffusa Symbiodinium sp. Bermuda 2 141 B

Class Alcyonacea
Plexaura homomalla Symbiodinium sp. Bahamas 3 380 A
Gorgonia ventallina Symbiodinium sp. Puerto Rico 2 97 A
Heliopora sp. Symbiodinium sp. Enewetok, 3 104 A

Marshall Is.
Psuedopterogorgia
bipinnata Symbiodinium sp. Jamaica 3 147 B

Phylum Platyhelminthes
Class Turbellaria

bAmphiscolops Amphidinium sp. Belau 3 19 –
australis (?)

Phylum Mollusca
Class Bivalvia
Corculum cardissa S. corculorum Belau 0.5 350 A
Tridacna crocea Symbiodinium sp. GBR, 1 168 A

Australia
T. crocea Symbiodinium sp. Belau 1 220 A
T. gigas Symbiodinium sp. GBR, 3 169 A

Australia
Hippopus hippopus Symbiodinium sp. Belau 10 203 C

a The culture identification number and phylotype designation for each symbiont are also given. Phylotype designation was
determined by restriction fragment length polymorphism (RFLP) analysis and partial sequencing of the small subunit
ribosomal RNA gene (SSUrDNA). GBR, Great Barrier Reef.

b Denotes that phylotype designation does not apply as the symbionts are non-Symbiodinium dinoflagellates.
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22 21were exposed to 100 mmol quanta m s PAR (measured in the flask) delivered by 40
W Duro-Test Vita-Lite fluorescent tubes, and UV-B/A simultaneously, with temperature
and photoperiod as above. The UV source was a G30T8 tube (Panasonic PPF,
Hammond, IN, USA). A 6-mm thick UV-transparent Plexiglas shield (cut off at about
280 nm) was used to eliminate wavelengths in the UV-C ( , 280 nm) range (Banaszak
and Trench, 1995a). The resulting spectrum, taken with a LI-COR Spectral Radiometer
(LI-1800, Lincoln, Nebraska) is shown in Fig. 1. The UV flux measured beneath the
Plexiglas shield but outside the flasks at 310 nm with a UVX-31 Radiometer (UVP, San

22Gabriel, CA, USA) was 85 mW cm . The cells were grown under these conditions for 1
month, after which they were harvested by centrifugation (800 3 g). The yield of algal

6 21cells in all cases was approximately similar (ca. 2 3 10 cells ml ). The cell pellets and
the media were separately lyophilized, and stored under N gas at 2 808C until2

analysed.

2.2. Analysis of MAAs

The lyophilized algal cells and media were extracted overnight with HPLC-grade
absolute methanol at 48C. After centrifugation, the supernatants were analysed for
MAAs as described by Dunlap and Chalker (1986), using reverse-phase, isocratic HPLC
with a Brownlee RP-8 column. The mobile phase consisted of 25% (v/v) methanol,

210.1% (v/v) glacial acetic acid in H O, and the flow rate was 0.7 ml min . A diode2

array, UV absorbance detector (Beckman Gold System) was employed, along with
secondary standards for mycosporine-glycine, shinorine, porphyra-334, palythine,
asterina-330, palythinol, and palythene to allow for identification of peaks, both by their
retention times and absorbance spectra (300–400 nm), including the wavelengths of
maximum absorption. The primary standards were originally isolated by Walter Dunlap,
and were kindly provided by Deneb Karentz and Michael Lesser. In many analyses there

Fig. 1. Spectral emission of the G30T8 UV light source (with a 6-mm thick UV-transparent Plexiglas shield in
place). The peaks between 280 and 320 nm represent UV-B, and those between 320 and 400 nm represent
UV-A. Note that the measurements of PFD in the PAR region was made with the UV light source on.
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were components (with absorption maxima at 300 nm or less) that could not be
identified, but these do not include any of the samples that were scored as ‘non-
synthesizers’ in Table 2.

