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ABSTRACT 

The elkhorn coral Acropor-a palmata azd t he  staghcrn 
coral A. cervicornis are two comnon species of Ca~iSbean 
reef-building coral. The typical depth distributicn of 
A .  palmata is much narrower (0-6m or l e s s )  t 
cervicornis (C-2Gm or more). We examined the genetic 
diversity of zocxanthellae from these two species :sing 
restriction fragnlent length pol?morphisms ( R F L P s )  i n  
large subunit ribosomal RNA (rSNA) Genes. In s t e l l o w  
(<3m) waters in Panam6, the txo coral species host 
i n d i s t i ngil i s ha b 1 e in d E epe r 
h--aters (>lSm), iihere A .  paimata does  not occur, A .  
cervicornis hcsts different Zjmbiodini1:m that are only 
distaztly-related 1.0 thase f o u n d  in shallow wzter. 
Similar patterns are found i n  che Bahamas. The sta?low- 
and deep-water syirhiont pcpulations in A. cervicornis 
are closely-related to those previously documented in 
syrbiosis with Yontastraea a n n u l a r i s  and M. i s v e o l e c a  on 
the saxe reefs. Taken together, these data suggest that 
different a l g a l  symbionts enable coral hosts to live 
competitively in different photic habitats, and that the 
photic requirements of different algal taxa are 
Fhylogeneticaily conserved features of their b i o l o f y .  

Symb i o d i n i u A I ,  H c wev e r , 

. -  
Although Xcro-Dora cervicornis hosts two different taxa 
of zooxanthellae, individual colonies have not teen 
fcand to contain both taxa of zooxanthellae 
sirr.ultaneously. This is in contrast to Montastraea spp., 
whose colonies can frequently contain two or more 
sqrbicnt taxa. We hypot!iesize that symbiont diversity in 
individual coral-algal symbioses are the ouilccii.e o f  
r.urr.erous interacting factors which may include the 
dsgree of  taxonomic (host-symbiont) specificity: the 
local environr.enta1 conditions: the mode and frec<ency 
of symbi0r.t acquisition; and the extent of intracolony 
symbiont  circulation. Differences in symbiont diversity 
m a y  help explain the differences in the depth 
distributions of these two species of .qcropora on 
Caribbean reefs. 

INTRODUCTION 

Zooxanthellae are unicellular en6csymhiotic algae focnd 
in many hundreds of marine invertebrate species (Taylor 
1064, Trench 1 9 6 7 ) .  In hermatypic (reef-building) ccrals 
eir p!iototrophic contribution to the ezergjr budget of 
eir hosts and their role i n  enhancing calcification 

are generally considered critical in explaining the 
ecologically dominant role corals play in shallow 
tropical seas (Muscat.ine and Porter 1 9 7 7 ,  !;ut see  also 
Marshall 1996). 'The vast majority of zooxanthellae were 
originally thought to he members of a single pandemic 
species of dinoflagellate, S p b i c d i n i x m  mic:ozdriaticim 
Fre.udentha1. but ever the lact two decades a variety of 
independent svidenca has shcwn that zooxanthellae are an 
extraordinarily diverse assemblage (Schoenberg and 
Trench 1980a.b; Fitt et al.. i?al; Blank and Trench 
1385; Rowan and Po'ders  1 0 9 1 h ) .  Reflecting this, 
zooxanthellae ha-ie recently teen described as belonging 
to at least 7 genera in 4 crders of dinoflagellates 
(Banaszak et 21, 1 9 9 3 )  . The greatest recorded diversity 
cf zooxanthellae is f c u n d  i n  the grnus Symbiodinium, 
which contains s c z c  taXa separated by Genetic distances 
greater than thcse separating scme Species of ncn- 
symbiotic dizoflagellates belonging to different crders 
(Rowan and Powers 1 9 0 2 ) .  The kr.o',+'n r:hyloSenjr cf this 
genus, inferred fror. partial sequecccs of t.he nuclear 
genes encoding ima11  sul~unit 1 . ~ ~ 3 ,  ,consists of Three 

major clades, designated " A " ,  "B"  and " C "  ( R c w a n  hnd 
Pcwers 1991b). 

