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Transmissible cancers are malignant cell lineages that spread clonally 
between individuals. Several such cancers, termed bivalve transmissible 
neoplasia (BTN), induce leukemia-like disease in marine bivalves. This is the 
case of BTN lineages affecting the common cockle, Cerastoderma edule, which 
inhabits the Atlantic coasts of Europe and northwest Africa. To investigate 
the evolution of cockle BTN, we collected 6,854 cockles, diagnosed 390 BTN 
tumors, generated a reference genome and assessed genomic variation across 
61 tumors. Our analyses confirmed the existence of two BTN lineages with 
hemocytic origins. Mitochondrial variation revealed mitochondrial capture 
and host co-infection events. Mutational analyses identified lineage-specific 
signatures, one of which likely reflects DNA alkylation. Cytogenetic and 
copy number analyses uncovered pervasive genomic instability, with 
whole-genome duplication, oncogene amplification and alkylation-repair 
suppression as likely drivers. Satellite DNA distributions suggested ancient 
clonal origins. Our study illuminates long-term cancer evolution under the sea 
and reveals tolerance of extreme instability in neoplastic genomes.

Transmissible cancers are clonal somatic cell lineages that spread 
between individuals via direct transfer of living cancer cells, in a process 
reminiscent of tumor metastasis1,2. Naturally occurring transmissible 
cancers have been identified in dogs3–5, Tasmanian devils6–8 and, more 

recently, several species of marine bivalve mollusks9–14. To date, eight 
transmissible cancer lineages, collectively known as BTN, have been 
described in bivalves, probably spreading via transfer of free-floating 
cells in seawater. BTN infection causes a leukemia-like disease termed 
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in small numbers22 (Extended Data Fig. 1, Supplementary Table 2 and 
Supplementary Note).

Reference genome and transcriptome of the 
common cockle
As an initial step in our genomic study of cockle DN, we applied multi-
platform DNA sequencing to obtain a reference assembly of the C. edule 
genome. As our reference specimen, we selected a healthy adult male 
cockle (Fig. 1b) carrying a standard karyotype with 19 chromosome pairs. 
Hybrid genome assembly yielded a chromosome-level reconstruction of 
the cockle nuclear genome into 19 scaffolds with N50 = 39.6 megabases 
(Mb; 50% of the assembly is contained in scaffolds of length N50 or larger; 
Supplementary Table 3), with an additional 14.9-kilobase (kb) scaffold 
containing the mitochondrial genome. Haploid genome size was esti-
mated at 790 Mb, with a G + C content of 35.6%. We additionally employed 
RNA sequencing data from seven tissues to reconstruct a 290-Mb refer-
ence transcriptome presenting 98.8% completeness in metazoan gene 
content (Supplementary Table 3). Gene annotation resulted in a 42-Mb 
exome with 14,055 protein-coding genes. While this protein-coding exome 
constitutes 5.3% of the total nuclear genome size, repetitive sequences 
comprise 46.2% of the genome, with long interspersed nuclear elements 
(LINEs) being the most frequent type of transposable element (TE) among 
annotated repeats (Extended Data Fig. 2 and Supplementary Table 4).

Two transmissible cancers propagate through 
cockle populations
Traditionally, two distinct classes of cockle DN, termed types ‘A’ and 
‘B’, have been described through cytohistological methods, on the 
basis of differences in tumor cell size and morphology21 (Fig. 1c). A 
previous analysis of microsatellite variation and single-nucleotide 
variants (SNVs) in both mitochondrial DNA (mtDNA) and one nuclear 
gene (EF1α) provided evidence that these DN types represent two trans-
missible cancer lineages10, although it is possible that further lineages 
exist, as well as nontransmissible cases of DN such as those reported 
in marine mussels10,23.

To investigate further the origins and evolution of cockle BTN, we 
performed whole-genome sequencing of neoplastic hemolymph sam-
ples from 61 individuals diagnosed with DN (Supplementary Table 5).  
Ten of these samples, presenting very high (>97%) tumor purity, were 
designated as a BTN ‘golden set’, and used to identify a collection of 
high-confidence candidate somatic variants. We also sequenced nor-
mal tissue samples from 40 host (BTN-infected) individuals and 462 
healthy (non-neoplastic) individuals collected across the species’ 
distribution range (Supplementary Table 5). After accounting for 
host DNA contamination and common germline polymorphisms, we 
identified a total of 4.3 million SNVs (2.5–3.1 million SNVs per sample) 
and 0.7 million short insertions and deletions (indels) in BTN samples 
(Supplementary Table 6). This ‘BTN-specific’ variant set includes both 
somatic mutations in each BTN lineage and ancestral germline poly-
morphisms (from the ‘founder’ individuals that spawned each lineage) 
that are absent from our panel of 462 non-neoplastic cockles.

We used BTN-specific SNVs to reconstruct a tumor phylogenetic 
tree, which split the ten ‘golden set’ tumors into two divergent lineages 

disseminated neoplasia (DN), in which neoplastic cells proliferate and 
accumulate in the host’s hemolymph and solid tissues15. DN is typi-
cally diagnosed by cytological or histological methods, as neoplastic 
cells tend to present a distinctively large, rounded and nonadherent 
morphology. Although DN is generally fatal, slow progression and 
remission have been described16,17. Due to its propensity for acute 
epidemic outbreaks, sometimes associated with mass mortalities in 
bivalve populations15, this disease also poses an ecological threat to 
coastal environments and commercial aquaculture.

Among the species affected by DN is the common cockle, Ceras-
toderma edule. This marine bivalve is distributed along the Atlantic 
coasts of Europe and northwest Africa, being typically found in tidal 
flats at bays and estuaries18. Adult cockles bury themselves in the seabed 
sediment and use their siphons and gills to filter seawater for suste-
nance. DN in common cockles was first documented 40 years ago in 
Ireland19, and later identified in other European countries15. A genetic 
study recently provided evidence that some cases of DN in C. edule 
are caused by transmissible cancer, and suggested the existence of at 
least two BTN lineages in this species10. Nevertheless, the origins and 
evolution of cockle BTN remain entirely unexplored.

Here, we present a comprehensive study of the genomes of BTN lin-
eages affecting C. edule in Europe. We sampled thousands of common 
cockle specimens across 11 countries, obtained a chromosome-level 
reference genome for the species and used it to catalog the genomic 
variation in 61 BTN tumors identified in these animals. Combining 
histopathology, cytogenetics and sequencing of whole genomes and 
transcriptomes, our study illuminates the evolutionary history of the 
marine leukemias that have colonized cockle populations along the 
coasts of Europe.

Prevalence of DN in common cockles
To investigate the current prevalence of DN in C. edule, we collected 
6,854 specimens at 36 locations from 11 countries along the Atlantic 
coasts of Europe and north Africa between 2016 and 2021 (Fig. 1a and 
Supplementary Table 1). This included intensive sampling on the 
coasts of Ireland and Galicia (northwest Spain), two regions where 
high prevalence of DN has been reported in the past20–22. Cytohisto-
logical examination of hemolymph and solid tissues revealed that 
5.7% (390 of 6,854) of specimens were infected by abnormal circulat-
ing cells displaying the features of DN (Fig. 1a and Supplementary 
Table 1). High overall prevalence was observed in Portugal (17.6%), 
Ireland (7.4%) and Spain (6.4%), with lower prevalence found in the 
United Kingdom (3.6%) and France (1.1%); no DN cases were detected 
in the remaining six countries (Denmark, Germany, Morocco, the 
Netherlands, Norway, Russia). Twenty percent (77 of 390) of neo-
plastic specimens presented a severe form of the disease (stage N3), 
characterized by high levels (>75%) of neoplastic cells in the hemo-
lymph and massive tissue infiltration; 26% (102 of 390) presented an 
intermediate form (stage N2), distinguished by 15–75% of neoplastic 
cells in the hemolymph and presence of small infiltration foci in one 
or more organs; the remaining individuals (53%, 208 of 390) were 
diagnosed with a mild form (stage N1), where low levels (<15%) of 
neoplastic cells circulate in the hemolymph and infiltrate solid tissues 

Fig. 1 | Distribution, origins and clonal structure of transmissible neoplasia 
in common cockles. a, Numbers of healthy and neoplastic C. edule cockles 
collected at each sampling location, with overall cancer prevalence per 
location for 2016–2021 (left). Map shows sampling locations and geographical 
distribution of the species. b, Photographs of the individual from which the 
reference C. edule genome was assembled. Scale bar, 10 mm. c, Micrographs 
of histological sections from healthy and DN-affected cockle tissues. Images 
in the left-hand column show healthy connective tissue surrounding the male 
gonadal follicle (top) and connective tissue heavily infiltrated by type A and 
type B DN cells. Scale bars, 50 µm. Images in the right-hand column show 
details of normal hemocytes (top), type A and type B DN cells. Scale bar, 10 µm. 

