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Abstract

The bivalve Molluscs are very common and numerous in the marine environ-
ment. Because of the commercial interest of several species (oysters, mussels,
clams, scallops), bacteria were first investigated in regard to their effect on
food quahty Some bivalve molluscs are known to accumulate fecal bacteria
becoming possible sources of human diseases. Recent studies have shown that
the accumulation of bacterla 1s a digestive process which allows the hind gut
to contain up to 10° bacteria per gram. Depending on the environmental
conditions, the composition of the gut microflora may fluctuate, but seems to
be mainly composed of bacteria which are active in organic matter degrada-
tion. The bivalves are also sensitive to marine pathogemc bacteria and this is
particularly evident for the larval forms reared in hatcheries. Vibrios are in-
volved in many larval diseases and recently, the inhibition of mussel filtration
by several strains of Vibrio was demonstrated. Although they can concentrate
bacteria in their gut, bivalves can also feed on bacteria, and lyzozymes have
been purified from several species of mytilids. Symbiotic relationships have
also been demonstrated for some bivalves. Cellulolytic nitrogen fixing bac-
teria have been isolated from the gills of wood boring molluscs. Moreover,
the discovery of the fauna associated with the deep sea hydrothermal vents,
revealed the occurrence of autotrophic sulfur oxidizing bacteria in the gills of
two hydrothermal bivalves. Very similar associations were also demonstrated
recently in bivalve living in coastal anoxic or oxygenated sediments. External
relationships also occur, and the role of the LST strain in the metamorphosis
of Crassostrea gigas and other species have been demonstrated. For all these
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reasons, bivalves are fascinating examples of the possible interactions between
bacteria and marine invertebrates.

Keywords: marine bivalves, enteric bacteria, marine bacteria, pathology, trophic
interaction, symbiosis, metamorphosis, gut microflora

Abbreviations: LST = code name for a new bacterium, meaning Lewes Spat Tank;
(Lewes is the name of a town in Delaware (USA) where a hatchery
is located); CFU = Colony Forming Unit

Because some species are appreciated as seafood in many countries, the
first bacteriological studies of marine bivalves dealt with their bacteriological
quality as human food. The papers on this subject are particularly numerous,
the oldest being one century old. Thus, in 1899, Herdmann and Boyce (fide
Vasconcelos and Lee, 1972) already considered that oysters could be a possi-
ble source for human typhoid diseases, and depuration processes involving fil-
tered seawater were proposed since 1912 (Fabre-Domergue). Enteric and ter-
restrial bacteria can be concentrated by the bivalves (Kueh and Chan, 1984),
and for instance, the survival time of Vibrio cholerae inside oysters is around
15 days at 15°C to 30 days at 22°C (Brisou, 1968). Pathogens from the
marine environment also, like Vibrio parahaemolyticus, can be concentrated,
inducing enteric diseases as it has been reported in Japan (Sakasaki, 1969).
These diseases are possible, even if the concentration of usual non pathogenic
bacteria becomes too high (Buttiaux, 1962, fide Plusquellec, 1984).

Such observations were reported very often; however, only a few studies
were carried out in order to understand the process of bacterial accumula-
tion. The main papers were published by Cabelli and Heffernan (1970), and
dealt with the accumulation of E. coli and other coliforms, by the hard clam,
Mercenaria mercenaria. These authors noted that the density of bacteria
in the bivalve’s tissues depended on the bacterial density in seawater. The
digestive gland and the siphons were the most contaminated parts of the
animals. The level of bacterial accumulation also depends on the filtration
activity of the molluscs, which is to a great extent controlled by seawater
parameters (temperature, salinity...). Thus, in the case of Mercenaria, bac-
terial density in the clam’s meat remains low, even in polluted waters, when
the temperature is below 10°C.

