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Abstract 

Solemya reidi Bernard 1980 is a gutless protobranch bi- 
valve known to possess intracellular chemoautotrophic 
bacterial symbionts in its gill. A light and electron micro- 
scope study on the embryology and larval development of 
S. reidi provides data for the bivalve Subclass Cryptodonta. 
S. reidi spontaneously spawned large eggs (271 ktm in di- 
ameter), which developed within individual gelatinous egg 
capsules. The first several cleavages were equal and a dis- 
tinct molluscan cross was formed at the animal pole of the 
embryo, features previously unreported in bivalve devel- 
opment. Lecithotrophic pericalymma larvae (similar to the 
larvae of paleotaxodont protobranch bivalves and apla- 
cophoran molluscs) hatched at 18 to 24 h and remained in 
the water column for a further 5 d at 10~ At hatching, 
larvae measured from 360 to 440ktm in length and from 
225 to 265 ktm in cross-sectional diameter. Definitive adult 
structures developed within an epithelial locomotory test 
entirely covered with compound cilia. The test histolysed at 
metamorphosis and was ingested through the mouth into 
the perivisceral cavity. Length and height of the shell fol- 
lowing metamorphosis was 433 ~tm (__ 42 #m, n = 16) and 
282/~m (_+29ktm, n=  13), respectively. Primary data and 
data from the literature show that the type of larval devel- 
opment in both paleotaxodont and cryptodont bivalves 
cannot be reliably estimated from egg or prodissoconch 
sizes. 

Introduction 

The protobranch bivalves consist of the two subclasses 
Paleotaxodonta and Cryptodonta (Newell, 1969). The em- 
bryology of the paleotaxodont protobranch bivalves Yoldia 
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limatula, Nucula proxima and N. delphinodonta was de- 
scribed by Drew (1897, 1899a, b, 1901). However, Drew [as 
revealed in Morse (1913)] never found eggs in the cryp- 
todont protobranch genus Solemya and as a consequence 
our knowledge of development within this bivalve sub- 
class, containing the extant families Solemyidae and Nu- 
cinellidae, has been entirely lacking. 

Interest in development amongst the cryptodont and 
paleotaxodont protobranch bivalves is due to the consider- 
ation that protobranchs may be the closest living group to 
the ancestral bivalve condition (Pelseneer, 1891; Drew, 
1899b; Yonge, 1959; Jablonski and Lutz, 1983) and that 
the type of embryological and larval development in each 
taxon gives evidence for determining phylogenetic rela- 
tionships. Recently, the discovery of the gutless condition 
in certain solemyid (Re!d, 1980; Reid and Bernard, 1980; 
Kuznets0v and Shileiko, 1984) and nucinellid bivalves 
(Kuznetsov and Shileiko, 1984) and the description of 
chemoautotrophic, intracellular, bacterial symbionts in the 
gills of several members of the genus Solemya (Cavanaugh, 
1980, 1983; Cavanaugh etaL, 1981; Felbeck etal., 1981, 
1983; Felbeck, 1983) has added interest both in the forma- 
tion and fate of the endoderm, which normally forms the 
organs of digestion, and in the methods by which the en- 
dosymbionts are transmitted from one host generation to 
the next. 

The gutless cryptodont bivalve Solemya reidi ranges 
from Southern California to southern Alaska, at depths- of 
40 to 600 m (Bernard, 1980), in habitats where oxygen and 
reduced sulfur compounds are simultaneously available, 
such as sewage outfalls (Felbeck, 1983; Felbeck etal., 
1983) and beneath log-booming grounds in the Pacific 
Northwest (Reid, 1980). Since S. reidi is increasingly being 
used in studies of the association between chemoauto- 
trophic endosymbionts and host animals from sulfide-rich 
habitats (Felbeck, 1983; Felbeck etal., 1983; Hand and 
Somero, 1983; Fisher and Childress, 1984; McMahon and 
Reid, 1984; Powell and Somero, 1985), knowledge of its 
development is desirable. 
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This paper describes the embryology and larval devel- 
opment of Solemya reidi in order to lay a foundation for 
understanding the fate of the endoderm and the mecha- 
nism of symbiont transmission and to provide data crucial 
in answering the phylogenetic questions posed by the pre- 
sumed primitiveness of the Solemyidae. Salvini-Plawen 
(1972, 1973, 1980) coined the term "pericalymma" to de- 
scribe the larval type he considered primitive in annelids, 
sipunculids and molluscs. As in Jablonski and Lutz (1983), 
the term "pericalymma" is used in this report in its narrow 
sense to refer to the larval form of  protobranchs and apla- 
cophorans, much as the general term "veliger" has been 
applied to other bivalve and gastropod larvae. The peri- 
calymma is a free-swimming lecithotrophic larva with a 
ciliated test within which all the definitive adult structures 
develop, including the shell, and which is cast off at meta- 
morphosis. 

Materials and methods 

Adult Solernya reidi Bernard 1980 were collected from a 
depth of 40 m with a Van Veen grab in the vicinity of log- 
booming grounds numbers 27 and 29 in Alberni Inlet on 
the west coast of Vancouver Island, British Columbia, 
Canada (Lat. 49 ~ 12' N; Long. 124049 ' W). Individuals 25 
to 50 mm in length were either allowed to burrow in 15 to 
20 cm of native sediment in 10-gallon (ca 38-1) aquaria 

equipped with flowing recirculated seawater or were kept 
without sediment in small bowls filled with filtered sea- 
water changed at 2-d intervals and maintained at 
10~ +_ 1 C ~ 

Numerous attempts to spawn apparently ripe Solemya 
reidi using thermal and osmotic shock, electrical and 
chemical stimulation, and the addition of suspensions of 
gametes were unsuccessful. The stripping and combining of 
gametes from S. reidi also failed to result in successful fer- 
tilization even after inducing germinal vesicle breakdown 
of oocytes with ammonium hydroxide (Loosanoff and 
Davis, 1963). Consequently, all embryos and larvae were 
obtained from eight spontaneous spawnings of individuals 
kept in either of the two adult culture conditions. 

Embryos and larvae were pipetted individually (due to 
their extreme fragility) from bowls or aquaria and placed 
at a density of 2 to 3 per ml in 3-1 glass beakers filled with 
0.45 #m filtered seawater. Cultures were maintained at 
1 0 ~  C ~ and slowly aerated until one day prior to 
settlement. No antibiotics were used (in consideration of 
the possible transmission of prokaryotic endosymbionts 
through eggs and embryos). Water was changed at 2-d in- 
tervals. 

Developmental stages were measured with an ocular 
micrometer and photographed with a Zeiss Universal 
microscope. Fertilized eggs, embryonic stages, larvae, and 
juveniles were prepared for transmission electron mi- 
croscopy (TEM) and scanning electron microscopy (SEM) 
by primary fixation in a solution of 2% glutaraldehyde, 
0.2 M phosphate buffer, and 0.14 M NaC1 at pH 7.3, fol- 

lowed by three rinses with a solution of 0.2 M phosphate 
buffer and 0.28 M NaC1 and post-fixation in 2% OsO4 in 
1.25% N a H C Q .  Specimens prepared using a primary fix 
of 2.5% glutaraldehyde, 2% paraformaldehyde, and 0.1 M 
Na-cacodylate buffer gave inferior results. After fixation, 
specimens were dehydrated in alcohol. TEM specimens 
were infiltrated and embedded in epon, thin sectioned on 
glass or diamond knives, mounted on copper grids, and 
stained in 2% uranyl acetate and 0.2% lead citrate. Grids 
were examined and micrographs taken on a Philips EM 
300 electron microscope. SEM specimens were critical- 
point dried, mounted on double-sided sticky tape, gold 
coated, and examined on a JEOL JSM-35 scanning elec- 
tron microscope. Half to one micrometer serial sections for 
light microscopy were cut with glass or diamond knives on 
either a Sorvall MT 5000 or a Reichert UM-U2 ultramicro- 
tome and stained in Richardson's stain (Richardson et al., 
1960). Late larvae and juvenile stages destined for section- 
ing were decalcified in 2% ascorbic acid and 0.3 M NaC1 
for 24 h prior to dehydration (Dietrich and Fontaine, 
1975). 