2.3. Gene typing

The phylotype designations used here were determined by restriction fragment length
polymorphism (RFLP) analysis and partial sequencing of the small subunit ribosomal
RNA gene (SSUrDNA) as described by Rowan and Powers (1991). DNA extractions
were conducted on approximately 25 mg of algal material using a Proteinase-K,
SDS–b-mercaptoethanol digestion, phenol–chloroform extraction, and ethanol precipi-
tation protocol. SSUrDNA was amplified from resuspended genomic DNA using the
primers described by Rowan and Powers (1991) and a Perkin-Elmer 2400 Thermal
Cycler. The amplification conditions were: an initial denaturation step of 3 min at 928C
followed by 35 cycles of 30 s at 928C, 40 s at 528C and 30 s at 728C. Restriction digests
were performed with the endonucleases TaqI and DpnII. Fragments were separated by
electrophoresis in 2.5% ‘high-melt agarose’ gel at a constant 70 V for 3 h, producing the
characteristic RFLP patterns for Symbiodinium ‘groups’ A, B and C (Rowan and
Powers, 1991; Rowan, 1998) shown in Fig. 2. Sequencing and phylogenetic reconstruc-
tion were performed as described in LaJeunesse and Trench (2000).

Fig. 2. Examples of RFLP analyses of restriction digests of amplified SSUrDNA using TaqI (a) and DpnII (b).
Ld, refers to the DNA size ladder. Lane 1, Symbiodinium pilosum [185, isolated from Zoanthus sociatus
(phylotype A, see Sadler et al., 1992 for complete SSUrDNA sequence); lane 2, Symbiodinium sp. ([147)
isolated from Pseudopterogorgia bipinnata (phylotype B); lane 3, Symbiodinium sp. ([203) isolated from
Hippopus hippopus (phylotype C).
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3. Results and discussion

Rowan and Powers (1991) established the relation between RFLP typing and the
phylogenetic affiliation of symbiotic dinoflagellates in the genus Symbiodinium. Using
the same RFLP methods (Fig. 2), we find the same relation (sequence data not shown). It
should be noted that the phylotype designations are not species (Rowan and Powers,
1991), as there are several distinguishable species that occur in each of the phylotypes
A, B and C (Rowan, 1998). From our analyses, the alga Symbiodinium californium
([383) from Anthopleura elegantissima that we have cultured, does not conform to
phylotype B, and is in a group unto itself, and is most closely related to the
non-symbiotic Gymnodinium varians (LaJeunesse and Trench, 2000). The SSUrDNA
sequence indicates that this is not the same alga as that found to be the phylotype B in
Rowan and Powers (1991), and this is further supported by analyses of the ITS regions
(LaJeunesse and Trench, 2000). The symbiont that we have cultured from Pocillopora
damicornis from Hawaii conforms to phylotype B, and is not the same as the phylotype
C alga reported in this coral species by Rowan and Powers (1991). We have also
cultured two different isolates from the coral Meandrina meandrites; isolate [130
conforms to phylotype A (cf. sequence in McNally et al., 1994), while isolate [133
conforms to phylotype C. Using RFLP analyses of the large subunit rDNA (LSUrDNA),
Baker and Rowan (1997) found this same species of coral to harbour a phylotype B
Symbiodinium, while in Bermuda, Z. Billinghurst (pers. commun.), using RFLP of the
SSUrDNA, found this coral species harbouring phylotypes A or B. Thus, it appears that
P. damicornis may harbour two taxa, and M. meandrites may harbour three taxa of
Symbiodinium. With the exception of the algae from Hippopus hippopus from Belau,
Symbiodinium sp. ([203), which conformed to phylotype C, all of the isolates obtained
from tridacnids conformed to phylotype A.

