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Abstract - Evidence on the possible role of cellular and molecular interactions

during the establishment and perpetuation of symbioses involving dinoflagellates
and marine invertebrates is presented. The symbioses are shown to demonstrate a

high degree of specificity which may beexpressed as selectivity during inter-
cellular contact or physiological adjustments following the establishment of a

potential association.

INTRODUCTION

The coexistence of organisms of distinct genetic and evolutionary histories is the funda-
mental phenomenon in symbiosis. Whether an initial assciatlon results in a mutually
beneficial interaction or some level of integration less than mutualism, is the end result
of a series of adjustments on the part of both partners in the association (1,2). The
processes whereby two originally independent organisms initiate and perpetuate a symbiosis
are very complex, and the study of such processes transcends classical disciplines. Hence,
an investigator must be able to place each separate organism in its evolutionary and ecolo-
gical contexts as well as consider the cell biology, physiology and ecology of the esta-
blished consortium. Within aquatic environments, examples of symbioses between unicellular
algae and invertebrates are numerous, but the level of integration between the partners in
the associations often lacks in depth experimental analysis.

In the initiation of symbioses, particularly intracellular symbioses, the "infecting"
organism must gain access to the cells of the host organism. Since all organisms possess the

capability to distinguish between "self" and "non self", such an invasion. mtght predictably
result in the destruction of the invader. Obviously, since many well integrated symbioses
do exist, some organisms are able to circumvent defence mechanisms of their hosts. Very
little is known about the time and mechanism of initiation of most symbiotic associations
(1,2). After an association between two organisms is established, it is possible to analyse
functional parameters of the interaction in order to ascertain the relative degree to which
the organisms have become mutually dependent, and this in turn can be viewed as an indication
of the level of integration achieved between the two components.

In this paper, I shall restrict myself to a discussion of plant-animal symbioses involving
'zooxanthellae' and marine invertebrates. An interested reader may refer to a series of
other articles which deal with a wider range of plant-animal symbioses (.1-6).

DISTRIBUTION OF PLANT-ANIMAL SYMBIOSES

The distribution of plant-animal symbioses involving 'zooxanthellae" within the marine
environment can. be discussed from both environmental and phyletic viewpoints. Examples of
symbioses can be found in all the world oceans, in benthic and pelagic environments, and
involve unicellular algae ranging from diatoms and red algae to dinoflagellates and inverte-
brate hosts ranging from the Protozoa to the Mollusca.

Temperate oceans provide fewer examples of plant-animal symbioses. On the European coast
Anemonia oulcata and Convoluta convoluta are the two best known examples. On the N.E. coast
of the U.S., some populations of Astrangia danac possess symbiotic dinoflagellates, while on
the West coast, Anthopleura elegantiseima, A. xanthogramica and Clytia bakeri are the only
coelenterates with harbor "zooxanthellae". The pelagic coelenterate Velella veie7,la also
harbors "zooxanthellae" and can sometimes be found in temperate waters.

The most impressive array of associations between algae and marine invertebrates is found in
warm, shallow water benthic communities comprising coral reef ecosystems. Within such
environments, examples of pelagic invertebrates harboring "zooxanthellae" may also be found.

Among coral reef biologists and invertebrate paleontologists, there is a concensus that the
dramatic rise in importance of reef building Scleractinia as major contributors to carbonate
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Fig. 5. A dendrogram illustrating the relatedness between different strains of
S. microadriaticwn, based on the similarities and differences in their isoenzyme
patterns. For details see Schoenberg and Trench (30).

likely based on genetic differences. I shall summarize the evidence showing genetic
differences in different populations of S. microadriaticvon.

The approach taken was to isolate S. microadriaticum from a variety of marine invertebrate
hosts and bring them into axenic culture in the same artificial medium, ASP-BA. From crude
isolates, cloned populations of algae were produced (Fig. 3). All the algal cultures were
maintained under identical conditions of illumination, temperature, and photoperiod. Uni-
form culture conditions circumvent the possibility that any observed variation could be the
result of different environmental conditions.

