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Bivalve mollusks of the North Atlantic, most prominently the soft
shell clam Mya arenaria, are afflicted with an epidemic transmissi-
ble disease of the circulatory system closely resembling leukemia.
The disease is characterized by a dramatic expansion of blast-like
cells in the hemolymph with high mitotic index. Examination of
hemolymph of diseased clams revealed high levels of reverse tran-
scriptase activity, the hallmark of retroviruses and retroelements.
By deep sequencing of RNAs from hemolymph, we identified tran-
scripts of a novel retroelement, here named Steamer. The DNA of
the element is marked by long terminal repeats and encodes a sin-
gle large protein with similarity to mammalian retroviral Gag-Pol
proteins. Steamer mRNA levels were specifically elevated in dis-
eased hemocytes, and high expression was correlated with disease
status. DNA copy number per genome was present at enormously
high levels in diseased hemocytes, indicative of extensive reverse
transcription and retrotransposition. Steamer activation in M. are-
naria is an example of a catastrophic induction of genetic instability
that may initiate or advance the course of leukemia.

retrotransposon | mobile genetic element | integration |
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The soft shell clam Mya arenaria is one of the most primitive
species in the animal kingdom to manifest a leukemia-like

disease, variously termed hematopoietic, hemic, or disseminated
neoplasia (reviewed in ref. 1). The disease is characterized by the
presence of abnormal, rounded, rapidly proliferating hemocytes
containing large pleiomorphic nuclei and multiple nucleoli. The
tumor cells are polyploid or aneuploid (2–4), exhibit abnormal levels
and cytoplasmic localization of the p53 tumor suppressor protein
(5), and often express a 200-kDa cell surface antigen defined by
monoclonal antibody 1e10 (6–9). The increase in DNA content can
be detected by flow cytometry, and the severity of the disease can be
established using histological methods. As the disease progresses,
normal amitotic hemocytes are replaced by proliferating leukemia
cells that invade all tissues, with fatal consequences. A similar dis-
ease has been described in several species of bivalves, including
oysters (Crassostrea virginica, Crassostrea gigas, Ostrea edulis), mus-
sels (Mytilus edulis,Mytilus galloprovincialis,Mytilus trossulus,Mytilus
chilensis), cockles (Cerastoderma edule), and clams (Macoma spp.,
M. arenaria, and Mya trunata) over a wide geographic distribution.
Despite many reports describing some of its characteristics

(1, 10), little is known about the onset and etiology of the disease.
Stressors such as pollution (1, 11), temperature (12), and over-
crowding have been implicated in disease development. There is
evidence that the disease can be transmitted from infected to
uninfected individuals (13, 14), indicative of an infectious etiol-
ogy. Unfiltered hemolymph, lysed hemocytes (15), and even fil-
tered hemolymph isolated from BrdU-treated animals (16) were
found to induce disease in healthy animals, raising the possibility
of a filterable transmissible agent such as a virus. Induction of
disease by the retroviral inducer BrdU (17) suggested the possible

involvement of an endogenous retrovirus or retrotransposon.
Some studies have detected reverse transcriptase (RT) activity in
neoplastic clam tissues (14, 18–21), suggesting that a retroele-
ment or retrovirus might be involved in the disease process, but to
date searches for viruses and retroviral sequences from leukemic
clams have not been successful (22).

Results
Identification of a Novel Retroelement, Steamer. To test for the
presence of retroviruses or retroelement virus-like particles, we
assayed cell-free hemolymph from diseased and healthy clams
for RT activity, using a synthetic homopolymer substrate (23).
Hemolymph from diseased clams frequently exhibited high levels
of RT activity, 2- to 10-fold above the background activity ob-
served in hemolymph from healthy clams (Fig. 1A). To confirm
that the RT activity was released by neoplastic hemocytes rather
than other tissues, we cultured the hemocytes and determined
the level of RT activity accumulated in the media (postcultured
hemolymph). Hemocytes from diseased animals cultured in vitro
released high levels of RT into the culture medium, 20- to 50-
fold greater than culture medium of hemocytes from healthy
animals (Fig. 1B). To identify the potential source of the RT
activity, we cultured cells from a diseased clam with high RT
activity, isolated total RNA from the culture medium, and used
454 sequencing of cDNAs to generate a database of ∼200,000
sequence reads. Searching these sequences revealed 15 reads
with matches to retroviral protease, RT, or integrase sequences.

