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ABSTRACT: The aeolid nudibranch Pteraeolidia ianthina hosts symbiotic dinoflagellates in the same
way as many reef-building corals. This widespread Indo-Pacific sea slug ranges from tropical to tem-
perate waters, and offers a unique opportunity to examine a symbiosis that occurs over a large latitu-
dinal gradient. We used partial 28S and 18S nuclear ribosomal (nr) DNA to examine the genetic
diversity of the Symbiodinium dinoflagellates contained within P. ianthina. We detected Symbio-
dinium from genetic clades A, B, C and D. P. ianthina from tropical regions (Singapore, Sulawesi)
host Symbiodinium clade C or D or both; those from the subtropical eastern Australian coast (Heron
Island, Mon Repo, Moreton Bay, Tweed Heads) host Symbiodinium clade C, but those from the tem-
perate southeastern Australian coastline (Port Stephens, Bare Island) host clade A or B or both. The
Symbiodinium populations within 1 individual nudibranch could be homogeneous or heterogeneous
at inter- or intra-clade levels (or both). Our results suggested that the Pteraeolidia-Symbiodinium
symbiosis is flexible and favours symbiont phylotypes best adapted for that environment. This
flexibility probably reflects the function of the symbiont clade in relation to the changing environ-
ments experienced along the latitudinal range, and facilitates the large geographic range of
P. ianthina.
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INTRODUCTION

A widening group of marine invertebrate taxa (Mol-
lusca, Foraminifera, Platyhelminthes, Cnidaria, Pori-
fera and Urochordata) are now known to harbour
endosymbiotic dinoflagellates of the genus Symbio-
dinium (Trench 1997). Among the molluscs, the aeolid
nudibranch Pteraeolidia ianthina (Angas, 1864) is a
widespread host to Symbiodinium, and is found in both
temperate and tropical regions of the Indian and
Pacific Oceans (Rudman 1982, King & Fraser 2002).
Rudman (1982) reported its endosymbiosis with Sym-
biodinium in a period when all symbiotic dinoflagel-
lates were considered a single species, Symbiodinium
microadriaticum (Kawaguti, 1944).
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The Symbiodinium occurring in Pteraeolidia ian-
thina are viable, and they respire, photosynthesize and
multiply in situ (Hoegh-Guldberg & Hinde 1986,
Waegele & Johnsen 2001). The nudibranch receives up
to 50 % of the total carbon photosynthetically-fixed by
each Symbiodinium cell via translocation (Hoegh-
Guldberg & Hinde 1986). Studies by Kempf (1984)
show that starved P. ianthina kept in constant light lost
weight more slowly than those in the dark. The nudi-
branchs maintained in the laboratory with light but
without additional food sources survived for up to
192 d (Kempf 1984). P. ianthina clearly gain substantial
nutrition from their symbionts, and can sustain them-
selves solely on symbiont phototrophy for long periods.
The symbiont population in P. ianthina increased when
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maintained in the high light conditions of a laboratory
(Hoegh-Guldberg & Hinde 1986), indicating a symbio-
sis that is re-adjusted according to ambient environ-
mental parameters.

Pteraeolidia ianthina presumably acquire Symbio-
dinium through horizontal transmission, as symbionts
have never been observed within fertilized eggs or
in the lecithotrophic larvae (Kempf 1984). The acqui-
sition of Symbiodinium by P. ianthina might occur
directly from the water column, as demonstrated in
cnidarians (Lewis & Coffroth 2004). Alternatively, sym-
biont acquisition might be via ingestion of prey that
also harbour these symbionts (Kempf 1984). Prey
ingestion has been a route of symbiont entry in other
nudibranch species such as Aeolidia papillosa, Berghia
verrucicornis and Phyllodesmium spp. (Kempf 1991,
Rudman 1991, McFarland & Muller-Parker 1993).

