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ABSTRACT

The elkhorn coral Acropora palmata and the staghorn
coral A. cervicernis are two common species of Caribbean
reef-building coral. The typical depth distributicn of
A. palmata is much narrower (0-6m or less) than A.
cervicornis (0-20m or more). We examined the gernetic
Qiversity of zooxanthellae from these two species using
restriction fragment length polymorphisms (RFLPs) in
large subunit ribosomal RNA (rRNA) genes. In shallow
(<3m} waters in Panamé, the two coral species host
indistinguishable Symbiodinium. However, in deseper

4

waters (>15m), where A. palmata doces not occur, A..

cervicornis hosts different Symbiodinium that are only
distantly-related to those found in shallow water.
Similax patterns are found in the Bahamas. The shallow-
and deep-water symbiont pecpulations in A. cervicornis
are closely-related to these previcusly documented in
syrbiosis with Montastraea annularis and M. faveolacta on
the same reefs. Taken together, these data suggest that
different algal symbionts enable coral hosts to 1live
competitively in different photic habitats, and that the
photic requirements of different algal taxa are
rhylogenetically conserved features of their bioclogy.

Although Acropora cervicornis hosts two different taxa
of zooxanthellae, individual colonies have not bkeen
feund to contain bkoth taxa of zooxanthellae
simultaneously. This is in contrast to Montastraea spp.,
whose colanies can freguently contain two or more
symkhiont taxa. We hypothesize that symbiont diversity in
individual coral-algal symbiocses are the ocutccme of
rnumercus interacting factors which may include the
dagree of taxcnomic (host-symbiont) specificity: the
local envircnmental conditicns; the mode and freguency
of symbiont acguisition; and the extent of intracolony
symbiont circulation. Differences in symbiont diversity
may help explain the differences in the depth
distributions of these two species of Acropora con
Caribbean reefs.

INTRODUCTION

Zooxanthellae are unicellular endcsymbiotic algae found
in many hundreds of marine invertebrate species (Taylor
1984, Trench 1987). In hermatypic (reef-building} corals
their phototrophic contributien to the energy budget of
their hosts and their role in enhancing calcification
are generally considered critical in explaining the
ecologically dominant role cerals play in shallow
tropical seas (Muscatine and Porter 1977, but see also
Marshall 1994). The vast majority of zooxanthellae were
originally thought to he members of a single pandemic
species of dinoflagellate, Symbicdinium microadriaticum
Freudenthal, but cver the last two decades & variety of
independent evidence has shown that zcoxanthellae are an
extracrdinarily diverse assemblage (Schoenberg and
Trench 1980a,b; Fitt et al., 19281; Blank and Trench
1985; Rowan and Powers 1991k). Reflecting this,
zooxanthallae have recently keen described as belonging
to at least 7 genera in 4 orders of dincflagellates
(Banaszak et al. 1993). The greatest recorded diversity
of zooxanthellaes is feund in the genus Symbiodinium,
which contains some taxa separated by genetic distances
greater than those separating scme species of non-
symbiotic dinoflagellates belonging to different crders
(Rowan and Powers 1922). The krnown phylogeny of this
genus, inferred from partial seguences of the nuclear
genes encoding small subunit rRNA, consists of three

major clades, designated "A", "B"* and "C" (Rowan and
Powers 1%91k) .

The prevailing paradigm explaining the high diversity of
symbictic dinoflagellates is that their associations
with marine invertebrates exhibit a high dJdegree of
taxonomic specificity (Schoenkberg and Trench 1976,
Trench 1992). This paradigm is useful in explaining
patterns of association at higher taxonomic ranks: for
example, all stcny corals hest zooxanthellaze belcenging
to the gerus Symbiodinium (Trench 1%88). However, the
view that cne type cf host contains cre type of symkicnt
18 net always supported at lower taxcnomic levels. For
example, some “polymecrphic” species of Caribhean reef-
building corals in the genus Montastraea host multiple
tarxa of Symbicdinium (Rowan and Xnowlton 1995} .