The accumulation factors were estimated for several species of bivalves
and bacteria. According to Cabelli and Heffernan (1970), with concentra-
tions of 10 to 10° E. coli per 100 ml of water, the accumulation factor in the
hard clam fluctuates between 6.5 and 8.5. In the case of the mussel, Mytilus
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edulis, Delattre and Delesmont (1981) obtained similar accumulation factors
for E. coli, but higher values (150), for fecal streptococci. Several hypothe-
ses were proposed to explain these results. Streptococci are usually linked
in chains, so, when the mussel’s meat is ground before analysis, the chains
could be disrupted, increasing the number of colony forming units. But,
despite these differences, several authors including Plusquellec (1984), have
suggested the use of common bivalves such as mussels to monitor the pollu-
tion level of coastal waters, and to eliminate the direct sampling of waters
which are often subjected to tide, currents or winds.

Compared to the numerous papers about sanitary microbiology of bivalves,
the publications dealing with the natural microflora of these invertebrates
are very few. The oldest observations revealed the occurrence of spirochaetes
(genus Cristispira), living in the crystalline style or in the stomach of bivalves.
The type species, Cristispira pectinis, was isolated from a mediterranean pec-
tinid, Pecten jacobeus, but several observations in bivalves from the Canadian
Pacific coast were also reported (Bernard, 1970). However, these bacteria
have never been cultivated and isolated in pure culture, so their metabolism
and possible role in the mollusc’s physiology is not yet understood.

The other publications on this topic concern the heterotrophic bacte-
ria associated with the bivalve’s tissues. The first results obtained in this
field are rather difficult to summarize, because of the diversity of the meth-
ods used. Colwell and Liston (1960), studied the microflora of Crassostrea
gigas and found the genera Pseudomonas and Vibrio to be the most abun-
dant components. However, the two genera were not well separated at this
time. Lovelace et al. (1968) analysed the microflora of Crassostrea virginica
from two stations of the Chesapeake Bay. They found different bacteria in
the gill filaments and the mantle cavity, according to the sampling station,
the genus Vibrio being the most abundant in many cases. Murchelano and
Brown (1968) studied the microflora of the same species and noted the pre-
ponderance of the genus Pseudomonas. Brisou (1962), identified 44 strains
from Mytilus galloprovineialis as Vibrio. But he did not give the proportion
of the genus among the isolates, and did not indicate the organs (mantle,
gills, whole meat) he analysed. Chakroun (1964) studied the bacteria as-
sociated with different parts of the mussel, Mytilus galloprovincialis. She
found the highest densities in the digestive tract, with high proportions of
Achromobacter and Vibrio. More recently, Martin (1976) compared the mi-
croflora of mussels and seawater. He also found a large proportion of Vibrio
within the bivalves, especially in the digestive tract.
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Prieur (1981b) studied the bacteria associated with the adults and lar-
vae of Crassostrea gigas, Venerupis semidecussata and Mytilus edulis. The
analyses were done on the whole meat and the ambient seawater. Several
experiments were undertaken in order to explain the occurrence of this mi-
croflora within the larvae and adults of Mytilus edulis. The animals were
fed with different types of bacteria, and examined under transmission and
scanning electron microscopy. These experiments showed that the mussels
could ingest various bacteria, and digest them by an extracellular process
in the stomach within 3 or 4 hr. However, some bacteria escaped to lysis
by stomach enzymes, and were found, untouched, in the hind gut, where
they could remain up to 2 or 3 days before expulsion into the mantle cavity.
The above results allowed the proposal of the following hypothesis (Prieur,
1981a). The bacterial cells that enter the digestive tract of the molluscs are
submitted to an extracellular digestion in the stomach, or an intracellular
digestion in the digestive gland. Some bacteria are not digested because of
a poor sensitivity to the mollusc’s enzymes (Birkbeck and McHenery, 1982),
and then are still viable when they enter the hind gut. Moreover, when the
digestive gland is full of food particles, the ingested material goes directly
into the hind gut, and so escapes the digestion process. The transit of the
gut material (waster and viable cells) takes a long time, up to 3 days (Cabelli
and Heffernan, 1970), which allows some bacteria particularly adapted to the
gut environment, to survive or to grow. The anaerobic conditions and the
low pH of the hind gut (Mathers, 1974) could be particularly favourable for
Vibrio-like bacteria. Such an hypothesis could also be proposed to explain
the concentration of enteric bacteria in the bivalves, because of some features
(facultative anaerobiosis) they have in common with Vibrios.

