ReferenceBiol. Bull. 200: 336-343. (June 2001)

Morphology of the Symbiosis BetweerCorculum
cardissa(Mollusca: Bivalvia) and Symbiodinium
corculorum (Dinophyceae)

MARK A. FARMER,® WILLIAM K. FITT ?*, AND ROBERT K. TRENCH

1Department of Cellular Biology, an@institute of Ecology, University of Georgia, Athens, GA 30602
USA, ®Department of Ecology, Evolution and Marine Biology, University of California at Santa
Barbara, Santa Barbara, CA 93106 USA

Abstract. Light and transmission electron microscopy of amoebocytes and digested in the digestive gland; the indi-
tissues of the symbiotic clanCorculum cardissa(L) gestible remains were thought to reside in the kidneys, (
showed that a symbiotic dinoflagellat®ymbiodinium cor- Yonge, 1936, 1953, 1975, 1980; Goreztal,, 1973). How-
culorum(Trench), is found predominantly in the mantle and ever, a system of tubules, arising from one of the divertic-
the gills. The data suggest that@ cardissathe algae are ular ducts of the stomach ofridacna and ramifying
located in a zooxanthellal tubular system that is associatethrough much of the clam and containing the symbionts,
with the hemocoel and is similar to that seen in tridacninewvas described by K. Mansour (1946a, b), but forgotten.
(“giant”) clams. The algae occur within the lumen of the Finally, 46 years later, the “zooxanthellal tubular system”
tertiary tubules and are thus separated from the hemolymplvas redescribed by Nortaet al. (1992), who proposed that
by a tissue that is one cell layer thick. Under a lightthe primary, secondary, and blind-ended tertiary tubes of the
microscope the tertiary tubules appear as rows of symbiontgibular system do not connect with the hemocoel; therefore
originating from the digestive diverticulum, presumably the algae are not found in the hemolymph compartment (see
branching from the primary tubules that are also seen irFitt, 1993, for a review).
symbiotic tridacnine clams. This morphological arrange- |n the heart cockleCorculum cardissaas in the giant
ment is discussed with regard to the ontogeny and théridacnine clams, symbiotic dinoflagellates are located in
evolution of the tubular system within symbiotic bivalves. the mantle tissue; but unlike the tridacnif®, cardissahas
many algae located in the gills as well (Kawaguti, 1968).
Introduction Early electron microscopic images, in both instances, were
interpreted as indicating that the algae are within the hemal
Several species of marine bivalves in the family Cardi-system (Kawaguti, 1966, 1968). This interpretation was
idae harbor symbiotic dinoflagellates that belong to theconsistent with the author’s observations that blood cells are
genusSymbiodiniumThese bivalves include all of the spe- apparently in contact with the algae @. cardissaand
cies in the subfamily Tridacninae, including the well-known Tridacna (Kawaguti, 1966, 1968).
genera of larger clamgidacnaandHippopus as well as The occurrence of symbiotic algae in a tubular system
less well-known genera of much smaller clams in the subin Tridacna (Mansour, 1946a, b; Nortoet al, 1992)
family Fraginae, such aSorculumandFragum(Kawaguti,  raises the question of whether a similar zooxanthellal
1950, 1983; Schneider, 1998). For many years, the symbtubular system also occurs in the coclerculum car-
otic algae in tridacnines were depicted as being located idissa or any other related speciese(, Fragumspp.).
the hemal spaces, whence they were culled by wanderinghe goal of this study was to document evidence of a
tubular system irC. cardissa and to determine whether
Received 10 June 1999: accepted 14 February 2001. the.tubules would penetrate the gill tissue, a conceptually
*To whom correspondence should be addressed. E-mail: fit@difficult morphology. In the current study, ultrastructural
sparrow.ecology.uga.edu observations indicate that a tubular system also exists in
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Figure 1. Light micrograph of a paraffin-embedded section through the mantle tisshigdaicna maxima
showing rows of symbiotic algae (arrowheads) in tertiary tubules. Iridophores (ir), animal cells with crystalline
proteins that refract light, are found in the mantles of all species of clams containing symbiotic algae. Scale bar,
20 pm.

Figure 2. Light micrograph of a paraffin-embedded section through the gill tissu@ootulum cardissa
showing rows of symbiotic algae in tertiary tubules. (a) Overview; scale=bB2 um. (b) Higher magnification,
scale bar= 10 pm.

