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Symbiosis between the dinoflagellate genus Symbiodinium and various invertebrates and protists is
an ubiquitous phenomenon in shallow tropical and subtropical waters. Molecular studies undertaken
on cnidarian symbionts revealed the presence of several distinctive lineages or subgeneric clades of
Symbiodinium whose taxonomic level provides limited information about the specificity between
invertebrate hosts and their symbionts. This contrasts with the finding of several Symbiodinium
clades being present almost exclusively in foraminifera and belonging to the subfamily Soritinae. To
test whether such specificity also exists at a lower taxonomic level within Soritinae, we obtained the
SSU rDNA sequences from 159 soritid individuals collected in nine localities worldwide and
representing all known morphospecies of this subfamily. For each individual, the symbionts were
determined either by sequencing or by RFLP analysis. We distinguished 22 phylotypes of Soritinae in
relation with a number of symbiont “groups” corresponding to 3 clades and 5 subclades of
Symbiodinium. Among the 22 soritid phylotypes, 14 show strict symbiont specificity and only one was
found to be a host for more than two “groups” of Symbiodinium. It is suggested that the strong
host—symbiont specificity observed in Soritinae is a combined effect of a selective recognition
mechanism, vertical transmission of symbionts, and biogeographical isolation.
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Introduction

Symbiotic relationships between many inverte-
brate hosts and the dinoflagellates of the genus
Symbiodinium are fundamental for the develop-
ment, productivity, and survival of coral reef
ecosystems worldwide. Symbiodinium dinoflagel-
lates are present in hundreds of corals and other
marine invertebrates, including sponges, medu-
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sae, and bivalves. Among protists, Symbiodinium
has been identified in large benthic foraminifera
belonging to the subfamily Soritinae (Lee and
Lawrence 1990; Leutenegger 1977, 1984) and
reported recently in ciliates (Lobban et al. 2002).
Soritinae are miliolid foraminifera common in
tropical and subtropical shallow waters and
characterized by a large imperforate, discoid test
with annular chambers, reaching up to 15mm in
diameter. These protists present, in some area, a
spectacular carbonate production rate of approxi-
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mately 5kg CaCOs;m2year™' (Fujita et al. 2000).
They belong to the superfamily Soritacea, which
also includes the Archaiasinae and Peneroplidae,
bearing chlorophyte and rhodophyte symbionts,
respectively (Richardson 2001). To date, Soritinae
comprise six morphologically described species
classified in three genera: Sorites, Amphisorus
and Marginopora (Gudmundsson 1994; Lee et al.
2004). All species share a similar general morphol-
ogy and differ by external features like the
thickness of the test, the shape, and number of
chamberlets, and the form and distribution pattern
of peripheral apertures (Gudmundsson 1994).
However, despite these test differences, it is often
difficult to distinguish one species from another,
especially in the case of young individuals.

For a long time, the increase of morphological
complexity of the test, from the frail Sorites to the
more solid Amphisorus and to the extremely
robust Marginopora, was thought to reveal the
evolutionary path of the Soritinae (Gudmundsson
1994; Lehmann 1961). However, a molecular
study based on the SSU rRNA gene sequences
(Holzmann et al. 2001) provided new insights into
the phylogeny and diversity of this group. Accord-
ing to this study, the Soritinae are divided into two
clades: one clade is composed of Marginopora
vertebralis and a radiation of Sorites orbiculus and
S. marginalis; the second clade comprises Am-
phisorus hemprichii, M. kudakajimaensis, and an
unknown Sorites-like species (Holzmann et al.
2001). Most spectacularly, this study revealed an
exceptionally high genetic diversity of Soritinae,
particularly within the genus Sorites, which ser-
iously questioned the validity of morphological
criteria for species identification in this subfamily.

Algal symbiosis is a recurrent phenomenon
among larger foraminifera that seems to have
occurred independently in most miliolid lineages
(Hallock 1999). Yet, Soritacea is the only super-
family where endosymbiosis is an all-pervading
feature (Hallock 1999; Lee and Anderson 1991)
that has been considered to have driven the
evolution and morphological diversification of the
superfamily (Hallock 1985, 1987).