As part cf a survey of zooxanthella diversity in
Carikbean corals, we documented symbiont diversity in
two common species of Acropora frem Panamd and the
Bahamas. The elkhorn coral Acropora pelmata is generally
found at shallow depths (<5m) on the upper fore-reef or
reef-crest; whilst the staghorn coral A. cervicornis
exhikbits a wider depth distribution that can extend from
tre surface to deep water (>30m). We used restriction
fragment length poelymorphisms (RFLPs) in large subunit
riboscmal RNA ({rKNA) cgenes as molecular markers for the
identification of the otherwise cryptic taxa of
zooxanthellae ccntained within these two coral species.
The validity of this approach has been demonstrated
using small subunit rRNA genes (Rowan and Pcwers
1991a,b; Rewan end Knowlton, 1895; Wilcox 1995). Study
of the more variable large subunit (Hillis and Dixon
1929%1) should allow the identification c¢f more closely-
related Symbiodinium within each of the three majcr
clades.

Studies of the environmental factors influencing
symbicnt distributions are fundamental to our growing
appreciation of the role of polymorphic symbiosis in
coral ecology {Buddemeier and Fautin 18%3). A better
understanding cf the patterns and processes underlying
zooxanthella distributions across different coral
species would provide powerful teools for the
investigation of phenomena as diverse as coral reef
bleaching, larval ecology and coral zonaticn.

MATERIALS AND METHODS

Sample Collection and Preservation

Samples of Acrcpora cervicornis were collected from
depths of 1-1€ém from Aguadargana (Sail Rock) and
Korbisky reefs in the San Blas Islands, Panamd (N=29%9);
and from depths of 3-28m from Norman's Pond Cay and Bcck
Cay Wall resefs, near Lee Stocking Island in the Razhamas
{N=3). Samples of A. palmata were collected frcm a depth
cf 1-2m from Aguadargana reef, Panamd (N=10); and from
depths of 2-3m from the A. palmata reef Jjust off Lee
Stocking Island, Rahamas (N=10).

Acropora cervicornis samples were generally snapped off
by hand 5-8cm from the branch tip, and the distal (non-
pigmented) end discarded. Sampled colonies were 26m
apart and cnly one sample was removed per colony. Ccres
of Acropora palmata, approximately lcm in diameter and
0.5cm in depth, were taken from the well-1lit “"topside®
(N=10) and chaded *underside® (N=10) surfaces using a
hammer &nd a hollow steel punch. Branches grcwing at
right &ngles to the downwelling light were preferred,
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and cores were taken well away (220cm) from the growing

margin. Sampled colonies were 23Im apart and conly cone

pair of cores was taken frem any cne coleny.

Samples were transported to the surface in labkelled
polythene zipleck kags kefcore being transferred to wide-
mouthed S5ml vials containing saline DMSO buifer [20%
(v/v) dimethyl sulfcxide (DMSC), 0.25M EDTA, s

NaCl] as a chemical DNA preservant (Seutin et al. 18981).

DNA Extraction

Coral samples were airbrush-blasted with modified ZB
{Rowan 1965) to remecve all traces cof
tissue. The resultlﬂg slurry, together with the saline

D4E0 scluticn in which it was stored (containing leached
pigments and tissue fragments), was centrifuged fcr 10
minutes at -~1£600g. All steps were carried out at 0-4°C.
The pellet (containing coral tissue and zco anthel- e)
was resuspendsed in 1ml DNAB (Rowan and Pcwers 9%1ia)
containing 1% SDS. Tctal nucleic acid was then cb ‘:“ed
sing established protocols (Rowan and Powers 19%1a,
Rowan and Xncwlton 1995).
Isolation, Amplification and Characterization of
Zooxanthella DNA
Large subunit rRNA genes were PCR-amplified frcm
genomic DNA samples using the conserved primers 2
(5 -TTAAGCATATAAGTAAGCGCAGGA-3 ") and 24D23R
CTCCTTCGTCCGTSTTTCARGACG-3") . These ccncerved <34
were designed to simultaneously amplify 1 s
rXNA genes frocm both ccrals and zooxanthellae
amplified region in corals is approximately 800bp in
length, compared to about 600bp in zecxanthellae (Baker,
unpubl. data). This difference cccurs because the D1 and
D2 regions cf large subunit YrRNA vary significantly in
size between phylogenetically different groups gF
crganisms (Hassouna 1984, Hillis and Dixon 1991). ris
approach represents a ncvel strategy to av
contamination freom the coral host, since coral- d

Q..

zcoxanthella-derived PCR products can be eas1ly
separated by agarcse gel electrophoresis., This method
dces not use phylogenetically-biased primers (which

might not amplify previously undocumented symbiocnt
taxa); nor deces it involve repeated centrifugation cf
cell and tissue slurries (which might bias the analysis

against less dense symbiont taxa).