Very recently, Minet et al. (1987), analysed different organs of the mussel
Muytilus edulis, including mantle, gills, water of the mantle cavity, digestive
mass, and isolated hind gut. They demonstrated that the hind gut is really
the place where the bacteria, from marine or continental origins, are accu-
mulated in the bivalves. When the total viable microflora, estimated by the
plate count method on Zobell agar was around 102 CFU ml~! in seawater,
bacterial concentrations in intervalvar water, whole meat and hind gut, were
respectively 10° to 10°, and 107 to 10° CFU g~* humid weight. These results
confirmed the role of the intestinal transit in the accumulation of bacteria,
and could provide a new method of bivalve analysis in order to improve the
detection of human pathogenic bacteria in the marine environment. For in-
stance, during a recent survey (Minet et al., 1987), coliforms were counted
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in a range of 0.1 to 10*° CFU ml~! in seawater, while these bacteria were
counted in a range of 60 to 10° CFU g~ in the hind gut of mussels living in
the same stations. In these cases, the accumulation factor from the seawater
to the hind gut fluctuated between 30 and 1000.

However, in this last study, the high proportion of vibrio-like bacteria
previously found in the bivalves, has not been noted in all the samples. The
results of Barbosa (1987) revealed that the active parameter on the selection
of bacteria during the accumulation process is more the ability to degrade
organic matter than the facultative anaerobic metabolism. By now, the role
of the gut microflora has not been clearly established. However, because
of their high density and metabolic activity, the hind gut bacteria could
complete the digestive process and provide some dissolved compounds to the
bivalves.

The demonstration of the occurrence of living and active bacteria in the
gut of the bivalves could raise the question of the existence of trophic re-
lationships. In the case of adults, Zobell and Landon (1937) showed that
the growth of Mytilus californianus was possible on a bacterial diet. Newell
(1965), estimated that the bacteria, and especially bacteria attached to de-
tritus are a component of the bivalve diet. Birkbeck and McHenery (1982)
demonstrated the occurrence in the digestive gland of Mytilus edulss, of ly-
zozymes capable to lyse the cell walls of bacteria. These enzymes were identi-
fied as N-acetyl-muramyl-hydrolase. Seiderer et al. (1984) demonstrated the
occurrence in the crystalline style of the mussel Choromytslus meridionalis of
lyzozyme-like enzymes, capable of lysing free living bacteria from the water
column adjacent to kelp beds. Estimates of the biomass of these bacteria
through an upwelling-downwelling cycle suggested that free-living bacteria
could meet the estimated nitrogen requirements of the mussels. Moreover,
some adaptive changes in the enzyme activity of the style could be possibly
induced by the qualitative differences in particulate matter available in the
water column.

Only little information is available concerning the larvae. The experi-
ments using larvae and bacteria are critical: the bacterial proliferations are
always possible and the addition of bacteria in a larval culture can enhance
this danger. So, such results as those of Davis (1953), Masson (1975), are
not encouraging. However, Carriker (1956) reared Mercenaria larvae with
cereals extracts and estimated that the good growth results were due to
the presence of a consumable bacterial population in the culture. Hidu and
Tubiash (1963) observed a good larval growth, and estimated that it was
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due to the presence of an abundant antibiotic resistant population. Martin
and Mengus (1977) showed that the addition of bacteria to algal food could
improve the larval growth. The ingestion of radio-labelled bacterial cells by
larvae was demonstrated by Mengus (1978), and the lysis of bacteria by the
mussel larvae was established by Prieur (1981b) using transmission electron
microscopy.