Significance

The soft shell clam in many areas of the North Atlantic is
afflicted with a fatal leukemia-like disease of unknown origin.
Leukemic cells from the diseased animals were found to release
reverse transcriptase and to express high RNA levels of a pre-
viously unknown member of the gypsy family of retroelements,
Steamer. The DNA copy number of the element was increased
to enormously high levels in diseased cells, mediated by reverse
transcription and integration into the host genome. The acti-
vation of Steamer expression and transposition may initiate or
accelerate the course of leukemia and constitutes a potential
diagnostic marker of the disease.
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RT-PCR reactions, using different combinations of primers based
on these sequences and RNA preparations from cell-free he-
molymph of a leukemic clam, yielded three long overlapping
DNA fragments (Fig. 1 C and D). The sequence of a complete
copy of the retroelement containing these fragments (4,968 bp)
was obtained by genome walking using DNA from a healthy
animal (Fig. S1). This retroelement was named Steamer for the
common name of the host clam and also, by tradition in the
transposon field, for a mode of transportation.
The Steamer element contains a single long ORF with sequence

similarity to retroviral Gag and Pol proteins, flanked by 177-bp di-
rect repeats similar to the LTRs of integrated proviral DNAs (Fig.
1E). The region of similarity to Gag includes the major homology
region, the most highly conserved motif of retroviral capsid proteins
(24), and a nucleocapsid domain with two putative zinc fingers
containing CCCC and CCHC motifs. The Pol region includes sim-
ilarities to the retroviral protease with diagnostic DSG active site
motif (25); an RT with a polymerase domain containing an IADD
(“YxDD”) box (26) as well as an RNase H domain with a diagnostic
DG/AS box (27); and an integrase with a HHCC zinc finger and
a characteristic D,D(35)E motif (28). There is no stop codon sep-
arating the Gag and Pol ORFs and no ORF similar to an envelope
protein. The element contains a primer binding site complementary
to the 3′ end of the Leu (CAG codon) tRNA of the purple sea
urchin (29) (TGGTGTCAGAAG), suggesting that Leu tRNA
likely functions as the primer for minus strand DNA synthesis, and
a polypurine tract sequence serving as primer for plus strand DNA
synthesis (30). A maximum likelihood phylogenetic tree (31), con-
structed using representative retrotransposon amino acid sequences
(32) and the Gag, protease, RT, and integrase domains of Steamer,
indicated that Steamer is a member of the Mag lineage of retro-
transposons (33), a subset of the larger family of gypsy/Ty3 elements
(32), with closest similarity to the sea urchin retrotransposon SURL
(34, 35) (Fig. S2).

Expression of Steamer RNA Is Elevated in Diseased Hemocytes. To
test for expression of SteamerRNA transcripts, soft shell clams were
collected from Prince Edward Island (PEI) in Canada and di-
agnosed according to hemocyte morphology. Total RNA was iso-
lated from hemocytes of normal (n = 43) and moderately (n = 10)
and heavily leukemic (n = 21) individuals, and the levels of Steamer
RNA were determined by quantitative RT-PCR (qRT-PCR) and
normalized to a housekeeping RNA. Steamer RNA levels were
generally low in the normal and moderately leukemic animals, al-
though spanning a large range, and occasional examples were found
with high expression (Fig. 2). A large proportion of the highly leu-
kemic samples showed enormously high levels of expression, many
fold above the healthy controls. The average level of expression in
the diseased animals was ∼27-fold above that in the normal, and the
mean levels of Steamer RNA strongly correlated with disease status
(P< 0.0005.) The data are consistent with animals showing sporadic
induction of RNA at times during the progression of disease, with
periods of very high levels of expression occurring with increasing
frequency in more advanced disease.