Although this dinoflagellate was initially thought to
be a single species, molecular methods have revealed
the existence of several phylotypes in Symbiodinium
(up to 8 genetically diagnosable clades: A, B, C,D, E, F,
G and H (Baker 2003, Pochon et al. 2004). Presently,
only a few Symbiodinium species have been fully de-
scribed morphologically (Trench 1997), and the origi-
nal name of S. microadriaticum is assigned to the sym-
biont of the jellyfish Cassiopea xamachana (Trench
1997). Many hosts will accommodate only a single
phylotype of Symbiodinium (Baker & Rowan 199%),
but this ‘specificity’ concept is often confused with
the symbionts' ability to also utilize different hosts.
Heterogeneous populations of Symbiodinium types
from the same clade or different clades exist in a num-
ber of coral species (Rowan & Knowlton 1995, Rowan
et al. 1997, Loh et al. 2001). Different types of Symbio-
dinium present in a single host or host range can be
used to infer symbiotic mechanisms adapted to the
prevailing environmental conditions (Buddemeier &
Fautin 1993, Rowan et al. 1997), as different types can
support dissimilar growth rates under identical condi-
tions (Little et al. 2004). Some corals and anemones
host a range of symbionts over different latitudinal and
climatic zones (Loh et al. 2001, Rodriguez-Lanetty et al.
2001, Toller et al. 2001) or depths (Rowan et al. 1997,
Iglesias-Preito et al. 2004). These examples are likely
to reflect the selection of symbionts physiologically op-
timized for photosynthesis in different environments.
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were sampled along a tropical to temperate cline—
from Singapore to Sulawesi (Indonesia) and down the
eastern coast of Australia. This latitudinal sampling
represents the central part of the widespread Indo-
Pacific range of this nudibranch. We examined the
genetic identity of Symbiodinium phylotypes from
P. ianthina and, thus, the limits of specificity of the
host-symbiont relationship.

MATERIALS AND METHODS

Collection and DNA extraction. A total of 19 Pterae-
olidia ianthina individuals were collected from sites off
Singapore, Indonesia, and the eastern coast of Aus-
tralia (see Table 1 & Fig. 1 for details). Animals were
collected from depths ranging from the intertidal zone
to 30 m (Table 1). The nudibranchs were anaesthetized
by chilling, and placed in 95% ethanol for preserva-
tion. The samples were stored at —70°C until extracted
for DNA.

All tissue samples were washed 3 times and sus-
pended in 500 pl of DNA buffer (Rowan et al. 1997).
The samples were macerated into slurry and incubated
with 1% sodium dodecyl sulphate (SDS) at 65°C for
1 h. The samples were incubated a further 12 h at 37°C
with proteinase K (0.5 pg pl™!). Total DNA was
extracted using the phenol-chloroform method as in
Loh et al. (2001).

PCR amplification. The variable domains D1 and
D2 of Symbiodinium large subunit (28S nuclear ri-
bosomal [nr] DNA) was amplified with the protocol
used previously by Loh et al. (2001). The small subunit
(18S nuclear ribosomal [nr] DNA) gene of Symbio-
dinium spp. was amplified with the universal primers
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reported that a single specimen of P. ianthina from
Fig. 1. Sampling sites and respective climatic zones. 1: Singa-

Hayama Bay (Japan) hosted both Symbiodinium spp.
clade A and D (Ishikura et al. 2004). An additional

pore; 2: Sulawesi; 3: Heron Island; 4: Mon Repo; 5: Moreton
Bay; 6: Tweed Heads; 7: Port Stephens; 8: Bare Island
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specimen from the Great Barrier Reef (Australia) con-
tained clade C (La Jeunesse et al. 2004). In the pre-
sent study, the dinoflagellate symbionts of P. ianthina
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Table 1. Symbiodinium spp. from Pteraeolidia ianthina. Location, depth and

phylotypes. *Sequences obtained from cloned DNA

facturer's instructions. The plasmids
were transformed into competent Esch-
erichia coli cells (TOPO, Invitrogen).

18A1 5'-CCTACTCTGGTTGATCCTGCCACT-3' (for-
ward) and 1800 5'-TAATGATCCTTCCGCAGG TT-3'
(reverse) (modified for nudibranchs by Wollscheid-
Lengeling et al. 2001). For 18S the following PCR pro-
tocol was used: 38 cycles at 94°C for 30 s, 52.5°C for
50 s, 72°C for 2 min 30 s. The reactions were screened
for nudibranch or Symbiodinium 18S nuclear ribo-
somal (nr) DNA by cloning and sequencing. Only
Symbiodinium data is presented in this study.