The first SSU rDNA-based molecular studies of
dinoflagellate symbionts of Soritinae confirmed
that they belonged to the Symbiodinium species
complex (Langer and Lipps 1995; Lee et al. 1995)
and suggested that they share a common evolu-
tionary history with the symbionts present in
corals and other invertebrates. However, further
molecular studies based on more variable LSU
and ITS rDNA regions show that the soritid
symbionts are exceptionally diverse and that the

majority of them belong to symbiont “groups” that
are not usually found in other Symbiodinium-
bearing hosts (Pawlowski et al. 2001; Pochon et
al. 2001). Six independent “groups” (Fr1—Fr6)
specific to Soritinae were identified (Pawlowski et
al. 2001). Four of them (Fr2—Fr5) were later
grouped into a single clade F and referred to as
subclades F2—F5 (Pochon et al. 2005), while the
remaining two, Fr1 and Fr6, were renamed clade
H (Pochon et al. 2004) and clade G (Pochon et al.
2001), respectively. Distinction of these “groups”
was recently confirmed by analysis of chloroplas-
tic 23S rDNA sequences (Pochon et al. 2005).
Only one lineage (C) was found to be commonly
shared by soritids and other invertebrates, but
even in this case, the analysis of the highly
variable ITS2 rDNA region showed that the
foraminiferal symbionts belong to a well-defined
subclade (Pochon et al. 2004). Although some
recent studies report the presence of some
soritid-specific “groups” (F2 and G) in some
invertebrates (Rodriguez-Lanetty et al. 2002;
Schoenberg and Loh 2005; van Oppen et al.
2005a, b), these occurrences remain rather ex-
ceptional.

To better understand this unusual host—sym-
biont specificity observed in Soritinae, we exam-
ined the relation between Symbiodinium and its
foraminiferal hosts at a lower taxonomic level.
Because the morphological criteria for identifica-
tion of soritid species appeared to be not very
reliable to describe the diversity of Soritinae, we
sequenced all 159 examined specimens and
distinguished the main phylogenetic lineages. We
determined the “group” of Symbiodinium for each
specimen by using RFLP or by sequencing. Our
results show a surprisingly high level of specificity
between soritid phylotypes and their symbionts.
Possible geographical and reproductive causes of
this specificity are discussed.

Results

Symbiodinium LSU rDNA Phylogeny

Phylogenetic analysis of 103 LSU rDNA se-
quences of Symbiodinium allowed us to identify
8 different clades: A, B, C, D, E, F, G, and H
(Fig. 1). Two of them, D and F, are subdivided into
2 and 4 subclades, respectively. Most of the
clades and subclades are supported by high
bootstrap values and posterior probabilities, re-
ferred to here as node support (NS). Soritid
symbionts are present in clades C, D, F, G, and



H, dominating the last three clades (F, G, and H).
Phylogenetic relationships within the Symbiodi-
nium-complex are relatively stable. In all analyses,
the clade A branches at the base of the tree
followed by clade E, and the radiation of clades B,
F, H, and C is always present in the same order.
There is a very weak NS for the monophyly of
clade F and the relationships between the F
subclades vary. In the ML and MrBayes trees,
subclade F4 branches at the base, followed by
subclade F5 and the sister subclades F2 and F3.
In the MP tree, the subclade F5 branches at the
base, followed by subclade F4 and the other two
subclades. Moreover, the position of clades D and
G is not resolved. Compared to the ML tree, both
clades have swapped their positions in MP
analysis and their relation is unresolved in the
MrBayes tree.

Soritinae SSU rDNA Phylogeny

Phylogenetic analysis of 33 SSU rDNA sequences
that almost cover the total length of the gene
revealed four main clades of Soritinae, strongly
supported in all analyses (Fig. 2). The first clade
groups together 7 sequences of A. hemprichii and
one sequence of M. kudakajimaensis. The second
clade comprises two sequences of an unidentified
soritid from Elat. The third clade contains 4
sequences of M. vertebralis; whereas, the forth
clade includes 19 sequences of Sorites spp. The
first and the second clade group together with
very strong NS (100%). The other two clades also
form a cluster but with weaker NS (73—96%). The
relationships within the clades of Amphisorus and
Marginopora are relatively well resolved, whereas
the large radiation of Sorites spp. is weakly
resolved.