SteamerDNACopyNumber IsMassively Elevated inDiseasedHemocytes.
The high levels of Steamer RNAs in leukemic hemocytes raised the
possibility that retroelement-encoded gene products with RT and
integrase functions might be available to mediate active reverse
transcription and transposition of Steamer DNAs. To test for the
presence of reverse-transcribed DNAs, we examined total DNA
from normal and leukemic clams for Steamer sequences by
Southern blotting. Restriction digests of DNA from hemocytes of
several healthy clams with BamHI to produce 5′ junction frag-
ments of Steamer (Fig. 3A) revealed a small number of bands (2–4)
of uniform intensity and varying sizes, suggestive of a low copy
number of elements per genome present at highly polymorphic
sites (Fig. 3B). DNA from hemocytes of a leukemic animal
revealed an intense smear of heterogeneous fragments, indicative
of many new, randomly integrated copies. Digests of normal DNA

Fig. 1. RT activity and isolation of Steamer DNA from hemolymph of leukemic M. arenaria. (A) RT activity in cell-free hemolymph of indicated leukemic or
normal M. arenaria animals was determined by assay for incorporation of {32P}dTTP onto a homopolymer substrate (23). Spot intensity reports the yield of
labeled DNA synthesized in vitro, quantitated by ImageJ and normalized to the average of normal values. (B) Hemocytes from the indicated animals di-
agnosed as leukemic or normal (L or N) were cultured in vitro, and RT activity present in the postculture supernatant medium was determined as in A. (C)
Alignment of selected sequences obtained by deep sequencing of cDNAs from a leukemic clam with a retroviral pol gene. PCR primers, forward (F) and
reverse (R), are indicated. DNAs amplified by various primer pairs are indicated below the element diagram. (D) DNAs amplified in PCR reactions using cDNA
obtained from leukemic clams as a template. Major amplified products are indicated by arrows at the right. (E) Schematic of Steamer genome annotated with
characteristic retroelement features. The 5′ and 3′ LTR and the locations of the coding sequences for CA (capsid), NC (nucleocapsid), PR (protease), RT, RH
(RNaseH), and IN (integrase) domains are indicated. Characteristic sequence features of each domain, and predicted primer binding site (PBS) and polypurine
track (PPT) are indicated.
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with DraI predicted to release an internal Steamer fragment yielded
a single major product of the expected size with only a few other
fragments, indicating that most of the copies were intact and ho-
mogeneous. Digestion of leukemic DNA yielded an intense band
at the expected size, as well as a number of other fainter fragments,
suggesting that most of the newly acquired copies were also intact.
Additional digests of DNAs from two normal and three diseased
animals with KpnI, again predicted to release an internal frag-
ment, were examined with similar results (Fig. 3C). The patterns
are consistent with the presence of a low copy number of elements
endogenous to the genome of healthy animals, and the appearance
of a large number of newly integrated Steamer DNAs in diseased
cells. Digests performed with additional enzymes confirmed these
conclusions (Fig. S3). DNA fragments expected for unintegrated
or episomal DNAs were not detected, although low levels of such
DNAs cannot be ruled out.
To quantify the Steamer DNA copy number, we carried out

qPCR reactions with genomic DNA, normalizing to a single-copy
gene, elongation factor 1 (EF1). DNA from hemocytes of six
healthy clams from PEI gave a signal of ∼3–10 copies per haploid
genome, consistent with the findings from the Southern blots.
DNAs from hemocytes of diseased animals, assayed either as
primary cells (n = 4) or after culturing (n = 3), yielded copy
numbers ranging from 100 to 200 (Fig. 4A). Additionally, clams
from an independent population of M. arenaria from Larrabee
Cove, ME were assayed for diseased status, and hemocyte DNA
was analyzed for Steamer copy number. This isolated population
confirmed the strong association between Steamer DNA copy
number in hemocytes and disease, with 3–10 copies in normal
animals and 150–300 copies in diseased hemocytes (Fig. 4B). The
combined Southern and qPCR data suggest that Steamer is an
extraordinarily active retrotransposon in diseased animals and
undergoes massive expansion and integration into the soft shell
clam genome in tumor cells.
To determine the structure of the Steamer DNAs in more de-