Cloning and sequencing. All PCR products were ini-
tially sequenced without cloning. The ability to obtain
unambiguous sequences directly from PCR products was
interpreted as indicating that the symbiont populations
were predominantly of one phylotype. If ambiguous se-
quences were initially obtained, these PCR products
were subsequently cloned and resubmitted for sequenc-
ing. In these instances, PCR amplifications were ligated
into PGEM-T vectors (Promega) according to the manu-

Site and Latitude/  Depth Symbiodinium clade Selected transformants were picked

P. .ianthina Longitude (m) (accession code) from plates and directly PCR amplified

(Pi) hosts 183 285 following the aforementioned PCR pro-

Singapore 1°17'S 10 tocols. PCR 'arnplifif:ations of the clones
Singapore Pi 1 103°48'E C* (AY903341) D* (AY903333) were purified using GFX columns
Singapore Pi 2 C* (AY903342) (Amersham Biosciences). DNA sequen-
Singapore Pi 3 D" (AY903340) ces were determined in both directions
Singapore Pi 4 D* (DQ286774) . . .

SE Sul S using the dye terminator automatic se-
E Sulawesi 2°13' 6 . - .
Sulawesi Pi 1 120°10'E D (AY903343) D (AY903339) quencing facility at the Australian
Sulawesi Pi 2 C (AY903328) Genome Research Facility at the Uni-

Heron Island 93°50'S 12 versity of Queenslapd. Symbiodinium
Heron Island Pi1 151°90'E C (AY903327) sequences from different hosts re-

Mon Repo 24°80'S 0 quired similarity of 99 % or above to be
Mon Repo Pi 1 152°50'E C (DQ227700) C (AY903329) considered identical.

Moreton Bay 27°23'S 20 Single stranded conformational poly-
Moreton Bay Pi1  153°33'E C (AY903326) morphism analysis. Single Stranded

Tweed Heads _ 28°00'S 29 Conformational Polymorphism (SSCP)
Tweed Heads Pi1 153° 38'E C (AY903346) C (AY903338) analysis was performed using 20 pl of

Port Stephens 32°26'S 9 PCR product mixed with an equal vol-
Port Stephens Pi 1 152°32'E B (AY903331) ume of loading buffer (95 % formamide
Port Stephens Pi 2 B (AY903332) g °

, 10 mM NaOH, 0.25 % bromophenol blue

Bare Island 33°59'S 8 o
Bare Island Pi 1 151°14'E B* (AY903344) and 0.25% xylene cyanol) to denature
Bare Island Pi 2 B* (AY903345) for 5 min at 95°C. After denaturing,
Bare Island Pi 3 A* (clone 1 AY903335) the mixed aliquots were immediately

AB‘ Ecione g ],iggzgggi)) chilled on crushed ice and run on a

clone . .
Bare Island Pi 4 A* (AY903336) polya§rylam1de MDE gel (FMC Bioprod-
Bare Island Pi 5 A* (clone 1 AY903337) ucts) in 0.6 x TBE at 160 V for 13 h at
A* (clone 2 DQ227702) room temperature. The SSCP patterns
Eare %s}ang 5} g E (gQggzggg) B (AY903330 were stained with ethidium bromide and

J are island = 350N ) bQ ) ( ) visualized with UV transillumination.
apan ° ? . . _
(Ishikura et al. 2004) 139°E Alignment and phyloggnetlc ana.ly
Japan Pi 1 D (AB085914) ses. Sequences were aligned using

CLUSTAL W (Thompson et al. 1994) ap-

plying a gap penalty of 10 and an exten-
sion penalty of 0.05, and the alignment was also edited
by eye. The alignments were deposited in Treebase
(www.treebase.org). We follow the clade systematics
reviewed by Baker (2003), where many sequences cur-
rently denoted clade E in GenBank (www.ncbi.nlm.nih.
gov; sequences marked with * below) should be de-
signated to clade D. Clade E has been assigned to Sym-
biodinium californium from the temperate anemone
Anthopleura spp. (Baker 2003). The reference symbiont
sequences included here are clade A (accession num-
bers M88521, AB016573, AB016538, U63480, U63483
AF427455), clade B (U20959, AF238257, AF427447,
U63484, AF427460, AF060891), clade C (U20957,
AF238258, AF427453, U63481, U63485, AJ621128),
clade D (AF238261*, AF238262*, AF231263*,
AF170149, AF139197, AF396626, AY074951), and
clade E (Symbiodinium californium AF225965). SSU
and LSU trees were rooted using Gymnodinium beii
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(accession nos. U41087 and AF060900 respectively)
because previous phylogenetic analyses have shown
that this genus typically shows a sister group relation-
ship to the Symbiodinium spp. clade (Wilcox 1998).