Table 2 shows that the three most frequently detected MAAs were porphyra-334
(34%), mycosporine-glycine (34%) and shinorine (29%); palythine and palythene were
synthesized only by Amphidinium sp. and G. viscum, respectively. Two of the cultures
produced only one MAA (shinorine in both cases), eight produced two MAAs, and six
produced three. In S. pulchrorum, no MAAs were detected in the cell extracts, but
mycosporine-glycine was detected in the culture medium. In other instances, either no
mycosporine-glycine was detected, or detected only in low concentrations (e.g.,
Symbiodinium sp. ([220) from Tridacnacrocea, Symbiodinium sp. ([328) from
Mastigias sp., S. corculorum, and Amphidinium sp. ([19)) in the cell extracts, while the
media contained higher concentrations of mycosporine-glycine. Although we have no
explanation for these observations, there are three ways that we can think of in which the
phenomenon could have occurred. First, the algae synthesize and release some MAAs to
the medium and they are non-metabolically converted to mycosporine-glycine. There are
no data available to support this possibility. Second, some algae only synthesize MAAs
at certain stages of the life history. There is no information on synthesis of MAAs as a
function of stage of life history, but Banaszak and Trench (1995b) did find that under the
influence of UVR and PAR, S. microadriaticum synthesized different quantities of
mycosporine-glycine, shinorine and porphyra-334 as a function of the age of the culture.
Finally, the cultures could have had low levels of bacterial contamination, and either the
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Table 2
21Characterization of mycosporine-like amino acids (MAAs) synthesized (in nmol ml of extract) by various isolates of symbiotic dinoflagellates in culture

Symbiont Culture Phylo- MAAs in cells MAAs in medium

no. type Mycosporine- Shinorine Porphyra- Palythine Palythene Mycosporine- Porphyra-334 Palythine

glycine 334 glycine

Symbiodinium sp. 328 A Trace 1.3 0.2

Symbiodinium sp. 362 A 0.5 11.0 0.2

S. pilosum 185 A 3.0 13.0 0.3

Symbiodinium sp. 23 A 1.2 12.0 3.2 0.1

Symbiodinium sp. 370 A 2.4

S. meandrinae 130 A 7.1 58.6

Symbiodinium sp. 380 A 0.6 8.7 0.2 3.2

Symbiodinium sp. 97 A 2.0 8.6 0.3

Symbiodinium sp. 104 A 4.0 15.0

S. corculorum 350 A Trace 21.0 0.4 1.8

Symbiodinium sp. 168 A 4.8 2.0

Symbiodinium sp. 220 A 0.1 0.2

Symbiodinium sp. 169 A 2.6 1.3 7.2 1.1

Symbiodinium sp. 83 B

Symbiodinium sp. 125 B

S. pulchrorum 8 B 2.2

S. bermudense 12 B

Symbiodinium sp. 351 B

Symbiodinium sp. 141 B

Symbiodinium sp. 147 B

Symbiodinium sp. 152 C

S. kawagutii 135 C

Symbiodinium sp. 133 C

Symbiodinium sp. 203 C

Non-Symbiodinium symbionts
aGloeodinium viscum 369 – 0.2 1.0 2.2
aGymnodinium linucheae 368 – 0.5 8.5 0.2 1.2
aAmphidinium sp. 19 – Trace Trace 1.1 Trace

a Denotes that phylotype designation does not apply as the symbionts are non-Symbiodinium dinoflagellates.
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bacteria themselves synthesized the mycosporine-glycine, or the algae released some
MAA (not detectable in the algae themselves) which was converted to mycosporine-
glycine by the bacteria. Dunlap and Shick (1998) suggested that Vibrio harveyi can
hydrolyze the hydroxyamino acid substituents of shinorine and porphyra-334, to yield
mycosporine-glycine. This could be consistent with our finding that in eight cultures (G.
linucheae, G. viscum, S. corculorum and Symbiodinium spp. [97, [169, [220, [328
and [380), extracts of the cells indicated the presence of shinorine and/or porphyra-334
in low concentrations, but the media contained mycosporine-glycine, sometimes in
relatively high concentrations. We have tested the media from the cultures containing
extracellular MAAs for bacterial contamination by plating cultures on LB bacto-agar,
and we found evidence of bacterial contamination in cultures of algae from Pseudo-
pterogorgia homomalla ([380), and S. pulchrorum, but not in algae from Bartholomea
annulata ([23) where the culture medium had the same two MAAs as the cell extracts.
Our observations would therefore not be consistent with bacterial involvement in the
synthesis of mycosporine-glycine. In other instances, either no MAAs were found in the
media, or the same MAAs were found in cell extracts and media.

With the exception of Banaszak and Trench (1995b) and Vernet and Whitehead
(1996), reported studies of MAA synthesis by microalgae do not include analyses of the
culture media, and algae are regarded as synthesizers of MAAs, or not, based on whether
the MAAs are detected in cell extracts. To be consistent with these other studies, in
instances where no MAAs were found in cell extracts, we have scored these as
‘non-synthesizers’, even if MAAs were found in the media.