Results 

Embryonic development 

Fertilized eggs are orange in color, spherical, and have an 
average yolk-mass diameter of 271 Bm (__+ 11/~m, n=83).  
The fertilization envelope is fully elevated, overlying a 
perivitelline space approximately 53r wide (Fig. 1). 
Naturally spawned, unfertilized eggs were not observed. 

The fertilization envelope is surrounded by a clear, 
gelatinous egg capsule approximately 48 r thick (Fig. 1), 
which persists around all developmental stages until hatch- 
ing. The gelatinous layer increases the overall egg capsule 
diameter to about 465#m, which enlarges to a mean of 
566 #rn (__ 25 ktm, n = 11) by the 2nd division, owing to ex- 
pansion of the perivitelline space. This gelatinous coat is 
not present in stripped, unfertilized ova. Egg capsules are 
sticky and negatively buoyant, becoming covered with de- 
tritus when spawning occurs over natural sediment. The 
periphery of the egg cytoplasm is lined with numerous 
granules containing a fibrillar mucus substance (Fig. 2). 

Unfertilized eggs are primary oocytes between germinal 
vesicle breakdown and first polar body emission, which 
occurs within 40 min of fertilization. A meridonal, equal 
cleavage begins about 1.5 h after fertilization and results in 
two equalized blastomeres (Figs. 3 and 4). Second cleav- 
age is also equal, at right angles to the first, and is complet- 
ed from 2.5 to 3 h after fertilization (Figs. 5 and 6). The sec- 
ond cleavage is not strictly meridonal, but rather somewhat 
spiral, and results in the formation of a polar furrow with 
the first and second cleavage furrows having a short stretch 
in common (Fig. 6). At no time was the formation of a 
polar lobe observed. 

The third cleavage is equatorial and spiral, occurs 4 to 
4.5 h after fertilization, and results in eight approximately 
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Figs. 1-10. Solemya reidi. Fig. 1. Light micrograph of living fertilized egg, enclosed by the egg capsule, pv, perivitelline space; cm, inner 
capsule membrane; gc, gelatinous coat. Fig. 2. Transmission electron micrograph of cytoplasmic portion of ripe ovarian oocyte. The 
periphery of the oocyte can be seen at the far right of the micrograph (arrowheads). fb, cortical mucous granule; fc, follicle cell. Fig. 3. 
Light micrograph of living 2-cell stage embryo showing location of the two polar bodies (arrowhead) within the egg capsule. Blastomeres 
are essentially equal in size and average 227 #m in diameter, cm, inner capsule membrane. Fig. 4. Scanning electron micrograph of 2-cell 
stage embryo removed from the egg capsule. Blastomeres are of equal diameter. Fig. 5. Light micrograph of living 4-cell stage embryo 
showing equality of division of all blastomeres, gc, gelatinous coat; cm, inner capsule membrane. Fig. 6. Scanning electron micrograph of 
4-cell stage embryo removed from the egg capsule. Fig. 7. Light micrograph of living stereoblastula. Fig. 8. Light micrograph of living 
gastrula in the process of hatching out of the egg capsule. Fig. 9. Scanning electron micrograph showing external morphology of embryo- 
larva removed from the egg capsule prior to hatching. Arrowheads indicate two of the three pairs of cells which reside between the 2nd 
and 3rd row of test cells, tc, test cell; de, proliferating definitive ectoderm cells; ant, anterior. Fig. 10. Scanning electron micrograph of 
1-d-old pericalymma larva showing two of the three pairs of small unciliated surface cells between the 2nd and 3rd row of test cells (ar- 
rowheads), ant, anterior, tc, diamond-shaped test cell 
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equal blastomeres. Successive cleavages result in a ciliated 
stereoblastula which begins rotating within the egg capsule 
by 15 h after fertilization (Fig. 7). Elongated gastrulae be- 
gin hatching from the egg capsules 18 h after fertilization; 
the last hatching occurs 28 h after fertilization (Fig. 8). Em- 
bryos removed from the egg capsule before hatching are 
elongated and undergoing gastrulation and ciliogenesis 
(Fig. 9). 

Gastrulation is difficult to observe, but appears to occur 
in two stages, similar to gastrulation in the paleotaxodont 
protobranchs (Drew, 1899a, b, 1901) and aplacophorans 
(Thompson, 1960): initially by invagination of large, pre- 
existing cells into the interior of the embryo in combi- 
nation with epibolic overgrowth by the test, forming an 
abapical depression that resembles a blastopore; and sec- 
ondarily, by proliferation of smaller cells at this "pseudo- 
blastopore", with the subsequent ingression of these cells 
into the inner regions of the embryo (Fig. 9). The first of 
these phenomena results in the differentiation of en- 
doderm, while the second results in the formation of all fu- 
ture adult ectoderm. The endoderm thus comes to lie deep 
within the embryo, eventually cut off from the exterior by a 
layer of definitive adult ectoderm. The pseudo-blastopore 
forms neither the adult mouth nor anus in these forms 
(Thompson, 1960) and is merely the site from which pro- 
liferation and ingression of definitive ectoderm occurs. 
Mesoderm was not differentiated at this stage. 

Most of the remaining cells on the surface of the em- 
bryo will form the larval locomotory test. However, there 
are three groups of two cells each which do not form part 
of the locomotory test; they are located on the anterior lat- 
eral aspect of the embryo between the 2nd and 3rd cell 
rows of the test (Figs. 9, 10) and are destined to invaginate. 
Their fate is uncertain as their cell lineage could not be 
traced with confidence, 

Larval development 

Newly hatched larvae of SoIemya reidi range in length 
from 360 to 440 pm with a maximum cross-sectional di- 
ameter of 225 to 360~m (Fig. 10). An apical quartet of 
ciliated cells lies at the extreme anterior end of the larvae 
(Fig. 11). The cells directly posterior to and between these 
apical cells comprise the molluscan cross. 

The larvae are uniformly ciliated with the exception in 
young larvae of three pairs of small cells lying between the 
2nd and 3rd row of the test (Figs. 11 and 12). Many cirri 
composed of from 6 to 9 cilia each arise from each test cell 
(Figs. 12 and 13), while microvilli are spread over the in- 

tervening cell surface (Fig. 13). Each cirrus is up to 40/~m 
in length and beats in a dexioplectic manner, giving rise to 
metachronal waves which cause the larva to move forward 
in a clockwise helical spiral. The larval test consists of a 
series of nine rows of ciliated cells encircling the embryo 
(Fig. 14), each row containing four diamond-shaped cells 
(Fig. 10), giving a total of 36 test cells. 

By the 2rid to 3rd day after fertilization several changes 
in external appearance of the larvae have occurred. The 
cells making up the test have further flattened and extend- 
ed, making it difficult to observe their number and shape 
(Figs. 15, 16). The three pairs of unciliated cells, which 
were located between the 2nd and 3rd rows of test cells, 
have invaginated, leaving behind three depressions mark- 
ing their former location (Figs. 15, 16). In addition, the 
four apical cells have either invaginated or become incor- 
porated into the first row of test cells, leaving a cross- 
shaped depression at the apical end of the embryo 
(Fig. 15). The area immediately around the pseudo-blasto- 
pore and in the pseudo-blastopore cavity is unciliated and 
proliferation and ingression of definitive ectoderm at this 
site has ceased (Fig. 17). A tuft of cilia is never formed on 
the apical plate of Solemya reidi. 