To increase the number of sequences for each
clade, additional 126 partial (s6f-s14RF) SSU
rDNA sequences were obtained, resulting in a
total of 159 sequences of Soritinae (Fig. 3).
Phylogenetic analysis of these sequences reveals
a very similar general topology as the tree based
on the almost total length of the SSU rDNA
sequences. The relations among the four clades
are also similar, though their NS are much weaker
and the branching order within the clade of Sorites
sp. is slightly different. Moreover, within each of
theses clades, between 1 and 12 subclades or
phylotypes are revealed (Fig. 3). Based on
biogeographical observations, we applied a ge-
netic distance greater than 0.3% to differentiate
the phylotypes. We obtained 22 phylotypes of
Soritinae (including between 1 and 27 sequences),
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15 of which (68.2%) are associated with a single
geographic locality. All phylotypes are listed in
Table 1.

Discussion

Symbiodinium Phylogeny

The general topology of the Symbiodinium tree
matches the results obtained in previous studies
(reviewed in Baker 2003 and Pochon et al. 2005).
The basal position of clade A, followed by clade E
and the sister group relations between clades C
and H are well established (Fig. 1). Yet, the
branching order between other clades is more
variable. For example, clade G appears in most
studies as a sister group of lineage D (Pawlowski
et al. 2001; Pochon et al. 2001, 2005); whereas,
we found clade G to be an independent branch
between clades D and B with inconsistent
statistical support. Likewise, the position of the
lineage B as a sister clade of F as previously
reported (Pawlowski et al. 2001; Pochon et al.
2001) differs from our results where clade B
appears as a sister group to clades F+H+C
(100% NS), in agreement with Pochon et al.
(2005).

Until now, the symbionts of Soritinae were found
in four main clades (C, F, G, and H). Here, we
report the first occurrence of the Symbiodinium
“group” D1 in foraminifera. This “group” was
represented to this point by a single sequence or
“type” of the PSP1-05 cultured symbiont from a
Palauan sponge (Carlos et al. 1999). These
authors questioned, however, whether this Sym-
biodinium “type” is a symbiont of the sponge or a
free-living strain that contaminated the culture
media. Another recent study reported a Symbio-
dinium “type” D1 in the scleractinian coral
Pocillopora verrucosa from eastern Pacific reefs
(Iglesias-Prieto et al. 2004). In fact, ITS sequence
comparisons of this reported “type” reveal that it
is a Symbiodinium “type” belonging to subclade
D2, sensu Pochon et al. (2001) (data not shown).
New data show that the Symbiodinium “group”
D1 is quite common in M. vertebralis from shallow
waters in Guam (Pochon et al., unpubl. observa-
tions), suggesting that this Symbiodinium sub-
clade may represent another foram-specific
“group”. Interestingly, Symbiodinium clade G
or subclade D1 have so far been found in
association with M. vertebralis, with the excep-
tion of one G “type” housed in a Sorites sp.
(Fig. 1). Symbiodinium members from clade G are,
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however, also able to establish symbiotic relation-
ships with some sponges (Schoenberg and Loh
2005), octocorals (van Oppen et al. 2005b) and
corals (van Oppen et al. 2005a), which raises
questions concerning the degrees of host—
symbiont specificity among these partnerships.
Symbiodinium clades G and D are genetically
closely related, and subclade D2 may have
opportunistic properties that would make it
ideal for environmental recruiting since it is
commonly found in recovering reefs after bleach-
ing (Baker 2003; Baker et al. 2004; Rowan 2004).
Further studies are required to determine whether
clade G and subclade D1 represent new oppor-
tunistic “groups” of symbionts or are more
specific to foraminifera and some other inverte-
brate hosts.