All cultured phylotype A Symbiodinium spp. synthesized from one to three identified
MAAs (Table 2), including those from the tridacnids and Corculum (cf., Ishikura et al.,
1997). The two isolates from T. crocea, [168 and [220, from Australia and Belau,
respectively, had identical SSUrDNA and ITS sequences (data not shown), but the
former synthesized two MAAs while the latter synthesized only one, and in low
concentration. Among the phylotype A algae, the three MAAs, shinorine, mycosporine-
glycine and porphyra-334 are approximately equally represented, but the relative
concentrations in which they were detected varied. For example, Symbiodinium
meandrinae had very high concentrations of shinorine, while the Symbiodinium sp. from
T. gigas had low amounts of this MAA.

None of our cultured phylotype B Symbiodinium synthesized MAAs (Table 2).
However, Lesser (1996) found two MAAs, mycosporine-glycine and shinorine, in
cultured Symbiodinium sp. from Aiptasia pallida. Although Lesser (1996) did not
determine the phylotype of his isolate, Rowan and Powers (1991), and our analyses
characterized isolates from this host species as phylotype B. Based on the conclusion of
Cairns et al. (1986) that A. pallida and A. tagetes were taxonomic synonyms, Trench
(1993) suggested that the algae in the two anemones were probably the same. As a
result, the binomial Symbiodinium bermudense, originally proposed for the algae in A.
tagetes (Banaszak et al., 1993), has been used in the literature to refer to the algae from
both anemone species (e.g., Lesser, 1996; Stochaj and Grossman, 1997). It would appear
that this assessment may not be warranted as the algae from A. tagetes do not synthesize
MAAs.

None of our cultured phylotype C Symbiodinium synthesized MAAs (but only these
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few have been cultured), and from the literature (Lesser et al., 1990) the freshly isolated
algae from Palythoa caribaeorum, samples of which yielded phylotype C in our
analyses, did not synthesize MAAs.

All the remaining cultures, Gloeodinium viscum, Gymnodinium linucheae and
Amphidinium sp. synthesized two or three identified MAAs.

Despite the bias in our sampling towards phylotype A Symbiodinium, the results we
have presented, combined with those available in the literature are consistent with the
interpretation that phylotype A Symbiodinium tend to synthesize MAAs while
phylotypes B and C tend to not do so (the exception being the algae from A. pallida).
This observation suggests a phylogenetic relation for MAA biosynthesis. Rowan and
Powers’ (1991) and Wilcox’s (1998) phylogenetic analyses suggest that phylotype B
and C algae are more closely linked to each other than either one is to phylotype A
algae. These analyses also imply that phylotype A Symbiodinium are ancestral, while B’s
and C’s are more derived, which would argue that phylotype B and C algae have lost the
capacity to synthesize MAAs. However, other analyses (McNally et al., 1994; Saunders
et al., 1997) and Rowan’s (1998) interpretation of the low sequence heterogeneity in
phylotype A and high sequence heterogeneity in phylotypes B and C Symbiodinium,
suggest the reverse. As stated in McNally et al. (1994), the phylogeny of symbiotic
dinoflagellates, and of dinoflagellates in general, is too ill-defined to permit such
evaluations, but evolutionarily, it is easier to conceive of losing a phenotypic character
than gaining one.