Amplified fra ts were digested with the restricticn
enzymes Taql, ihal and AlwZé1I,
their ability to distinguish the three majocr clades of
zooxanthellae, based con analysis of reference seguences
{archived in Genbank U63483-U63485) for each of these
clades.

which were chosen for

PCR preducts were TA-cloned, purified and cycle-
segquenced using T7/SP6 primers that bkorder the clerned
ingert. Cycle-csesqguenced preduct from 2 replicate clones
was seqguenced in bkoth directions on an Applied
Biosystems 377 DNA sequencer. Typical reads were 450-500
nuclectides in length.

RESULTS

Amplification of Coral and Zooxanthella DNA
Zocoxanthella large subunit (24S) rRNA genes were
successfully eamplified froem all =samples attempted.
Surprisingly, ncwever, the eqguivalent regicns in large
subunit Acrecpora ¢enes were not amplified using this
strategy. Failure c¢f these coral genes to amplify is
unlikely to ke a result of primer-template mismatch

kecause the primers used are complementary to highly
cecnserved regions of the large subunit rRNA gerne

Neither leweri the stringency of the PCR nor designing
"staggered" pr :¥s alcng this conserved region recsult
in amplificaticn. It is possible that the D1 and/or D2
regions of these coral species exhibit complex secondary
structure or ares the sites of large insertions that feil

the PCR.
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replicate secuencing as >99.5%) ard showed concordance

with the RFLPs. This seguence has keen archived
U63480). Barged on its close resemblance to a reference
sequence {Gerkank U63483), it wes identified as a
Symbiodinium belonging to clade "A" (Rowan and Powers
1591b) .

nbank

Because we chserve no RFLP or seguence variaticn, we
cenclude that A. palmata prokably hosts only ones type
wpw

A" zcoxanthella taxon. We recognize that a community of
very closely-related symbionts might be cryptic to our

study of large subunit rRNA genes. However, because
percent sequence divergence in =zcocxanthella large
subunit rRNA genes is approximately 4 times higher than

r
small subunit genes (Baker and Rcwan, unpubl. data) this
cencliusion is stronger than similar conciusions bhacsed on
the small subunit {Rowan and Pcwers 19%la,b:; Rowan and
Knowlten 19S85; Wilcox 1895).

Acropora cervicornis

Zocxanthellae from Acropora cerviceornis in Panamd sheowed
three RFLPs distributed as a function of coleny deapth
(2?=15.598; df=5; P=0.0069). See Figure 2. The
shallowest of these RFLPs ("A" in Figure 1)}, which
cccurred exclusively at depths <9m (N=1

to that found in A. palmata (clade "A" Symbiodinium) .
Seguences for this RFLP were also identical (Genkank
U62483). The deeper RFLPs in A. cervicornis ("Cl" and
“C2" in Figure 1) always (N=7) occurred together in the
same relative proeoportions ("C2" slightly less than
"Cl"}. This composite RFLP cccurred at greater depths
with increasing frequency (Figure 2). Sfeguences for
these RFLPs have been archived (Genbank U63481-62482).
Bazed on their resemblance to a reference seguence
(Genbank U6348%) these sequences were both identified as
Symbiodinium belenging to clade “C*. The same pattern
was found in the Bahamas with more limited szmpling (one
sample from shallow (3m) waters ccntaining “A" and two
camples from deep (27-28m) waters ccontaining "C1+C2").
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Fig. 2: Depth distribution of zooxanthella taxa in

Acropora cervicornis from the San Blas, Panari.
Shallcow-water cclonies host zooxanthellae with cre
RFLP genctype YAY; deeper colonies hest
zooxanthellae with two RFLP *“C" genotypes in
constant procporticons (12:154998; df=5%; P=0.0069).
See Figure 1.