Images are representative of 345 independent specimens with similar results. 
d, Phylogenetic tree inferred from BTN-specific SNVs in ten high-purity tumor 
samples, showing concordance between histological DN types A and B and 
two clonal transmissible cancer lineages, CedBTN1 and CedBTN2. Numbers of 
SNVs and dN/dS ratios are provided for different sections of the tree. All nodes 
have bootstrap support values of 100 (n = 1,000 replicates). Scale bar indicates 
phylogenetic distance (SNVs per site). e, Principal component (PC) analysis of 
gene expression for genes with tissue-specific expression in normal cockle tissue 
samples (n = 4 per tissue type), type A DN samples (n = 6) and type B DN samples 
(n = 2), indicating a clustering of DN (red shading) with healthy hemolymph  
(blue shading).
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(Fig. 1d) consistently matching the two histological types of cockle 
DN (Extended Data Fig. 3). We hereafter refer to these two clonal line-
ages of C. edule BTN, respectively corresponding to DN types A and 
B, as CedBTN1 and CedBTN2. To assess the quality of our variant set 
and confirm the independent origins of both BTN lineages, we esti-
mated the ratio of nonsynonymous-to-synonymous mutation rates 
(dN/dS)24,25 along the phylogenetic tree (Fig. 1d). The dN/dS ratios for 

variants shared by all ten tumors (ancestral variant set ‘A0’) and variants 
shared by all tumors in each lineage (predivergence sets ‘A1’ and ‘A2’) 
strongly suggest that these sets contain a large fraction of germline 
polymorphisms from two separate founder individuals (dN/dS = 0.24 
for A0, 0.58 for A1, 0.58 for A2). In contrast, the dN/dS for the terminal 
branches approximates a neutral value of 1.0 (0.96 for CedBTN1, 0.94 
for CedBTN2), as expected for pure sets of somatic mutations in cancer 
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genomes25,26. Accordingly, the dN/dS of ‘private’ variants found in only 
one tumor is 1.00 (Supplementary Table 7).

Additionally, we performed principal component analysis on a 
set of germline polymorphisms genotyped across the ten ‘golden set’ 
tumors and 100 non-neoplastic cockles covering all sampled popula-
tions (Extended Data Fig. 4a). This analysis split the tumors into two 
divergent clusters matching CedBTN1 and CedBTN2, and set apart from 
two non-neoplastic sample clusters representing relatively divergent 
groups of cockle populations from northern and southern Europe27. 
This result suggests that CedBTN lineages are highly divergent both 
from each other and from modern cockle populations, and strongly 
supports two independent clonal origins. Nevertheless, analysis of 
sequence mapping data showed that the fractions of sequence reads 
aligning against the C. edule reference genome in BTN tumors (97–98%, 
‘golden set’ samples) are comparable to those for 462 non-neoplastic 
cockles (interquartile interval, 97–98%) and substantially higher than 
fractions for cockles of the closest known species, Cerastoderma glau-
cum (48–60%, six samples). This is consistent with both lineages having 
arisen from C. edule founder individuals.

Hemocytic origin of cockle BTN
The ontogeny of bivalve DN is a long-standing question with relevance for 
the biology and evolution of BTN. The fact that DN cells are observed in 
the circulatory system and share morphological features with hemocytes 
has traditionally led to their consideration as neoplastic hemocytes15. 
However, some studies have proposed alternative tissues of origin for 
these cancers, including gonad follicles, gill epithelium and others12,15.

To shed light on the origins of CedBTN lineages, we sequenced the 
transcriptomes of hemolymph samples from eight cockles diagnosed 
with late-stage DN, and a collection of seven organs or tissues (adductor 
muscle, mantle, foot, digestive system, gills, gonad and hemolymph) 
from 28 non-neoplastic animals (Supplementary Table 5). Gene expres-
sion analysis of 420 genes with tissue-specific expression (60 genes per 
tissue type) indicated a consistent transcriptional profile for type A and 
type B DN samples, which was close to that of non-neoplastic hemo-
lymph samples and divergent from those of all other tissues (Fig. 1e,  
Extended Data Fig. 4b,c and Supplementary Table 8). While our collec-
tion of normal samples does not include every tissue type described 
in bivalves, our results suggest that cockle BTN lineages are cancers of 
the hemolymphatic system, derived from somatic hemocytes or hemic 
progenitor cells. Furthermore, a companion study by Hart et al.28 also 
identified normal hemolymph as the tissue with the closest transcrip-
tional similarity to cells from an independent BTN lineage affecting 
American soft-shell clams. This recurrent cellular origin may reflect a 
distinctive capability of malignant hemocytes to exploit the transmis-
sion opportunities offered by the open circulatory system of bivalves.

Mitochondrial transfer delineates the clonal 
structure of CedBTN
To explore the evolutionary history of CedBTN at the mitochondrial 
level, we identified SNVs in the mtDNA of 51 hemolymph samples from 
neoplastic cockles, 40 host tissue samples and 168 non-neoplastic 

cockle samples. In neoplastic animals, sequencing data showed two 
mtDNA haplotypes at distinct variant allele fractions (VAFs), corre-
sponding to the host and CedBTN mitochondrial genomes. Combining 
tumor purity and mtDNA VAF information to deconvolute the mtDNA 
haplotypes within each sample, we identified nine distinct tumor hap-
lotypes (six in CedBTN1 and three in CedBTN2), each distinguished by 
a specific set of mtDNA variants (Fig. 2a and Supplementary Table 9).

The findings above suggested the existence of nine CedBTN 
mtDNA lineages. This was confirmed through phylogenetic recon-
struction via maximum likelihood (ML) and Bayesian methods  
(Fig. 2b and Extended Data Fig. 5a). The presence of multiple mtDNA 
lineages within each CedBTN nuclear clone indicates that mitochondria 
from transient hosts have repeatedly been acquired by these tumors, 
as previously described for other transmissible cancers11,29,30 and for 
normal and cancer cells in vitro and in vivo31–33. We therefore labeled 
these mtDNA lineages, and their associated haplotypes, after putative 
mitochondrial horizontal transfer (HT) events (BTN1-HT1 to -HT6 and 
BTN2-HT1 to -HT3), although it is currently impossible to ascertain 
whether any of these represent the original mtDNA haplotypes of the 
CedBTN founder individuals. The correspondence of each nuclear 
lineage to multiple mtDNA lineages was supported by a phylogenetic 
tree inferred from the genotypes of nuclear BTN-specific SNVs across 
the set of 61 sequenced tumors (Extended Data Fig. 5b). Furthermore, 
tumors from distinct mtDNA lineages within the same CedBTN nuclear 
lineage presented no evident cytohistological differences (Supple-
mentary Table 10). We evaluated the potentially independent origins 
of the nine mtDNA lineages using three topology testing methods on 
the mtDNA phylogenies (Shimodaira–Hasegawa and approximately 
unbiased tests for the ML tree, posterior odds for the Bayesian tree), 
which consistently supported independent origins for all the lineages 
except BTN1-HT5 (P = 0 for Shimodaira–Hasegawa, P < 5 × 10−5 for 
approximately unbiased, posterior odds = 0).

Analyses of the geographical distribution of mtDNA haplotypes 
from tumors and their sister taxa (defined as non-neoplastic samples 
derived from the same node in the phylogeny) provided insight into 
the origins and spread of CedBTN mtDNA lineages. First, although 
most tumor samples from the same mtDNA lineage are usually found 
in the same geographical region (for example, BTN1-HT1 in south Por-
tugal, BTN1-HT2 in France, BTN1-HT3 in Ireland), this is not the case for 
BTN2-HT2, for which tumor specimens were collected in northwest 
Spain and Wales (Fig. 2c and Extended Data Fig. 6). Second, the geo-
graphical ranges of tumors and their sister taxa may be expected to 
overlap (for example, BTN1-HT3 and sister taxa in Ireland), or at least be 
proximate (for example, BTN1-HT2 in France and sister taxa in Spain and 
Portugal), yet we observed four mtDNA lineages (BTN1-HT1, BTN2-HT1, 
BTN2-HT2, BTN2-HT3) occupying regions distant from the ranges of 
their sister taxa (Fig. 2d and Extended Data Fig. 6). Two remarkable 
cases are BTN1-HT1 and BTN2-HT3, for which tumors were found in 
Portugal and Spain, respectively, while their sister taxa were sampled 
in Ireland, Germany, Denmark and Norway. Third, the sister taxa of 
CedBTN2 mtDNA lineages were almost invariably found in northern 
regions (Denmark, Germany, Norway and the Netherlands), despite 