Analyses of the algae were based on the electrophoretic separation of isoenzymes and on

morphology. In the electrophoretic analyses, enzyme proteins were separated on undenatured
gels, where the proteins migrate through the gel as a function of their molecular mass and

net electrical charge (Fig. 4). Differences in mobility patterns of specific proteins then
reflect possible differences in the amino acid composition of those proteins which may
be related to possible differences in the genetic code directing their synthesis. From such
data, it is possible to calculate the similarities and differences among the different
strains of S. microadriaticum (Fig. 5). The evidence from biochemical analyses, were
corroborated by examination of the morphology of the different strains (31).

More recently, S. Chang (unpublished) exploited the comparative biochemistry of the light
harvesting complex, peridinin-chlorophyll a-protein (PCP), characteristically found in
dinoflagellates (33), as a potential genetic marker, and finds (Fig. 6) that different
strains of S. microadriaticum possess characteristic conformers of this pigment-protein
complex after separation by isoelectric focusing. It should be emphasized that the algal
strains retain the characteristic biochemical attributes after extended maintenance in
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Symbioses between dinoflagellates and marine invertebrates 825

Fig. 6.. The separation on conformers of PCP (peridinin—Chl. a-protein) from different
strains of S. microath'iaticujn. a, algae from the coral Montastrea annularis;

b, algae from the anemone Anthopleura elegantissima; C, algae from Condylactis

gigantea and d, algae from the clam Tridacna maxima. Data obtained by S. Chang.

culture and after cloning, indicating that the criteria used in the assays are stable.
addition, different strains of S. microadriaticwn demonstrate intrinsic differences in
motility (Fig. 7) under the same constant conditions of culture (34).

In

All of the evidence cited above, taken together, support the concept that S. microadriaticvon
does not represent a single, genetically homogeneous population. However, it is not known
whether each 'identified strain is equivalent to a distinct species or not, since our know-
ledge of possible gene flow between these algae is non-existent.
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Fig. 7. Motility patterns for six isolates of S. microadriaticuin tested in culture medium
ASP-8A and filtered sea water. Time "zero' represents the start of the 14:10 h
photoperiod. The dark cycle, during which the cells were non-motile is not included
(for details see 34).

Recently, Loeblich and Sherley (35) conducted ultrastructural studies oh S. micrc'adriaticum
isolated from C. xctmachana and were able to demonstrate the existence of thecal plates
associated with the amphiesma. Dinoflagellates in the Genus Gymnodiniwn do not possess
thecal plates, so a strong argument was made to remove these symbiotic algae from the Genus

Gymnodiniuin as proposed by Taylor (23). However, Loeblich and Sherley proposed reversion to
the Genus Zooxanthella as originally proposed by Brandt (36). This change creates new
problems, as the organism described as Zooxanthella nutricola by Brandt was from the radio-
larian Collozown and Hollande and Carr (22) described the ultrastructure of this symbiont,
referring to it as Endodiniwn nutricola. Its ultrastructure is quite distinct from that of
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LIFE CYCLES OF SYMBIONTS AND HOSTS

Since the propensity to form symbiotic associations is an inheritable trait, the adjustment
of life cycles by the separate partners to enhance the perpetuation of the symbiosis through
generations is very important. There is no published information on the life cycle of
symbiotic amphidinioid dinoflagellates, but some of these algae, e.g. A. klebsii, appear to
retain their "freeliving" morphology when in syntiosis. Gymnodinioid dinoflagellates by
contrast, are coccoid when in their animal hosts, and alternate between coccoid and motile
gymnodinioid states in culture (34).

The life cycle of S. microadriaticu'n has been described by Freudenthal (29) and by Taylor
(3). Unfortunately, there is disagreement on some of the finer details. For example, both
authors illustrate the presumed gamete, but the illustrations are different. Again, assuming
that the vegetative stage was diploid, Taylor (3) suggested that meiosis occurred prior to
gametogenesis. However, although the exact ploidy of the vegetative stages of
S. microadriaticwn is unknown, several studies (37-40) have suggested that the vegetative
stages of several dinoflagellates are haploid. If this is also true for S. rnicroadriaticwn,
then meiosis would have to occur after gametic fusion (31). Very few investigators have
reported actually seeing the fusion of gametes of S. microczdriaticwn.