No single colony, from either Panamd or the Bazhamas, was
found containing zooxanthellae with all three RFLPs ("A"
and "Cl+C2"). At intermediate depths {(10-14m) in Panami,
samples (1-2cm branch segments) centained either the "A*
RFLP genotype or the composite "Cl+C2" genotype, buc
never both simultaneocusly (N=8). To confirm this, twec to
five replicate samples were taken frem different parts

{(branch tip, mid-kranch, kase etc.) from each of §
different colcnies in the intermediate (9-15m) depth
range. They shcwed no intracolony variation in their
zooxanthella RFLP genctype. In contrast, single samples
of Montastrazea annularis and M. faveclata (representing
as little as lcm? tissue) freguently contain multiple
symbiont taxa when remecved from colcnies at intermediate
depths (Rewan and Knowlton 1985).

Compecsite genotypes censisting of multiple RFLPs
("C1+C2") could represent multiple taxa of zooxanthellae
within cne hcst, or one species cof dincflagellate with
multiple different large subunit rRNA genes (Rowan and
Knowlten 19%5). We faver the latter interpretation for
A. cervicernis because: (1) the two RFLPs do not cceour
independently of one another; (2) one of the RFLPs
(“C2"*) has never been found in isclation in other coral
species (Baker unpubl. data):; (3) all samples show the
same C1:C2 ratio; and (4) the sequence divergence
between Cl and C2 is egmall (<1%).

Despite concerted evolution (Arnheim 1983), multiple
different rRNA genes have Deen previously recoerded in
diroflagellates in both small and large subunit yDNA
(Scholin et al., 1993, Zardoya et al., 198%6). We
hypothe e that the composite clade "C" RFLP represents
a single taxen of zooxanthella with two different large
subunit rRNA genes. To date, this zooxanthella taxon has
not keen found in any other scleractinian hosts (Baker
unpubl. data). The high seguence similarity between C1
and €2 and the fact that the few seguence
dissimilarities between them occur in variable regions
suggest that both genes may still be functicnal and that
"C2" may have resulted from a recent duplication event.

DISCUSSION

Acropora cervicornis occurs cver a wide (0-20m or mcre)
depth range, and hosts at least two different taxa cof
zocxanthellae that cccur predictably as a functicn of
depth. RAcropora palmata has a shallow depth distribution
{0-Sm c¢r less), and hosts o©nly one taxon of
zooXxanthella. The shallow-water ("high light")
zooxanthellae hosted by AL cervicornis are
indistinguishable frem those hosted by A. palmata, but
the deep-water ("low light") zooxanthellae hosted by A&.
cervicornis are only distantly-related.

We did not find any deep-water ("low 1light")
zooxanthellae in symbiosis with A. palmata. One
interpretaticn o¢f this is that the 1light levels
available to =zcoxanthellae on the undersides of A.
palmata in Panamd are not low enough to favor this
association. Measurements of upwelling irradiance (PAR)
on the undersides of A. palmata at 1-2m depth in Panamd
are apprcximately egual to the highest irradiance at
which A. cervicornis hosts deep-water zooxanthellae at
the same site (Baker, unpubl. data). Accordingly, there
may be no reason to expect to find Jdeep-water
zooxanthellae in the colonies of A. palmata sampled in
this study. However, colconies of A. palmata are rare at
depths >2m in Panamd. This may indicate that incident
irradiance levels on the undersides c¢f colonies at
greater depths are insufficient for the "high light*
zooxanthellae found in A. palmata. This supports the
conclusicn that A. palmata is not able to host a second
*low-light* symbiont taxon.

Our findings suggest that the ability to host a diverse
symbiont rorulation enables corals to exist
cempetitively in a hrecad range of habitats. The genetic
similarity bhetween the habitat-specific zooxanthella
taxa found in HMontastraea spp. (Rowan and Knowlton 15885)
and those fcund in Acropora supports this. A unified
theory of the symbicsis ecology cof reef-building corals
must expglain why different taxa of zocoxanthellae occur
where they do; the cbservation that particular symbicnt

e i AR
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taxa consistently show similar distribucicens

considerably simplifies that task.