tail, we used inverse PCR to amplify the Steamer integration sites
(Fig. 5A). DNA of a healthy clam yielded a single major and some
minor PCR products (Fig. 5B). The DNA sequence of the major
product revealed integration site junctions corresponding to the
predicted LTR 5′ and 3′ ends, and a 5-bp direct repeat flanking
the integration site (Fig. 5D). This specific element was cloned

using flanking primers, yielding a full-length Steamer retro-
transposon (4,968 bp) with an intact Gag-Pol reading frame. The
original cDNA products obtained by RT-PCR were nearly identical
to the corresponding regions of the genomic sequence (2,453
identical out of 2,457 bp). We subsequently searched the original
454 sequence reads for matches to the genomic sequence and
found 63 fragments spanning 3,409 bp of the genome with 99%
identity. This full-length sequence was thus selected as defining
the prototypical Steamer endogenous retrotransposon (GenBank
accession no. KF319019; Fig. S1).
Inverse PCR of two diseased animals from PEI amplified a large

number of integration sites (Fig. 5B), and several were cloned and
sequenced from each animal (examples shown in Fig. 5D). Inverse
PCR was also carried on DNA from both hemocytes and siphon
tissue, of both normal and diseased clams from Maine. Normal
animals showed a small number of integration sites in both tissues,
and diseased animals showed small numbers in siphon, but a large
increase in integration sites can be seen specifically in the leukemic

Fig. 2. Elevated expression of Steamer RNA correlates with disease status. RNA
was extracted fromhemocytes obtained fromnormal (n=43),moderate (n= 10),
and heavily leukemic (n = 21) individuals collected from different sites in the
North Atlantic. Steamer RNA levels were measured using qRT-PCR and the rel-
ative standard curve method. The results are expressed as relative levels com-
pared with EF1mRNA and are shown on y axis log scale. Each circle, square, and
triangle represents RNA from a single individual animal. The geometric mean
values, indicated by the horizontal line, were compared by two-tailed t test.

Fig. 3. Leukemic hemocytes have high copy numbers of Steamer DNA. The
presence of Steamer in genomic DNA of four normal (N) and a leukemic (L)
soft shell clam was analyzed by Southern blotting. (A) Schematic represen-
tation of the Steamer retrotransposon. LTRs at the 5′ and 3′ ends, Gag-Pol
ORF, sites for digestion by the indicated restriction enzymes, and location of
the 32P-labeled probe are indicated. Nucleotide positions are relative to the
first nucleotide of the U3 portion of the 5′ LTR. (B) Genomic DNA of four
normal (Nor1-4) and one heavily leukemic animal (Dnear-HL03) were
digested with restriction enzymes BamHI, releasing left-junction fragments,
or with DraI, releasing an internal fragment, and analyzed by Southern blot.
DNA loadings were equal as judged by ethidium stain (not shown). (C) Ge-
nomic DNA from two normal individuals (Nor1-2) and three leukemic indi-
viduals (Dnear-HL03, Dnear-07, and Dnear-08) were digested with KpnI,
releasing an internal fragment, and analyzed by Southern Blot. The migra-
tion of the DNA molecular markers is indicated at the left of the panels, and
major fragment recognized by the probe is indicated by *.
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hemocyte DNA (Fig. 5C). Some siphon samples of leukemic ani-
mals with higher copies are probably due to contamination with
hemocytes. These finding show that the amplification is specific to
the diseased hemocytes and not due to diseased individuals inher-
iting a high number of endogenous copies. To characterize specific
integration sites in multiple animals from both PEI and Maine,
PCR was performed using primers in the Steamer LTR and in the
flanking genomic sequence of each of five selected integration
sites (Fig. 5D). The prototypical Steamer integration site identi-
fied from the normal PEI animal was present in not all animals
but was identified in one normal and one diseased animal from
Maine, indicating that it is polymorphic and not associated with
disease. In contrast, four integration sites identified in the leu-
kemic PEI animals were not found in any normal animal but were
found in both of the two leukemic PEI animals, and several of
these same integration sites were also found in hemocyte DNA
from diseased animals from Maine (Fig. 5D, rightmost lanes).
Thus, Steamer has inserted at multiple new sites in genomic DNA
of leukemic clams, and independent tumors often carry Steamer
elements at common integration sites. These findings suggest
that Steamer may exhibit a preference for selected sites, the
transformed phenotype may select for particular insertion sites,
or the leukemias may be the result of transmission of a tumor cell
line with common Steamer integration sites initiating disease in
independent animals at many locations.