Healthy larvae never rest on the bottom of the culture 
containers, passing the entire 5-d pericalymma stage in the 
water column. They are very active and swim, apical end 
first, in a vertical sinusoidal path while rotating counter- 
clockwise about the long axis of the body when viewed 
from the anterior. When swimming, the apical end of the 
larvae is uppermost, owing to an anterior accumulation of 
lipid (Fig. 18). The young larvae concentrate near the wa- 
ter surface in the culture containers under both light and 
dark conditions, suggestive of negative geotaxis. 

The internal morphology of a 5-d old pericalymma lar- 
va is shown in Figs. 19 and 20. A large lumen representing 
the perivisceral cavity is bounded ventrally by the visceral 
mass and dorsally and laterally by the mantle. Within the 
perivisceral cavity lies the stomach rudiment. The single- 
layered larval test separates the rest of the larva from the 
environment. The test and definitive tissues are closely ap- 
plied early in development, but by the 3rd day after fertili- 
zation an internal space develops and these tissues remain 
attached only in the region surrounding the apical plate. 

The formation of mantle and shell is accompanied by 
lateral compression and dorsoventral widening of the larva 
as the test is forced to conform to the outlines of the de- 
veloping shell (Fig. 21). Mineralization of the larval shell 
was not detected by polarized light birefringence in swim- 
ming larvae, even though the shell outline was easily seen 
through the test. 

Figs. 11-13. Solemya reidi. Fig. 11. Scanning electron micrograph of the apical region of a 1-d-old pericalymma larva. Surrounding the 
animal pole are the four apical cells (asterisks). The cells making up the four arms of the molluscan cross are situated slightly posterior to 
and between the apical cells. The three pairs of small unciliated cells (arrowheads) can be seen between the 2nd and 3rd row of test cells. 
Fig. 12. Scanning electron micrograph showing detail of one of the three pairs of unciliated surface ceils which are located between the 
2nd and 3rd row of test cells in a 1-d-old pericalymma larva. Fig. 13. Scanning electron micrograph of surface of the test showing the cirri 
and microvilli (my) which cover the test cell surface. Each cirrus (cr) is composed of from 6 to 9 cilia 
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Metamorphosis 

Metamorphosis in Solemya reidi processes slowly over a 
period of several hours, involving the transformation from 
a swimming pericalymma larva to a benthonic bivalve via 
histolysis of the test. On the 6th day after fertilization, lar- 
vae begin to swim near the bottom of the culture con- 
tainers. The most posterior test cells begin to round up and 
break their connections with each other, thus allowing the 
shell to poke through the ruptured larval test (Fig. 22). 
These cells are gradually drawn ventrally and anteriorly, 
revealing the two valves of the larval shell beneath 
(Fig. 23). The cilia on the test cells continue to beat, caus- 
ing the larva to swim in circles on the bottom of the culture 
containers. Some of the test cells lose their connections to 
adjacent ceils and swim off on their own, but the majority 
are ingested through the larval mouth. 

The cells making up the dorsal wall of the stomach dis- 
sociate at metamorphosis so that the esophagus opens di- 
rectly into the perivisceral cavity. Thus the test material in- 
gested at metamorphosis comes to lie within the lumen of 
the perivisceral cavity (Figs. 24, 25). 

Post-larval morphology 

Recently metamorphosed Solemya reidi are distended by 
the ingested test material and the major organs in the 
mantle cavity are poorly developed (Fig. 26). The overall 
length and height of the shell is 433 ~m (+ 42/~m, n = 16) 
and 282 ~m (+ 29 gm, n = 13), respectively. Cellular rem- 
nants of the test are still visible within the anterior, pre-oral 
portion of the mantle cavity of settled juveniles (Figs. 26, 
27). 

Several presumptive adult structures can be recognized 
within the mantle cavity. A tuft of cilia protrudes from the 
anus, which is located in the extreme posterior part of the 
mantle cavity. A small cluster of post-anal cilia is also pres- 
ent in this region (Fig. 28). A group of ciliated cells oc- 
cupies a portion of the visceral mass immediately posterior 
to the proximal part of the foot (Figs. 26 and 29). This band 
of ciliated cells and accompanying mantle mucous glands 
are possible rudiments of the adult hypobranchial gland, 
which is ciliated in the adult (Morton, 1977). Two gill buds 
located on opposite sides of the visceral mass posterior to 
the ciliated band (Fig. 29) will eventually form the adult 
ctenidia. The prominent mouth lies in the anterior mantle 
cavity; the region immediately surrounding it is densely 

ciliated (Figs. 26, 30). The foot is visible in the mid-section 
of the mantle cavity attached dorsally to the visceral mass; 
however, it is poorly developed (Fig. 26) and the juvenile is 
incapable of crawling or burrowing for at least a week after 
metamorphosis. The anterior margin of each lobe of the 
juvenile foot is ciliated and the opening to the pedal gland 
can be seen on the posterior mid-line of the foot (Fig. 26). 
At no time during metamorphosis or subsequent juvenile 
development are byssal threads produced by the pedal 
gland. 

There are no obvious concentric growth lines on the 
larval shell (prodissoconch) nor is there a distinction be- 
tween a prodissoconch I and II shell (Figs. 31, 32, 33). 
There is also no coarse or irregular punctate surface texture 
on the shell, which is normally indicative of the pro- 
dissoconch I (Jablonski and Lutz, 1980). However, there 
are irregular folds or wrinkles on the shell surface, which is 
usually indicative of brooded larvae (Jablonski and Lutz, 
1980). Although several attempts were made to dissolve the 
hinge ligament of larval and juvenile shells by immersion 
in 5% sodium hypochlorite (following the method of Lutz 
et aL, 1982), the valves failed to disarticulate and a view of 
the hinge morphology was not obtained. 

Discussion 

A lecithotrophic pericalymma larva with its ciliated epi- 
thelial test, within which the definitive adult structures de- 
velop, has been described for the paleotaxodont pro- 
tobranch bivalves Yoldia #matula (Drew, 1897, 1899 a, b), 
Nucula proxima (Drew, 1899 b), N. nucleus (Lebour, 1938), 
N. turgida (Lebour, 1938; Trevallion, 1965), Nuculanaper- 
nula (Trevallion, 1965), and Acila castrensis (personal ob- 
servation), and for the aplacophoran molluscs Nemato- 
menia (=Dondersia) banyulensis (Pruvot, 1890), Rhopalo- 
menia (=Proneomenia) aglaopheniae (Pruvot, 1892), and 
Neomenia carinata (Thompson, 1959, 1960). To this list can 
now be added the cryptodont protobranch bivalve Solemya 
reidi. 

Egg capsule 

The gelatinous coat surrounding the egg of Solemya reidi 
appears to be secreted by the egg itself, subsequent to 
spawning and fertilization. It was never seen surrounding 
stripped, unfertilized ova, but was present around all natu- 