Fig. 2 | mtDNA phylogeny, mtDNA HT and host co-infection in CedBTN.  
a, Ancestral mtDNA haplotypes identified in CedBTN samples, with ancestral SNVs 
(common to all samples carrying the haplotype) arranged along the reference 
mtDNA sequence (x axis). Potentially somatic SNVs (absent from non-neoplastic 
samples) are shown in black. Potential mtDNA HT events associated with each 
haplotype in CedBTN1 (red) and CedBTN2 (purple) are labeled, with the number 
of samples used to identify ancestral variants given in parentheses. Bar plot 
presents numbers of potentially somatic (black) and total (gray) ancestral 
variants per haplotype; numbers are indicated next to each bar. A schematic 
representation of the mtDNA gene annotation is shown at the bottom.  
b, Bayesian phylogenetic tree of mtDNA haplotypes in normal and CedBTN 
samples, with identified tumor mtDNA lineages highlighted and labeled. Branch 

lengths represent phylogenetic distance (scale bar given in c). c, Correspondence 
between mtDNA phylogenetic tree and tumor sampling regions; map point 
colors denote CedBTN nuclear lineages as in b. Sampling points in Galicia 
(northwest Spain) are grouped into northern and southern points. Scale bar 
indicates phylogenetic distance (SNVs per site). d, Maps showing locations of 
tumors and normal sister taxa for five mtDNA lineages. e, VAF plot evidencing 
co-infection of a host (EICE18/910) by cells from two mtDNA lineages, one from 
each CedBTN nuclear lineage. Three observed mtDNA haplotypes are shaded in 
different colors. f, Micrograph of histological section of gills from EICE18/910, 
confirming co-infection by both CedBTN lineages. Dilated efferent vessels 
are shown; vessels labeled ‘1’ and ‘2’ are mainly infiltrated by type A and type B 
neoplastic cells, respectively. Scale bar, 50 µm.
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the fact that no CedBTN2 tumors were observed in this range (Fig. 2d 
and Extended Data Fig. 6). Although we cannot rule out anthropogenic 
contributions to some of these patterns, the geographical structure of 
the mtDNA phylogeny suggests that CedBTN lineages have spread over 
long distances along the Atlantic coasts of Europe, probably through 
a gradual process of natural colonization. Host mitochondria have 
been captured by CedBTN cells at different points during this process, 
potentially to replace somatically mutated incumbent mtDNA11,29,31,32. 
Notably, this phenomenon has not been detected in soft-shell clam 
BTN28, possibly due to differences in age (and thus mitochondrial 
capture opportunity) among BTN lineages, differences in genetic 
structure between the two host species27,34, or limitations of sample 
size and distribution in the study by Hart et al.28.

In addition to SNVs, inspection of mtDNA sequencing data 
revealed three independent amplifications spanning the control 
region of the mtDNA D-loop in CedBTN1, which are absent from healthy 
cockles (Extended Data Fig. 7a–c). The amplified sequences share a 
common start motif and overlapping microhomology at the bounda-
ries, which is associated with imperfect DNA break repair35. The evo-
lutionary importance of these recurrent amplifications is unclear; 
they may be neutral changes, or the result of selfish selection at the 
mitochondrial level30, or yet confer an advantageous phenotype on 
BTN cells. Notably, similar D-loop amplifications have been identified 
in both BTN and non-neoplastic samples from soft-shell clams28, as 
well as human cancers36.

Although mtDNA VAFs were generally consistent with homo-
plasmy in CedBTN samples, analysis of VAF differences across distinct 
tissues of the same animal revealed three cases in which two CedBTN 
mtDNA lineages coexisted within the same host (Extended Data Fig. 7d).  
In one remarkable animal (EICE18/910), VAF analysis revealed the 
presence of mtDNA haplotypes from both cancer clones (Fig. 2e), with 
co-infection by CedBTN1 and CedBTN2 cells being confirmed through 
histopathological identification of cell morphologies matching DN 
types A and B (Fig. 2f), as well as through genotyping of BTN-specific 
nuclear SNVs (99% and 88% of SNVs in the predivergence sets A1 and 
A2, respectively, were detected in this animal’s hemolymph sample). 
Histopathological re-evaluation of our tumor collection uncovered 
seven additional cases of co-infection by both types of DN, for which 
sequencing data are not available (Supplementary Table 2). Thus, we 
estimated an incidence of 2.6% (10 of 390) for detectable co-infection 
by distinct tumor lineages, which is probably an underestimate of the 
overall co-infection rate (including co-infection by cells from multiple 
tumors that carry the same mtDNA haplotype). This suggests that, in 
contrast to its extreme rarity in mammalian transmissible cancers, host 
co-infection is a relatively frequent event in cockle BTN.

Lineage-specific mutational processes in CedBTN
To investigate the processes of DNA damage and repair causing muta-
tions in CedBTN, we examined patterns of SNVs and indels at particular 
sequence contexts, termed mutational signatures37. The mutational 
spectra of germline cockle polymorphisms and BTN-specific SNVs 
are broadly similar, the major difference being a higher fraction of 
cytosine-to-thymine (C>T) substitutions at non-CpG sites in CedBTN 
relative to the germline (Fig. 3a). We assessed mutational processes 
across the CedBTN phylogeny by defining six subsets of BTN-specific 
variants (Fig. 3b): SNVs shared by all samples from each lineage, but not 
shared between lineages (two predivergence sets, A1 and A2; Fig. 1d); 
SNVs shared by only some tumors in each lineage (two nonprivate post-
divergence sets); and SNVs present in one tumor (two private sets). We 
also defined two germline sets: ancestral SNVs shared by both CedBTN 
lineages (ancestral set A0), and SNVs identified in three non-neoplastic 
cockles. While the two predivergence sets, containing mostly germline 
variants, present similar mutational spectra, the largely somatic  
postdivergence sets exhibit notable differences, particularly in the 
C>T component (Fig. 3b).

With the aim of quantifying the contribution of different muta-
tional processes to these variant sets, we applied a Bayesian approach38 
to infer five mutational signatures de novo from their mutational 
spectra (Fig. 3c). Three of these signatures (SBS-A, SBS-B, SBS-C) are 
shared by germline and BTN-specific sets, while the remaining two 
(SBS-D, SBS-E) are BTN-specific. Most signatures show similarity to 
human mutational signatures, especially if the latter are corrected for 
the trinucleotide composition of the human genome. Among the ger-
mline signatures, SBS-A probably corresponds to a mixture of human 
signatures SBS1 (cosine similarity 0.84), caused by spontaneous deami-
nation of 5-methylcytosine at CpG sites35,39, and SBS5 (0.90), thought 
to arise from multiple endogenous mutational processes35,40; SBS-B 
resembles human SBS40 (0.79), possibly caused by the same endog-
enous processes as SBS5 (ref. 40); and SBS-C is similar to SBS8 (0.82), a 
signature associated with DNA repair and replication errors in human 
cancers and absent from the human germline41,42. Of the BTN-specific 
signatures, SBS-D resembles both SBS23 (0.86), a signature of unknown 
etiology described in human myeloid and brain tumors35, and SBS11 
(0.81), associated with the alkylating chemotherapeutic agent temo-
zolomide37; the profile of SBS-E has no evident human counterpart, the 
closest match being SBS40 (0.71).

To explore variation in the activity of mutational processes, we 
assessed mutational signature exposures across the BTN phylogeny. 
Signatures SBS-D and SBS-E, while undetectable in germline variant 
sets, are each predominantly associated with one BTN lineage: whereas 
SBS-D dominates the spectrum of CedBTN1 postdivergence mutations, 
SBS-E is mainly active in the CedBTN2 postdivergence set (Fig. 3d  
and Supplementary Table 11). We note that, while BTN-specific vari-
ant sets (including A0) present lower SBS-A exposures relative to the 
cockle germline, this may reflect disproportionate filtering of variants 
at CpG sites, which are underrepresented relative to other sequence 
contexts in the cockle genome. Due to this CpG depletion, independent 
C>T changes at these sites have a higher probability of being shared 
between tumor and non-neoplastic samples, and hence being classi-
fied as germline variants.

Inspection of indel spectra provided evidence for a variety of 
mutational processes in germline and BTN-specific sets (Fig. 3e). 
Although not every observed pattern can be matched to a human sig-
nature, germline indels appear to be enriched in signatures ID1 and ID2 
(single-nucleotide insertions and deletions at long A/T homopolymers, 
caused by strand slippage during DNA replication35), as well as ID9 and 
ID14 (single-nucleotide deletions and insertions of unknown etiology). 
BTN-specific indels present lower contributions from ID1 and ID2 rela-
tive to the germline, and appear enriched in ID5 (single-nucleotide dele-
tions at short A/T homopolymers, of unknown etiology) and ID8 (long 
deletions, possibly caused by repair of DNA double-strand breaks via 
nonhomologous end-joining35). Hence, mutational processes absent 
from the germline, and possibly linked to genomic instability, appear 
to have contributed substantial fractions of indels to CedBTN genomes.

Pervasive genomic instability drives CedBTN 
evolution
Previous cellular studies have shown that cockle DN is distinguished by 
an unusual, broad continuum of ploidy ranging from 1.3n to 9.6n, and a 
variable karyotype marked by an abundance of small chromosomes43–45. 
To investigate further this hallmark of DN in cockle BTN, we performed 
cytogenetic analysis of 261 metaphase spreads from neoplastic cells 
in six tumors, three from each CedBTN lineage (Extended Data Fig. 8).  
This revealed extensive variation in chromosome number and size 
across tumors, with the median chromosome number per sample vary-
ing between 98 and 276 (Supplementary Table 12). Notably, we also 
observed wide variability in chromosome number within individual 
tumors. For instance, neoplastic metaphase spreads from sample 
PACE17/478H contained 11–354 chromosomes of variable size and 
structure. Fluorescence in situ hybridization (FISH) probes targeting 
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telomeric sequences showed that, despite such karyotypic plasticity, 
all the chromosomes in CedBTN cells present a canonical structure  
(Fig. 4a). These results suggest that the shifting karyotypes of CedBTN 
are probably the outcome of extensive chromosomal reorganization 
and frequent chromosome missegregation during anaphase.