The prevailing paradigm explaining the h i g h  diversity of 
symbictic dinoflagellates i s  that their associations 
with narine invertebrates exhibit a high degree cf 
taxonomic specificity (Schcenberg and Trench 1376, 
Trench 1 3 9 2 ) .  This Faradism i s  useful in exp1ainir.g 
patterns of issociztion at higher taxonomic ranks: for 
exar.ple, all rtcny corals host zooxanthellae belcnging 
to the g e n u s  Symbiodinium (Trench 1086). However, the 
view that cne type cf host c0ntair.s G Y . ~  type of s y  
is not a?;-a;.s supported at lower taxonomic l e v e l s .  Fcr 
example, some "poly-mcrphic" species of Caribkean reef- 
building corals in the genus  Montcstraea host multip?e 
taxa of S>rbicdiniu; (Rowan and Xncwltcn 1 9 9 5 ) .  

As part cf a survey of zooxanthella diversity in 
Caribbean corals, we doccmented sbmbiont diversity i n  
two cor-%on s p e c i e s  of Acropora frcm Panamd and the 
9ahamas. Tine elkhorn coral Acropora palmata is generally 
found at shallow depths (<5m) on the ripper fore-reef or 
reef-crest; whilst the staghorn coral A .  cervicornis 
exhibits a wider depth distribution that can extend from 
tFe surface to deep water ( > 3 G m ) .  !9e used restriction 
fragment length poiynorphisms (RFLPs) in large subunit 
riboscmal RNA (rKNA) genes as molecular markers f o r  the 
identification of the otherwise cryptic taxa of 
zooxar.thellae ccntained within these two coral species. 
The validity of this approach has been demonstrated 
using snall subunit rRNA genes (Rowan a n d  Pcwers 
1991a,b; Rcvan and Knowlton, 1 5 9 5 :  Wilcox 1 9 9 5 ) .  Study 
of the  ore variable large subunit (Hillis and Dixon 
1091) should allow the identification cf nore closely- 
related S y m b i o d i n i x n  within each of the three mijcr 
clades. 

Studies of the environmental factors influencing 
synbicnt distribiltions are fundamental to our growing 
appreciation of the role of polyX0r:hic symbiosis in 
coral ecology (Buddemeier and Fautin 1993). A better 
understanding of the patterns and processes underlying 
zooxanthella distributions across 6ifferer.t coral 
species woilld provide powerful tcols for the 
inves:igation of phenomena as dii.erse as coral reef 
bleaching, larval ecology and coral tonaticn. 

VATERIALS AND METHODS 

sample Collection and Preservation 
Samples of Acrcpora cervicornis Were collected from 
depths of 1-l€m from Aguadarsana (Sail Rock) and 
Korblsky reefs in the San Blas Islands, Panam6 ( N = 2 ? ) ;  
and frcm depths of 3-26m f m m  Norman's Pond Cay and 3cck 
Cay Wall reefs, near Lee Stocking I s l a n d  in the Bahzy,as 
( N = 3 ) .  Samples of A .  palnata ware collected frcm a depth 
cf 1-in frex Aguadargana reef, Pane& (N=lC); and from 
depths of  2--3m fron the A .  paI:nata reef just off Lee 
Stocking Islard, i3akamas (N=?O). 

kcr-npora cervicornis samples h'ere generally sndFped off 
by hand 5-6cm fro:? the branch tip, and the distal ( n c n -  
pigmented) e n d  discarded. Sampled colonies 'dere 26m 
apart and cnly o n e  sample was removed per colo~iy. C e r e s  
of Xcro-mra palmaca, approximately lcn i n  diameter e n d  
C.5cx in depth. were taken frcm the well-lit "topsi 
(N=10) and shaded "underside" (N.10) surfaces u s i n y  a 
hammer end a hollow steel punch. Branches grcwi7.g at 

t a.?g:rs  to the downwclling light w e r e  pr~ftrrrd, 
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and cores were t a k e n  well away (22Gcrn) frcm i k s  g r c  
niii:qin. Saripied colonies were >3m z ~ a i t  and cniy cne 
pair of cores was tnken frcm any cEe colcny .  

Samples were cransported to the s u r f a c e  jn labelied 
polythene ziplock kdgs tefcre being tran 
mouthed 5 m l  vials ccntaining saline D 

s u i f c x i d e  (DI<SC) ,  0 . 2 5 M  
ical DNA preservant (Seutin et al. 1991). 