Figs. 14-18. Solemya reidi. Fig. 14. Light micrograph of 1-d-old pericatymma larva showing arrangement of the nine rows of test cells 
(1-9) making up the ciliated test. ant, anterior; pos, posterior. Fig. 15. Scanning electron micrograph of 2 to 3-d-old pericalymma larva. 
The three pairs of unciliated surface cells (cf. Fig. 11) have invaginated, leaving behind three depressions on the anterior surface of the test 
(arrowheads). The apical cells (cf. Fig. 11) have either invaginated or lost their distinctiveness in becoming incorporated into the test. pos, 
posterior. Fig. 16. Scanning electron micrograph of a 3-d-old pericalymma larva showing sites of invagination (arrowheads) of two of the 
three pairs of unciliated surface cells (cf. Fig. 11). ant, anterior; pos, posterior. Fig. 17. Scanning electron micrograph of posterior aspect o f  
3-d-old pericalymma larva. The cells lining the cavity of the pseudo-blastopore (bp) are unciliate& Fig. 18. Light micrograph of 3 to 4-d- 
old pericalymma larva showing the extent of test ciliation and accumulation of lipid (1) in the anterior of the larva, ant, anterior; pos, 
posterior 
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Figs. 19-20. Solem2/a reidi. Fig. 19. Light micrograph of one micrometer longitudinal section through a 5-d-old pericalymma larva. Ar- 
rowheads indicate the position of the test membrane, t, test; pv, perivisceral cavity; sr, stomach rudiment; sp, space separafing test and 
definitive tissues; ant, anterior; pos, posterior. Fig. 20. Diagrammatic depiction of the section shown in Fig. 19. ma, mantle; an, anus; pv, 
perivisceral cavity; r, rectum; sr, stomach rudiment; e, esophagus; pg, pedal gland primordium; mc, mantle cavity; tc, test cell; pc, prob- 
lematic cells; f, foot; sp, space separating test and definitive tissues. Scale as in Fig. 19 
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Figs. 21-24. Solemya reidi. Fig. 21. Scanning electron micrograph of a 4-d-old pericalymma larva that has had a portionof the surround- 
ing test removed, revealing a dorsal view of the enclosed definitive shell and tissues. The dorsal hinge line is indicated by arrowheads, tin, 
test membrane; vl, left valve; t, test; ant, anterior; pos, posterior. Fig. 22. Light micrograph of a living pericalymma larva at the beginning 
of metamorphosis. The test cells have begun to separate in the posterior region and the outline of the shell is visible through the test. An- 
terior is to right, f, foot primordium. Fig. 23. Scanning electron micrograph of6-d-old pericalymma larva undergoing metamorphosis. The 
test cells (tc) have become detached from the internal structures at the posterior (pos) and dorsal margins and have moved anteriorly and 
ventrally, vr, right valve; ant, anterior. Fig. 24. Light micrograph of a living 15-d-old juvenile showing the perivisceral cavity packed with 
ingested test material (tc) visible through the transparent shell. Dorsal is towards the top of the micrograph, ant, anterior 

rally spawned and fertilized ova, and a layer of cortical 
mucous granules was present in ovarian oocytes but absent 
in encapsulated ova. A similar secretion of an egg capsule 
by bivalve oocytes has been reported for Pandora inaequi- 
valvis (Allen, 1961) and Astarte spp. (Saleuddin, 1964), al- 
though only ovarian eggs of Astarte spp. were examined. In 
contrast, the hypobranchial gland secretes the external in- 
cubatory egg sacs of Nucula delphinodonta (Drew, 1901), 
while seasonally developed cells of the mantle edge of Tur- 
tonia minuta secrete its egg capsules, which are attached to 
byssal threads (Oldfield, 1955, 1964). The origin of gelati- 
nous egg capsules in other species of bivalves is unknown. 

Cleavage 

Solemya reidi is the first bivalve reported to possess equal 
cleavage, i.e. the first two cleavages result in four practi- 
cally equal blastomeres. Although cleavage is equal in 
many gastropods (Raven, 1966; Wada, 1968) and chitons 
(Wada, 1968; Pearse, 1979), as well as in one known apla- 
cophoran (Hadfield, 1979), unequal cleavage has been con- 
sidered the rule in the Bivalvia (Korschelt and Heider, 

1900; Raven, 1966; Wada, 1968; Sastry, 1979). OFoighil 
(personal communication) has seen equal cleavage in the 
galeommatacean bivalve Lasaea subviridis; conversely, a 
large D-quadrant blastomere was seen in early blastulae of 
Lasaea rubra by Oldfield (1964), suggestive of unequal 
cleavage. 

The absence of polar lobe formation in Solemya reidi 
has no bearing on the presence of equal cleavage, since 
many bivalves are known to cleave unequally without the 
formation of a lobe (Verdonk and van den Biggelaar, 
1983). Two other protobranchs, Nucula delphinodonta 
(Drew, 1901) and Acila castrensis (personal observation) 
are known to form polar lobes. 

Perhaps as a result of equal cleavage, Solemya reidi is 
also the only known bivalve to exhibit both a distinct mol- 
luscan cross and apical rosette cells during development. 
Their fate in this study has not been determined. In typical 
bivalve embryos, a large size difference exists between 
blastomeres, and cleavage does not occur simultaneously 
in all quadrants, resulting in an irregular arrangement of 
the cells and an obscuring of the molluscan cross and api- 
cal rosette (Raven, 1966; Verdonk and van den Biggelaar, 
1983). 
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Figs. 25-30. Solernya reidi. Fig. 25. Transmission electron micrograph showing ingested test material and associated cilia within the 
perivisceral cavity of a juvenile. Fig. 26. Scanning electron micrograph of a 6-d-old, recently metamorphosed juvenile. The body is greatly 
distended due to the ingestion of large quantities of the test, a few cells of which (tc) remain in the anterior mantle cavity. The opening of 
the pedal gland is indicated by an arrowhead, vr, right valve; g, presumptive gill; cb, band of cilia; f, foot; too, mouth; ant, anterior; pos, 
posterior. Fig. 27. Scanning electron micrograph showing close-up of tl~e test cell remnant visible in Fig. 26. Fig. 28. Scanning electron 
micrograph showing ciliated opening of the anus and a tuft of post-anal cilia (arrowhead) in the same specimen as depicted in Fig. 26. vr, 
right valve. Fig. 29. Scanning electron micrograph of the presumptive gill rudiment and part of presumptive hypobranchial gland in the 
posterior portion of the mantle cavity of the same individual as depicted in Fig. 26. The presumptive gill consists of two gill buds 
(arrowheads) on either side of the mantle, while the band of cilia (cb) running across the floor of the posterior mantle cavity will give rise 
to part of the hypobranchial gland. Fig. 30. Scanning electron micrograph showing detail of the ciliated region around the mouth of a 
recently metamorphosed juvenile. The remnants of a test cell (tc) can be seen to the right 

Ciliation and locomotion 

The pattern of  ciliation and the arrangement of  the test 
cells differ markedly between the paleotaxodont pro- 
tobranchs, the aplacophorans, and the cryptodont  pro- 
tobranch Solernya reidi, in which the test is evenly covered 
by locomotory compound cilia, no apical tuft is present 
and 36 cells are arranged in nine tiers o f  four cells each. 
Like S. reidi, the direct developing S. velum, from the east 

coast of  the USA, elaborates a test entirely covered with 
cilia (J. Pechenik, personal communication). 

A series of  five rows of  encircling cells comprise the test 
of  the free swimming paleotaxodonts; the middle three 
rows, and sometimes a fourth, possess a band of  cilia, 
which provides the locomotory force for swimming. The 
test is composed of  42 cells in Yoldia limatula with at least 
eight cells in each row (Drew, 1897). An apical tuft of  cilia 
issues from the center of  the apical plate and can be lashed 
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Figs. 31-33. Solemya reidi. Fig. 31. Scanning electron micrograph showing the right valve of a post-metamorphic juvenile. Distinctive 
boundaries between prodissoconch I and II and the dissoconch are not apparent. Arrowheads delineate the dorsal hinge line. ant, an- 
terior; pos, posterior. Fig. 32. Scanning electron micrograph showing the dorsal hinge line (between arrowheads) of a post-metamorphic 
juvenile. The periostracum of the hinge ligament and shell valves appears to form a continuous structure. Fig. 33. Scanning electron 
micrograph showing the dorsal hinge line (between arrowheads) of a post-metamorphic juvenile 
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vigorously from side to side in Nuculaproxima, u limatula 
(Drew, 1899b, 1901), and Acila castrensis (personal ob- 
servation). 

In the direct-developing Nucula delphinodonta, the test 
also consists o f  five rows of  cells, encloses all of  the defini- 
tive tissues, and is discarded at metamorphosis. However, 
the cilia on the test cells of  N. delphinodonta are not col- 
lected into bands but rather are evenly scattered over the 
surface of  the test and an apical ciliary tuft is absent (Drew, 
1901). 