Next, we inferred copy number (CN) profiles from whole-genome 
sequencing data for each tumor in our ‘golden set’. The profiles were 
marked by a ubiquitous pattern of highly complex CN alterations 
along every reference chromosome, with lower CN states visibly 
underrepresented (Fig. 4b). CN distributions were consistent with a 

modal CN of 4.0, suggestive of ancestral tetraploidy, except for one 
tumor (UGCE17/2401H) presenting a modal CN of 5.0. Profiles were 
loosely conserved across tumors from each lineage, with a combina-
tion of shared and sample-specific CN features (Extended Data Fig. 9). 
Moreover, CN distributions revealed a strong aberrant background 
of chromosomal regions with additional CN states, which in some 
cases obscured the expected tetramodal or pentamodal CN profile 
(Extended Data Fig. 9). The cytogenetic findings above suggest that 
this aberrant CN background results from persistent chromosome 
missegregation, generating extensive intra-tumor heterogeneity in 
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Fig. 3 | Mutational processes in CedBTN. a, Mutational spectra of germline 
SNVs in three healthy cockle samples (left) and BTN-specific SNVs in ten 
CedBTN samples (excluding the set of shared ancestral SNVs, A0 in Fig. 1d). 
The x axis presents 96 mutation types in a trinucleotide context, colored by 
base substitution type35; the y axis presents mutation probability, normalized 
to correct for the cockle genome trinucleotide frequencies. b, Mutational 
spectra of subsets of BTN-specific variants in CedBTN1 (top) and CedBTN2, 
including predivergence variants (left; A1/A2), nonprivate postdivergence 
variants (center) and private variants. c, Germline (top) and BTN-specific 

mutational signatures inferred from the spectra shown in a and b (plus the A0 
spectrum). d, Contribution of each mutational signature to the SNVs in each 
segment of the CedBTN phylogenetic tree (Fig. 1d) and in healthy samples. 
Bars for postdivergence variant sets are depicted with greater width to denote 
collapsing of multiple internal branches of the tree. e, Mutational spectra of 
germline indels in three healthy samples (left) and BTN-specific indels in ten 
CedBTN samples (excluding the shared ancestral set, A0). The x axis presents 
83 insertion/deletion types colored by type and length35; the y axis presents 
unnormalized mutation probability.
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Fig. 4 | Chromosomal, CN and structural variation in cockle BTN. a, FISH of 
telomeric peptide nucleic acid probes (TEL, shown in green) onto healthy (left) 
and example type A (center) and type B (right) neoplastic metaphase spreads. All 
chromosomes, including the smallest neoplastic chromosomes, hold telomeric 
signals on all chromatid ends. Scale bars, 10 µm. Images are representative of ten 
independent experiments with similar results. b, CN profiles of representative 
healthy, CedBTN1 and CedBTN2 samples. Gray dots represent estimates of 
unrounded CN for 10-kb windows along the reference genome (x axis); blue 
segments indicate inferred segments of integer CN. Distributions of unrounded 
CN are shown on the right margin. Profiles are representative of eight healthy, 
seven CedBTN1 and three CedBTN2 samples with similar results. c, Phylogenetic 
tree inferred from BTN-specific SVs. The number of SVs per branch is indicated, 
and branches corresponding to sets of ancestral or predivergence variants  
(A0, A1, A2) are labeled. Bootstrap support values (n = 1,000 replicates) are  

≥99.9 for all nodes except that marked with symbol ⊗ (91.6). d, CN profiles in a 
500-kb region around the MGMT gene locus in healthy (n = 3) and CedBTN1  
(n = 7) samples. Each sample is represented by a line. The highest CedBTN1 CN 
estimate at the gene locus (CN = 0.4) corresponds to sample EICE18/889H.  
e, Numbers of sequence reads aligning to five satellite DNA elements identified 
in a diverse set of healthy cockles (n = 30) and CedBTN1 (n = 7) and CedBTN2 
(n = 3) tumors. Each dot represents a sample. Boxes represent first and third 
quartiles; middle line within each box denotes the median; whiskers indicate 
values within 1.5 × interquartile range from the first and third quartiles. Monomer 
size is provided for each satellite. f, FISH of DNA probe for satellite CeS4 (red) 
onto representative metaphases of healthy (left) and neoplastic specimens. The 
red channel in the second image is oversaturated to verify absence of CeS4 from 
neoplastic chromosomes. Scale bars, 10 µm. Images are representative of ten 
independent experiments with similar results.
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CN. Such heterogeneity is most likely amplified by the effect of cell 
transmission bottlenecks to produce the observed inter-tumor CN 
variability. Overall, our analyses indicate that both CedBTN clones are 
highly aneuploid lineages that underwent at least one whole-genome 
duplication event in early tumorigenesis, leading to a likely tetraploid 
state that, in the case of CedBTN2, later developed further CN gains in 
the UGCE17/2401H branch. Due to the inability to discriminate com-
pletely between germline and early somatic variants in each lineage, 
however, it is currently not possible to date these genome duplication 
events with greater precision.

To characterize further the landscape of somatic alterations in 
cockle BTN, we applied multiple established algorithms to call struc-
tural variants (SVs) in the ten ‘golden set’ tumors. We then removed 
potentially germline events by genotyping these variants on 455 
non-neoplastic samples. This approach yielded a conservative set of 
18,272 high-confidence SVs (7,347 in CedBTN1, 11,356 in CedBTN2), 
with deletions being the most frequent type of event (80%, 14,589 of 
18,272; Extended Data Fig. 10a,b). A maximum parsimony phylogenetic 
tree reconstructed from these variants confirmed the CedBTN nuclear 
phylogeny inferred from SNVs, supporting two divergent lineages with 
a minimal fraction of shared structural variation (Fig. 4c).

The combination of gene CN data and nonsynonymous prediver-
gence mutations in each lineage did not reveal any high-confidence can-
didate cancer-driver events (Supplementary Table 13). Similarly, dN/dS  
ratios yielded no evidence of positive selection for postdivergence 
SNVs or indels in either lineage. However, the availability of CN data 
offered an additional opportunity to identify potential early driver CN 
alterations. We systematically screened for gains and losses of regions 
containing oncogenes and tumor suppressor genes (TSGs), respec-
tively. This analysis identified likely ancestral amplifications involving 
two canonical oncogenes in CedBTN1: MDM2 (10–13 copies; mean 
CN = 10.9; gene CN percentile = 98.3), encoding the principal cellular 
antagonist of the p53 protein, and CCND3 (8–18 copies; mean CN = 10.7; 
gene CN percentile = 98.2), encoding a cyclin that promotes G1/S cell 
cycle transition (Supplementary Table 14). Recurrent amplification of 
these genes has been observed in multiple cancer types, and is thought 
to prevent cell cycle arrest and apoptosis under conditions of genomic 
instability46–49. In CedBTN2, we found evidence of a likely ancestral MYC 
amplification (7–11 copies; mean CN = 9.2; gene CN percentile = 96.3; 
Supplementary Table 14). Interestingly, MYC activation has also been 
proposed as an early driver of a mammalian transmissible cancer1.

Notably, we also identified an ancestral homozygous deletion of 
MGMT in CedBTN1 (Fig. 4d and Supplementary Table 14). The enzyme 
encoded by this gene, O6-methylguanine-DNA methyltransferase, is 
essential for repair of alkylated DNA bases, and its inactivation results 
in hypersensitivity to the toxic and mutagenic effects of alkylating 
agents50,51. Given the cumulative and virtually lineage-specific activity 
of signature SBS-D (Fig. 3d), and its similarity to human signature SBS11 
(caused by the alkylating agent temozolomide37), SBS-D most likely 
reflects unrepaired alkylation of DNA bases due to loss of MGMT. The 
resemblance between SBS-D and SBS23 further suggests that SBS23 
may arise from deficient DNA alkylation repair in human cancers.

We examined gene expression estimates for these candidate early 
drivers, and found evidence of increased expression of amplified genes 
CCND3, MDM2 and MYC in the relevant CedBTN lineage relative to 
normal tissues, as well as absence of MGMT expression in CedBTN1 
(Extended Data Fig. 10c and Supplementary Table 14). Remarkably, 
we also observed overexpression of MDM2 in CedBTN2 relative to 
normal tissues, perhaps related to moderate amplification of this gene 
in CedBTN2 (3–8 copies). These findings support the conclusion that 
CN alterations of CCND3, MDM2, MGMT and MYC are likely drivers of 
early CedBTN evolution, and raise the possibility that upregulation 
of MDM2 has been independently selected in both cancer lineages. 
Despite the high gene content completeness of our C. edule genome 
assembly (Supplementary Table 3), we cannot exclude the possibility 

that further early driver events have escaped detection due to lack of 
homology between the sets of cancer genes in humans and bivalves.

Satellite DNA expansions illuminate the 
emergence of CedBTN
Finally, we applied a computational method to examine the repetitive 
complement of the C. edule genome, with a focus on satellite DNA. 
These repetitive sequences are relevant for genome stability, exhibit-
ing long-term conservation and propensity for rapid CN changes52. Our 
method identified 34 satellite DNA candidates in the common cockle 
reference genome (Supplementary Table 15), four of which varied in fre-
quency between non-neoplastic and BTN genomes, providing further 
insight into the origins of cockle BTN (Fig. 4e). Two satellites, named 
CeS4 and CeS14, were found at high frequency in all samples from a 
genetically diverse cohort of non-neoplastic cockles, yet were entirely 
absent from both BTN lineages. We designed FISH probes to target satel-
lite CeS4, which confirmed the results obtained from sequencing data 
(Fig. 4f). This finding suggests that both CedBTN1 and CedBTN2 may 
be ancient cancer lineages that diverged from the cockle population 
before the emergence and expansion of CeS4 and CeS14 in the C. edule 
germline. Another satellite, CeS6, was found in cockle populations 
and CedBTN2 samples, while absent from CedBTN1 (Fig. 4e). Lastly, 
despite satellite CeS31 being exclusive to CedBTN1, our data did not 
support exclusive presence of any satellite DNA in CedBTN2 samples. 
Although we cannot exclude other explanations, these observations 
suggest that CedBTN2 possibly diverged from the cockle population 
more recently than CedBTN1.