DNA Extraction 
Coral sni~,:p?es were airl:rush-b?astsd with niodif is2 za 
(Xcwan and Kr.cwltcn 1 5 9 5 )  to remcve all traces cf 

DXSO solution in which it was stored (containing leic'r.ed 
iornents and tissue fragments), was centrifuged fer IO 
Utes at -1603g. All steps were caxrisd out at G-C"C. 
pellet (cc7,tairii:ig coral tissce and zccxanthelke) 

.,.-. .,as rescspenzed in 11x1 DNAB (R.cwan and ?cv:ers 1 9 9 1 ~ )  
ccntaining 1% S C S .  Tcthl nucleic acid 'was tken cbtaired 
s s i n g  estatlished crctocols (Rcwzn and Pcwers 195:a. 
Rowan and Knci.:lton 1955) . 

Isolation, Amplification and Characterization of 
Zooxanthella DNA 
Large subunit r R N A  genes were ICX-anpiified frcm 
Zsnomic DNA s z r p l e s  usir.g the conserved primars 2 4 3  
( 5 ' - T ~ . T A G C P . ? h T . A A G ? A ~ G C G ~ ~ ~ G ~ A - 3 ' )  and 24053F.l ( 5  - 
Ci('CTTGGTCCGIS1TTC.~-~~~.CG-3 ' ) . These conserved pri7,ers 
'were designed to sinultaneously amplify large scbcnit 
r3PI.A genes  frcm both ccrals and zooxar.thellae. The 
a;.-,p?ified region in corais is approximately ESGOp in 
Ier.gth, compzred to cbout 6Glibp in z c c x z n t ! ~ e l l a e  (Eaker ,  
cnyub l .  data). This difference ccc~rs because the D1 and 
D2 regions cf l a r se  subunit rRNA vary significantly in 
size between phylogenetically different grcups cf 
crganisms (Kassouna 1984, Hillis and Dixon' 1951). This 
approach represents a ncvel strategy to avoid 
contamination frcm the coral host, since coral- and 
zcoxanthella-derived P C R  products can be easily 
sesarated by agarose gel electrophoresis. This merhod 
dces not use Fhylcgenetically-biased primers (which 
night not a~,plify previously undocumented synbicr,t 
taxa); nor dces it involve repeated centrifugation cf 
cell and tissce slurries (which might bias the analysis 
against l e s s  dense syrbicnt taxa). 

;~.plified frignents were digested with the restricticn 
enzynes T a q I ,  l i h a I  and A l w 2 6 I .  which were chosen for 
their ability to distinguish the three major clades of 
zooxanthellae, based cn analysis of reference sequences 
(archived in G e n b z n k  U 6 3 4 8 3 - U 6 ? 4 5 5 )  for each of these 
clades. 

+ ' C C .  L i - - ~ e .  The resulting slurry, together with the saline 

PCR proBucts were TA-cloned, pcrified and cycle- 
sequenced using T 7 / S P 6  primers that bordsr the clcr.ed 
insert. Cycle-seqAsnced prcduct frcm 2 replicate clones 
was sequenced in both directions on an Applied 
Eiosystems 377 DNA sequencer. Typical reads were 450-500 
nacleotides in length. 

RESULTS 

Amplification of Coral and Zooxanthella DNA 

Zooxanthella l a i -ge  subunit ( 2 4 5 )  I-RPGA genes were 
successfully an;plifiad from all s z m ~ l a s  attempted. 
S:rFris ingl ; l ,  h~, .~.e%;er ,  the equivalent regicns in large 
suh~nit A c r c p o r a  geces vere not ilniplified using chis 
strategy. Failure cf these coral Genes to amplify is 
urilikely to he  a res:ilt of prinier-template mismatch, 
because the PrirErs used are cirnplementary to hi~kly 
c,~nserved regions of the large subunit rRNA ger . e .  
Neither lcwerirg the stringency qf the PCR n o r  designing 
"staggered" ~ r i n i - r s  along this ccnserved rsgion result 
in amplificaticn. It is possible that the D 1  and/or D2 
regions of tF.tse ccral species e:.:h:bit corr.plz-x seccndary 
structure or ar.: ti?e sites of large insprticns that fcil 

with small s&i in i c  rF:;.P. primers ( 

Sy~hi od i  ni L,:;. 