Our study also reveals the presence of two
distinct phylotypes in the subclade F2. To this day,
the symbionts belonging to this subclade were
represented by isolates from the Gulf of Elat
(Pawlowski et al. 2001). Our data show that this
subclade is also present in another locality of the
Red Sea (Safaga); however, the phylotype identi-
fied in Safaga differs slightly from the one found in
Elat. Compared with relatively large geographical
distribution of other phylotypes, such high diver-
sity of Symbiodinium in a relatively restricted area
is quite unusual, but can be explained by a rapid
differentiation of symbionts in the Gulf of Elat,
which is a particularly enclosed environment
(Karako-Lampert et al. 2004). The Gulf has
different geophysical properties that make it a
distinctive environment from the other locations in
the Red Sea. First, it is separated from the Red
Sea and the Indian Ocean by two shallow straits,
Babu el Mandeb and Tiran. Second, the winter
temperature (averaging 20 °C) is considered the
limiting minimum for the development of coral
reefs (Wood 1999). Finally, due to the extreme
aridity in the area, the absence of fresh water
input, and the high deogree of evaporation, its
salinity can rise to 40.5"/59 (Reiss and Hottinger
1984). All those particular elements influence the
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development of a singular reef community and
unusual symbiotic associations (Karako-Lampert
et al. 2004).

Soritinae Taxonomy

Phylogenetic analyses of our data confirmed the
findings of the first molecular study of Soritinae,
which was based on the same gene (SSU rDNA)
but used shorter and less numerous sequences
(Holzmann et al. 2001). The topology of our tree
(Fig. 2) is almost identical to that published by
Holzmann et al. (2001), but the support for all main
clades increased considerably. In particular, there
is strong support in our analyses for the clade of
Sorites sp., which was weakly supported in the
previous analysis. Both studies clearly indicate
that there is an urgent need for a taxonomic
revision of the Soritinae in at least three aspects
discussed below.

First, the taxonomic status of M. kudakajimaen-
sis Gudmundsson (1994) needs to be revised. This
species was placed in the genus Marginopora
based on the presence of a median skeleton
similar to the one found in M. vertebralis (Gud-
mundsson 1994). However, the molecular ana-
lyses of all specimens morphologically identified
as M. kudakajimaensis, including the paratypes of
this species (Holzmann et al. 2001) indicate
consistently that this species is closely related to
A. hemprichii. The analysis of complete se-
quences places it as a sister group to A.
hemprichii (Fig. 2). Both species share a similar
elongated to irregular shape of peripheral aper-
tures and slightly rounded chamber sutures
(Gudmundsson 1994). Based on these morpholo-
gical features and undisputable molecular phylo-
genetic data, we propose that M. kudakajimaensis
should be moved from the genus Marginopora to
Amphisorus.

Second, a new species of Soritinae present in
the Gulf of Elat needs to be described. This
species appeared in our analyses as a new clade
of sequences branching as a sister group to

Figure 1. Phylogenetic reconstitution of Symbiodinium species complex inferred from partial large subunit
rDNA based on the maximum likelihood method. The tree includes 103 sequences (73 soritid sequences and
23 marine invertebrate sequences). The Symbiodinium clades and subclades are designated by the letters
A—H. For each sequence, the accession number is followed in parentheses by the name of the host and by
an abbreviation indicating the geographical origin (Liz: Lizard Island, Gu: Guam, Is: Isla Taboga, El: Elat, FI:
Florida keys, BdT: Bocas del Toro, Sa: Safaga, Ma: Maldives, Ro: Rottnest, San: San Blas Islands, Kan:
Kaneohe Bay, Pa: Palau, Ok: Okinawa, Reu: Reunion Islands, In: Indo-Pacific, Ja: Jamaica). The numbers at
nodes correspond to bootstrap values in ML and MP analyses and posterior probabilities in MrBayes
analyses. The values inferior to 50 are replaced by a dash (-).
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Amphisorus (Fig. 2). Two of these specimens,
identified as Sorites sp. were already studied in
Holzmann et al. (2001). The authors noticed that
the specimens had a thinner test and more
delicate appearance than other Sorites, with a
diameter not exceeding 3mm. The SEM analysis
undertaken on one specimen showed that the
apertures had elongated to irregular shapes and
somewhat rounded chamber sutures, similar to A.
hemprichii (Holzmann et al. 2001). Our analysis
identified another four specimens of this species
isolated in the same locality, suggesting the
presence of a new endemic species of soritid in
the Gulf of Elat.