Trees were constructed using maximum parsimony
(MP), maximum likelihood (ML) and Bayesian meth-
ods. Prior to these analyses, Modeltest version 2.06
(Posada & Crandall 1998) was used to determine the
most appropriate substitution model for the data for the
ML and Bayesian analyses. Using the hierarchical like-
lihood ratio tests, these were found to be the TrNef+G
for Pteraeolidia-Symbiodinium18S nuclear ribosomal
(nt) DNA and 28S nuclear ribosomal (nr) DNA.
Although identical models of evolution were obtained
for each gene using the model substitution analysis, a
combined analysis using both genes was not possible
owing to the differential PCR success of various indi-
viduals and clones.

MP and ML analyses were conducted using the
PAUP beta version 4.0b10 (Swofford 2002). All charac-
ters were given equal weight and were unordered.
The MP analysis was carried out by the heuristic
search method, with 100 random additions of taxa,
each followed by Tree Bisection-reconnection (TBR)
branch-swapping. Starting-trees were obtained by
stepwise-addition using simple addition sequence. MP
clades were assessed with 1000 bootstrap replicates
(excluding uninformative characters), with 100 random
additions of taxa for each replicate. For ML, the heuris-
tic searches were again carried out with 100 random
additions of taxa, followed by TBR branch-swapping.
ML clade support was assessed with 100 bootstrap
replicates (1000 in the combined host 28S), using the
same model as the heuristic searches.

The Bayesian analyses were implemented in
MrBayes (Ronquist & Huelsenbeck 2003) and were
based on the models selected by Modeltest above.
Starting from random trees, 4 Markov chains (with 3
heated chains) were run simultaneously to sample
trees using the Markov Chain Monte Carlo (MCMC)
principle. After the burn-in phase (the first 3300 and
3600 generations, respectively, for 18S and 28S analy-
ses were discarded), every 100th tree out of 10°® was
considered. The phylogenetic trees generated in all
analyses were visualized using TREEVIEW version
1.6.5 (Page 1996).

RESULTS

Partial 18S and 28S nuclear ribosomal (nr) DNA gene
sequences obtained from Pteraeolidia ianthina are
listed in Table 1. The 18S alignment resulted in 496
positions, 44 of which were parsimony-informative.
Symbiodinium spp. phylotypes recovered with 18S

data are listed in Table 1. These were clade B (Bare
Island Pteraeolidia ianthina [Pi] 1, 2, 6 and 7); C (Sin-
gapore Pi 1, 2; Mon Repo Pi 1; Tweed Heads Pi 1); D
(Singapore Pi 3, Sulawesi Pi 1, Japan Pi 1). Symbio-
dinium from another nudibranch species, Phyllo-
desmium briareum (DNA sequence from Waegele et
al. 2003) clustered with clade D. MP analysis recov-
ered 1000 equally parsimonious trees, while ML
returned 6. The consensus Bayesian tree did not differ
in topology, and showed the well-supported clades B +
C and D to be reciprocally monophyletic (sister taxa).
Clade A was the sister clade to B+ C + D + E. As the
tree topology was similar in all analyses, bootstrap val-
ues are shown on 1 of the ML trees (Fig. 2).