Distribution of Zooxanthella Genotypes 

2crcpora pa2.z  :a 

Restriction en nalysis cf PCR-axplifieu 

( N = 2 6 ) ,  r e c a i d l c s s  ot :,.htttiLr 
they origizated f r c n  tke d c ~ c r  cr lcwer s u r f a c ?  of a 
cclcxy, or f r c ~ .  Sa d cr th.. Eah5xas  (Figore 1). 

cpcr-a pe l r :a ;a  dccl;r;.enti?d cnly 

A. palmata A. cervicorr~is CLONES 
- . ~ ~~ 

1 2 3 4 5 6 7 8 9 1 0 1 1 1 2 A C l C 2  

Fiq.l: Zooxanthella RFLP diversity in Acro-sora  
pz lnmta  x d  A .  cerv:ccrnis from P.3nax.b. G e l s  shcx a 
6CObp regicn of Large s u l > u n i t  rE?<.A cut with the: 
restricticn eni'yne2; ):.?ai, Ti iqI  and A2x26i. L a n e s  > -  
6 shew pair~* sii-:ples from each cf three ~ ~ i c n i ~ . s  
of A .  p a l , ~ . a t a  frcm 2:n d e p t h .  Each F a i r  rey,reser.:s 

same in each 
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rc.plicata se~uencing as >95.9%) a r d  shox-ed concorinnce 
with the EiFLTs. T ' h i s  s equence  hos k e r n  archived (Gt:.bank 
U63460). E a ~ e d  on its close iesc~blznce to a reference 
sequence ( G e r . t a n k  v!53483), i t  wzs identified as a 
Symbiodinism belcnging to cl<de "A" (Rc.h.an and ? z w e r s  
1991b). 

Eeczuse we ckserve no RFLP or seq:er,ce variztic-, xe 
ccnc1,ude that A. Aoalmata prokably hosts only one Lyr.e 

zcoxarichella taxon. We recognize Lhat a cor;mucity of 
very closely-related s .ymbionts  micht be cryptic to ocr 
stildy of large subunit rRNA g e n e s  . However, beziuse  
percent sequence divergence in iocxanthslla large 
subunit r R N A  genes is approximately 4 times higher zhan 
mall subunit genes (9aker and Rc~a:., i i n p b l .  data) chis 
ccnciusion is stionger than sinilar ccnciusicns base3 c,n 
the small subunit (?.owan snd Pcwers 1991a.b; Rovzn end 
Knowltcn 1 9 5 5 ;  Wilccx 1 9 9 5 ) .  

Acropora ce:-vi core i s 

Zocxanthellae from .?crcpora cerviccrnis in Panama s 
three RFLPs distributed as a funzticn cf colony 
( x 2 = 1 5 . 9 ? 8 ;  df=5; P=(i.G065). S e e  Fisure 2. T h e  
shalloh-est of these RFLPs ( " A "  i n  Fir-re 1). 
cccurred erclosively at decths <?m ( N = 1 7 ) ,  '%-as ider. 
to that fcu-d in A .  p a i m a t d  (clade "A" SymbiodiniL.7) 

:uences for this RFLP were a l s o  identical ( G e  
UG?483). The deeper RFLPs i n  A .  cer-vicor-xis ( " C l  
" C 2 "  in Figure 1) alh-ays (N=7) occl;rred tcgecher in che 
sarre relative prcpurtions ("C2" slishtly less than 
" C l " ) .  This composite RFLP occurred at greater ?e;ths 
with increasing frequency (FigLre 2). Sequences f o r  
these KFLPs have been archived ( G e n t a n k  U 6 2 b 8 1 - 6 3 4 E 2 ) .  
Eased on their resemblance to a refer'ence seqilence 
((:enbank U63485) these sequences were both identified as 
Symbiodiniwn belcnaing to clade " C " .  The sane pattern 
was found in the Eahamas with mSre limited sampling (one 
sample from shallow (3m) watei-s ccntaining " A "  ar.d tWo 
samples from deep (27-28m) xaters ccntaining "Cl+CZ") . 

io  1 

0-3  3 - 6  6 - 9  9-12 12-15 15-18 

CCIICNY DEPTH (NETEiiS) 

F j o .  2 :  Depth distribution of zccxanthella taxa in 
Acropora  cervicornis from tt.e S a n  9 1 ~ s .  P a n a r A .  
Shallow-water colonies hosil zccxar . the l lae  with c r e  
R F L P  genotype " A " ;  deeper colonies hcst 
zooxanthellae with t w o  EFLP "C" genotyi:es 17 

constant prcportions (x2=15.998; df=S; P=O.OGE9) 
See  Figure 1.  