Pruvot described a pericalymma larva consisting o f  
three regions in Nematomenia banyutensis (1890) and 
Rhopalomenia aglaopheniae (1892); an apical region bear- 
ing an apical tuft and consisting of  two rows of  ciliated 
cells, a middle row of  unciliated cells, and a posterior re- 
gion consisting of  two more rows of  ciliated cells. A promi- 
nent prototroch projects out from between the middle row 
and the posterior region of  the test. The direct-developing 
aplacophoran Halomenia gravida also elaborates a test that 
is presumably discarded at metamorphosis  (Heath, 1918). 
The most complete account of  development in an apla- 
cophoran pericalymma larva has been provided by 
Thompson (1959, 1960) for Neomenia carinata, wherein the 
test consists o f  five rows of  cells, with up to 16 cells per row, 
and a number  of  loosely arranged apical cells. A motile 
apical tuft is present and the cilia on the middle cell row 
are collected into a prototroch. 

Chia et al. (1984) classified ciliary locomotion into three 
categories, based on the pattern of  ciliation: uniform cili- 
ation; ciliated bands or rings; and ciliated lobes or arms. 
With the addition of  the uniformly ciliated pericalymma 
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larva of  Solemya reidi, all three types of  ciliary locomotion 
are now known to occur in bivalve larvae. 

Nervous system 

The nervous system of  the aplacophoran Neomenia ear# 
nata arises from six separate shallow depressions in the lar- 
val test ectoderm: two in the apical test cells, which will 
form the cerebral ganglia; two in the second pre-trochal 
row of  test cells, which will form the pedal ganglia; and 
two in the first pre-trochal row of  test cells, which will form 
the ventral nerve cords (Thompson, 1960). These three 
pairs of  invaginations resemble the invagination of  the 
three pairs of  unciliated surface cells in the anterior portion 
of  the test of  larval SoIemya reidi (Figs. 11, 12, 16). 
Although the fate of  the invaginating cells in S. reidi was 
not determined, it is possible they will form some part o f  
the adult nervous system. 

Metamorphosis 

In Solemya reidi the s tomadeum has been resorbed and the 
mouth is functional by the time metamorphosis com- 
mences on Day  6, and all that is cast offis the test itself and 
the apical plate. In Yoldia limatula, casting of  the test oc- 
curs 90 to 120 h after fertilization and includes the stalk 
connecting the test to the cerebral ganglia, the apical plate, 
and the s tomadeum between the blastopore and the defini- 
tive mouth (Drew, 1899a, b). Metamorphosis in Nucula 

Table 1. Egg size, prodissoconch length and adult size in extant and extinct protobranch bivalves. 
Species are arranged according to current classification within the two protobranch subclasses and 
families. Asterisks indicate data were obtained from measurements of spawned eggs; all other oocyte 
data based on measurements of ovarian oocytes 

Species Egg size Prod. length Adult size 
(gin) (Hm) (ram) 

Paleotaxodonta 
Nuculidae 

Nucula delphinodonta (a) * 210 320 4.0 
Nuculaproxima (a) * 90 - - 

(b) 100 - 6.6 
(c) - 142 4.5-6.0 

Nucula tenuis (d) 120-140 - - 
(e) 130-140 - 16-17.3 

Nucula nitidosa (f) > 150 - 10.3 
(g) - 162 - 

Nucula nucleus (h) * 100 - - 
(i) 18o - - 

Nucula turgida (h) * 90 - - 
(j) * 160-180 - ? 
(k) 125 - S l0 

Nucula sulcata (j) * 125 - ? 
(1) 160 - - 

Nucula bengalensis (m) 200 300 22.4 
Nucula donaeiformis (m) - 220 19.1 
Nucula annulata (b) 120 - 3.3 
Nueula subovata (b) 270 - 
Nucula granulosa (b) 120 - 2.2 
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Table  1 (cont inued)  

Species Egg size Prod. length  Adul t  size 
(um)  (urn) (mm)  

Nucula cancellata (b) 135 - 3.3 
Nucula verrilli (b) 125 - 4.3 
Nucula darella (n) ~ 130 160-200 2.0-3.5 
Nucula calcicola (o) - 2 2 0  1.5-1.9 
Condylonucula cynthiae (o) - 210 0,6 
Condylonucula maya (o) - 220 0.5 
A cila divaricata (m) 150-160 230 16-35 
Acila castrensis (p) * 128 150 10-20 

Nucu lan idae  
Yoldia limatula (a) * 150 200 60.0 

(q) - 340 - 
Yoldia hyperborea (e) 150 • 140 - 34-44,7 
Yoldia thraciaeformis (e) ~ 150 - 35.5 
Nuculana pernula (d) 120-140 - ? 

(e) ~ 135 - 32.0 
Nuculana minuta (e) 150 • 110 - 15.7 
Nuculanafumosa (m) - 580-660  7.1 
Nuculanapontonia (n) > 150 245-350  10-18 
Nuculana trochila (c) - 160 (380) 8.5 
Portlandia arctica (e) ~ 140 - 28.5 
Portlandia lenticula (e) ~ 120 - 8.3 
Ledella messanensis (r) 109 < 600 1.8-4.1 
Yoldiellajeffreysi (r) 96 < 600 ? 
Spinulafilatovae (s) - 385 6.1 
Spinula seheltemai (s) - 375 11.5 
Spinula subexcisa (s) - 450 4,4 
Malletia eonspicua (m) - 400 24 -28  

Tindar i idae  
Tindaria cervola (n) 120-140 320 10-15 
Tindaria murrayi (m) - 185 8.0 
Tindaria callistiformis (t) ~ 150 - 4 .5-8.4 
Tindaria hessleri (t) ~ 110 - 2.5 

Siliculidae 
Siliculafilatovae (u) 70 290-310  3.4-5.2 
Siliculafragilis (u) 70 200 2.0 5.0 
Silicula mcalesteri (u) 90 580 6 .5-10.0  

Lamet i l idae  
Lametila abyssorum (u) 70 370 2.0-3.5 
Prelametila clarkei (u) - 190 < 2.5 

Pr is t iglomidae 
Pristigloma nitens (v) 190 260 3.5 
Pristigloma alba (v) 115 190-200 1.2 
Microgloma yongei (v) 120 290 1.1 
Microgloma turnerae (v) 120 260 1.0 

Praenucu l idae  (Extinct)  
Pojetaia runnegari (w) - 150 (300) 1.0-1.5 

Family  Incer tae  Sedis 
Pseudotindaria erebus (t) ~ 142 - 3 .0-6.0 

Cryp todon ta  

Solemyidae 
Solemya reidi (x) * 271 433 25 -60  
Solemya velum (y) * 200 - 25 

(a) Drew (1899b);  (b) Schel tema (1972); (c) LaBarbe ra  (1974) (Miocene fossil); (d) Thorson  (1936); 
(e) O c k e l m a n n  (1958); (f) Rachor  (1976); (g) Mor t imer  (1962), [quoted in Rachor  (1976)]; (h) Lebour  
(1938); (i) Thorson  [quoted in Jorgensen  (1946)]; (j) Treval l ion (1965); (k) Davis  and  Wilson (1983); 
(1) F ranzen  (1983); (In) K n u d s e n  (1967); (n) Rokop (1979); (o) Moore (1977); (p) R. Gustafson,  (un- 
publ i shed  observat ion) ;  (q) Sul l ivan (1948); (r) Lightfoot  et al. (1979); (s) Allen and  Sanders  (1982); 
(t) Sanders and  Allen (1977); (u) Allen and  Sanders  (1973); (v) Sanders  and  Allen (1973); (w) Run-  
negar  and  Bent ley (1983) (Early C a m b r i a n  fossil); (x) this study; (y) J. Pechenik,  persona l  communi -  
cat ion 
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proxima (at 60 h) and N. delphinodonta (at 2 weeks) in- 
volves casting the test, the stomadeum and part of the api- 
cal plate (Drew, 1899b, 1901). In Y. limatula and N. pro- 
xima, metamorphosis is quite rapid, taking anywhere from 
a few minutes to half an hour (Drew, 1899a, b); several 
hours are required in N. delphinodonta (Drew, 1901). In S. 
reidi, metamorphosis is completed over a period of several 
hours. 