Third, a profound morphological revision of the
genus Sorites is needed. As far as we know, only
two recent species of this genus have been
formally described (S. orbiculus and S. marginalis).
This contrasts with a great number of highly
divergent phylotypes revealed by our study. By
using a sequence divergence greater than 0.3%,
12 distinct phylotypes of Sorites can be identified
(Fig. 3). The morphological features used to
distinguish the two Sorites species do not seem
reliable regarding their phylogenetic position
(Holzmann et al. 2001). More detailed morpho-
metric analysis is necessary, in order to describe
the molecular phylotypes of this genus.

Host—symbiont Specificity

Our data confirm the specificity of relationships
between Symbiodinium and Soritinae observed in
previous studies. At the level of Symbiodinium
clades, this specificity may not be as strict as
suggested by our first analyses (Pawlowski et al.
2001; Pochon et al. 2001), which is in agreement
with the idea that the “clade-level” taxonomy
provides limited information from an ecological
standpoint (LaJeunesse 2005). Since then, single
occurrences of foraminifer-specific Symbiodinium
“groups” were reported in other invertebrates
(Ladeunesse 2001; Rodriguez-Lanetty et al.
2003; Schoenberg and Loh 2005; van Oppen et
al. 2005a, b). However, these reports remain
exceptional. Our study, by identifying the sym-
biont of subclade D1 in one of the M. vertebralis

Host—Symbiont Specificity in Soritacea 405
isolates, widens the soritid’s symbionts repertory.
So far, no soritids have been found to host the
symbionts of clades A or B, and conversely, none
of the invertebrate hosts were found to bear the
soritid-specific symbionts of clade H and sub-
clades F3, F4, and F5.

In addition, our analyses provide clear evidence
that the host—symbiont specificity does not
concern only the Soritinae as a group but it can
also be observed at lower taxonomic levels. The
phylogenetic analyses of 159 Soritinae revealed
the existence of at least 22 molecular phylotypes,
which are found in relationship with 8 Symbiodi-
nium “groups” corresponding to 3 clades and 5
subclades. Among the 22 phylotypes of Soritinae
recognized, 14 phylotypes possess a single
“group” of symbionts, 7 phylotypes have been
found with 2 “groups” of symbionts, and only one
phylotype was found to bear three different
“groups” of Symbiodinium (Table 1). While it is
true that the sample sizes of the different Soritinae
phylotypes might have an effect on the observed
specificity (Fig. 3), the majority of phylotypes show
a strict specificity for a unique Symbiodinium
“group” in a single locality. In phylotypes formed
by few sequences, e.g. Ampll or SorlV, the
actual diversity might not have been revealed.
Yet some other phylotypes, for instance Marll or
SorXIl, show some specificity. Despite their
numerous sequences (14 and 27 sequences,
respectively), they only harbor two different
“groups”. Nevertheless, the phylotype Marl (13
sequences) was found in relationship with as
many as three different Symbiodinium “groups”.
Our results are consistent with the general finding
that hosts are more specific than symbionts
(Baker 2003). The majority of soritid phylotypes
appears to be very selective in the choice of their
symbiont “group”, while the symbionts are often
present in more than one soritid phylotype. For
instance, of the three Sorites sp. phylotypes found
in the Red Sea, one of them houses only the F2
“group”, while the two others bear the F5 “group”.
This is a tangible example of host specificity
since other “groups” of Symbiodinium (clade C in
this case) are found in neighboring corals (data
not shown).

Figure 2. Phylogenetic reconstitution of Soritinae inferred from almost total small subunit rDNA based on the
maximum likelihood method. The tree includes 33 sequences. For each sequence, the accession number is
followed by the clade or subclade of symbiont harbored by the specimen and by its geographical origin. The
numbers at nodes correspond to bootstrap values in ML and MP analyses and posterior probabilities in
MrBayes analyses. The values inferior to 50 are replaced by a dash (-).
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Table 1. List of soritid phylotypes and the corresponding symbionts.