No single colony, frcm either P a n a c b  or tbe  Bahimas ,  'xis 

f o u n d  ccntaining zooxanthellae with all three RFLPs ("A" 
and " C l + C 2 " )  . At intermediate depths (10-14m) in Psr ,zxa,  
samples (1-2cm branch segments) ccntainrd either the " A "  
RFLP genotype or the composite " C i * C 2 "  genotype, k u c  
never both sirnilitaneously (NIB). To confii-m this, two to 
five replicate samples were taken frcm different i;arts 

(branch tip, r.id-l-rznch, b a s e  etc.) from each of 5 
different colonies i n  the intermediate (9-15:n) depth 
range. Tiey shcutd no  intracolosy variation in their 
zooxznthella RFL? g ~ ~ > ~ i y p,e. In contrast, single sanples 
of I<cntas:raea e n n u 1 s r : s  and M .  faveclata (representing 
as little a s  1 c d  tissue) frequently contain multiple 
symbiont t a x a  when r t r ; l ~ . ~ e d  fron colcnies at intermediate 
rlepths il;ic.xan and Knowlton 1935). 

Cornpcsite genotypes ccnsisting of rnultiple RFLPs 
( " C l + C 2 " )  c o ~ l d  represent muitiple tzxa of zooxanthellae 
within cne hcst, or os:"_ species of dinoflagellate with 
multiple different l a rc i .  suku~it rRNA genes (Rowan and 
Knowltcn 1 9 9 5 ) .  We favor the latter interpretstion for 
A . ,  cervicorzis because: (1) the two RFL,Ps do n o t  occur 
independently of o n e  another; ( 2 )  one of the RFLPs 
("C2") has ne'Jer been found in isolation in other coral 
s~ecies ( E a k e r  u r . p b l .  d a t a ) ;  (3) all sar?ples show the 
same C l : C 2  ratio; and ( 4 )  the sequence divergence 
bttiiesn C1 and C2 i s  small ( < i % ) .  

Eespite cozcerted evolution (Arnheim 1983). multiple 
different rRKA s e x e s  have been previously recorded i n  
c;noflzgellates in both small a n d  large subunit r D K A  
(Scholin e t  al., 1993, Zardoya et al.. 1 9 9 6 ) .  lz'e 
typothesize that tbe ccii-posite clade "C" RFLP represents 
a single t axon  of zooxanthella with two different large 
subunit rR .KA geres. To date, this zooxanthella taxon has 
nct been f0ur.d i n  bny other scleractinian hosts (Yzker 
u n p u b l .  darra) .  The high sequence similarity between Cl 
and CZ and the fact that the few sequence 
dissimilarities betveen then occur in variable regions 
suggest tkat both genes may still be functicnal and that 
I, (-2 I, may have resulted from a recent duplication event. 

. .  

DISCUSSION 

Acropora cervicornis occurs cver a wide (0-25m or more) 
depth range. and hosts at least two different taxa cf 
zocxantbellze that occur predictably as a functicn of 
depth. X c r a p o r a  p z h a t a  has a shallow depth distribution 
(0-5m or less), and hosts only one taxon of 
zooxanthella. The shallow-water ("high light") 
zcoxantbellae hosted by A .  cervicornis a r e  
indistinsuishable frcm those hosted by A. p a l m a t a ,  but 
the deep-water ("lcw light") zooxanthellae hosted by A. 
cei-vicornis are only distantly-related. 

We did not find any deep-water ( " l o w  light") 
zooxanti-.ellae in synbiosis with A .  p a i r n a t a .  b e  
interpretaticn cf this is that the light levels 
available to zcoxanthellae on the undersides of A .  
p a l n a t a  in 2anami are not l o w  enough to favor this 
association. Weasurenients of upwelling irradiance ( P A R )  
on the undersides of A .  palmata at 1-2m depth in Panamd 
are apprcximately equal to the highest irradiance at 
which A. cervicornis hosts dc-ep-water zooxanthellae at 
the same site (Baker, unpubl. data). Accordingly, there 
may be no reason to expect to find deep-water 
zooxanthellae i n  the colonies of .4. p a l m a t a  saq~led in 
this stcdy. Hcwever. colcnies of A .  p a l n a t a  are rare at 
depths >in in Parami. This may indicate that incident 
irradiance lel.'els on the undersides of colonies at 
greater deFths a r e  insufficient for the "high light" 
zoo.xanthellae foind in A .  p a l m a t a .  This supports the 

t A. palmata is not able to host a second 
"low-light" s m i c n t  tzxon. 