Corculum that the symbioticdinoflagellates occur within Materials and Methods

the lumina of the tubes, which themselves are located within

the hemocoel; and that the algae within the tertiary tubules are Corculum cardissdLinne) was collected from the sandy
separated from the hemolymph by a tissue that is mostly onlyeef flat at about 0.5 m depth in Belau (Palau), Western
one cell layer thick. Caroline Islands. Animals were fixed in 6% glutaraldehyde,
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postfixed in 3% osmium tetraoxide, dehydrated, and embediving in mantle tissues ofTridacna (Fig. 1; Mansour,
ded in Spurr’s medium as previously described (Treath 1946a; Fitt and Trench, 1981; Nort@h al, 1992; Norton
al., 1981). The tissues diridacnaspp. were fixed, embed- and Jones, 1992), algal cells are arranged in rows in both the
ded, and observed as described in Treethal. (1981). mantle €.g, Kawaguti, 1968; Figs. 1, 2) and the gills (Fig.
Thick sections (1um) were prepared for examination by 2). However light microscope observations could not re-
light microscopy on an LKM Ultratome V. These were solve the tertiary tubule structure in either genus of clam.
photographed with an Olympus Vanox microscope and a Electron microscopic examination of the gills Gbrcu-
PM-10 camera. Ultrathin sections for electron microscopiqym (Fig. 3) shows that the algae are indeed juxtaposed to
examination were prepared on an RMC-6000 ultrami-animal blood cells. Kawaguti's (1968) early descriptions
crotome, stained with uranyl acetate and lead citrate in thgom c. cardissanote that algae are sometimes accompa-
standard manner, and observed and photographed with ga4 by “wandering cells,” but he includes no figures. In
Philips 400 transmission electron microscope (TEM). contrast, TEM pictures of symbionts ifridacna crocea
andT. maximeclearly show nearby animal cells (Kawagulti,
1966; Fitt and Trench, 1981). Algal symbionts @ car-
Light microscopic examination oforculum cardissa dissaare not in direct contact with the animal’s blood cells,
revealed that, similar to observations made on symbiontbut are separated from the hemolymph and the blood cells

Results and Discussion

Figure 3. Transmission electron micrograph of a portion of the gilCairculum cardissahowing a portion
of the tertiary tubule (t), and a blood cell (BC) close to cells of the &gmbiodinium corculorur(Sc) in the
tubule. Scale bar, Lm.
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Figure 4. Transmission electron micrograph of the relation between the symbiotic algae, the tubule cells,
and the blood cells in gill tissue @orculum cardissa(a) An algal cell closely appressed to a tubule cell. The
algal cell wall is juxtaposed to the tubule cell plasmalemma, which can be followed around the enclosed cell
nucleus, which it encloses. (b) Two algal cells in adjacent tertiary tubules, separated by the cytoplasm of the two
tubule cells (tc). A blood cell is close by (bc). Scale bargn.

by the cells of the tubules, which at the tertiary level are In bivalves that harbor symbiotic dinoflagellates, the
about one cell layer thick (Figs. 3-5). Evidence for thisstructure of the tubular system, in which the tubules arise
comes from closer examination of high-magnification TEMfrom the digestive system and are contiguous with it, sug-
images of the structural relations between the algae, thgests that the morphological and functional relation between
cells of the tubules, and the blood cells (Fig. 4). First, algaéhost and symbionts in bivalves is directly analogous to that
in the lumina of the tubules are often pressed against théound in symbiotic cnidarians (Fitt, 1993). In both cases, the
inner plasmalemma of the tubular cells; when nuclei of thealgae enter the digestive system the mouth. In bivalves,
appressed tubular cells are apparent (as in Fig. 4a), thsymbiotic dinoflagellates enteia the mouth, and exivia
could lead to the interpretation that the algae are intracelthe anus (Ricard and Salvat, 1977; Trersthal, 1981,
lular (e.g, Kawaguti, 1968). Second, the algae are clearlyMaruyama and Heslinga, 1997); their entire residence in the
separated from the molluscan blood cells by the cells comelam is in association with the digestive system. In contrast,
posing the tubules (Fig. 4b). Overlapping cell processesymbionts in cnidarians enter and exia the mouth and
form the tertiary tubules (Fig. 5). Two or more unseparateceventually take up residence inside of host digestive cells.
adjacent symbionts (Fig. 6) also indicate that the algae ar&he location of the symbionts in bivalves and cnidarians is
in tubules and not living intracellularly within host cells. also analogous with respect to metabolite flux between host