In all three paleotaxodonts studied by Drew the diges- 
tive diverticula ("liver pouches") were reported to "go to 
pieces" immediately after metamorphosis, leaving the 
stomach without either dorsal or lateral walls. Drew attri- 
buted this phenomenon to pressure within the perivisceral 
cavity as the two valves are first closed following loss of the 
test. A similar dissociation of the stomach rudiment oc- 
curred in Solemya reidi, but it did not appear to result from 
pressure caused by shell closure. Drew (1901) reported that 
the dorsal and lateral walls of the stomach in Nucula 
delphinodonta begin to re-form by 2 to 3 days after meta- 
morphosis, and eventually, the scattered cells of the larval 
digestive diverticula collect into two masses, which will 
form the definitive adult digestive diverticula. Some of the 
digestive diverticula cells that Drew saw in the perivisceral 
cavity may have been ingested test cells. Drew (1901) stat- 
ed that a portion of the diverticula cells in N. delphinodonta 
were digested within the newly formed digestive gland. 

The ingestion of portions of the larval locomotory or- 
gans at metamorphosis is not unusual amongst inverte- 
brate larvae. Sigerfoos (1907) and Cole (1938) suggested 

that portions of the velum are swallowed during metamor- 
phosis in bivalve shipworms and European oysters Ostrea 
edulis, respectively. More commonly, the velum of lamel- 
libranchs is said to be "lost" or resorbed. Ingestion of por- 
tions of the velum of gastropod larvae is quite common 
(Fretter, 1972; Bonar and Hadfield, 1974; Switzer-Dunlap 
and Hadfield, 1977; Bickell and Kempf, 1983). In addition, 
the prototrochal cells of some sipunculid larva are passed 
into the coelom at trochophoral metamorphosis (Rice, 
1978). The larval test cells of the aplacophoran mollusc 
Neomenia earinata are also passed into the persistent 
btastocoel at metamorphosis (Thompson, 1960). 

The poorly developed foot in newly metamorphosed 
Solemya reidi is similar to that in juveniles of Nucula pro- 
xima and N. delphinidonta immediately after metamor- 
phosis (Drew, 1899b, I901). Drew (1899b, 1901)reported 
that feeble movements of the foot are apparent in Y. lima- 
tula even before the test is cast and burrowing begins 
within a few hours of metamorphosis. At hatching, juvenile 
S. velum have a well developed foot and are able to crawl 
(J. Pechenik, personal communication). 

Egg and prodissoconch size as indicators of development 
type 

Ockelmann (1965) established criteria whereby the devel- 
opment type of most marine bivalves could be determined 
if either the ripe eggs of the prodissoconch were available 
for study. A bivalve species with a ripe egg diameter of be- 
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Fig. 34. Relationship between the diameter of yolk mass of the ripe egg and length of the first larval shell (prodissoconch I) in nineteen 
species ofprotobranch bivalves (see Table 1 for references). (1) Nucula delphinodonta; (2) Nucula bengalensis; (3) Nucula darella; (4)Acila 
divaricata," (5)Aeila castrensis; (6) Yoldia limatula," (7) Nuculana pontonia; (8) Ledella messanensis; (9) Yoldiella jeffreysi; (10) Tindaria 
eervola," (11) Silicula filatovae," (12) Silicula fragilis; (13) Silicula mcalesteri; (14) Lametila abyssorum; ( 15 ) Pristigloma nitens; (16) Pris- 
tigloma alba; (17) Microglorna yongei; (18) Mierogloma turnerae," (19) Solemya reidi 
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tween 40 and 85 ktm, a prodissoconch I of 70 to 150/~m in 
length, and a prodissoconch II size of 200 to 600pro will 
have planktotrophic development. A bivalve with a ripe 
egg diameter of between 90 and 140ktm and a pro- 
dissoconch I of 135 to 230#m in length will develop 
lecithotrophically. Species with direct development will 
have a ripe egg diameter of  150r and higher, and a pro- 
dissoconch I size of between 230 and 500#m or larger 
(Ockelmann, 1965; Jablonski and Lutz, 1980). Based on 
the above criteria, the large egg (271ktm) and the pro- 
dissoconch length (370-440 ktm) of Solemya reidi would 
suggest direct development. However, this study has shown 
S. reidi to develop lecithotrophically. 

Table 1 is a compilation of egg size, prodissoconch size, 
and adult size of paleotaxodont protobranch bivalves, ex- 
tracted from the literature. A prodissoconch II stage is not 
evident in protobranchs, therefore the entire prodissoconch 
has been taken to represent the prodissoconch I. Where 
both egg and prodissoconch size are known for a single 
species, these data have been plotted in Fig. 34 (see Ock- 
elmann, 1965; Bayne, 1976, p 83), for mytilid bivalves). 

In some species - e.g. Ledella messanensis, Yoldiellajef- 
freysi, Silicula mcalesteri, S. fragilis, S. filatovae, Lametilla 
abyssorum - egg size indicates planktotrophic or 
lecithotrophic development while prodissoconch size in- 
dicates lecithotrophic or direct development. This paradox 
was first noted by Allen and Sanders (1973). Although egg 
size (200/zm) in Solemya velum is smaller than in S. reidi 
(271#m), it is a direct developer (J. Pechenik, personal 
communication), while S. reidi has a free-swimming 
lecithotrophic larva. Thus data on protobranch bivalves are 
at variance with Ockelmann's rule and egg and pro- 
dissoconch size in this taxonomic grouping are not good in- 
dicators of development type. 

Conclusions 

Jablonski and Lutz (1983) showed that, based on our cur- 
rent knowledge of the distribution of larval types in the Bi- 
valvia, the direction of evolutionary change of devel- 
opment type within this class is open to multiple interpre- 
tation. Extension of the lecithotrophic pericalymma larval 
type to the cryptodont bivalves will hopefully assist in in- 
terpreting this question involving the phylogenetic rela- 
tionship of perocalymma and veliger larvae. 

Dissociation at metamorphosis of cells comprising the 
dorsal and lateral walls of the stomach, common to both 
protobranch bivalve subclasses, has likely been a factor in 
the establishment of the adult gutless condition in Solemya 
reidi and other gutless cryptodont protobranchs, Subjects 
for future study include the ultimate fate of the endoderm 
and loss of the digestive tract, the mechanism of en- 
dosymbiont transmission between host generations, and 
the derivation of the nervous system in S. reidi. 

Acknowledgements. We thank boat captains D. Horn, C. 
Dillen, and S. Tueit for their able assistance in collecting 

Solemya reidi; B. Gustafson and D. Brand for assistance 
and perseverance in the field on many foul weather days; 
Dr. R. D. Burke of the University of Victoria for the use of 
his facilities for culturing larvae; and Dr. A. D. Ansell of 
the Dunstaffnage Marine Research Laboratory, Scotland 
for making essential sections of Dr. A. Trevallion's thesis 
available. This research was supported by a University of 
Victoria Graduate Fellowship to the first author and an 
operating grant of the National Research Council of 
Canada to the second author. 