That all the algae in our study were cultured and exposed to UVR under the same
conditions would suggest that the differences we have observed are indicative of
genotypic variation, but the phenotypic absence of MAA synthesis does not indicate a
loss of the shikimate pathway in algae that do not synthesize MAAs. This pathway is the
source of essential aromatic amino acids, and all these algae in culture are autotrophic. It
is possible that those algae that we studied in culture that did not synthesize MAAs
would do so when inside their hosts, the hosts providing some stimulus or substrate for
MAA synthesis by the algae. Currently, this possibility has no empirical support. In
those instances where the hosts contain abundant MAAs but the algae do not synthesize
any (e.g., Anthopleura elegantissima and Palythoa caribaeorum), it is likely, as
suggested by Banaszak and Trench (1995b), that the hosts acquire the MAAs from their
diet. Animals may acquire MAAs independently of algal symbionts, as has been shown
for aposymbiotic A. elegantissima (Banaszak and Trench, 1995b), the non-symbiotic A.
artemesia (J. Malcolm Shick, pers. commun.) and Actinia spp. (Lesser et al., 1990) and
the non-symbiotic coral Tubastraea coccinea (Banaszak et al., 1998). Assuming that
MAAs do in fact serve a UV photo-protective function, it is quite possible that some
hosts acquire some MAAs from their symbionts, and may obtain more, or other MAAs
independently of their symbionts, thereby protecting the symbionts from UV damage.
Carroll and Shick (1996) have demonstrated the dietary origins of MAAs in the urchin
Strongylocentrotos droebachiensis, but this phenomenon has not yet been demonstrated
in a symbiotic system.

Ishikura et al. (1997) found up to four MAAs in the siphonal (mantle) tissues of the
tridacnids Tridacna crocea, T. derasa and Hippopus hippopus, but found none in the
algae isolated from T. crocea nor the cultured Symbiodinium CS-161, and concluded that
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the symbionts in the clams did not synthesize MAAs. By contrast, we found MAA
synthesis in the cultured algae from T. crocea, but not in those from H. hippopus. They
also found one MAA, porphyra-334, in the tissues of Corculum cardissa, but we found
that S. corculorum synthesized three MAAs, including porphyra-334. Shick et al. (1999)
found 10 MAAs in the tissues of the coral Stylophora pistillata, while the alga that we
isolated from this coral species synthesized only one MAA. Banaszak and Trench
(1995b) found six MAAs in the tissues of A. elegantissima, but the algae synthesized
none of them. By contrast, they found the same three MAAs in S. microadriaticum and
the tissue of Cassiopeia xamachana. Therefore, it is not possible to predict the MAA
composition of hosts from the composition of the algal symbionts, or visa versa.

Symbiotic dinoflagellates isolated from hosts that may occupy shallow-water, high-
UV environments (e.g., Linuche unguiculata, Corculum cardissa, Heliopora sp.,
Zoanthus sociatus, Gorgonia ventallina, Millepora dichotoma, Pseudopterogorgia
bipinnata, Bartholomea annulata, Aiptasia pallida and Stylophora pistillata) synthesized
MAAs, while others (e.g., Meandrina meandrites ([133), Palythoa caribaeorum,
Aiptasia tagetes and A. pulchella and Anthopleura elegantissima) did not. Extracts of S.
pulchrorum exposed to UV-B/A revealed no MAAs. Analyses of algae freshly isolated
from A. pulchella, and of the host’s tissues, also revealed no MAAs (Banaszak,
unpublished; Hoegh-Guldberg, O., Shick, J.M., pers. commun.). This anemone can be
found exposed in very shallow water ( , 0.5 m) on the reef flats in Kaneohe Bay, Oahu,
Hawaii, and presumably uses some mechanism other than MAAs to protect itself from
UVR. For example, it is possible that this species has active and efficient repair
mechanisms to counteract UV damage. A possible mechanism of UV tolerance in corals
and their symbiotic algae which has not been studied in depth is the ability to repair UV
damage. Differences in rates of repair or variations in the pathways used for repair of
UV damage may account for some of the differences observed at the species level. Like
A. elegantissima (Banaszak and Trench, 1995b), animal tissues of the shallow-water
Caribbean zoanthid Palythoa caribaeorum (Lesser et al., 1990) and the corals Pocillo-
pora damicornis and Montipora verrucosa (Teai et al., 1997), contained MAAs, but our
cultured isolates from these coral species did not synthesize MAAs, and Lesser et al.
(1990) reported no MAAs in the algae from P. caribaeorum. By contrast, Amphidinium
sp. synthesized two MAAs (and released both to the medium). The consortium,
Amphiscolops australis (?) occurs in rather low light environments in murky ‘marine
lakes’ in Belau (Hamner and Hauri, 1981; Trench and Winsor, 1987) where UVR is
probably not significant. Therefore, there appears to be no direct relation between the
habitat occupied by the consortium and synthesis of MAAs by the symbiotic algae (cf.,
Banaszak et al., 1998). Some dinoflagellates ((S. microadriaticum, Symbiodinium sp.
from A. pallida and Gymnodinium sanguineum (Banaszak and Trench, 1995b; Lesser,
1996; Neale et al., 1998)) synthesize MAAs without the stimulus of UVR, suggesting
that MAAs may serve a photo-protective function independent of UV, or that the
pathway is stimulated by high PAR and enhanced by UVR (Jokiel et al., 1997).