Discussion
Despite several BTN lineages having been newly described in recent 
years9–14,23, to our knowledge no analyses of whole BTN genomes have 
yet been reported. Combining a range of approaches, our study pro-
vides an expansive outlook into the genomes of these singular marine 
leukemias in European common cockles, complementing the work 
of Hart et al.28 on American soft-shell clams. Both studies reveal neo-
plastic genomes marked by aneuploidy, pervasive genomic instabil-
ity and lineage-specific mutational processes. In the case of cockle 
BTN, we find evidence for sustained chromosomal instability, most 
likely activated by early whole-genome duplication53,54 and fueled by 
recurrent chromosome missegregation during mitosis55,56. Moreover, 
the likely upregulation of MDM2 and cyclin D by means of ancestral 
gene amplification suggests that BTN lineages may evolve tolerance 
of chromosomal instability through disruption of p53-dependent 
responses against aneuploidy57,58. Interestingly, suppression of p53 
via cytoplasmic sequestration has been reported in the BTN lineage 
affecting soft-shell clams59, raising the possibility that BTN lineages 
in different bivalve species may have evolved distinct adaptations in 
response to common evolutionary pressures.

The extreme chromosomal instability of CedBTN genomes con-
trasts with the quiescent karyotypes of transmissible cancers in dogs 
and Tasmanian devils1,5,60, challenging the notion that a stable genomic 
architecture is required for long-term survival of cancer lineages. 
Although our data do not allow estimation of precise ages for cockle 
BTN, multiple lines of evidence suggest that these cancers may have 
emerged centuries or millennia ago. These include the broad geograph-
ical distribution of tumors, the marked genetic divergence between 
tumors and modern cockles, the recurrent capture of host mitochon-
dria by tumors (not observed in soft-shell clam BTN28) and the absence 
in tumors of satellite DNA elements that are vastly expanded in the 
cockle germline. Furthermore, Hart et al. estimate an age of ~423 years 
for the soft-shell clam BTN lineage28, demonstrating the potential for 
long-term survival of marine transmissible cancers. Taken together, 
our findings suggest that CedBTN lineages have undergone a long 
history of sustained genomic instability. Studying the mechanisms 
by which BTN cells overcome the effects of such instability promises 
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to broaden our understanding of the conditions required for tumors 
to survive and adapt over the long term.

Methods
This research complied with all relevant ethical regulations. Animal 
samples were obtained under the approval of the Standing Commit-
tee on Conflict of Interest, Scientific Misconduct and Ethical Issues 
(CoIME) of the European Research Council, and under regional licenses 
for mollusk extractions and trading authorizations. Our institutional 
facilities conformed to safety requirements. Seawater was subjected 
to disinfection protocols and laboratory personnel possessed the 
required experimental work certifications.

Statistics and reproducibility
No statistical methods were used to predetermine sample size. The 
experiments were not randomized. The investigators were not blinded 
to allocation or diagnosis during experiments and outcome assess-
ment. A fraction of the data were excluded from certain analyses for 
quality reasons; exclusion criteria for particular analyses are detailed 
in the sections below.

To ensure reproducibility of cytological and histological diagno-
sis of disease stage (Extended Data Fig. 1b–p) and type of neoplasia  
(Figs. 1c and 2f and Extended Data Fig. 3), we performed diagno-
sis independently on five tissues for each individual: hemolymph  
(cytology), foot, gonad, gills and digestive gland (histology). To ensure 
reproducibility of cytogenetic analyses, we conducted independent 
FISH experiments on metaphases using different probes and condi-
tions, including CedBTN1, CedBTN2 and healthy specimens. The num-
ber of metaphases/experiments for each probe and condition were as 
follows. Telomeric probes (Fig. 4a): CedBTN1 (51/3); CedBTN2 (27/2); 
healthy (52/5). Satellite DNA (Fig. 4f): CedBTN1 (42/2); CedBTN2 (19/2); 
healthy (64/6). Histone genes and ribosomal DNA (Extended Data  
Fig. 8): CedBTN1 (153/10); CedBTN2 (71/9); healthy (49/10). Consistent 
results were obtained in all cases.

Sample collection, processing and diagnosis
Between 2016 and 2021, 6,854 C. edule specimens were collected from 
seabeds of 11 countries covering the species’ geographical range (Sup-
plementary Table 1). Cockles were maintained in closed-circuit seawa-
ter tanks for 48 h.

For information on sample processing and diagnosis, see the 
Supplementary Note.

Karyotyping
Mitotic chromosomes were obtained following standard protocols61. 
Neoplastic animals received an in vivo colchicine treatment (0.005%, 8 h),  
a hypotonic treatment and fixation in ethanol-acetic acid (3:1). Fixed 
gills were disaggregated in acetic acid (60%), dropped onto pre-heated 
glass slides, stained with 4′,6-diamidino-2-phenylindole (DAPI: 
0.14 μg ml–1 in 2 × SSC buffer) and mounted with Antifade (Vectash-
ield, Vector). Metaphase visualization was performed with a Nikon 
Eclipse E800 microscope and a DS-Qi1Mc CCD camera using the Nikon 
NIS-Elements software (v.5.42.01). Image processing was performed 
with Adobe Photoshop CS6 (v.13.1.3).

DNA isolation and sequencing
DNA was isolated using a QIAamp DNA Mini Kit (Qiagen), with an addi-
tional precipitation step with SDS/CH3COOH (70 °C, 10 min). Samples 
presenting insufficient DNA yields were whole-genome-amplified using 
a REPLI-g Mini Kit (Qiagen) (Supplementary Table 5). DNA libraries 
were prepared using Illumina whole-genome protocols, multiplexed 
and sequenced on an Illumina NovaSeq 6000 platform to generate 
150-base pair (bp) paired-end (PE) reads. Sequencing depth ranged 
between ~20× and 150×, depending on the type and purpose of each 
sample (Supplementary Table 5).

RNA isolation and sequencing
Total RNA was isolated using the RNeasy Mini Kit (Qiagen) from normal 
tissue samples (adductor muscle, gills, digestive system, mantle, foot, 
gonad and hemolymph) of 28 healthy cockles, and hemolymph samples 
from eight neoplastic cockles. RNA libraries were prepared using the 
Illumina TruSeq RNA library kit with the Illumina Ribo-Zero riboso-
mal RNA removal kit, and sequenced on an Illumina NovaSeq 6000 
platform to generate 150-bp PE reads (insert size 250 bp, 100 million  
reads per sample).

Sequence read alignment
DNA reads were aligned to the reference genome assembly using BWA 
(v.0.7.17)62 with default settings, and processed using samtools (v.1.9)63 
and bammarkduplicates (v.2.0.87). RNA reads were mapped to the 
reference genome using STAR (v.2.7.3a)64. Before alignment, 5 of 13 
alignment parameters were optimized for one healthy (ENCE17_H_Pool) 
and one cancer sample (PACE17_656H). Default values were used for 
all parameters except the following: ‘outFilterMismatchNmax = 33, 
seedSearchStartLmax = 50, AlignSJoverhangMin = 5, AlignSJDBover-
hangMin = 3, outFilterType = BySJout’. Aligned reads were quantified 
with RSEM (v.1.3.1)65 to produce tables of read counts and transcripts 
per million. A total of 14,067 genes were captured.

C. edule reference genome and transcriptome
Sampling, histopathology and cytogenetics. A large male C. edule 
specimen (weight 19.15 g, length 40 mm, height 37 mm), collected 
from Noia, Spain (42° 47′ 35.1″ N, 8° 54′ 42.5″ W) in November 2017, was 
selected as the reference animal. Histological examination confirmed 
absence of parasites or evident pathologies, and absence of cytogenetic 
aberrations was confirmed by surface spreading of synaptonemal 
complexes66, stained as described above. Tissue samples from hemo-
lymph, foot, gill, mantle, adductor muscle, digestive system, gonad 
and siphons were preserved in RNAlater (Qiagen), flash-frozen and 
stored at −80 °C.