Literature cited 

Allen, J. A.: The development of Pandora inaequivalvis (Linne). J. 
Embryol. exp. Morph. 9, 252-268 (1961) 

Allen, J. A. and H. L. Sanders: Studies on deep-sea Protobranchia 
(Bivalvia); the families Siliculidae and Lametilidae. Bull. Mus. 
comp. Zool. Harv. 145, 263-309 (1973) 

Allen, J. A. and H. L. Sanders: Studies on the deep-sea Pro- 
tobranchia; the subfamily Spinulinae (Family Nuculanidae). 
Bull. Mus. comp. Zool. Harv. 150, 1-30 (1982) 

Bayne, B. L.: The biology of mussel larvae, pp 81-120. In: Marine 
mussels: their ecology and physiology, pp 81-120. Ed. by B. L. 
Bayne. Cambridge: Cambridge Univ. Press 1976 

Bernard, F. R.: A new Solemya s. str. from the northeastern Pacific 
(Bivalvia: Cryptodonta). Venus, Kyoto 39, 17-23 (1980) 

Bickell, L. R. and S. C. Kempf: Larval and metamorphic morpho- 
genesis in the nudibranch Melibe leonina (Mollusca: Opis- 
thobranchia). Biol. Bull. mar. biol. Lab., Woods Hole 165, 
119-138 (1983) 

Bonar, D. B. and M. G. Hadfield: Metamorphosis of the marine 
gastropod PhestilIa sibogae Bergh (Nudibrachia: Aeolidacea). 
I. Light and electron microscopic analysis of larval and meta- 
morphic stages. J. exp. mar. Biol. Ecol. 16, 227-255 (1974) 

Cavanaugh, C. M.: Symbiosis of chemoautotrophic bacteria and 
marine invertebrates. Biol. Bull. mar. biol. Lab., Woods Hole 
159, 457 (1980) 

Cavanaugh, C. M.: Symbiotic chemoautotrophic bacteria in ma- 
rine invertebrates from sulfide-rich habitats. Nature, Lond. 
302, 58-61 (1983) 

Cavanaugh, C. M., S. L. Gardiner, M. L. Jones, H. W. Jannasch 
and J. B. Waterbury: Prokaryotic cells in the hydrothermal 
vent tube worm Riftia pachyplila: possible chemoautotrophic 
symbionts. Science, N. Y. 213, 340-342 (1981) 

Chia, Fu-Shiang, J. Buckland-Nicks and C. M. Young: Loco- 
motion of marine invertebrate larvae: a review. Can. J. Zool. 
62, 1205-1222 (1984) 

Cole, H. A.: The fate of larval organs in the metamorphosis of Os- 
trea edulis. J. mar. biol. Ass. U.K. 2, 469-484 (1938) 

Davis, J. P. and J. G. Wilson: The population structure and ecol- 
ogy ofNucula turgida (Leckenby and Marshall) in Dublin Bay. 
Prog. Underwat. Sci. 8, 53-60 (1983) 

Dietrich, H. F. and A. R. Fontaine: A decalcification method for 
ultrastructure of echinoderm tissues. Stain Technol. 50, 
351-353 (1975) 

Drew, G. A.: Notes on the embryology, anatomy, and habits of 
Yoldia limatula, Say. Johns Hopkins Univ. Circ. 17, 11-14 
(1897) 

Drew, G. A.: The anatomy, habits, and embryology of Yoldia li- 
matula, Say. Mem. biol. Lab. Johns Hopkins Univ. 4, 1-37 
(1899a) 

Drew, G. A.: Some observations on the habits, anatomy and em- 
bryology of members of the Protobranchia. Anat. Anz. 15, 
493-519 (1899b) 

Drew, G. A.: The life history of Nucula delphinodonta (Mighels). 
Q. J. microsc. Sci. 44, 313-391 (1901) 



426 R.G. Gustafson and R. G. B. Reid: Solemya development 

Felbeck, H.: Sulfide oxidation and carbon fixation by the gutless 
clam Solemya reidi: an animal-bacteria symbiosis. J. comp. 
Physiol. B 152, 3-11 (1983) 

Felbeck, H., J. J. Childr'ess and G. N. Somero: Calvin-Benson 
cycle and sulphide oxidation enzymes in animals from sul- 
phide-rich habitats. Nature, Lond. 293, 291-293 (1981) 

Felbeck, H., J. J. Childress and G. N. Somero: Biochemical in- 
teractions between molluscs and their algal and bacterial sym- 
bionts. In: The mollusca, vol. 2, Environmental biochemistry 
and physiology, pp 331-358. Ed. by P. W. Hochachka. New 
York: Academic Press 1983 

Fisher, C. R. and J. J. Childress: Carbon fixation and translocation 
in Solemya reidi (Bivalvia: Protobranchia). Am. Zool. 24, 57A 
(1984) 

Franzen, A.: Ultrastructural studies of spermatozoa in three bi- 
valve species with notes on evolution of elongated sperm nu- 
cleus in primitive spermatozoa. Gamete Res. 7, 199-214 (1983) 

Fretter, V.: Metamorphic changes in the velar musculature, head 
and shell of some prosobranch veligers. J. mar. biol. Ass. U. K. 
52, 161-177 (1972) 

Hadfield, H. G.: Aplacophora. In: Reproduction of marine in- 
vertebrates, vol. V., Pelecypods and lower classes, pp 1-25. Ed. 
by A. C. Giese and J. S. Pearse. New York: Academic Press 
1979 

Hand, S. C. and G. N. Somero: Energy metabolism pathways of 
hydrothermal vent animals: adaptations to a food-rich and sul- 
fide-rich deep-sea environment. Biol. Bull. mar. biol. Lab., 
Woods Hole 165, 167-181 (1983) 

Heath, H.: Solenogastres from the eastern coast of North America. 
Mere. Mus. comp. Zool. Hare. 45, 185-263 (1918) 

Jablonski, D. and R. A. Lutz: Molluscan larval shell morphology: 
ecological and paleontological applications. In: Skeletal 
growth of aquatic organisms, pp 323-377. Ed. by D. C. Rhoads 
and R. A. Lutz. New York: Plenum Publ. Corp. 1980 

Jablonski, D. and R. A. Lutz: Larval ecology of marine benthic in- 
vertebrates: paleobiological implications. Biol. Rev. 58, 21-89 
(1983) 

Jorgensen, C. B.: Lamellibranchia: In: Reproduction and larval 
development of Danish bottom invertebrates. Meddr Kommn 
Havunders. Serie Plankton 4, 277-311 (1946) 

Korschelt, E. and K. Heider: Text-book of the embryology of in- 
vertebrates, vol. IV. London: Swan Sonnenschein 1900 

Knudsen, J.: The deep-sea bivalvia. Scient. Rep. John Murray 
Exped. 11 (3), 237-343 (1967) 

Kuznetsov, A. P. and A. A. Shileiko: Gutless Protobranchia (Bi- 
valvia). Biol. Nauki (Moscow) 0 (2), 39-49 (1984) 

LaBarbera, M.: Larval and post-larval development of five species 
of Miocene bivalves (Mollusca). J. Paleont. 48, 265-277 (1974) 

Lebour, M. V.: Notes on the breeding of some lamellibranchs from 
Plymouth, and their larvae. J. mar. biol. Ass. U. K. 23, 119-144 
(1938) 

Lightfoot, R. H., P. A. Tyler and J. D. Gage: Seasonal repro- 
duction in deep-sea bivalves and brittlestars. Deep Sea Res. 
26A, 967-973 (1979) 

Loosanoff, V. L. and H. C. Davis: Rearing of bivalve mollusks. 
Adv. mar. Biol. 1, 1-136 (1963) 

Lutz, R. A., R. Mann, J. G. Goodsell and M. Castagna: Larval and 
early post-larval development ofArctica islandica. J. mar. biol. 
Ass. U. K. 62, 745-769 (1982) 

McMahon, R. F. and R. G. B. Reid: Respiratory responses of the 
gutless bivalve, Solemya reidi, to temperature, hypoxia, H-S, 
and dissolved organic matter. Am. Zool. 24, 136 A (1984) 

Moore, D. R.: Small species of Nuculidae (Bivalvia) from the 
tropical western Atlantic. Nautilus 91, 119-128 (1977) 

Morse, E. S.'.: Observations on living Solenomya. Biol. Bull. mar. 
biol. Lab., Woods Hole 25, 261-281 (1913) 

Mortimer, J. E.: A comparative study of post-larval feeding mech- 
anisms in the Bivalvia. Ph.D. thesis, Univ. of Glasgow 1962 

Morton, B.: The hypobranchial gland in the Bivalvia. Can. J. Zool. 
55, 1225-1234 (1977) 