The 28S alignment resulted in 678 positions, 225
of which were parsimony-informative. The Symbio-
dinium spp. phylotypes recovered with 28S data are
listed in Table 1. These were clade A phylotypes (Bare
Island Pi 3, 5), clade B (Bare Island Pi 3, 7; Port
Stephens Pi 1, 2), clade C (Tweed Heads Pi 1; Moreton
Bay Pi 1; Mon Repo Pi 1; Heron Island Pi 1; Sulawesi Pi
2), and clade D (Singapore Pi 1, 4; Sulawesi Pi 1). MP
analysis resulted in 1000 equally parsimonious trees,

—— Singapore Pi 1
Mon Repo Pi 1
Tweed Heads Pi 1
Clade C U20957
Clade C AF238258
Clade C AF427453
Singapore Pi 2
Bare Island Pi 1
— Bare Island Pi 2
76/67/100| Bare Island Pi 6
Bare Island Pi 7
Clade B U20959-/100/97
Clade B AF238257
Clade B AF427447

Clade D AF238261
~|\7 Sulawesi Pi 1
Singapore Pi 3
Clade D AF238263

Japan Pi 1
— Phyllodesmium spp. AY165766
Clade D AF238262

97/100/100

69/100/98

99/100/100
98/100/100

98/100/100

Clade A AB016573
100/100/100 1,46 A Symbiodinium microadriaticum M88521

Clade A AB016538

Gymnodinium beii U41087
0.01

Fig. 2. Symbiodinium spp. 18S nuclear ribosomal (nr) DNA
maximum likelihood tree of Symbiodinium types (marked
'Pi") harboured by Pteraeolidia ianthina. Numbers at nodes
indicate percentage of 1000/1000/1000 bootstrap replications
or posterior probabilities supporting each node (maximum
likelihood/maximum parsimony/Bayesian). Unless indicated,
only bootstrap values >95 % are shown. Accession numbers of
Gymnodinium beii (outgroup), Symbiodinium from clade A,
B, C, D, and E, and from the nudibranch Phyllodesmium sp.
are listed

— —————————Clade E Symbiodinium californium AF225965
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and 2 ML trees were recovered. The consensus Baye-
sian tree showed the same topology as the other
methodologies. Again, the well-supported clades B + C
were recovered as the most closely derived sister taxa,
and clade D was the sister to these. Clade A formed
themost basal clade. Those branches from clade A
formed a distinct subclade from the reference clade
sequences. As the tree topology was similar in all
analyses, bootstrap values are shown on the ML tree
(Fig. 3). 28S sequence data for Symbiodinium cali-
fornium clade E was not available for analysis at the
time of writing.

Both 28S and 18S analyses produced trees with
the clades of Symbiodinium from Pteraeolidia ianthina
correlating to broad geographic regions. P. ianthina
from Singapore and Sulawesi are host to Symbio-
dinium clade C or D, those off eastern Australia are
host to Symbiodinium clade C, and those off south-
eastern Australia are host to Symbiodinium clade A
or B. There did not appear to be a correlation of
Symbiodinium clades with the collection depth of
the host, as clade C was found in nudibranchs col-
lected at 0, 20 and 29 m. The motility of these nudi-

Sulawesi Pi 2
Tweed Heads Pi 1
Heron Island Pi 1
Clade C U63481
94/100/100 |- Clade C U63485
Clade C AJ621128
Moreton Bay Pi 1
Mon Repo Pi 1
97/98/100 Port Stephens Pi 1
[Port Stephens Pi 2
Bare Island Pi 7

96/-/-
100/100/100

Clade B AF060891

100/100/100 Clade B AF427460

Clade B U63484
Singapore Pi 4
Singapore Pi 1
Sulawesi Pi 1
100/100/100| Clade D AF139197
Clade D AF396626
Clade D AY074951
Clade D AF170149
Bare Island Pi 4
Bare Island Pi 5 clone 2
Bare Island Pi 3 clone 2
100/1007100 Bare Island Pi 5 clone 1
Bare Island Pi 3 clone 1

9/100/100
98/99/100 , Clade A U63480
| Clade A AF427455
89/99/100L Clade A U63483

Gymnodinium beii AFO60900
041

Fig. 3. Symbiodinium spp. 28S nuclear ribosomal (nr) DNA
maximum likelihood tree of Symbiodinium types (marked 'Pi’)
harboured by Pteraeolidia ianthina. Numbers at nodes indi-
cate percentage of 100/1000/1000 bootstrap replications or
posterior probabilities supporting each node (maximum likeli-
hood/maximum parsimony/Bayesian). Unless indicated, only
bootstrap values >95% are shown. Accession numbers for
clade A, B, C, D and Gymnodinium beii (outgroup) are listed

Bare Island Pi 3 clone 3

branchs probably rules out the development of a
depth-Symbiodinium clade relationship.