Soritid phylotype Sequence  Locality Symbiodinium
number clades/
subclades
1 Amp | M. kudakajimaensis 6 Guam C
2 Amp I A. hemprichii 1 Okinawa C
3 Amp llI A. hemprichii 5 Elat F5
4 Amp IV A. hemprichii 10 Guam, Elat F3/F4
5 Amp V A. hemprichii 3 Lizard Island C/F5
6 Amp VI A. hemprichii 9 Rottnest F5
7 Unid | Unidentified soritid 6 Elat F2
8 Mar | M. vertebralis 13 Guam F3/D/G
9 Mar Il M. vertebralis 14 Lizard Island C/H
10 Mar llI M. vertebralis 5 Lizard Island (30 m) C
11 Sor | Sorites sp. 5 Guam C
12 Sor |l Sorites sp. 11 Panama, Florida F4/H
Keys, Guam
13 Sor I Sorites sp. 1 Florida Keys H
14 Sor IV Sorites sp. 2 Florida Keys H
15 Sor V Sorites sp. 2 Guam G/H
16 Sor VI Sorites sp. 8 Safaga F2
17 Sor VI Sorites sp. 5 Safaga, Elat F5
18 Sor VIl Sorites sp. 3 Guam, Maldives , F5
Lizard Island
19 Sor IX Sorites sp. 10 Safaga, Elat F5
20 Sor X Sorites sp. 9 Florida Keys, Reunion H
21 Sor XI Sorites sp. 3 Lizard Island C/H
22 Sor Xl Sorites sp. 27 Panama, Florida C/F4

Keys, Lizard Island

Moreover, a narrow biogeographical partitioning
of the host was observed. Out of the 22 soritid
phylotypes, 15 are clearly related to a single
locality. Except for AmplV (Fig. 3), all Amphisorus
phylotypes and all Marginopora are present only in
one area, while only half of the Sorites phylotypes
are restricted to a specific region.

Interestingly, five out of eight soritid phylotypes
with more than one “group” of symbionts were
found in Guam or on Lizard Island, while the three
remaining phylotypes have at least a representa-
tive in one of these two localities. This is in

agreement with the fact that almost all “groups” of
symbionts, except F2, have been found in soritids
from this region of the Indo-Pacific. The evolu-
tionary history of the symbionts may have been
shaped by biogeographical constraints, with a
high diversity of “groups” throughout the Pacific
and few “groups” in more extreme environments,
such as the Caribbean, the Red Sea, and the
Southern Indian Ocean.

To explain such specificity between Symbiodi-
nium and Soritinae, two different hypotheses can
be proposed. The first one is based on the

Figure 3. Phylogenetic reconstitution of Soritinae inferred from partial small subunit rDNA based on the
maximum likelihood method. The tree includes 159 soritid sequences. For each sequence, the accession
number is followed by the clade or subclade of symbiont harbored by the specimen and by the geographical
origin of the specimen. The numbers at nodes correspond to bootstrap values in ML and MP analyses and
posterior probabilities in MrBayes analyses. The values inferior to 50 are replaced by a dash (-). A gray box
encircling the name of the phylotypes are positioned in front of the group of corresponding sequences. Each
name of phylotype corresponds to the first letters of the genus it belongs to followed by a roman numeral

attributed to it.
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mechanism of host—symbiont recognition as a
selective factor. To settle as endosymbionts, the
dinoflagellates must avoid initial digestion by their
foraminiferal host (Lee and Anderson 1991). Only
the Symbiodinium cells recognized by a soritid
phylotype would be allowed to cross the digestion
barrier and enter into the foraminiferal cytoplasm.
However, if this hypothesis is correct, we would
expect that the phylogenetically related soritid are
always adapted to the same symbionts, which is
not always the case.

The second hypothesis is based on predomi-
nantly vertical acquisition of symbionts in Soriti-
nae. Like most of the foraminifera, soritids have a
complex life cycle with sexual and asexual
generations. In some species, the alternation of
generations is regular; while in others, the life
cycle is dominated by an asexual phase. Because
the symbionts do not need to leave the mother
cells when reproducing by multiple fission, this
can easily create a local specificity in asexually
reproducing species. The comparison of popula-
tion dynamics in soritids with single and multiple
“types” of symbionts can provide an interesting
test of this hypothesis (Pochon et al., unpubl.
observations).

