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The protobranch bivalve Solemya velum Say (Mollusca: Bivalvia) houses chemoautotrophic symbionts
intracellularly within its gills. These symbionts were characterized through sequencing of polymerase chain
reaction-amplified 16S rRNA coding regions and hybridization of an Escherichia coli gene probe to S. velum
genomic DNA restriction fragments. The symbionts appeared to have only one copy of the 16S rRNA gene. The
lack of variability in the 16S sequence and hybridization patterns within and between individual S. velum
organisms suggested that one species of symbiont is dominant within and specific for this host species.
Phylogenetic analysis of the 16S sequences of the symbionts indicates that they lie within the chemoautotrophic
cluster of the gamma subdivision of the eubacterial group Proteobacteria.

Procaryote-eucaryote associations in which marine inver-
tebrates harbor chemoautotrophic bacteria as endosym-
bionts appear to be widespread in marine habitats such as
deep-sea hydrothermal vents and coastal sediments (8, 15).
In such symbioses, the procaryotes utilize the energy re-
leased by the oxidation of reduced inorganic substrates, such
as hydrogen sulfide, to fix carbon dioxide via the Calvin-
Benson cycle (7, 13). The hosts appear to derive nutrition
from their endosymbionts and in turn provide the symbionts
simultaneous access to the substrates from anoxic and oxic
environments which are necessary for energy generation.
Maintenance of such intracellular symbionts presents a
novel metazoan acquisition of procaryotic energy generation
and autotrophic carbon fixation.

While the existence of chemoautotroph-invertebrate sym-
bioses is now generally accepted, little is actually known
about the symbionts observed in the tissues of any of the
hosts because none have been cultured. Comparison of
rRNA sequences has greatly facilitated the identification of
bacteria, including unculturable microorganisms, and the
elucidation of their natural relationships (38). Phylogenetic
analysis of 16S rRNA sequences enabled Distel et al. (12) to
establish that the chemoautotrophic symbionts of the hydro-
thermal vent tubeworm and five species of bivalves of the
subclass Lamellibranchia are related and cluster in the
gamma subdivision of the Proteobacteria (formerly purplc
photosynthetic bacteria), one of the 11 major groups of
cubacteria (30).

In this investigation we sought to establish the phyloge-
netic relationships and the species specificities of the sym-
bionts of the protobranch bivalve Solemya velum Say, an
Atlantic coast clam which has been studied as a shallow-
water model of invertebrate-chemoautotroph associations
(7, 9, 10). The phylogenetic placement of the S. velum
symbionts, to date limited to sequence analysis of the 58
rRNA, indicates that these symbionts also fall in the Proteo-
bacteria gamma subdivision (31). However, the small size of
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the 5S rRNA molecule (~120 bp) precludes resoiution that
can be attained with larger molecules such as 16S rRNA
(~1,550 bp) (16). Species of the genus Solemya are. to datc.
the only bivalves of the subclass Protobranchia in which
chemoautotrophic symbiosis has been documented. The
protobranchs represent an important component of studics
of chemoautotrophic symbioses, since they may be the
closest living group to the ancestral bivalve condition, be-
causc they dominate the deep sea and are present along a
gradicnt from the dcep sca bottom to the shore (1).

PCR amplification. We used the polymerase chain reaction
(PCR) (28) to amplify 16S rRNA coding rcgions from a
mixture of procaryotic and eucaryotic DNA extracted from
the symbiont-containing gills of S. velum. S. velum were
coliccted from eelgrass beds near Woods Hole, Mass., and
placed in filtered (passed through filters with a pore size of
0.2 um) scawater to cleanse body surfaces prior to dissec-
tion. The gills, which contain ~10” bacterial symbionts per g
{wet weight), and feet, in which symbionts have not been
obscrved (7), were dissected, frozen in liquid nitrogen, and
stored at —85°C. Frozen tissue was homogenized in lysis
buffer, and DNA was isolated by using hexadecyltrimethy-
lammonium bromide (4). DNA from Escherichia coli IM109,
prepared by the miniprep method (4), was used as a positive
control. ‘

Amplification of 16S rRNA genes by PCR was carried out
esscntially by the method of Weisburg et al. (34) using
cubacterial universal primers and 200 ng of template DNA.
DNA products (Fig. 1) amplified from S. velum gill tissuc
(lanc 1) and from the positive-control E. coli (lane 4) werc
prominent single bands of approximately 1,500 bp. Amplifi-
cation was not detected when DNA template was not added
(lanc 2), nor when DNA from S. velum foot tissue was used
as the template (lane 3).