Unambiguous sequences (interpreted here as indi-
cating a predominately homogenous Symbiodinium
population) were obtained from Pteraeolidia ianthina
individuals from Moreton Bay, Mon Repo, Heron
Island, Port Stephens, Tweed Heads and Sulawesi. In
contrast, ambiguous sequences were obtained from
some P. ianthina individuals from Singapore and Bare
Island, indicating that they contained heterogenous
populations. Representative SSCP analysis of 28S PCR
products of Pteraeolidia-Symbiodinium from Bare
Island (>2 bands) and Moreton Bay (2 bands) shows
the expected genetic profile of a heterogeneous and
homogeneous population of Symbiodinium, respec-
tively (Fig. 4). The cloning and sequencing of 18S and
28S RNA genes from all Singapore and Bare Island
P. ianthina shows that up to 2 clades may be hosted
simultaneously (clades C and D from Singapore, and A
and B from Bare Island, Table 1).

DISCUSSION

From our broad survey of high to low latitudinal
environments, at least 4 clades of Symbiodinium (A, B,
C and D) were detected in Pteraeolidia ianthina. Sym-
biodinium clade B had not been previously observed in
P. ianthina (Ishikura 2004, LaJeunesse et al. 2004) and
other nudibranch-Symbiodinium symbioses (Waegele
et al. 2003). Relatively few coral species are known to
host up to 4 clades of Symbiodinium over a broad geo-
graphical range (Rowan et al. 1997, Toller et al. 2001).
P. janthina may also harbour combinations of at least 2
Symbiodinium clades simultaneously.

Using partial 28S nuclear ribosomal (nr) DNA and
18S nuclear ribosomal (nr) DNA genetic sequences, a
large degree of latitudinally-based phylogeographic
structuring among the Symbiodinium symbionts of
Pteraeolidia ianthina becomes evident. Nudibranchs
from the temperate waters (off Bare Island and Port
Stephens) form associations with several Symbio-
dinium phylotypes of clade A or B, or both; those from
subtropical regions (off Tweed Heads, Moreton Bay,
Mon Repo and Heron Island) associate with clade C
phylotypes. P. ianthina from tropical regions, such as
Singapore and Sulawesi, host Symbiodinium clades C
or D, or both. A previous study on the scleractinian
coral Plesiastra versipora along the eastern coast of
Australia showed a similar break in Symbiodinium dis-
tribution: clade B predominated in temperate waters
and clade C in subtropical and tropical regions
(Rodriguez-Lanetty et al. 2001). The change in clade
distribution in that study occurred somewhere be-
tween Sydney (New South Wales, 33°S) and Moreton
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Bare Island
Pi2 Pi6 M1 Pi4 Pi5 Pi7

Moreton Bay
M2 Pi1

Fig. 4. Symbiodinium spp. Single-stranded conformational

polymorphism patterns (arrows) of partial 28S nuclear ribo-

somal (nr) DNA amplified from Symbiodinium in Pteraeolidia

ianthina from Bare Island and Moreton Bay. Profiles were pro-

duced from 650 bp fragments following heat denaturation.

Marker M1 = 1 Kb Plus DNA (Invitrogen), M2 = GeneRuler
1kb DNA Ladder (Fermentas)

Bay (Queensland, 27°S). Our results indicate that, for
P. ianthina, the break occurs further south along the
New South Wales coast: somewhere between Port
Stephens (32°S) and Tweed Heads (28°S).

The overall distribution patterns of Symbiodinium in
Pteraeolidia ianthina hosts agree with previous
studies on other host taxa. Symbiodinium clade
B in the Pacific Ocean has been shown to be more
commonly detected in temperate waters (Rodriguez-
Lanetty et al. 2001), even though it is common in
tropical Caribbean corals (Baker & Rowan 1997).
Clades A, C and D have been previously detected in
subtropical to tropical latitudes of the Pacific Ocean
but not in temperate waters (Loh et al. 2001, van
Oppen et al. 2001). In this study, Symbiodinium phylo-
types of clades C and D were found to be common to
subtropical and tropical P. ianthina. However, our
clade A phylotypes were not restricted to tropical
waters; instead, they were found only in P. ianthina off
temperate Bare Island. This could be an artifact of a
low sampling regime, even though the number of
nudibranchs sampled from the tropical and temperate
regions were similar. Interestingly, our clade A
sequences in GenBank show high identity (99
to 100%) with Symbiodinium from the temperate
Atlantic anemone Anemonia viridis (GenBank acces-
sion number AY074940) (BLASTN [basic local align-

ment search tool analysis], data not shown). This may
suggest a global distribution of this Symbiodinium
clade in temperate waters; however, this needs to be
investigated with higher resolution markers.