Schoenberg and Trench (32) illustrated the various stages in the life cycle of
S. microadr.iaticwn that they observed in situ and in culture (see Fig. 8). In situ, the
algae are usually coccoid vegetative cells with highly reduced or non existent "cell walls".
The algae may undergo binary fission within the hosts, whether they are intercellular or
intracellular (Fig. 9), and may also produce the microtubularapparatus associated with the
flagella.

In culture, the coccoid cells are enclosed in a thick "cell wall", and they alternate between
the coccoid non motile and the motile gymnodinioid states (34). Tetraspore production
has only been observedin culture.

Many of the invertebrates harboring symbiotic algae reproduce sexually and asexually. Algae
may be transmitted from parent to offspring directly during budding. However, in sexual
reproduction, mechanisms have to develop whereby the progeny may acquire the algal symbionts.
The life cycle of some coelenterates alternates between sexually reproducing and asexually
reproducing forms. During sexual reproduction, there are two different ways in which the
progeny may become infected with algae. In the first instance, referred to as the "closed
system" (31) inheritance is maternal, and the algae are transmitted directly from the parent
to the developing egg (Fig. 10).. Examples of this method of inheritance can be found in some
hydroids, corals and zoanthids. In these cases, the offspring inherit the same population
of algae' harbored by the parent.

In the second instance, referred to as the "open system", the offspring are released from the
parents devoid of algae, and they subsequently become infected by algae from the ambient
environment. Examples of this may be found in the jellyfish Cassiopeia xcunachana (Fig. 8),
several corals and in tridacnid bivalves (41, 42).

ACQUISITION OF SYMBIONTS BY HOSTS

In cases where the algae are maternally inherited, the animal hosts do not need to become
"infected" by algae unless some perturbation in the environment causes loss of the algae, as
occurred in some coral species following a lowering of salinity associated with heavy rainfall
(43). Whether such animals become repopulated by algae from the surrounding environment or by
proliferation of the algae remaining in the tissues, is unknown.

In "open systems" the algae must be acquired from the ambient environment. The mechanism
through which infection is achieved in Nature is unknown, but there are three possibilities.
First, motile gymnodinioid "swarmers" may infect the juvenile hosts. Second, faecal pellets
containing algae (44) may be released by some hosts and incorporated by the juveniles. Third,
the algae may be preyed upon by some herbivorous zooplankton which cannot digest them. When
that zooplankton itself falls prey to a coelenterate, the final host may acquire the algae
from the "intermediate host" after digestion (3, 5).

All the above three mechanisms imply that symbiotic dinoflagellates from any source could
infect any potential host. This view is not supported by the observations that coelenterates
such as V. . velella have never been reported to have S. microadriaticu.'n as symbiont, and corals
and giant clams have never been reported to have anphidinioid symbionts. Clearly, there is
selective discrimination in the establishment of symbioses. The details of the cellular and
molecular mechanisms which modulate selectivity are at present not well understood (45).
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o. boj?ba o, ç p? ecou oJ 2nbsJ,unuJeJgL? gjags iU40 44J6 CO6J6UGJJC cgAJ.ç?