The strong amplification from gill tissue DNA and lack of
amplification from foot tissue DNA (Fig. 1) supports the
conclusions from studics of enzyme activity, electron mi-
croscopy (9), and 5S rRNA sequences (31) that the bacteria
arc abundant within, and specific to, the gill tissue. This
conclusion was further supported by lack of hybridization of
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FI1G. 1. PCR-mediated amplification of the 16S rRNA coding
regions of the S. velum symbionts. DNA samples from symbiont-
containing S. velum gill tissue (lane 1), S. velum foot tissue (lane 2),
and E. coli (lane 4) as well as negative controls with no DNA
template (lane 3) were submitted to PCR amplification primed by
ofigonucleotides complementary 10 conserved regions at opposite
ends of the bacterial 16S rRNA gene (see “*PCR amplification™
section). Products were separated by electrophoresis in 1% agarose
and stained with ethidium bromide. The sizes (in kilobases) of some
of the DNA molecular weight standards (lane 5) are indicated to the
right.

a 16S probe to genomic digests of foot DNA (data not
shown).

165 rRNA gene sequence. Amplified DNA, purified using
fow-melting-point agarose (29), was sequenced directly using
syathetic oligonucleotide primers (19, 36) and the U.S.
Biochemical Sequenase Kit with glycerol (34% final concen-
tration) added to the DNA denaturation step (37). Both
strands of the amplified 16S rRNA gcnc were sequenced
completely for one animal, a total of 1,460 bp. The 16S genes
amplificd from two other individual clams were partially
sequenced (nucleotides 102 to 306, with numbers corrc-
sponding to those for E. coli [6]). The sequences of all three
animals were identical in this region, which includes both
variable and conserved portions of the molecule. Vanability
in the 16S rRNA sequences of symbionts from an individual,
which would show up as either ambiguous sites or sites with
high background, was not observed for any of the animals,
indicating that only one bacterial IDNA was amplificd.
These results, coupled with the finding of identical partial
sequence in three animals, indicated that the 16S rRNA gene
was amplified from the S. velum symbionts and not from a
free-living surface contaminant.

Southern blot and hybridization analysis. Restriction en-
zyme analysis of S. velum genomic DNA was conducted for
three rcasons: (i) to confirm that the 16S rRNA genc ampli-
fied was that of the gill endosymbionts, (ii) to cxaminc
restriction site variability between individual S. velum and
(iii) to determine the number of rRNA genc copies in the
symbiont genome. Enzymes were chosen on the basis of a
restriction map predicted from the sequence of the 16S
rRNA gene amplified from S. velum gills (Fig. 2). Restriction
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FI1G. 2. Restriction map of S. velum symbiont 16S rRNA coding
region based on the sequence of 16S rDNA (1,460 bp) amplified from
S. velum gill tissue. Additional enzymes used in analyses predicted
not to restrict the gene included Bgill, Pvull, and Xhol.
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FIG. 3. Southern blot hybridization of restricted S. velum sym-
biont-containing gill genomic DNA with an E. coli 16S rRNA gene
probe. DNA from different animals (I to V) was digested with
individual or pairs of restriction enzymes and separated by electro-
phoresis on 1.3% (A) and 0.8% (B) agarose gels. Lanes: 1, Aval: 2,
Bcll; 3, Aval plus Bcll; 4, EcoNI; S, EcoRl; 6, Xhol: 7, Pvull: 8,
Bglll. Enzymes were selected on the basis of the predicted restric-
tion map of symbiont 16S rRNA coding regions (Fig. 2). The
high-molecular-weight bands in 4val and Bg/l1 digests are a resuit of
partial digestion (data not shown). Numbers to the sides of the biots
indicate molecular size standards (in kilobases).

fragment patterns resulting from this set of enzymes were
unique to the sequence of the amplificd gene, as determined
by a scarch of all sequences of the 16S rRNA data base (24)
and of the other chemoautotrophic symbionts (12).

Genomic DNA (5 ug) was digested with restriction en-
zymes according to the manufacturer’s instructions. Gill
tissue DNA from nine different animals was cut with three to
nine enzymes, with at least three animals used for each
enzyme. Southern blots were performed by the method of
Maniatis et al. (21). The 16S rRNA gene of E. coli, amplified
using PCR (sce above), was used as a probe. The probe was
radioactively labelled by using the Random Priming Labeling
Kit (Bcthesda Research Laboratory) and [a-**P]dATP (6,000
Ci/mmol; New England Nuclcar) according to the supplier’s
instructions and purified using a Sephadex G50 column (21).
Blots were hybridized at 68°C and washed at 65°C in a
solution of 0.1x SSC (1x SSC is 0.15 M NaCl plus 0.015 M
sodium citrate) and 0.1% sodium dodecyl sulfate. E. coli
genomic DNA, cut with Pstl, was used as a positive control
producing expected rRNA gene fragment patterns as de-
scribed (5) (data not shown).

The usc of PCR of such a highly conserved bacterial gene
with universal cubacterial primers (34) made it necessary to
detcrmine that the gene amplified was that of the endosym-
bionts and not other bacteria such as frce-living surface
contaminants. The fragment sizes produced by probing
genomic S. velum DNA with E. coli 16S rDNA exactly
matched those predicted by the sequence of the PCR prod-
uct (Fig. 2 and 3). This suggcsted that the gene amplified was
dominant in the S. velum gills. For example, enzymes
predicted to cut twice within the gene produced the pre-
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