Genome sequencing and assembly. Sequencing: A multiplatform 
approach was applied, combining short- and long-read sequencing. 
Illumina sequencing comprised PE libraries with insert sizes of 350, 
550 and 850 bp, and mate-paired libraries with insert sizes of 2.5, 5, 8 
and 10 kb, prepared using the Illumina TruSeq PCR-Free DNA (350-bp 
inserts) and Illumina TruSeq DNA library kits (550-bp and 850-bp 
inserts), and sequenced on Illumina NovaSeq 6000 and HiSeq 4000 
platforms. Long-read sequencing was performed with Oxford Nano-
pore Technologies (ONT). Following end-repairing and dA-tailing 
(NEBNext End Repair/dA-tailing module, New England Biolabs), we con-
structed whole-genome libraries from unsheared DNA (SQK-LSK109, 
ONT) and sequenced them in MinION R9.4 flowcells (FLO-MIN106, 
ONT) controlled by the MinKNOW software (v.18.12.09). Base calling 
was performed using Guppy (v.2.3.1). Hi-C sequencing was performed 
using the Arima Genomics Hi-C v1 kit and one 150-bp PE library with the 
NEBNext Ultra II DNA library kit (New England Biolabs). Genome size, 
heterozygosity and GC content: GenomeScope (v.1.0.0) and wtdgb2 
(v.2.5) were employed to estimate cockle genome size from short 
and long reads, respectively. The initial k-mer counting required by 
GenomeScope was assessed using Jellyfish (v.2.2.10) on 630 million PE 
reads (read size 100 bp, insert size 500 bp) from the reference animal. 
We ran GenomeScope using default parameters, estimating a haploid 
genome size of 812 Mb and 1.86% heterozygosity. The wtdgb2 assem-
bly, using 50 gigabases (Gb) of ONT data with a minimum read length 
of 10 kb (ref. 67), estimated a haploid genome size of 840 Mb. The 
G + C content of the genome was 35.6%. Genome assembly: MaSuRCA 
(v.3.2.4)68 was run on 50 Gb of ONT reads (depth 60×, minimum read 
length 10 kb) and 180 Gb (depth 143×) of Illumina 100-bp reads from 
five libraries: PE reads (depth 93×, insert size 550 bp) and mate-paired 
libraries (insert sizes 2.5, 5, 8 and 10 kb, total depth 50×). The resulting 
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set of contigs was close to the theoretical diploid genome size (1.76 Gb). 
Homologous contigs were purged with purge_haplotigs (v.1.1.0) and 
HaploMerger2 (v.3.4), masked with WindowMasker (v.1.0.0) and fed 
back to HaploMerger2. Haplotig removal efficiency was assessed 
using the KAT toolkit (v.2.3.2). The resulting haploid contig set had a  
size of 793 Mb, N50 = 1.28 Mb (Supplementary Table 3) and BUSCO 
(v.3.0.2) completeness (using ‘metazoa’ dataset with ‘--long’ option) 
of 95.2%. Scaffolding with Arima Hi-C reads was conducted using three 
rounds of 3D-DNA (v.180922). Hi-C reads were aligned to the scaffolds 
using BWA-MEM (v.0.7.17) with the ‘-5SP’ setting. The output file was 
converted into a contact map and visualized using PretextMap and 
PretextView (v.0.0.2). The scaffolded genome had N50 = 39.6 Mb, 
with 95% of the genome contained in 19 chromosomal scaffolds. For 
genome polishing, we first ran GATK HaplotypeCaller (v.4.1.6.0)69 to 
call SNVs and indels using 630 million PE reads (length 100 bp, insert 
size 500 bp). Then, we replaced reference alleles with alternate alleles 
presenting VAF ≥ 0.75, using varibase (v.1.0).

Transcriptome sequencing and assembly. RNA libraries were pre-
pared using the Illumina TruSeq RNA kit with the Illumina Ribo-Zero 
rRNA removal kit, and sequenced on an Illumina HiSeq 2500 platform 
to generate 100-bp PE reads (insert size 250 bp). Reads were aligned 
to the reference assembly using HISAT2 (v.2.1.0)70. Alignments were 
assembled and merged into a nonredundant transcript set using 
StringTie (v.2.1.1). Final transcriptome size was 290 Mb, presenting 
98.8% completeness on the BUSCO metazoan dataset (v.3.0.2) (Sup-
plementary Table 3).

Genome annotation. TE sequences were identified with Repeat-
Modeler (v.1.0.11) and used to locate TEs on the primary assembly 
with RepeatMasker (v.4.1.0). The last 6.3 Mb of chromosome 11 was 
masked with WindowMasker (v.1.0) to account for TE overrepre-
sentation (Extended Data Fig. 2). This annotation approach yielded 
>2 million repetitive elements (48.7% of the genome; Supplemen-
tary Table 4). Gene predictions were obtained using two Maker2 runs 
(v.3.01.03), the first by supplying C. edule transcripts and proteins 
from bivalves Mizuhopecten yessoensis (GCA_002113885), Crassostrea 
gigas (GCA_000297895), Crassostrea virginica (GCA_002022765) and 
Mytilus galloprovincialis (GCA_001676915). The outcome of this round 
was used to train SNAP (v.0.15), and its output was fed into the sec-
ond Maker2 round. C. edule TE sequences were also supplied to mask 
the genome. This approach identified 14,055 protein-coding genes. 
We performed Gene Ontology annotation using Blast2GO (v.1.4.5) 
against the BLAST ‘nr’ database and InterProScan2 (v.2); explored the 
metabolic pathways of these proteins with KEGG Automatic Annotation 
Server (v.2.1), using GHOSTX with bi-directional best hit against Lottia 
gigantea, Pomacea canaliculata, Crassostrea gigas, Mizuhopecten yes-
soensis, Octopus bimaculoides; and transferred functional orthology 
information using EggNOG (v.4.5.1).

Calling and filtering of mitochondrial SNVs and indels
Calling of SNVs and indels in mtDNA was performed using GATK 
MuTect2 (v.4.1.6.0)71 in ‘mitochondria mode’ (option ‘-L MT’). A maxi-
mum of 100 reads were retained per alignment start position, and 
filtering of duplicates was disabled. Sites with median mapping quality 
>50 were omitted. An orientation bias model was used to filter the calls, 
and multi-nucleotide-variant calling was disabled. A median autosomal 
coverage of 50 was assumed to filter potential polymorphic nuclear 
mtDNA (NUMT) integrations; the autosomal coverage was estimated 
using samtools (v.1.9) on nuclear sequence data. The minimum number 
of supporting reads required on each strand was set to 1. Biallelic SNVs 
were filtered as follows: (1) For healthy specimens, for which all variants 
typically presented VAF ≈ 1, variants with 0.5 ≤ VAF < 1 had their VAF con-
verted to 1, while variants with 0 < VAF < 0.5 had their VAF converted to 
0. The case 0.5 ≤ VAF < 1 may be explained by read-mapping or coverage 

issues, unidentified CN variants or high-frequency heteroplasmy; 
while the case 0 < VAF < 0.5 probably corresponds to false positives 
and low-frequency heteroplasmic positions. (2) For tumor samples 
with a matched-host sample, we compared the mtDNA alignments 
between both samples and removed variants found exclusively in one 
sample (usually at low frequency). (3) For tumor samples without a 
matched-host sample, VAF distributions were visually inspected to 
determine a VAF threshold for variant acceptance. Biallelic indels were 
discarded, as they were almost exclusively found at low frequency in 
whole-genome-amplified samples, strongly suggesting their being 
artefacts. Multiallelic positions were individually examined across all 
samples, and labeled as true or false positives on the basis of concord-
ance between their VAFs and those of most mtDNA variants.

Deconvolution of mtDNA haplotypes and co-occurrence 
analysis
Deconvolution of mtDNA haplotypes was performed by directly 
inspecting sample-specific VAF ranges, together with the estimated 
purity (tumor cell fraction). For a set of 51 neoplastic hemolymph 
samples, 42 matched-host tissue samples and 168 non-neoplastic 
cockle samples, this method allowed identification of tumor and host 
mtDNA haplotypes within each tumor and matched-host sample. The 
modal VAF of the tumor mtDNA haplotype in a given hemolymph sam-
ple was generally consistent with its tumor cell fraction. Those cases 
where host and tumor alleles could not be confidently assigned were 
excluded from the analysis. Mitochondrial genomes present in each 
sample were reconstructed and used to produce a multiple-sequence 
alignment. A small number of sample pairs showed more than two 
mtDNA haplotypes present in both sequenced tissues; these were 
interpreted to reflect co-occurrence of cells from two distinct tumor 
mtDNA lineages. However, samples presenting evidence for more 
than two haplotypes were conservatively discarded if they met any 
of the following conditions: (1) the third haplotype did not appear in 
both tissues of the individual; (2) the third haplotype appeared at very 
low frequency; (3) the third haplotype originated a long branch in the 
mtDNA phylogenetic tree, suggesting artefactual variants.

Phylogenetic inference from mtDNA variants
The alignment of deconvoluted mtDNA sequences was visually 
inspected using Genious Prime (v.11.03) to check correctness of 
reading frames across coding genes and basic alignment statistics. 
Region MT:9018–10168 was excluded due to existence of amplifica-
tions in some genomes, yielding an alignment length of 13,792 bp. 
As the mean divergence among sequences was low (~1%), prelimi-
nary neighbor-joining trees were used to examine the placement of 
uncertain haplotypes (see ‘Deconvolution of mtDNA haplotypes and 
co-occurrence analysis’).