Discussion
We identify a previously uncharacterized retrotransposon, Steamer,
and find that its expression and genomic amplification is strongly
associated with leukemia inM. arenaria. Transposons, ubiquitous
in the genomes of all eukaryotes, are by convention grouped into
families according to their sequence similarity. The Steamer el-
ement of M. arenaria is a member of the gypsy/Ty3 family of
retrotransposons, which are marked by the presence of LTRs
and undergo reverse transcription and integration by mecha-
nisms virtually identical to those used by the true retroviruses
(36). The single gene product encoded by Steamer contains many
of the motifs present on retrovirus Gag and Pol proteins, in-
cluding those of the capsid, nucleocapsid, protease, RT, RNase
H, and integrase. Steamer does not encode an envelope protein.
Most gypsy family members do not encode envelope proteins,
and most retrotransposition events mediated by these elements
are likely to occur intracellularly, by the formation of cytoplasmic
virion-like particles that mediate reverse transcription and DNA
integration into the genome of the same cell. Those elements
that do encode envelope proteins [such as ZAM (37) and gypsy
itself (38)] can act as infectious retroviruses and can transmit
from cell to cell and from one animal to another, perhaps with
the help of cellular vesicle trafficking machinery (37–39). How-
ever, such infection events may take place even without the use
of the envelope protein encoded by the element (40), and in
these cases an envelope-like protein from the cell, or from
a complementing retroelement, may provide the functionality in
trans. The filter-feeding mollusks are capable of concentrating
viruses present at very low concentrations in seawater, and can
concentrate even viruses such as human hepatitis A virus that do
not replicate in the mollusk, to sufficient levels to allow infection
of humans upon ingestion (41). Thus, although Steamer does not
contain an envelope gene, it is easily conceivable that virion-like
particles could mediate movement of the element horizontally
from one animal to another. This process may explain the
accounts of transmission of disease by filtered hemolymph or by
coculture of healthy animals with leukemic animals (13, 42, 43).
It is possible that the activation of Steamer that we find associ-

ated with leukemia may be a consequence rather than a cause of
tumor development. A recent study has documented significant
changes in the expressed mRNAs of hemocytes from leukemic
compared with healthy animals, suggesting alterations in the
transcriptional program that could include Steamer activation (44).
It is notable that a previous report using subtractive hybridization
of cDNA identified a small sequence fragment overexpressed in
leukemic hemocytes that matches the Steamer genome, confirming
the association between Steamer expression and disease (45).
Whether Steamer activation is a passive phenotype of the disease or
a causal agent of disease remains to be determined.
Transposons create insertional mutations upon each trans-

position event and thus can be agents of profound genome in-
stability in cancers (46, 47). The scale of activation of Steamer
in leukemic cells seen here is extraordinary, unprecedented in
magnitude for an induction of transposition in a natural setting.
The introduction of more than 100 new copies of a retroelement
per genome is bound to lead to profound genetic changes, and it
is very plausible that Steamer activity and amplification is involved
as a factor or cofactor in the initial development of the leukemia.
There are so many new copies of Steamer DNA per genome in
the leukemia cells that it will be hard to determine whether there
has been an insertional activation of a critical oncogene, but the
leukemias are clearly polyclonal with respect to Steamer inser-
tions and are acquiring new proviruses as the pool of transformed
cells expands. One or more of the new insertions could signifi-
cantly alter the phenotypes of these cells.
The observation that multiple integrations are found at the same