J6 JpoLgo? 4c 42 bo224pj6 o 6xbeuuJsuçjj? iusc çpe 2c?bpi2cowg6 ot c

26J6CiAG Miçp L62b6C4 :o ie 24giu 04; ' pg 4J6? cdn4LGq
.ow 4p026 onuq 4U c 0U6 12 4;0LC6 4o coucjnqe pg 4J6 2cAbpJ2çow6 M6J.6 p4apJA
iIJneJ4ep.gce po2 j.oui 4p6 2gws Jocgciou2 pgpo.sq gjdgj bobnjgçiou2 çpg MGJ.6 q42J•uC
2naa624ua g nu44;oLuJ4 gjägj bobnjioua MJ•4J4IJ 4J6 O242 cOu24qe4uä Jg4 qJ4;4;eJ.6kJç
i..ow qJ•4;4;6Leu4 jocgçiou 4qeLJç4cgJ J2O6UW6 bgeui2 JOL 4;JAG euwe 2?246W2
HM44 peucp (nubnpj42peq) onuq pg pe gjäge 42oj4q .jow 2COjjec4eq
' 4U cojjeceq ieoo KW gbg.ç 4uJ4jJ ju g çnq couqncq 4u
6COuqa 2CPOGLJP6Lä uq jJ.6UC (30) .ebo.4eq jg 44J67 qesceq g 2JuäJG .giu o,

L6boJ6q g2 s2pJ42p4uä 2?uJp4O262 MJ4J 4JJ2 oLäguj2uy
InAGUIJe 2c 26J6 G4 OUJ? OLJS q4uO4;J6Jj6a ? pg GA6J. p66u
E424 26A6LJ 4;.6G J4AJ•LJÔ q4uo4;Jd6JJ62 cu p6 onuq 4U J6 2IJJ6 6UAJOUW6U2 MIJ6L6

gbbLoxiwgc6fX 2OO x
p6 4u4;6cJ•ou o4; JG sdd p? jôG qek.4A6q J.ow 4J6 bg.eu p?qo4q

h4ä .io r4ap wicLoä.gbp 04, g qsAeJob4ua eaa ou ie Thqk.o4q \Jc 2pOM4Ua
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Jui.cigJ gjä jp. Monjq pe cou.çeu MJçp pe op2eLA4ou çpg 26A6Lj pe po2
i,iuj bobnjeiou o4, gjge pepoeq p? gu eqnj p024 L62flJ2 i,ouJ pe bLoJ4s4ou o
2nbeLunwe jae iu igc ic 42 bo22Jpje çpg oujA g 2iuaje eAeu occru euq pg pe
201JJ6 qeäLee o4, 2becitic44A iuecou JU ,jjflL6 42 U04 jic6j7 o occn p? pe nbe oi
gpoLg4oJA exbeLJweu2 ou 4U46cç4ou fl24uä qjeeuç 24JgJu2 o qeJou24Le2

pri M66 exbejjeq MJ.W4U S FJ

M66 euqoc?ço26q ue44p63 oi çpeae jäe b6242çeq uq iouiieq g pje
MGLG U6A6 euqoc?o2eq uq gjponäp 4JG2pfX 42ojgeq gjäge ijow uq
jgju jäe 4qeu4J.4,J•eq e 4p6 woa.i q424J•uc4 2pgiu oi ioc (266 Ha 2)
MGLG rib g piäper Lg462 pu cnjrieq gjdge i ponjq pe euJbp24eq pg cnjrueq
pe Lg4e o, nbge o pe4eroJodon2 gjäge (jpje GA6U 4,Je2pfX 42oJ46q pG4eLOJOaOfl2 jöge
MPGU 4p6 ge2 nbe 04, 4,62pJ? J20J946q O Cflj4f1J6q }JOlJJOjOöOfl2 gjage M6LS cOwbgJ%eq M44J

242 p4U9J 4,42240U euq 4J6 2p6q4uä 04, W6 JJJOWGJ, CGJJ MgJJ ()
42oJ94eq gjägea g2bec42 04, pe 2ri4,96 04, pe cnj4flJeq gjäge M66 gJ4eJeq 4,OJJ0M4ud c?oJue-
exeuriugçiou 04, pe gjdge ge i 4u cnjrue 2OM6 pgç pA couJbeu2ou MJ4 4,e2pjA
iuo pe 2cAbp44oJge) pej. jge oi,, nbe M2 248u44,4CguflA LGqflCeq Ej6COU JJJ4CJ02C0b6
MPGrJ J2oJeq jäge gJ,e JJJJuçgJueq 4U cnJ4nLe 4,0J g2 pje g beLioq g2 p guq peu 4uec4eq
J2oJg4eq pOIJJOJOäOn2 ejäee gLe geu rib g g p4äpeL pu cnj.rneq OL qeq gjage IU 4,gc4
2flb6JUfflJJ6J6JA jäge 4U40 4J6 C0ej6U4eJiC cgAJ4A 04, 6 024 jgpje j 2J0M2 pg4 4,LG2pj7
22A n2eq M92 pe L6 04, nbçe oi., gjäe pA pe euqoqeui C6jJ2 gjej. çpe 4uec44ou 04,
guq 2p,gJu2 04, a' qewouee g 24u4jgJ bpeuouieuou' iu G26 24nq4e2 pe
IPS J62flj2 04, 20W6 J6C6U4 6Xb6L4W6U42 4UA0jA4Uö CJOUG2 04, 46 2CAbp4240JJJG 04, C'