340 M. A. FARMER ET AL.

Figure 5. Transmission electron micrograph of an alga in the gillGafrculum cardissasurrounded by
overlapping processes of tertiary tubule cells (tc). Scale baml

and symbiont (Fitet al, 1985). In bivalves, where the algae allowed to develop in the absence®mbiodiniundid not
are intercellular, they are separated from the hemolymplshow evidence of this feature. From the report of Noiibn
(circulating nutrients) by the proximal and distal plasma-al. (1995), it is also apparent that, when the algae are lost
lemma of the tubule cells (Fig. 7). Hence, nutrient exchangdrom Tridacnaduring events of thermal “stress,” the tubules
between the algae and the hemolymph of bivalves mawtrophy. Whether the tubules are reformed should the sym-
potentially be regulated by the tubule cells. In cnidarianshiosis recover, or whether lack of recovery of bleached
where the algae are intracellular, the symbionts are sepa&lams is the result of the inability of the tubular system to
rated from their nutrient source, the gastrovascular systemggenerate, is unknown.
by two membranes, the host cell plasmalemma and the For marine symbioses, only two other instances have
symbiosome membrane. been recorded in which the symbionts appear to play a
The presence of the tubular system in symbiotic bivalvesignificant role in the ontogenetic event in the host. One
is also significant from ontogenetic and evolutionary per-example is the process of strobilation in symbiotic scypho-
spectives. Studies of algal symbioses in tridacnines (Fitt andoans such a#lastigias (Sugiura, 1964) andCassiopeia
Trench, 1981) clearly show that the tubules develop only infColley and Trench, 1985); these jellyfish produce ephyrae
the presence of dinoflagellate symbionts; the algae in thenly in the presence ddymbiodiniumAnother example is
tubules are observed as “rows extending from the region othe influence thatvibrio fischeri a symbiotic luminous
the stomach and digestive gland toward the developindpacteria, has on morphogenesis of certain parts of the light
siphonal tissue” (Fitet al, 1981). Juvenile clams that were organ in the squidEprymna scolope¢Claes and Dunlap,
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Figure 6. Symbiotic algae in tertiary tubules in the gills @orculum cardissashowing (a) several
symbionts in a tubule and (b) high magnification of the two cells in 6a. Scale=hhaum.

2000). In neither example are the “signals” that elicit the
developmental response in the host known. In the case of
the dinoflagellate associations, the exopolysaccharides ex-
uded bySymbiontinium(Markell et al., 1992; Markell and
Trench, 1993) may be a source of the signals. For instance,
in the process of root nodulation in leguminous plants, the
initiation of root hair curling and infection thread formation
are dependent on chemical signals from the bacterial sym-
bionts (Brewin, 1991).

A system of tubules originating in the stomach and
ramifying through the hemolymph is uncommon in bi-
valve molluscs and appears to be directly related to
symbiosis with dinoflagellates. As far as is known, no
nonsymbiotic bivalves demonstrate this feature. In addi-
tion to the tridacnine clams andorculum cardissade-
scribed here, the bivalvEragum fragumhas also been
reported to harbor symbiotic dinoflagellates (Kawaguti,
Figure 7. Schematic representation of the relation between the alga1983)’ and_ recent TEM Images (Kempf, unpubl.) show
(A), the tubule cells of the tertiary tubules (TC), and the hemolymph MoOrphological features similar to those presented here
containing blood cells (bc). n, nucleus; cp, chloroplast. for C. cardissa This finding supports the interpretation
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that all algal symbionts in molluscs occur in tubule Vibrio fischeriin host animal growth development, and light organ
extensions of the digestive system. Cladistic analyses Morphogenesisl. Exp. Zool.286: 280-296. _
based on morphological characters (Schneider, 199£°ey: N- J. and R. K. Trench. 1985. Cellular events in the re-