ModelTest-NG (v.0.1.6)72 was used to select the best-fitting nucleo-
tide substitution model for the dataset. Models were estimated for 
each gene or region separately (30 regions; some regions overlap-
ping transfer RNAs or intergenic sequences were merged), as well as 
for the complete dataset and for a three-partitioned dataset (coding 
regions, rRNAs and tRNAs). The best model in each case was selected 
according to the Bayesian Information Criterion. Phylogenetic rela-
tionships were inferred using ML and Bayesian inference. For ML, 
we used RAxML-NG (v.0.8.1) with ten starting parsimony trees and 
1,000 bootstrap replicates. Partitioned analyses were implemented 
using the 30 partitions described above; exploratory analyses yielded 
identical results using one and three partitions. Bayesian inference 
analyses were conducted with BEAST (v.2.6.2), again implementing 
different models for the 30 a priori established partitions. Runs were 
implemented with a single or three partitions (coding regions, rRNAs 
and tRNAs), further partitioning being avoided to reduce bias on node 
ages73. Linked clock models and tree topology were used, with both 
coalescent and Yule priors on the tree topology. Multiple independent 
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MCMC chains were run for 200 million iterations, sampling every 
20,000 iterations. At least two runs were performed. Convergence 
was checked with Tracer (v.1.7.1), and TreeAnnotator (v.2.6.2) was used 
to summarize posterior estimates.

For information on additional phylogenetic analyses, see the 
Supplementary Note.

Selection of high-purity tumor set
The purity (tumor cell fraction) of each sample was estimated by a 
combination of approaches: (1) manual counting of neoplastic hemo-
cytes in cell monolayers (Supplementary Note); (2) assessment of 
changes in mtDNA VAF between tumor and matched-host samples; 
and (3) assessment of the placement of tumor mtDNA haplotypes in 
the mtDNA phylogenetic tree, to identify cases of host co-infection 
(see ‘Deconvolution of mtDNA haplotypes and co-occurrence analy-
sis’). A set of high-purity tumor samples (hereafter, the ‘golden set’) 
was defined by selecting samples that had sequencing depth ≥90 Gb, 
had purity estimates >97%, had not undergone whole-genome ampli-
fication and showed no evidence of co-infection by distinct tumor 
mtDNA lineages. This subset comprised ten samples: seven CedBTN1 
samples (EICE18_889H, EUCE18_1024H, FRCE17_701H, PACE17_433H, 
PVCE17_1247H, PVCE17_1402H, PACE17_421H1; diagnosed as type 
A DN) and three CedBTN2 samples (EICE18_887H, EPCE18_848H, 
UGCE17_2401H; diagnosed as type B DN). The discrepancy in the num-
ber of samples from each lineage reflects the overall difference in 
prevalence across sampling locations (Supplementary Table 1).

Calling, filtering and annotation of nuclear SNVs and indels
Calling of SNVs and indels in the ‘golden set’ of tumor genomes 
was performed using GATK MuTect2 (v.4.1.6.0)71 in ‘tumor-only’ 
mode with default settings. Variant calling in samples from healthy 
(non-neoplastic) cockles was performed using Platypus (v.0.8.1)74 with 
default settings. Our cockle genome assembly was used as the reference 
sequence for all samples. MuTect2 calls were first filtered by assigning 
filter tags using the FilterMutectCalls tool in GATK (v.4.1.6.0), and then 
selecting calls showing only filter tags ‘PASS’ or ‘clustered_events’. To 
isolate potentially somatic variants and filter contaminating germline 
variation from the hosts, we identified likely germline variants from the 
sets of tumor variants by comparing them against the combined set of 
‘PASS’-tagged variant calls obtained by Platypus across the 462 healthy 
samples in our ‘panel of normals’. This approach was required for two 
reasons: (1) matched-host samples were found to contain substantial 
fractions of cancer cells, and were therefore unsuitable for filtering of 
host contamination in tumor samples; (2) because BTN is an allogeneic 
transplant, tumor cells are genetically unrelated to hosts, and thus the 
germline variation from the matched host does not capture the germline 
variation from the ‘founder’ animal that spawned the cancer lineage.

For information on filtering and annotation of SNVs and indels, 
see the Supplementary Note.

SV calling and filtering
SVs were called in high-purity tumors using a combination of three 
algorithms: DELLY (v.0.7.9)75, LUMPY (v.0.2.13)76 and Manta (v.1.6.0)77. 
DELLY was run in tumor-only mode with stringent read-filtering criteria 
(options ‘-q 20 -s 15’) and an exclusion file containing annotated repeat 
coordinates (‘-x’). LUMPY was run in tumor-only mode with discord-
ant and split read pairs pre-extracted with samtools (v.1.9). Manta 
(v.1.6.0) was run in tumor-only mode (‘--minEdgeObservations = 3’, 
‘--minCandidateSpanningCount = 3’). To limit false positives, we con-
sidered only candidate events with base-level breakpoint resolution, 
and belonging to the following SV categories: deletions, duplications, 
inversions and breakends (or BNDs, including translocations). We 
integrated SV calls using svimmer (v.0.1), requiring events to have 
been called by at least Manta and one other caller. We genotyped all 
candidate SVs using GraphTyper (v.2.0) with default settings.

For information on filtering and annotation of SVs, see the Sup-
plementary Note.

CN inference
CN calling was performed with DELLY (v.1.0.3) using our cockle genome 
assembly to correct for read mappability and GC content. The mini-
mum CN alteration size was set to 10 kb. Read counts were obtained 
for variable-size bins with 10-kb uniquely mappable (mapping qual-
ity ≥ 10) sequence. These bins were constructed by first simulating 
2 × 150-bp PE reads from the reference genome using dicey (v.0.1.8) 
with otherwise default parameters. Simulated reads were aligned back 
to the reference genome using BWA-MEM (v.0.7.17), sorted, converted 
into BAM format and indexed with samtools (v.1.9). The final map-
pability map was generated using the ‘dicey mappability2’ tool with 
default parameters. CN segments were called for a range of ploidy 
values between 2n and 6n, and the most likely ploidy was then selected 
for each sample as the value providing the best fit between expected 
and observed CN modes. The most likely ploidy was found to be 4n for 
all samples except UGCE17/2401H (best fit by 5n), PACE17/421H1 and 
PACE17/433H (for both of which 4n was assumed, as their CN distribu-
tions were uninformative).

Phylogenetic inference from nuclear variants
Tumor phylogenetic trees were estimated from nuclear sets of 
BTN-specific SNVs and SVs in the ten high-purity tumors. For SNVs, vari-
ant alleles were concatenated into an alignment containing 4,340,713 
sites and 3,724 different site patterns. ML trees were estimated with 
RAxML (v.8.2.12) using a single partition for the whole nuclear genome. 
A GTRGAMMA substitution model was assumed, given the low number 
of sequences and high number of sites. Stamatakis ascertainment bias 
correction was applied, incorporating exact nucleotide frequencies of 
invariable sites along the partition. A hundred trees were generated by 
optimizing alternative parsimony starting trees, and the tree with the 
best Gamma-based likelihood was selected. Tree consistency was evalu-
ated using nonparametric bootstrap analysis with 1,000 replicates. 
This tree was rooted using the reference sequence as an outgroup.

For SVs, binary genotypes derived from GraphTyper (v.0.2) were 
concatenated into an alignment using functions from the phangorn 
(v.2.8.1) R package. Heuristic parsimony tree searches were performed 
with the implementation of the parsimony ratchet78 in phangorn. To 
evaluate the level of homoplasy, tree consistency indexes (CI) were 
calculated for the alternative phylogenies estimated from different 
types of SVs: deletions (CI = 0.81), duplications (CI = 0.91), inversions 
(CI = 0.79) and breakends (CI = 0.77). A maximum parsimony tree 
search was performed using PAUP* (v.4.0a168). An alignment of 18,272 
SV binary genotypes was analyzed, encoding the variants as unordered 
reversible characters with equal weights, and an exhaustive parsimony 
tree search was performed. Rooting was done using a user-specified 
outgroup corresponding to the reference sequence. Consistency of 
the tree was evaluated using nonparametric bootstrap analysis with 
1,000 replicates.

For information on additional phylogenetic analyses, see the 
Supplementary Note.

Mutational signature analysis
Mutational signatures were inferred from sets of BTN-specific and 
germline variants using the sigfit (v.2.2.0)38 R package. First, mutational 
catalogs were produced (‘build_catalogues’ function) from eight nono-
verlapping SNV sets: (i) germline variants from three normal samples 
(BNg14, ENCE17_3575F, ICCE19_366F_HC); (ii) variants ancestral to 
both CedBTN clones (that is, present in all ten tumor samples); (iii) 
predivergence variants in CedBTN1 (present in all CedBTN1 and no 
CedBTN2 samples); (iv) predivergence variants in CedBTN2; (v) nonpri-
vate postdivergence variants in CedBTN1 (present in at least two, but 
not all, CedBTN1 samples, and no CedBTN2 samples); (vi) nonprivate 
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postdivergence variants in CedBTN2; (vii) private variants in CedBTN1 
(present in exactly one CedBTN1 and no CedBTN2 samples); and (viii) 
private variants in CedBTN2. Mutational catalogs were corrected by the 
trinucleotide context frequencies of the reference genome using the 
‘convert_signatures’ function, and then multiplied by the total muta-
tion counts in the original catalogs. To prevent large mutation count 
differences, catalogs with >100,000 mutations were downsampled 
to this number.