The temperate latitude Pteraeolidia ianthina speci-
men from Hayama Bay, Japan (Table 1), hosts 2 Sym-
biodinium clades, and initially appears to be an excep-
tion to the generalized geographic distribution of
Symbiodinium. The presence of clade A in P. ianthina
at this northern temperate latitude is consistent with its
presence at Bare Island, at a similar but southern lati-
tude. However, Symbiodinium clade D usually indi-
cates a tropical habitat, and its presence in Hayama
Bay is likely to be the result of the Kuroshio Current.
This current brings warm tropical water northward
past Hayama Bay, and transports many warm water
marine organisms to otherwise temperate waters off
mainland Japan (Johnson & Terazaki 2003). The host-
ing of both clade A and D in this specimen demon-
strates an interesting mix of temperate and tropical
symbioses.

The observed biogeographical trends of Symbio-
dinium symbioses may reflect a functional, tempera-
ture-based symbiont choice. The possession of a par-
ticular phylotype over another can, in theory, provide
strong advantages to the survival of the host. For
example, studies of corals bearing Symbiodinium
clade D in tropical latitudes have been shown to main-
tain photosynthetic activity under the same heat
stresses that cause corals with clade C to lose photo-
synthesic ability (Rowan 2004). Tropical corals contain-
ing a clade C phylotype have been shown to have
growth rates 2 to 3 times faster than the same host spe-
cies with a clade D type (Little et al. 2004). Therefore,
the establishment of a heat-tolerant and fastgrowing
Symbiodinium clade C and D population by Pteraeo-
lidia ianthina in the tropics might be an advantage
for a constantly warm and nutrient-poor environment.
Nothing is yet known of the physiology of Symbio-
dinium clade A or B, or why such a prevalence of clade
B symbionts exists in temperate Indo-Pacific taxa. As
adult coral colonies usually maintain a particular set of
symbionts for long periods (Goulet & Coffroth 2003), it
has been suggested that their present-day symbiont
community structure is a reflection of the environmen-
tal conditions under which the symbioses were initially
established (LaJeunesse et al. 2004). Given the short
lifespan of most aeolid nudibranchs, it is likely that
P. ianthina symbioses are a better reflection of sym-
bioses selected for present day conditions.

Unlike the majority of other zooxanthellate inver-
tebrates, Pteraeolidia ianthina are motile animals and
are potentially able to manipulate the environment
that their symbionts are exposed to. The host's motility
may help position an individual in optimal photic
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zones, and a clade-heterogeneous population might
adapt better to rapidly changing light levels experi-
enced during movement. As a relatively fast-moving
nudibranch, P. ianthina would be able to position itself
in lighter or more shaded environments, in warmer or
cooler temperatures, and also to change the depth of
its habitat (dependant on location). Whether such be-
havioural changes are carried out by individual nudi-
branchs remains to be experimentally tested.

The results of this study provide an insight into the
biogeographic range of Pteraeolidia ianthina and its
symbiont populations. P. ianthina demonstrates a flex-
ible symbiosis, maintaining non-specific homogeneous
or heterogeneous populations of Symbiodinium. The
analyses also show a latitudinal gradient distribution,
with Symbiodinium clades A and B phylotypes found
in temperate waters, clade C in mid-latitude subtropi-
cal waters, and clades C and D in low latitude tropical
waters. This distribution is consistent with studies that
indicate a prevalence of Symbiodinium clades B and C
in temperate and tropical waters, respectively (La-
Jeunesse & Trench 2000, Rodriguez-Lanetty et al.
2001). Further studies into the efficacy of symbioses
from varying latitudinal zones will allow comprehen-
sive hypotheses on the establishment of these biogeo-
graphic relationships.
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