. . . . establishment of a symbiosis between a marine dinoflagellate and a
1998) and phylogenetlc relationships based on analysis of . cnteratecell Tissue Re239: 93-103.
small subunit ribosomal RNA gene sequences (Mawit, w. K. 1993. Nutrition of giant clams. Pp. 31-40 iiology and
ruyamaet al, 1998) both indicate that the known bi- Mariculture of Giant Clams.W. K. Fitt, ed. ACIAR, Canberra, Aus-
valves with symbiotic dinoflagellates are closely related, tralia.
all belonging to Cardiidae. In addition, the available Fitt W. K., and R. K. Trench. 1981. Spawning, development, and
molecular genetic evidence (NcNaky al,, 1994) reveals xﬂﬁgltggl O,;j?olxgﬁtgig{ig?”dacna sauamosdiiollusca: B
that the SymbiOtiC algae associated witlorculumand Fitt, W. K., C. R. Risher, and R. K. Trench. 1981. Larval biology of
Tridacna are also very closely related (LaJeunesse, tridacnid clamsAquaculture39: 181-195.
2000), but not identical. We also suppose that freshwateritt, w. K., T. A. V. Rees, and D. Yellowlees. 1985. The relation-
bivalves, such ag&\nodonta that are symbiotic with the ship between pH and the availability of dissolved inorganic nitrogen in
green algaChlorella sp. (Pardy, 1980) may demonstrate the zooxanthella-giant clam symbioslsmnol. Oceanogr40: 976—
a tubular structure in which to house the algae, as thesg 982.

bi babl | heir h h h th oreau, T. F., N. I. Goreau, and C. M. Yonge. 1973. On the utilization
symbionts probably also enter their hosts through the of photosynthetic products from zooxanthellae and of a dissolved

digestive system. amino acid inTridacna maximaMollusca: Bivalvia).J. Zool. Lond.

The only other molluscan group that shows an analogous 169: 417-454.
morphology is the opisthobranch gastropods; some saccelyman, L. H. 1967. The Invertebrates. Vol. VI, Mollusca McGraw
glossan opisthobranchs temporarily harbor derived chloro- Hill. New York. , _
plasts from feeding (Trench, 1975)’ and eolid nudibranché(awagutl,s._1950. C_)bservanons on the heart f:o.cI@)rcqum cardissa

. . . . . (L), and its associated zooxanthell&ac. Sci.4: 43-49.

often ma_mt_aln d_mOf_Iage"ateS for a short time after_ feedmgKawaguti, S. 1966. Electron microscopy on the mantle of the giant clam
on symbiotic cnidarians (Kempf, 1984). Most significantly  with special reference to zooxanthellae and iridophot@il. J.
in relation to symbiotic bivalves, in eolidacean nudibranchs 0Okayama Univ12: 81-92.
“branches of the posterior aorta . . . accompany the branché&waguti, S. 1968. Electron microscopy on zooxanthellae in the mantle
of the midgut gland (digestive diverticulum) into the cerata _2nd gill of the heart shelBiol. J. Okayama Univid. 1-11.
o (Hyman, 1967, p. 477), Suggesting development OiKawagutl, S. 1983. The third record of an association between bivalve

bul . . . ith d | f blood | mollusks and zooxanthellaBroc. Jpn. Acad. Ser. B9: 17-20.
tubules in conjunction wit evelopment of blood vesse S'Kempf, S. C. 1984. Symbiosis between the zooxantheBgmbiodinium

orvice versa (=Gymnodinium) microadriaticun{Freudenthal) and four species of
We speculate that bivalves, like their gastropod relatives, nudibranchsBiol. Bull. 166: 110-126.

possess a suite of genes that encode the expression of thageunesse, T. C. 2000. Diversity, distribution and host specificity of

tubular system, but these genes are expressed onIy after algal _symbiohts o_f the dingflag_ellate gen8gmbiodiniumPh.D dis-

activation by some “signal” produced by dinoflagellate = Senation University of California Santa Barbara.

. . . Mansour, K. 1946a. Communication between the dorsal edge of the
Symb!onts as they enter the host dlgeStlve_ tract. These mantle and the stomach dfidacna. Nature (Lond.157: 844.
situations would be analogous to the production of variousjansour, K. 1946b. Source and fate of the zooxanthellae of the visceral
galls in plants following infection by bacteria, fungi, in-  mass ofTridacna elongata. Nature (Lond2)58: 130.
sects, or other parasitic plants (Bidwell, 1979), all of whichMarkell, D. A., and R. K. Trench. 1993. Macromolecules exuded by
produce chemical signals. symbiotic dinoflagellates in culture: Amino acid and sugar composi-

tion. J. Phycol.29: 64—-68.
Markell, D. A., R. K. Trench, and R. Iglesias-Prieto. 1992. Macro-
molecules associated with the cell walls of symbiotic dinoflagellates.
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