The discovery that Acropora cervicornis hosts two taxa
of Symbiocdinium at Jdifferent depths demonstrates that
intraspecific diversity and ecological =zonaticn in
coral-algal symbkicsis 1is not cenfined to the genus
Montastraea (Rowan and Knowlton 1985). Depth zonatiecn in
both genera support the noticn that light is the primary
envirenmental gradient underlying the intraspecific
distributicns of Symbiodinium in the Caribbean. This
implies that different taxa of zocxanthellae cccupy
different photic niches on the reef. The same conclusion
has been reached from studies of cultured zooxanthellae
that show that different taxa vary in their
rhotoaceclimatory abilities (Chang et al. 1983, Iglesias-
Prieto and Trench 1994).

Two major differences dicstinguish the symbioses found in
Acropora cervicernis frcem those found in the szenus
Montastraga. First, although they host similar sywtiont
taxa, the transition depth at which algal =zocnation
occurs in Acropcra cerviceornis is much deeper ($%-i5m)
than in Montastraea spp. {(3-7m) from the same sites
{Rowan and Knowlton 189%95). Secondly (and perhaps not
independently), we found no evidence that =single
colonies of A. cervicornis host multiple taxa of
zooxanthellae simultaneously, whereas colonies of
Montastraea have been found containing at least three
distinct symbiont taxa (Rowan unpubl. dJdata). One
interpretation c¢f these data is that A. cerviccrnis
actually represents two cryptic species which show
partially overlapping depth distributions and different
symbiont specificities. However, since the taxoncmy of
A. cerviceornis is currently relatively undisputed, and
since there is precedence for intraspecific zocoxanthella
diversity in corals (Rowan and Knowlton 1985), this
possibility is prokably unlikely.

Why do some coral-algal symbicses for example, A.
cervicornis) exhibit polymorphisms, whilst others (for
example A. palmata) do not? Similarly, why do scme
polymorphic coral-algal symbicses also exhibit those
polymorphisms within single colonies (Montastraea scp.),
whilst other pelymerphic symbicses (A. cervicornig) do
not? We hypcthesize that the characteristics of
individual coral-algal symbioses are the outcome of
numercus interacting factors which may include: (1) the
degree cf taxonomic (host-symbiont) specificity; (2) the
local envircenmental ccnditions experienced by the
association; (3) the mode and frequency of symbiont
acquisition; and (4) the extent of symbiont circulatien
within the cclony.

Taxonomic specificity

It has lcng been recognized that micrcalgal-invertekrate
symbioses exhibit specificity (Trench 1888, 1892, 1993).
The scleractinian corals are no exception to this.
However, molecular surveys of zooxanthella diversity in
Caribbean Montastraea (Rowan and Knowlton 1985) and
Acropora (this study) demcnstrate that whilst
specificity in some cases is restrictive enough to limit
some ceral species to associating with a single taxcn of
zcoxanthella (for example Acropora palmata, this study),
specificity in other =species 1is demonstrably less
restrictive, resulting in stakle and predictable
polymorphic symbicses. The exact mechanisms which
mediate specificity are still poorly understood (bur see
Trench 1988); nevertheless, it is kecoming clear that
the degree of specificity varies frcm cne coral species
to another.

Environmental factors

Acropora cervicornis {(this study), Montastraea annularis
and Montastraea faveolata {Rowan and Knowlton 13995) all
host multiple taxe of zcoxanthellae, and all exhibit
zonation of those different taxa with depth. Zonation
suggests that different symbicnt taxa partition the
light gradient within the host due to intrinsic
differences in their photoacclimatory ability. To date,

no examples cof zcnation across other envirenmental
gradients have been documented. Nevertheless, emergent
patterns from existing data suggest that, within the
constraints dictated by taxonemic (host-symbiont)
specificity, and other limitations {see belcow),
environmental parameters can determine the relative
abundance cf different symbicnt taxa within the host.

Symbiont acquisition

2lthough significant work has been done on symbiont
acguisiticn an rejection in a variety of marine
invertebrates, most notably Aiptasia and Cassiopeia
(e.g.: Schoenberg and Trench 1980c, Colley and Trench
1983y, it is not known whether acquisition of
zocxanthellae by scleractinian corals occurs uniguely at
the larval stage, or occurs continuously throughout the
life of a coral colecny.
Larval acguisition of zooxanthellae includes both
maternal transmission of symbicnts from the parent
colony, nd infection of gametes or larvae from the
environment. The acguisition event in both cases cculd
involve either single or multiple algal cells. If no new
symbionts can be acquired after the larval stage,
different cclenies of “polymorphic® coral species (csee
above) cculd contain different symbionts as a
consequence c¢f their larval histery. Individual colonies
might host c¢nly cne symbicnt genctype, although that
genctype cculd vary between different colonies (e.g.
Acreopora cervicornis).