It is possible that the strong host—symbiont
specificity observed in Soritinae is a combined
effect of both a selective recognition mechanism
and vertical transmission. Additionally, the envir-
onmental impact most probably plays a significant
role in the specificity and diversity of the forams-
Symbiodinium pairings. A geographic pattern in
distribution of some symbionts, such as the
absence of the Symbiodinium clade C in the
Caribbean population of Sorites (phylotype 22)
and its presence in the population of the same
phylotype on the other side of the Isthmus of
Panama (Pochon et al. 2004), suggests that these
differential symbiotic associations have evolved in
response to the different environments each
region has experienced over the last 3—4 million
years.

Finally, when comparing the Symbiodinium and
the Soritinae trees, it is clear that there is no
coevolution sensu stricto. Yet, coevolution should
not be completely discarded. If we consider the
geographic mosaic theory of coevolution (Thomp-
son 1994; Thompson and Cunningham 2002),
interspecific interactions at the population level
are influenced by the ecosystem in which the
interaction occurs. Factors, such as the natural
environment, the genetic and demographic struc-
ture of populations, and the community context,
may shape the specificity of the foram—symbiont

interactions. Therefore, coevolution might be
present in restricted areas where strong
reciprocal selection creates coevolutionary hot-
spots. More detailed study of the impact of
environmental factors on the distribution of the
symbionts and their hosts will provide
better insight into the specificity of their
relationships.

Direction for Future Research within
Foraminifera— Symbiodinium Symbiosis

In summary, our study confirms the specificity of
relationship between soritid foraminifera and
Symbiodinium dinoflagellates. By analyzing 159
SSU sequences obtained from soritid individuals
collected worldwide, we not only broaden our
knowledge of the Soritinae taxonomy and diver-
sity, but we also provide the first comparison of
patterns between foram—algal symbiosis and the
host phylogeny. Furthermore, we show that the
host—symbiont specificity does not concern only
the Soritinae as a group but that it can also be
observed at a lower taxonomic level. We conclude
that this high specificity is probably driven by
selective recognition mechanisms, vertical trans-
mission of symbionts, and biogeographical isola-
tion. Yet, neither strict coevolution nor clear
biogeographic patterns have been revealed. This
might be due to the phylogenetic analysis of
Soritinae being is based on fairly conserved SSU
rDNA sequences. Even if informative at the genus
level, this gene appears as inappropriate for
resolution at the species level, especially for the
genus Sorites. It would be of great interest to
apply a similar host—symbiont investigation using
more variable molecules, such as the ITS rDNA
regions. Such an approach may be useful for
comparing closely related holosymbiont taxa as
well as for examining finer scale patterns within
and among host species across biogeographic
regions.

Finally, several studies have shown that a given
host can harbor more that one Symbiodinium
genotype simultaneously (Baillie et al. 2000;
Rowan 1998; Santos et al. 2004; van Oppen et
al. 2005b). In the present study, the observation of
multiple Symbiodinium genotypes was scarce
(data not shown), suggesting the presence of a
unique Symbiodinium strain per foraminifer. Yet,
determining which molecule(s) best differentiates
the species level within the genus Symbiodinium
remains unresolved. It is currently considered that
the ITS resolution either approximates the species



level or gathers closely related species (Coffroth
and Santos 2005; Ladeunesse 2001, 2005).
The exploration of ITS2 resolution of foraminiferal
symbionts will hopefully determine whether
a given host cell preferentially harbors a single
or multiple Symbiodinium genotypes simulta-
neously.

Methods

Sampling, DNA extraction, PCR ampilification,
Sequencing and RFLP: The soritids analyzed
in this study were collected worldwide
between 1999 and 2003. The collection includes
specimens from the Red Sea (Safaga and
Elat), the Southern Indian Ocean (Reunion Island
and Rottnest), the Western Indian Ocean (Mald-
ives), the Eastern Pacific Ocean (Guam, Lizard
Island-Great Barrier Reef), the Western Pacific
Ocean (Panama), and the Caribbean Sea (Panama
and Florida).