Our findi-gs zuggest that tke ability to host a diverse 
symbiont ~c::ulation erables corals to exist 
ccmpetitively in a ?,road range of habitats. T h e  genetic 
s i mi 1 a r i ty z ooxan  t. he 1 1 a 
t a ~ n  found in K o n t a s t i a e a  spp. (Rowan ami Knowlton 1 9 9 5 )  
and those fcund in A c r c p o r a  supports this. A unified 
thenry of the s;mbiosis ecology of reef-building corals 
must t x ~ l h i n  .":t.y dif ferent taxa of zooxanthellae occur 
where they do; the obzervation that particular sy~hiont 

be ~.~u:e e n the ]?ab i t a t - spe c i f i c 



taxa 
considerably simplifies that task. 

The discovery tkat Acropora cervicornis hosts two taxa 
of Symbicdiniurn et different dep ths  demcnstratts that 
intraspecific diversity and ecological zonaticn in 
coral-algal symbiosis is :lot ccnfined to the senus 
IContastraea (Powan and Knowlton 1995). Depth zo2atl2n in 
both genera support the noticn that light is the primary 
envircnmental gradient underlying the intraspecific 
distributions of Synbiodinium in the Caribbean. This 
implies that different taxa of zooxanthellae cccupy 
different phctic nickes on the reef. The same conclusion 
has been reached from studies of cultured zooxinthellae 
that show that different taxa vary in their 
Fhotoacclimatory abilities (Chang et al. 1983, Iglesias- 
Prieto and Trench 1 9 9 4 ) .  

Two major differeices di5tinguish the syrbioses fcu-,d in 
Acropora cerviccrnis frcm those found in the ; e n u s  
Nontastraaa. Firs:, although they host similar sqrrl?iont 
taxa, the transition depth at which algal zoration 
occurs in Xcrspcra cervicornis is much deeper ( 9 - 1 5 m )  
than in Montastraea spp. ( 3 - 7 m )  from tl:e same sites 
(Rowan and Knowlton 1995). Secondly (azd perhaps not 
independently), we found no evidence that sir.gle 
colonies of A .  cervicornis host multiple taxa of 
zooxanthellae sinultaneously, whereas colonies of 
Montastraea have been found containing at least three 
distinct symbiont taxa (Rowan unpubl. data). One 
interpretation of these data is that A. cerviccrnis 
actually represents two cryptic species which show 
partially overlapping depth distributions and different 
syrnbiont specificities. However, since the taxonczy of 
A. cervicornis is currently relatively undisputed, and 
since there is preced,?nce for intraspeci€ic zocxanttella 
diversity in corals (Rowan and Knowlton 1995). this 
possibility is probably unlikely. 

Why do some coral-algal symbioses (fcr example, A .  
cervicornis) exhibit polymorphisms, whilst others (for 
example A. palmata) do n o t ?  Similarly, why do scme 
polymorFhic coral-algal symbioses a l s o  exhibit those 
pol.ymorphisms within single colonies (Kontastraea spp.), 
whilst other polqmorphic sy:bicaes (A. cervicornis) do 
not? We hypothesize that the characteristics of 
individual coral-algal symbioses are the 0utcor.e of 
numerous interacting factors which may include: (1) the 
degree cf taxonomic (host-syrbiont) specificity; ( 2 )  the 
local envircnmental ccnditions experienced by the 
association; ( 3 )  the mode and frequency of symbicnt 
acquisition; and ( & )  the extent of sjm.biont circulation 
within the colony. 

Taxonomic specificity 
It has lcng been recosnized that microalgal-invertebrate 
symbioses exhibit specificity (Trench 1988, 1992, 1993). 
The scleractinian corals are no exception to this. 
Hcwever, molecular surveys of zooxanthella diversity in 
Caribbean Montastraea (Rowan ~ n d  Knowlton 1995) and 
Acropora (this study) demcnstrate that whilst 
specificity in some cases is restrictive enough to limit 
sorrie ccral species to associating with a single taxcn of 
zcoxanthella (for example Acropora palrnata. this study) , 
specificity in other species is democstrably less 
restrictive, resulting in stable and predictable 
polymorphic symbioses. The exact mechanisms which 
mediate specificity are still poorly understood (but see 
Trench 1988); nevertheless, it is beconing clear t5at 
the degree of s~ecificity varies frcm one coral species 
to another. 