gbbLoxiuJgejA 2OO x
gjäge MJcp4u gu euqoqeruiej cejj 420j6 4,0llJ '

EJ.d ii 14äp WJCL0dkebp MJ.qJ [ouJgL2a 4u4eJ46LGucG ob4c2 2pOM4LJa 6 2AUJp4044C

AnJpro ptsu qruojGjj6a uq wrus ruspr.s
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Table 1

Influence of algal history on uptake by endoderm cells of the scyphistomae of C. xcvnachana.*

Distribution of algae!
No. of host cells host endoderm cell

Algal source Strain History with algaet (percent) N
1 2 3 4(+)

C. xamachana C Freshly isolated 309 ± 129 51 29 13 7 5

C. xcvnachana C Freshly isolated,
heat killed 129 ± 116 59 28 3 0 3

C. xcimachana C Freshly isolated,
heat killed 159 ± 122 68 24 7 0 5

C. xcvnachana C Cultured 10 + 12 86 10 4 0 5

C. xcsnachana C Cultured algae
+ host homogenate 8 ± 10 97 3 0 0 5

*Scyphistomae of 0.3mm oral disk diameter only were used in this series of experiments.
Cultured algae were maintained in culture medium ASP-8A. Animals were macerated 2 h after
injection with the algae.

tValues represent mean + 1 standard deviation.
Date obtained by N.J. Colley.

tested by Schoenberg and Trench (30) appeared to harbor clonal populations of
S. microadriaticwn.

Although laboratory tests show that a given host may acquire more than one strain of
S. microad.riatieum, usually only a few of these strains persit (1, 2) in a symbiosis. These
observations imply that selectivity is a spectrum of processes beginning with discrimination
at the level of cell-cell contact followed by subsequent adjustments between the two compo-
nents (46). The final result is that the algal strain most compatible with a particular
host persis2s and proliferates (32, 45, 47). Similar observations have been reported on

experiments involving Convoluta roscoffensis (48) and Amphiscolops langerhansi (24).

Table 2

The rates of uptake of homologous and heterologous strains of S. microadriaticwn by the
endoderm cells of the scyphistomae of C. xconachana.4

Distribution of algae!
No. of host cells host endoderm cell

Algal source Strain History with algae-1 (percent) N
1 2 3 4(+)

Cassiopeia
xconachana C Freshly isolated 309 + 129 51 29 13 7 5

C. xcvnachajna C Cultured 10 + 12 86 10 4 0 5

Aiptasia tagetes A Freshly isolated 68 + 27 86 13 1 0 9

A. tagetes A Cultured 8 + 7 88 12 0 0 5

Zoanthus pacificus U Freshly isolated 23 + T3 93 6 1 0 5

Z. sociatus Z Cultured 0 0 0 0 0 5

Anthopleura
elegantissima U Freshly isolated 44 + 34 91 9 0 0 14

*
The scyphistomae used in these experiments were 0.3 mm oral disk diameter. All other
conditions were as previously described.

Strain C algae, derived from C. xcvnachana are homologous; all other strains are heterolo-
gous. "U" denotes incompletely characterized strains.