Studies of the photo-acclimatory response of Symbiodinium spp. to PAR demonstrate
that all phylotype A algae do not respond the same way, and some are more like
phylotype B algae (Iglesias-Prieto and Trench, 1997a). However, the only phylotype C
alga thus far analysed in detail appears to be low light-adapted (sensu Iglesias-Prieto and
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Trench, 1994, 1997a,b). Like the low-light adapted S. kawagutii, the isolate ([203) from
H. hippopus is also low-light adapted, being very sensitive to PAR, and showing

22 21photo-destruction of photosynthetic pigments at 125 mmol quanta m s PAR
(LaJeunesse and Trench, unpublished). But such is not the case in the phylotype C
isolates from Discosoma sancti-thomae ([152) and Meandrina meandrites ([133).
Therefore, all phylotype C Symbiodinium are not low-light adapted.

The observations that we have reported on MAA synthesis, taken in conjunction with
what is available in the literature on photo-acclimation to PAR (Iglesias-Prieto and
Trench, 1994, 1997a), show that phylotype A Symbiodinium are adapted to high light
conditions. However, empirical observations of temperature and light tolerance (e.g., Fitt
and Warner, 1995; Warner et al., 1996), of Symbiodinim (as a group) suggest a more
complex explanation than a correlation between genetic type, ecological distribution and
function (Rowan et al., 1997).

We propose that the interplay between acclimation to PAR, MAA synthesis in
response to UVR or high PAR, and temperature, in Symbiodinium spp. is rather complex,
and is not only a function of their phylogenetic affiliation. For example, S. mi-
croadriaticum (phylotype A) readily acclimates to high and low PAR (Iglesias-Prieto
and Trench, 1994, 1997a) and synthesizes MAAs, even without a UV stimulus
(Banaszak and Trench, 1995b), but has a low temperature tolerance (Iglesias-Prieto et
al., 1992). S. pilosum (phylotype A) is exclusively high-light adapted (i.e., it responds
poorly to low PAR), and synthesizes MAAs, but tolerates high temperatures (R.
Iglesias-Prieto, unpublished). Symbiodinium sp. from Pocillopora damicornis (phylotype
B) tolerates high PAR, does not synthesize MAAs, and has a high temperature tolerance,
while S. pulchrorum (phylotype B) tolerates high PAR (Iglesias-Prieto and Trench,
1994, 1997a), does not synthesize MAAs, but has a lower temperature tolerance (Nii and
Muscatine, 1997; R. Iglesias-Prieto, unpublished). By contrast, S. kawagutii (phylotype
C) is low-light adapted (responds poorly to high PAR), (Iglesias-Prieto and Trench,
1994, 1997a), does not synthesize MAAs, but has a higher temperature tolerance than S.
microadriaticum (Iglesias-Prieto, 1997), but lower than S. pilosum. These observations
lead us to recall Hutchinson’s (1959) concept of the ‘n-dimensional hypervolume’ which
separates niches, and ultimately defines functional species. Given that animal tissues
may also attenuate, reflect, or otherwise dissipate energy from photons (PAR and UVR),
a combination of the individual species characteristics of the algae, combined with those
of their hosts (including the independent acquisition of MAAs), may allow low-light
adapted algae to inhabit shallow-water hosts and resist environmental stress, if their
other attributes are appropriate.

4. Notation

HPLC, high-performance liquid chromatography
LSUrDNA, large subunit ribosomal DNA
MAAs, mycosporine-like amino acids
PAR, photosynthetically active radiation (400–700 nm)
RFLP, restriction fragment length polymorphism
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SSUrDNA, small subunit ribosomal DNA
UVR, ultraviolet radiation (280–400 nm)
UV-B, (280–320 nm)
UV-A, (320–400 nm)
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