cons is t e r. t 1 y show s i m 1 1 a r d i s t r i bi: c i c 11 s 

Environmental factors 
Acropora cervicornis (this study), Mcntastrasa annularis 
and Mcntdstraea faveolata (Rokan and Knowlton 1995) all 
host multiple taxa of zooxanthellae, and all exhibit 
zonation of those different taxa with depth. Zonation 
suggests that different symbicr.t taxa Fartition the 
light gradient within the host due to intrinsic 

. .  differences in their photoacclimatcry ability. To Bate, 

no exzmples of zcnation across other envircnmntal 
gradients have been docuxented. Nevertheless, emerge!it 
patterns from existing data sugaest that, 'within the 
constraints dictated by taxoncmic (host-symbiont) 
specificicy, and other limitatians (see below), 
environmental parameters can determine the relati.ie 
abundance cf different syrbicnt taxa within the host. 

Symbiont acquisition 
Althocgh significant wcrk has  been done on syr,biont 
acquisition and rejection in a variety of marine 
invertebrates, most notably Uiptasia and Cassiopeia 
(e.g.: Schoenberg and Trench 1960c, Colley and Trench 
1983). it is not known whether acquisition of 
zocxanthellae by scleractinian corals occurs uniquely at 
the larval stage, or occurs continuously throughout the 
life of a coral colcny. 

Larval acqjisition of zooxanthellae includes both 
mz.ternal transmission of symbicnts from the parent 
coloiiy, ard infection of gametes cr larvae frcrn the 
environment. The acquisition event in both cases cculd 
involve either single cr rrultiple algal cells. If no new 
symbionts can be acquired after the larval stage, 
different cclcnies of "polymorphic" coral species (see 
above) cculd contain different symbionts as a 
cor.sequence of their larval histcry. Individual colonies 
might host cnly cne symbicnt genotype, although that 
genotype cculd vary between different colonies (e.g. 
Acropora cervicor;iis) . 

Alternatively, if symbiont acquisition is not a .unique, 
single-cell event, but instead involves either multiple 
slxbionts (of different genotypes) or multiple events 
(larval and adult), then individual colonies of 
polynorphic coral species will be more likely to also 
exhibit zooxanthella diversity at the colony level (e.g. 
Xo;itas:raea annularis and M. faveolata) . 

Patterns of symbiosis polymorphism might also be 
influenced hy mode of coral reproduction (broadcast 
spawning vs. brooding), since this could affect the 
method of symbiont acquisition (environmental vs. 
maternal). Coral s p e c i ~ s  that acquire their 
zocxanthellae from the environment ray be preadapted for 
greater synbiotic diversity because the pool of 
potential symbionts is greater on the reef than in the 
parent colcny. However, reproductive mode cannot by 
itself account for patterns of polymorphic coral 
symbiosis. F o r  example, Acropora palmata, A .  
cervicornis, ifontastraea annularis and M. faveolata are 
all broadcast sFaviiers that acquire their zooxanthellae 
frcm the envircnnent (Szmant 1 9 E 6 ,  1991). However, A .  
palmata is only found in associaticn with one taxon of 
symbiont (this study), whilst the other three species 
host multiple symbiont texa (Rowan and Knowlton 1995, 
this study). Furthermore, the two species of Montastraea 
show this multiple association even at the colony level, 
\r.liereas A. cervlcornis does not (Rowan unpubl. data) . 

Symbiont circulation 
Patterns of intracclony symbiont diversity in 
scleractinian corals may also be influenced by the 
transport of zcoxanthellae within the coelenteric 
circulation of the host. Gladfelter (1983) first 
demonstrated the connectivity of the canals of the 
scleractinian pastrovascular system. She noted the 
presence of free zooxanthellae within these canals, as 
'*.ell as the attachment of zooxanthellae to t!;e canal 
wall. I f  zocxantbellae circulate in s.,>ch a way that they 
encounter substantial photic Variation, this could 
select for a single zooxanthella tdxOn best suited to 
that range of variation, rather than multiple taxa thet 
subdivide t h e  li~ht gradient. More chotic variation will 

by zooxanthellae in t hose  coral s !  
h i - a t e s  of fluid circulation; a 

branching, as opposed to massive, ccrnl hosts. Acrcpoza 
cervicornis is a branching ccral specits that has 
extremely hish ~ a t e s  of fluid circulation, in conti-ast 
to Montastrata s::nularis (sensu lata), which is niizsi.de 

http://niizsi.de


Colley NJ, Trench RK ( 3 9 8 3 )  Selectivity in phagocytosis 
and ~jersisttnce of syrrbiotic algae by the scyphistcma If, as appears to be tte case, ir,dividual colonies of .2. .  