sites in independent diseased animals (and not in normal tissue

Fig. 4. High copy number of Steamer in leukemic clams from two different
populations. Copy number of the Steamer element in genomic DNA was de-
termined by qPCR comparing the ratio of Steamer RT and the single-copy gene
EF1. (A) Hemocyte genomic DNAwas analyzed from normal and leukemic clams
from PEI, Canada and from cultured hemocytes from several leukemic animals.
(B) Hemocyte genomic DNAwas also analyzed from normal and leukemic clams
from Larrabee Cove, ME. Values were compared using a two-tailed t test.
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from the same animals) is intriguing. It is possible that Steamer
integration events may be occurring in a targeted fashion, or that
particular sites are selected as part of the process of oncogenesis.
Another possible explanation is that a primary leukemia with a
primordial repertoire of integration sites is spread between animals
as a transmissible leukemia cell line, similar to a transmissible ca-
nine venereal tumor (48), or to a facial tumor disease of the Tas-
manian devil (49). Such a mechanism would not explain the
transmission of disease by filtered hemolymph or the induction of
disease by BrdU.
Endogenous retroviruses and retroelements in mammals are

often induced by DNA damaging agents, notably halogenated
nucleosides such as BrdU and iododeoxyuridine, and this in-
duction can be enhanced by polycyclic hydrocarbons (50). Thus,
exposures to environmental toxins may be triggers for the acti-
vation of Steamer and disease. An induction of Steamer either
early or late in the course of disease would induce rapid genetic
instability and so could accelerate or promote disease progression.
This scenario may account for the ability of BrdU to experimen-
tally induce disease in clams (17).

Recent studies have shown that some clam populations are
more susceptible than others to induction of disease by DNA
damaging agents (16). If Steamer is responsible for the disease,
susceptible populations may harbor a higher copy number of
Steamer or distinctive copies that are more readily induced for
expression. Both inheritance of a high number of endogenous
copies of the element and somatic amplification of the element
within individuals could contribute to development of disease.
The availability of sequence probes for Steamer will allow surveys
of the prevalence of the element in various populations, tests of
experimental transmission from animal to animal, and further
tests for its functional involvement with disease. Because genomes
of M. arenaria are highly polymorphic for the Steamer element,
the DNA probes should also allow the development of pop-
ulations of M. arenaria that lack the element entirely through
selective breeding, and such element-free populations may be
less prone to induction of leukemia by environmental stresses.
The identification of Steamer and its dramatic amplification in
leukemia provides a potential marker for the disease and a re-
markable example of catastrophic genomic instability caused
by retroelements.

Fig. 5. Identification of Steamer integration sites in normal and diseased clams. Inverse PCR was used to clone and sequence integration sites of the
Steamer retroelement. (A) Schematic of inverse PCR methodology: genomic DNA was digested with MfeI (cleaving only in the flanking DNA), circularized by
ligation, and redigested with NsiI at internal sites (N), and finally PCR was performed with outward-directed LTR primers. (B) Inverse PCR was performed
using mantle tissue DNA of one normal animal (N), and hemocyte DNA of two heavily leukemic animals (L) from PEI, Canada, and the PCR products were
analyzed by agarose gel electrophoresis. For WfarNM01, the white arrowhead marks amplification of the internal Steamer sequence (due to incomplete
NsiI cleavage) and the black arrowhead marks the junction product of a single Steamer copy. The leukemic samples yielded a large number of hetero-
geneous junction products. (C) Inverse PCR was performed using DNA from both siphon tissue and hemocytes for normal and leukemic animals from Maine,
USA. (D) Representative DNA sequences of individual cloned integration sites from normal (one site) and leukemic DNAs (two sites from each leukemic PEI
animal) are shown. The genomic DNA flanking sequences, the 5-bp duplicated repeats, and the Steamer termini are shown. The presence of the integration
sites in the source DNAs and in DNA from other animals was determined for each of the sequences shown by a diagnostic PCR using a forward primer in the
Steamer LTR and a reverse primer in the flanking genomic DNA (Right; products are ∼150 bp and marked with a filled triangle). Amplification of EF1 is
included as a control.
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Materials and Methods
M. arenaria Collection. M. arenaria were collected from PEI, Canada and
Larrabee Cove, ME and diagnosed by microscopic analysis of cell morphol-
ogy as described in SI Materials and Methods.

Molecular Analyses. RT activity assays, 454 sequencing, genome walking,
Southern blot analysis, qRT-PCR, qPCR, and inverse PCR were conducted by
standard methods using the specific primers and conditions described in
detail in SI Materials and Methods.
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