The bivalve molluscs are sometimes victims of pathogenic bacteria and
several diseases of adults and hatchery reared larvae have been reported. It
is rather difficult to appreciate the good or bad health of adult bivalves.
Generally, moribund individuals, gaping at the surface of the sediment are
sampled as sick animals (Corwell and Sparks, 1967). These workers isolated
from moribund and dead oysters (Crassostrea gigas) bacterial strains iden-
tified as Pseudomonas enalia. This bacterium was able, in some laboratory
conditions to induce the death of injected animals. Kaneko et al. (1975), iso-
lated an enterobacterium and an unidentified Vibrio, as potential pathogens
for Mya arenaria. These authors pointed out the difficulties encountered
when doing experiments with animals which are not in a good physiological
state. Thus, Lipowsky and Chew (1972), noted the death of oysters kept
in the laboratory to be matured out of season. The mortalities appeared
with an increase of temperature, and if a bacterial proliferation of Vibrios
occurs, it was considered as a secondary invasion. Tubiash et al. (1973),
studied some specimens of Crassostrea virginica with cardiac oedema, and
isolated several strains of Vibrio angusllarum. However, the infection assays
with these strains were unsuccessful. Grischkowsky and Liston (1974), after
some experiments with Crassostrea gigas, estimated that Vibrio angusllarum
and Vibrio alginolyticus, are only facultative pathogens, because they are
sometimes observed in healthy oysters. This conclusion was also assumed by
Tubiash (1974), who concluded that Vibrio alginolyticus has only a limited
role in the pathology of adults of Crassostrea gigas, but is a real pathogen
for the larvae which are very sensitive to this bacterium.

The bacterial pathology of bivalve larvae was discovered and studied in ex-
perimental and commercial hatcheries. From moribund larvae of Mercenaria
mercenaria, Guillard (1959) isolated two pathogenic strains of Vibrio and
Pseudomonas. From larvae of the same species, Tubiash et al. (1965), iso-
lated pathogenic strains identified as Vibrio and Aeromonas. The disease in-
duced by these bacteria, called “Bacillary necrosis”, can destroy completely
a culture of larvae within 24 hr. More recently, Disalvo et al. (1978) iso-
lated Vibrio alginolyticus from moribund and dead larvae of Ostrea edulss
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and Crassostrea gigas, in a California hatchery. The pathogenic strain pro-
duced a water soluble, thermostable exotoxin, which inhibited the swimming
of larvae, and contributed to the mortality. This result can be compared
to those of McHenery and Birkbeck (1986), who demonstrated that Vibrio
alginolyticus could produce a toxin which inhibited the filtration activity of
adult mussels. Brown and Losee (1978) studied a vibriosis of Crassostrea
virginica. They established that the pathogenic bacterium, at low concen-
trations, could invade the larvae and then induce the mortality by producing
a toxin. At high concentrations of bacteria, the invasion of the larvae was
not necessary, and the toxin also produced teratogenic effects. Brown (1974)
identified a strain of Pseudomonas, producing a pink pigment which discolors
the walls of the rearing tanks. This pathogenic bacterium also produced a
toxin, probably linked to the pigment.

At the time of metamorphosis, some bacteria can play an important and
favourable role for the pediveliger larvae. It is well known that all the surfaces
immersed in seawater are rapidly covered by a bacterial film which precedes
the fixation of algae, protozoa and invertebrate larvae. In a hatchery of
the United States (east coast), Weiner and Colwell (1982) isolated a new
unidentified bacterial strain, named LST. This strain appeared to be able to
promote the fixation of the pediveliger larvae of Crassostrea virginica. This
bacterium produces a black, melanic pigment, a precursor of which is L-dopa
(di-hydroxy-phenyl-alanine). This compound could act as a nervous trans-
mitter, and stress the larvae, inducing the fixation. A mutant of this strain
(LST-D) was tested with pediveligers of Ostrea edulis and Crassostrea gigas
(Tritar and Prieur, unpublished data). In several cases, collectors prefouled
with LST-D, were colonized by higher percentages of larvae. One interesting
question is the habitat of such bacteria. Preliminary results of Tritar and
Prieur (unpublished data) suggested that these bacteria could be present in
the larvae before the metamorphosis.

The previous examples of relationships between bivalves and bacteria
concerned species of commercial interest, which have been more studied.
However, other kinds of interactions between bacteria and non commercial
molluscs, sometimes more fascinating, have been reported during the last
15 years. Their common point is that they take place in the gill filaments,
some of them being intracellular.