Alternatively, if symbiont acquisition is not a unigue,
single-cell event, but instead involves either multiple
symbionts (of different genctypes) or multiple events
(larval and adult), then individual colonies of
polymorphic coral species will be more likely to also
exhibit zooxanthella Qiversity at the colony level (e.g.
Montastraea annularis and M. faveolata).

Patterns of symbiosis polymorphism might also be
influenced by mcde of coral reproduction (broadcast
spawning vs. brocding), since this could affect the
method of symbiont acguisition (environmental vs.
maternal) . Coral species that acquire their
zocxanthellae from the environment mey be preadapted for
greater symbictic diversity bkecause the pool of
potential symbionts is greater on the reef than in the
parent coleny. However, reprocductive mode cannot by
itself account for patterns of polymorphic coral
symbiosis. For example, Acropora palmata, A.
cervicornis, Montastraea annularis and M. faveclata are
all broadcast spawners that acguire their zooxanthellae
frem the envircnment (Szmant 1986, 1991). However, A.
palmata is only found in associaticn with one taxon of
symbicnt {this study), whilst the cther three species
host multiple symbiont taxa (Rowan and Xnowlton 19895

this study). Furthermore, the two species of Montastraea
show this multiple associaticn even at the colony level,
whereas A. cervicornis does not (Rowan unpubl. data).

Symbiont circulation

Patterns c¢f intracclony symbicnt diversity in
scleractinian corals may also ke influenced by the
transport of zcoxanthellae within the coelenteric
circulation of the host. Gladfelter (1983) first
demenstrated the connectivity of the canals of the
scleractinian gastrovascular system. She noted <the
presence cof free zcoxanthellae within these canals, as
well as the attachment of zooxanthellae to the canal
wall. If zooxanthellae circulate in such a way that they
encounter substantial photic wvariatiocn, this could
select for a single zooxanthella taxon best suited to
that range of variation, rather than multiple taxa thet
subdivide the light gradient. More photic variaticn will
be experienced by zooxanthellae in those coral species
that have high rates of fluid circulation; and in
branching, as opposed to massive, ccral hosts. Acropor
cervicornis is a branching cocral species that ha
extremely high rates of fluid circulaticn, in contras
fto Montastraea ennularis (sensu latc), which is massive

.
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and has slow circulation rates (Gladfelter 1886). Thls
may explain why colenies of NMoptastrazea host multiple
symbiont texa but colenies of A. cervicornis host
one.

1f, as appears to be the case, individual coleonies of 3.
cervicornis can conly hest one taxcen of zcoxanthell

{either only "A" or cnly “C"), it might be expected th
each of these two symbicses will have different &
cprtima depending on the particular photosynth
characteristics cf the algae invelved (Iglesias-Pr
ard Trench 1994). This might lead to a bimcdal 4

distributicn for A. cervicornis, with high colcny
abundance in koth shallow (all "A") and deep (all "C")
waters, but relatively few colonies in between (where
neither "A" rnor "C* is well-suited). In contrast,
pelymorphic species that are able to host multiple
zocxanthella taxa at the cclony level might be expected

to show more even depth distributions (e.g.:
Montastraea). These patterns have yet to be tested.
zdditicnally, colonies transplanted from one depth <o
another {shallcw to deep, or vice versa) may net surviv
unless they are able to adjust their symkic
populations. This may be more difficult for coleni
hosting a single syrmbiont taxen than for colonies wh
host multiple taxa, especially if there is =«
zooxanthella acguisition during the adult stage (ss
above). Reef restcration attempts might benefit £
ccnsiderations of this kind.
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Surveys of symbiont diversity and its distrikuti
within and ketween different species of scleractinian
coral are critical to our grewing appreciaticn of
polymerphic symbiosis on coral reefs. Discoverin
whether symbiotic flexibility is an important facter
determining: (1) coral abundance, :zcnaticn and depth
range on reefs; (2) resistance of corals to periods céf
environmental stress; and (3) biogeographic patterns of
coral species distrikution, are major cbjectives in
ecological studies of coral-algal symbiosis.
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