cervicornis can only hcst one taxcn of zocxanthelLa stage of the jellyfish Cassicpeia xnn:ac.'li:ia. ?roc  R Coc 
(either only "A" o r  c2ly " C " ) ,  it might be expectGd rket T,cnri ;.,9. 61-F3 .__ .... - --. . .- .. 
each of t:-,ese tvo synbioses will have different d e g ~ h  
cptima d'2pendir.g on the particular photosyntheElc Fitt WK, Ci,ang si( (1961) :<otility of 
characteristics cf the algae involved (Iglesias-Pristo different strains of the sy:;biotic dinoflagellzte 
ard Trench 1 9 9 4 ) .  This might lead to a bimodal de S y m b  i o d i n i u m  (=Gymn o d i 11 i ~ i m  ) m i c r o a d I i a t i c u 2 

distributicn for A .  cerviccrnis, :;ith high cc1cr.y (Freudenthal) in cuiture. Eull %ar Sci 31: 436--443 
abtindance i n  b o t h  shallow (all "A") a n d  seep (all " C ' )  

neither "A" r.cr "C" is well-suite6). In contrast, gastrovascular system of the reef coral A c r o p o r a  

oclvnorthic species that are able to host multigle cervicornis. E i u l  165: 619-636 

.-- ,vaters, but relatively few co?onies in bets?een (where Gladfelter EH ( 1 0 6 3 )  Circulation of fluids in the 

I - .  

zooxanthella taxa at Ehe cc1or.y level might be expect-? 
to show nore e V e n  depth distribiitions (e.z.: 
M o n t e s t r a e a ) .  T h e s e  ~atterns hive yit to be testes. 
.Z.dditicnally, colcnies transplanted frcrn one c2epth :c 
another ( s h a l ? c w  to deep, or vice .Jersn) may not sari-l.:e 
u n l e s s  they cre able to adjust their syibicr.t 
pcpulations. ?his may be more diffic,Jlt f o r  col 
hocring a single syrhiont taxon th-.an fsr colonies 
host multi~le taxa, especially i f  there is 7.3 

zooxanthella acquisition durirg Lhe adult stage (sie 
above). Reef rfstcration attempts night ber.efic fr:x 
ccnsiderations of this kind. 

Surveys of synbiost diversity and its distributicn 

Gladfelter EH ( 1 9 8 6 )  Biological cor.trol of scleractinian 
coral coicny >,orphology: role of the gastrovascular 
s y s t e m .  ~ n :  Biclcgy and geology of coral reefs. Annual 
Meecing of the ISRS,  Marhrg, Germany, p 22. 

Hasscuna N, l5ichct B, Eachellerie JP (1984) The crzplete 
nucleotide sequence of notise 28s rRNA gene. Implications 
fcr the process of size increase of the large sutunit 
rRNA in higher eukaryotes. Nucleic Acids Research 12: 
3563-3583 

Hillis DM, Dixcn XT (1991) Rii;oso%:nl DNA: Molecular 
evolution and phylogenetic icference. Q Rev Biol 66: 
411-453 

vitbin and between different species of scleractinicn 
coral are critical to grcwing appreciation c f  Iglesias-?rie:o R, Trench RX 1 1 4 0 4 )  Acclimation a r d  

adaptation to irradiance in syrrhiotic dinoflagellates. 
I. Responses cf the Fhotosynthetic unit to chan~es in polymorphic symbiosis on coral reefs. Ciscoverir.2 

xhether symbiotic flexibility is an importanr factcr photon flux density. Nar Ecol Proy Ser 113: 163-175 
determining: ( 1 )  coral abundcnce, zcnaticn and depch . -  
range on reefs; ( 2 )  resistance of corals to periods cf Marshall AT (1996) Calcification in hermatypic a n d  
environmental stress; and ( 3 )  biogeographic patterns of ahernatypic ccrals. science 271; 637-639 
coral species distribution, are major objectives in 
ecological studies cf coral-algal syrbiosis. Muscatine L ,  Porter JW 11977) Reef corals: mutualistic 

syxbicses adapted to nutrient-poor environments. 
Bioscience 27: 454-460 
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