The wood boring molluscs were mainly studied from a microbiological
point of view, in order to demonstrate the occurrence of an associated cellu-
lolytic microflora. The occurrence of such bacteria in the gut was reported
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in some cases, but may be considered as a particular gut microflora, de-
pending on the particular habitat of this bivalve. However, Popham and
Dickson (1973) examined under transmission electron microscopy a particu-
lar structure of the gills of some Teredinids (so-called gland of Deshayes), and
found that this organ was composed of Gram negative procaryotic cells. Dean
(1978) suggested that because of their food, especially composed of wood and
carbohydrates, the woodboring bivalves are nitrogen deficient, and could per-
haps balance their nitrogen requirements by a nitrogen fixation, performed
by the bacteria of the gland of Deshayes. Trytek and Allen (1980), demon-
strated that some essential aminoacids were produced by the gill bacteria.
The hypothesis of Dean was verified by Waterbury et al. (1983), who found
that these bacteria were both cellulolytic and nitrogen fixing.

The interest of marine biologists in the interactions between bacteria and
invertebrates increased considerably with the discovery of the deep sea hy-
drothermal vents and associated fauna. Among the new species that have
been described are two bivalves: Calyptogena magnifica and Bathymodiolus
thermophilus. C. magnifica, sampled from several sites on the East Pacific
Rise, is a large white shelled species. Its digestive tract is almost straight, and
was found empty in the sampled animals. But the gill filaments, observed
under TEM, revealed important concentrations of bacterial cells, within the
gill cells. Several figures of bacterial division were observed, so indicating
the viability of the bacteria which are likely sulfur oxidizing (Fiala-Médioni,
1984). Bathymodiolus thermophilus is a smaller species, sampled from all
the hydrothermal vents prospected on the East Pacific Rise. Jannasch and
Wirsen, (1981) described various morphological types of bacteria attached
to the periostracum of the shell. The digestive tract is rather straight, but
appeared to be functional and filled of various materials, debris of diatoms,
benthic foraminifera, and numerous bacteria (Le Pennec and Prieur, 1984).
The gill filaments revealed also associated bacteria, clustered in pockets in-
side the gill cells. Some bacterial cells seemed to be lysed, and the hypothesis
of an uptake of bacteria by the epithelial cells of the gill filaments have been
proposed (Le Pennec and Hily, 1984).

These results incited the biologists to examine other species of bivalves
living in coastal reduced sediments. The observations were very profitable
and new examples of gill associated sulfur oxidizing bacteria were reported in
Lucina florida (Fisher and Hand, 1984), and Myrtea spinifera (Dando et al.,
1985) both the species belonging to the family of Lucinaceae. More recently,
Bouvy et al. (1986) described two bacterial types associated to the gills of a
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Figure 1. Tentative scheme of interactions between bacteria and bivalve molluscs in the
marine environment

littoral bivalve, Spisula subtruncata, living this time in oxygenated habitat.

These bacteria could be also sulfur oxidising, but this point needs further

investigation. But in any case, the bacteria have not been isolated in pure

cultures.

The interactions between bacteria and bivalves in the marine environment
are summarized in Fig. 1. At this time, some questions seem particularly
interesting.

Among the bacteria which are ingested by the bivalves, some cells are
probably starved (marine bacteria) or stressed (terrestrial bacteria). If these
bacteria escape the digestion process and are accumulated in the hind gut,
do they recover their viability and ability to grow in culture, during the
intestinal transit?

Concerning the bacteria which seem to be uptaken by the epithelial gill
cells, two questions may be raised. Is there any specificity in the uptake? At
which stage do the young bivalves start to feed with this process?

In the case of the symbiotic gill bacteria, one of the questions is the stage
and the process of infestation, or the possible transmission from the adult to
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the larvae.

These points, and some others, have to be solved in the future. As of now,
marine bivalves represent a set of fascinating examples of interactions be-
tween bacteria and invertebrates in the marine environment and may induce
marine biologists to increase investigations in this field.
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