Data obtained by N.J. Colley
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METABOLIC INTERACTIONS

(i) Primary metabolites

Photosynthesis in endosymbiotic dinoflagellates has been studied in some depth, and an
interested reader is referred to papers by Trench (1) and Muscatine (10). Two approaches
have been taken in analyzing the fixation products of symbiotic dinoflagellates; (i) the
analysis of photosynthetic products after in vitro fixation of 'CO2 and (ii) analysis of
1'C-labelled compounds after fixation by the algae in the hosts' tissues. It should be
recognized that in situ studies have to take into account material released by the algae and
subsequently modified by the animal.

The studies reported by Muscatine (49) and Muscatine et al. (50, 51) as well as those of

Trench (52-55) demonstrate that symbiotic gymnodinioid dinoflagellates incorporate photo-
synthetically fixed 1"C02 into a wide range of compounds. Glucose was identified as a major

intracellular product of photosynthesis. The major product released by the algae was, in
most instances, glycerol, often accompanied by varying quantities of alamine, glucose and
some organic acids. There are no published reports of the photosynthetic products of symbio-
tic amphidinioid dinoflagellates but a recent study in Palau on the amphidinioid dinoflagel-
late found in an unidentified pelagic flatworm demonstrated that glycerol was the major

photosynthetic product released (56) by the algae in vitro.

Using the intact coral Acropora scandns, Schniitz and Kremer (57) confirmed many of the

previous reports on carbon fixation products, and in addition demonstrated the incorporation
of fixed lkC into mannose, which was probably the result of host modification of substances
translocated from the algae.

(ii) Secondary metabolites

It is quite clear that metabolites may move from symbiotic algae to their hosts, and that
these substances may be utilized by the host in a variety of ways. The reverse pathway
has not been investigated in as much detail (12) but some recent studies have thrown some
new light on this subject. Patton et al. (58) and Blanquet et al. (59) have described
experiments involving coelenterate hosts with gymnodinioid endosymbionts wherein it appears
that acetate moves from the animals to the algae via a light-enhanced process, and that the
acetate is incorporated into saturated fatty acids which are then transferred to the animals
for use in the synthesis of wax esters and triglycerides.

There is growing interest in the role of symbiotic dinoflagellates in the biosynthesis of
sterols in marine invertebrates (60) but this is a topic under review elsewhere (61-63).

From the data available, it would appear that secondary metabolites such as sterols are pro-
duced by symbiotic associations as a result of the metabolic cooperation of both organisms in
the association. The algae apparently synthesize and release an intermediate which is
further modified by the host. The final product is only expressed by the intact association.
However, direct evidence of the release of sterols or sterol intermediates by symbiotic algae
is still lacking.

CONCLUS IONS

From an examination of the many symbioses involving dinoflagellates and marine invertebrates,
it is clear that these associations are not the result of random nonselective processes.
Some animals form associations with gymnodinioid dinoflagellates while others establish sym-
bioses with amphidinioid dinoflagellates. In Nature, this distinction appears to be
exclusive.

The mechanisms through which speicficity is established are at present not completely under-
stood, but the evidence available suggests that a spectrum of processes are involved. These
include (a) possible ecological, behavioral, and physiological factors that influence the
distribution of the algae and their potential hosts, (b) cellular and molecular events occur-
ing on intercellular contact, (c) physiological processes modulating the integration of the
consortium which is under the influence of "natural selection" (32) and (d) possible competi-
tive exclusion between different algae in the same host. Any combination of these factors
could unpredictably lead to an integrative or disintegrative association (2), or the

expression of specificity.

Some progress is now being made on aspects of the cellular and molecular mechanisms which may
determine specificity (45) and on possible forces of selection that may act on an established
association (2, 24, 32, 45, 47) enhancing the perpetuation of the most "efficient" consortium.
However, much of the studies of symbiosis is hampered, in the final analysis, by inadequate
taxonomy. Repeated examples can be found in the literature where genetically distinct
organisms are referred to by the same name, often resulting in confusion and conflicting
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reports on their physiology and biochemistry. Unfortunately, in the current climate,
support for systematic studies is not readily forthcoming.
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