After morphological identification, the speci-
mens were cleaned with small paintbrushes in
several changes of 0.2 um filtered sea water. Once
cleaned, their tests were broken into fragments.
One of them was transferred to a guanidine DNA
extraction buffer and the others were preserved
on micropalaeontological slides for further mor-
phological investigation. The extractions were
processed as described in Pochon et al. (2001).
PCR amplifications were performed in a total
volume of 50ul with an amplification profile
consisting of 40 cycles of 30s at 94°C, 45s at
52°C, and 120s at 72 °C, followed by 5min at
72 °C for final extension. The PCR products were
purified using High Pure PCR Purification Kit
(Roche), and then sequenced directly with an
ABI PRISM Big Dye Terminator Cycle Sequencing
Kit using either an ABI 377 or ABI 3100 DNA
sequencer (Perkin-Elmer), according to the man-
ufacturer’s instructions.

PCR amplifications of the foraminifer SSU rDNA
were performed with a set of three pairs of
primers: sA10/LyS1, s6F/s14RF, and s14F3/s17.
The primer sequences are given in Holzmann et al.
(2001), except for the primer LyS1 (5-CTCCAAC-
TATCTCCATCGA-3'). By overlapping the three
fragments, a total SSU sequence was obtained
for 24 specimens. PCR amplifications of the
dinoflagellate rDNA were performed as described
in Pawlowski et al. (2001).

The PCR-based Restriction Fragment Length
Polymorphism (RFLP) method was applied to PCR
products amplified with ITS-DINO and L-0 using
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Hindlll  (Roche diagnostics) (specific site:
AAGCTT) as the restriction enzyme. The digestion
mix contained 8 pl distilled water, 2 ul B incubation
buffer and 0.5 Hindlll restriction enzyme and 10 pl
PCR product. Samples were incubated at 37 °C
for a minimum of 4 h.

Phylogenetic Analyses: Three data sets of
sequences were analysed. All three sets were
first aligned using Clustal X (Thompson et al. 1997)
and then improved manually using BioEdit
5.0.9 sequence alignment software (Hall 1999).
The first set comprised 103 sequences of
Symbiodinium LSU rDNA, including 73 sequences
from soritids and 30 sequences from
marine invertebrates. Gymnodinium simplex
and Gymnodinium beii were used as outgroup
following Wilcox (1998). The second set
contained almost complete (A10-s17) SSU rDNA
sequences for 33 soritids. The third set was
composed of 159 partial (s6F-s14RF) SSU rDNA
sequences of Soritinae. Two sequences of Para-
sorites were chosen as outgroup in the two latter
data sets.

Modeltest, implemented in the PAUP* 4.0.b10
software (Swofford 2002), identified the general
time reversible (GTR) model (Lanave et al. 1984)
as the best model for our analyses, taking into
account a proportion of invariant sites (I) and a
gamma distribution shape parameter (y). Using
these settings, a tree was reconstructed with the
PhyML software (Guidon and Gascuel 2003) using
the maximum likelihood (ML) method (Felsenstein
1981). The reliability of internal branches was
assessed using the non-parametric bootstrap
method with 1000 replicates. Then, a Bayesian
method was used to infer phylogeny, using the
program MrBayes (Huelsenbeck and Ronquist
2001). One out of every ten trees was sampled
for a million generations with kappa and DNA
substitution parameters estimated during the
research. After excluding the first sampled trees
categorized as the “burn-in period” (6,000, 3,000,
and 12,000 excluded trees in Figs 1—3, respec-
tively), a consensus tree was constructed using
PAUP* (Swofford 2002). Finally, each data set was
analyzed with the maximum-parsimony (MP)
method (Farris 1970) as implemented in PAUP*.
The MP trees were obtained via stepwise addition
and then swapped using the tree-bisection-re-
connection (TBR) algorithm. Characters were
equally weighted and aligned gaps were
considered as a fifth base. The reliability of the
internal branches was estimated by using the
bootstrap method with 1000 replicates (Felsen-
stein 1985).
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Accession numbers of the new sequences are
from AJ843137 to AJ843167, AJ844556—
AJ844583, AJ844481—AJ844548, and from
AJ842181 to AJ842204.
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