Newell, N. D.: Classification of the Bivalvia, pp 205-218, Treatise 
on invertebrate paleontology, Part N, 1 (Moll. 6) 1969 

Ockelmann, K. W.: The zoology of East Greenland Lamel- 
libranchiata. Meddr Gronland 122 (6), 1-256 (1958) 

Ockelmann, K. W.: Developmental types in marine bivalves and 
their distribution along the Atlantic coast of Europe. In: Proc. 
First Eur. Malac. Congress (1962), pp 25-35. Ed. by L. R. Cox 
and J. F. Peake. London: Conchological Society of Great 
Britain and Ireland and the Malacological Society of London 
1965 

Oldfield, E.: Observations on the anatomy and mode of life of 
Lasaea rubra (Montagu) and Turtonia minuta (Fabricius). 
Proc. malac. Soc. Lond. 31, 226-249 (1955) 

Oldfield, E. : The reproduction and development of some members 
of the Erycinidae and Montacutidae (Mollusca, Eu- 
lamellibranchia), Proc. malacol. Soc. Lond. 36, 79-120 (1964) 

Pearse, J. S. : Polyplacophora. In: Reproduction of marine inverte- 
brates, vol. V., Pelecypods and lower classes, pp 27-85. Ed. by 
A. C. Giese and J. S. Pearse. New York: Academic Press 1979 

Pelseneer, P.: Contribution ~ l'6tude des Lamellibrancbes. Archs 
Biol., Paris 11, 147-312 (1891) 

Powell, M. A. and G. N. Somero: Sulfide oxidation occurs in the 
animal tissue of the gutless clam, Solemya reidi. Biol. Bull. mar. 
biol. Lab., Woods Hole 169, 164-181 (1985) 

Pruvot, G.: Sur le d6veloppement d'un solenogastre. C. r. hebd. 
Seanc. Acad. Sci., Paris 111, 689-692 (1890) 

Pruvot, G.: Sur l'embryog~nie d'une Proneomenia. C. r. hebd. 
Seanc. Acad. Sci., Paris 114, 1211-1214 (1892) 

Rachor, E.: Structure, dynamics and productivity of a population 
of Nucula nitidosa (Bivalvia: Protobranchia). Ber. dt. wiss. 
Kommn Meeresforsch 24, 296-331 (1976) 

Raven, C. P.: Morphogenesis. The analysis of molluscan devel- 
opment, 365 pp. Oxford: Pergamon Press 1966 

Reid, R. G. B.: Aspects of the biology of a gutless species of 
Solemya (Bivalvia: Protobranchia). Can. J. Zool. 58, 386-393 
(1980) 

Reid, R. G. B. and F. R. Bernard: Gutless bivalves. Science, N.Y. 
208, 609-610 (1980) 

Rice, M. E.: Morphological and behavioral changes at metamor- 
phosis in the Sipuncula. In: Settlement and metamorphosis of 
marine invertebrate larvae, pp 83-102. Ed. by F. S. Chia and 
M. E. Rice. Amsterdam: Elsevier 1978 

Richardson, K. C., L. Jarrett and E. H. Finke: Embedding in 
epoxy resins for ultrathin sectioning in electron microscopy. 
Stain Technol. 35, 313-323 (1960) 

Rokop, F. J.: Year-round reproduction in the deep-sea bivalve 
molluscs. In: Reproductive ecology of marine invertebrates, pp 
189-198. Ed. by S. E. Stancyk. Columbia, S. Carolina: Univ. S. 
Carolina Press 1979 

Runnegar, B. and C. Bentley: Anatomy. ecology and affinities of 
the Australian Early Cambrian bivalve Pojetaia runnegariJell. 
J. Paleont. 57, 73-92 (1983) 

Saleuddin, A. S. M.: The gonads and reproductive cycle of Astarte 
sulcata (Da Costa) and sexuality in A. elliptica (Brown). Proc. 
malac. Soc. Lond. 36, 141-148 (1964) 

Salvini-Plawen, L. v. : Zur Morphologie mid Phylogenie der Mol- 
lusken. Die Bezeichnungen der Caudofoveata und der 
Solenogastre als Aculifera, als Mollusca und als Spiralia. Z. 
wiss. Zool. 184, 205-394 (1972) 

Salvini-Plawen, L. v.: Zur Klgrung des "Trochophora'-Begriffes. 
Experientia 29, 1434-1436 (1973) 

Salvini-Plawen, L. v.: Was ist eine Trochophora? Eine Analyse der 
Larventypen mariner Prostomier. Zool. Jb. Anat. Ont. Tierre 
103, 389-423 (1980) 

Sanders, H. L. and J. A. Allen: Studies on deep-sea Protobranchia 
(Bivalvia); prologue and the Pristiglomidae. Bull. Mns. comp. 
Zool. Harv. 145, 237-262 (1973) 

Sanders, H. L. and J. A. Allen: Studies on the deep-sea Pro- 
tobranchia (Bivalvia); the family Tindariidae and the genus 
Pseudotindaria. Bull. Mus. comp. Zool. Hare. 148, 23-59 
(1977) 



R. G. GustaI~on and R. G. B. Reid: Solemya development 427 

Sastry, A. N.: Pelecypoda (excluding Ostreidae). In: Reproduction 
of marine invertebrates, vol. V. Pelecypods and lower classes, 
pp 113-292. Ed. by A. C. Giese and J. S. Pearse. New York: 
Academic Press 1979 

Scheltema, R. S.: Reproduction and dispersal of bottom dwelling 
deep-sea invertebrates: a speculative summary. In: Barobiolo- 
gy and the experimental biology of the deep-sea, pp 58-66. Ed. 
by R. W. Brauer. Chapel Hill: Univ. N. Carolina Press 1972 

Sigerfoos, C. P.: Natural history, organization and late devel- 
opment of the Teredinidae, or shipworms. Bull. Bur. Fish., 
Wash. 27, 191-231 (1907) 

Sullivan, C. M.: Bivalve larvae of Malpeque Bay, P. E. I. Bull. 
Fish. Res. Bd Can. 77, 1-36 (1948) 

Switzer-Dunlap, M. and M. G. Hadfield: Observations on devel- 
opment, larval growth and metamorphosis of four species of 
Aplysiidae (Gastropoda: Opisthobranchia) in laboratory cul- 
ture. J. exp. mar. Biol. Ecol. 29, 245-261 (1977) 

Thompson, T. E.: Development of the aplacophorous mollusc Neo- 
menia carinata Tullberg. Nature, Lond. 184, 122-123 (1959) 

Thompson, T. E.: The development of Neomenia earinata Tullberg 
(Mollusca Aplacophora). Proc. R. Soc. B 153, 263-278 (1960) 

Thorson, G.: The larval development, growth, and metabolism of 
Arctic marine bottom invertebrates, compared with those of 
other seas. Meddr Gronland 100 (6), 1-155 (1936) 

Trevallion, C.: A study of detritus-feeding bivalve molluscs, and 
an investigation on detritus, 211 pp. Ph. D. Thesis, Univ. 
Southampton 1965 

Verdonk, N. H. and J. A. M. van den Biggelaar: Early devel- 
opment and the formation of the germ layers. In: The mol- 
lusca, vol. 3, Development, pp 91-121. Ed. by N. H. Verdonk, 
J. A. M. van den Biggelaar and A. S. Tompa. New York: Aca- 
demic Press 1983 

Wada, S. K.: Amphineura, Gastropoda, Scaphopoda, Pelecy- 
poda. In: Invertebrate embryology (transl. from Japanese by J. 
C. Dan), pp 485-525. Ed. by M. Kume and K. Dan. Belgrade: 
NOLIT Publ. House 1968 

Yonge, C. M.: The status of the Protobranchia in the bivalve Mol- 
lusca. Proc. malac. Soc. Lond. 33, 210-214 (1959) 

Date of final manuscript acceptance: July 22, 1986. 
Communicated by J. M. Shick, Orono 