Inference of mutational signatures was performed in three stages. 
First, sets of 2–4 signatures were extracted (‘extract_signatures’ func-
tion) from the mutational catalogs obtained from variant sets (i)–(iv) 
(germline and predivergence). The number of signatures yielding 
the cleanest signature deconvolution (based on goodness-of-fit, low 
redundancy and orthogonality of signatures) was N = 3 (signatures 
SBS-A, SBS-B, SBS-C). Next, the sigfit ‘Fit-Ext’ model38 was used to fit 
these three signatures to the mutational catalogs from variant sets 
(v)–(viii) (postdivergence), while simultaneously extracting 1–3 addi-
tional signatures (‘fit_extract_signatures’ function). In this case, the 
best-supported number of additional signatures was M = 2 (signatures 
SBS-D, SBS-E), resulting in a total of five inferred signatures. Finally, the 
five signatures were fitted to all eight mutational catalogs (‘fit_signa-
tures’ function) to estimate signature exposures. Signatures SBS-D 
and SBS-E were found to have nonsignificant exposures in variant 
sets (i) and (ii) (germline); therefore, more accurate exposures were 
obtained for these two sets by re-fitting signatures SBS-A to SBS-C 
only. Comparison of the inferred signatures against human mutational 
signatures in the COSMIC database (v.3.2) by means of cosine similar-
ity yielded the following correspondence for SBS-A to SBS-E: SBS1 
(similarity 0.84), SBS5 (0.86), SBS8 (0.80), SBS23 (0.81), SBS40 (0.65). 
Because COSMIC signatures are relative to the sequence composition 
of the human genome, whereas signatures SBS-A to SBS-E were inferred 
from genome-independent catalogs, COSMIC signatures were also 
transformed to a genome-independent representation (‘convert_signa-
tures’ function), which led to the following correspondence for SBS-A 
to SBS-E: SBS5 (0.90), SBS40 (0.79), SBS8 (0.82), SBS23 (0.86), SBS40 
(0.71). Mutational spectra of indels obtained from the variant sets 
described above were generated using the ‘indel.spectrum’ function 
in the Indelwald tool (version 24/09/2021; github.com/Maximilian-
Stammnitz/Indelwald) and compared against human indel signatures 
in the COSMIC database (v.3.2).

Selection analyses
Evidence of selection for somatic mutations in protein-coding genes 
was assessed using normalized nonsynonymous-to-synonymous sub-
stitution ratios (dN/dS) for BTN-specific variants. dNdScv (v.0.0.1.0)25 
was used to estimate dN/dS ratios for somatic missense and truncat-
ing substitutions (SNVs) and indels. A reference CDS database (Ref-
CDS) was built from the gene annotation for the reference genome 
assembly using the ‘buildref’ function in dNdScv. The ‘dndscv’ func-
tion was applied to two subsets of BTN-specific SNVs and indels: (1) 
‘postdivergence’ variants in either clone, defined as those present 
in any sample from either CedBTN1 or CedBTN2, but not present in 
all samples from the same clone, nor in any sample from the other 
clone; and (2) all nonshared variants, defined as those variants present 
in only one clone. Variants shared by both clones were excluded, as 
these are likely germline. ‘dndscv’ was run with options ‘max_cod-
ing_muts_per_sample = Inf’, ‘max_muts_per_gene_per_sample = Inf’, 
‘cv = NULL’, ‘refdb = RefCDS’. No genes with dN/dS ratios significantly 
different from 1.0 were identified for any mutation type.

For information on additional dN/dS analyses related to the Ced-
BTN phylogeny, see the Supplementary Note.

Identification of candidate driver mutations
To identify candidate early cancer-driver mutations in CedBTN, a set 
of cancer gene orthologs was first defined. The COSMIC Cancer Gene 

Census database of genes causally involved in human cancer (COSMIC 
v.95) was retrieved. EggNOG gene identifiers were used to find C. edule 
orthologs, rendering 226 putative cancer genes across the cockle 
reference genome. A screen for potential early driver mutations in 
CedBTN1 and CBTN2 was conducted by searching for tumor-specific 
SNVs, indels and SVs satisfying the following criteria: (1) the variant 
occurred predivergence; (2) the variant affects the coding sequence 
of a cancer gene ortholog; (3) the variant is nonsynonymous; and (4) 
the type of mutation matches one of the mutation types listed for the 
overlapping gene in the Cancer Gene Census. This search yielded the list 
of early mutations in cancer genes reported in Supplementary Table 13. 
However, the combination of mutation consequence and gene CN did 
not provide sufficient evidence that these events had affected the genes 
in a manner consistent with biological knowledge, and therefore none 
was considered a high-confidence candidate early driver mutation.

Identification of candidate driver genes in CedBTN1 and Ced-
BTN2 was also performed through the detection of CN changes asso-
ciated with ancestral inactivation of a TSG, or ancestral amplification 
of an oncogene. CN estimation for each cancer gene was obtained 
through the intersection of unrounded CN segments with cancer gene 
chromosomal coordinates. Gene-wise CN was set as the average from 
intersected segments, normalized by their relative size. Gene-wise CN 
estimates were used to search for driver candidates in CedBTN1 and 
CedBTN2. Potential candidate driver oncogenes were defined as those 
with ancestral amplifications with CN > 6. Potential candidate driver 
TSGs were defined as those with ancestral losses with CN < 2. Candidate 
driver TSGs with multiple genomic copies, or with average CN status 
decrease indicative of hemizygous deletion, were further inspected in 
search of additional deleterious variants disrupting remaining alleles 
(homozygous inactivation). Candidate driver genes with the strong-
est support were assessed for changes in gene expression relative to 
normal cockle tissues, using the results of a differential gene expres-
sion analysis performed as described below (Extended Data Fig. 10c).

Cancer histogenesis determination via gene expression 
analysis
Raw RNA sequence read counts were normalized via regularized log 
transformation using the DESeq2 (v.1.34.0) R package. Genes that were 
significantly upregulated in a specific tissue type were identified by 
differential gene expression analysis, using the ‘DESeq’ function, with 
a design including contrasts between each tissue type and all other 
types combined. The top 60 genes for each of these contrasts, defined 
as those with the lowest adjusted P values, were selected as genes with 
‘tissue-specific expression’. Both unsupervised hierarchical clustering 
and principal component analysis were performed on the set of normal-
ized tissue-specific gene expression values, using the functions ‘dist’ 
and ‘prcomp’ in R. A heatmap of gene expression values was produced 
using the ComplexHeatmap (v.2.10.0) R package, with clustering based 
on Pearson’s correlation.

Satellite DNA identification and analysis
Repetitive elements were recovered with RepeatExplorer (v.2.3.8.1) 
from Illumina PE data from representative healthy and neoplastic 
specimens. Subsequently, a comparative analysis was performed on 
a larger dataset including 30 healthy cockles (uniformly representing 
all sampled populations) and the ten high-purity tumors (200,000 
reads per sample). Reads were aligned to the repetitive elements using 
BWA-MEM (v.0.7.17), and filtered (mapping quality (MAPQ) ≥ 60 and 
alignment score (AS) > 70) to assess the relative abundance of each 
repetitive element in healthy and neoplastic genomes. We gener-
ated DNA probes of satellite CeS4 labeled with digoxigenin-11-dUTP 
(10 × DIG Labeling Mix, Roche) by PCR with primers TACATTTTT-
GTGACGTTGAGAGGC and GGAGTTAGACAAAAACTATTGCTC. FISH 
experiments for this satellite and other gene families (28S and 
5S rDNAs and histone H3) were performed following published 
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protocols79,80. Telomeric repeats were detected with a commercial 
telomeric (C3TA2)3 probe (Applied Biosystems).

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
The reference genome sequence for Cerastoderma edule and sequenc-
ing data supporting the findings of this study have been deposited in 
the European Nucleotide Archive (www.ebi.ac.uk/ena) under over-
arching accession code PRJEB58149. Human mutational signatures 
were retrieved from the COSMIC v.3.2 database (cancer.sanger.ac.uk). 
Source data are provided with this paper. All other data supporting the 
findings of this study are available from the corresponding authors on 
reasonable request.

Code availability
Computer code used for data analyses is available on GitLab (gitlab.
com/mobilegenomesgroup/scuba_cancers).
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Frequency and progression stages of disseminated 
neoplasia in C. edule. a, Numbers of individuals diagnosed with each stage 
of cockle DN (early or N1, intermediate or N2, and late or N3) in each country 
where DN was detected. b–m, Micrographs of histological sections of cockle 
DN at different stages of progression: early stage, N1 (b, e, h, k); intermediate 

stage, N2 (c, f, i, l); and late stage, N3 (d, g, j, m). Histological sections show the 
gills (b–d), digestive gland (e–g), gonad (h–j) and foot (k–m). n–p, Hemolymph 
cell monolayers of cockle DN at stages N1 (n), N2 (o) and N3 (p). Arrows indicate 
neoplastic cells; asterisks mark mitotic phases of neoplastic cells.
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Extended Data Fig. 2 | Distribution of repetitive elements in the cockle 
genome. Frequency of classifiable repeats (26% of all repeats) along the 
reference cockle genome, displayed in terms of number of copies per 100-kb 
genomic segment. Repetitive element types with more than 1000 annotated 
copies are represented: long interspersed nuclear elements (LINE, 172,722 
copies, 33.0%), transfer RNA repeats (tRNA, 81,766 copies, 15.6%), long terminal 
repeat elements (LTR, 78,009 copies, 14.9%), simple repeats (70,016 copies, 

13.3%), short interspersed nuclear elements (SINE, 55,434 copies, 10.6%), DNA 
repeat elements (42,917 copies, 8.2%), low complexity repeats (12,171 copies, 
2.3%), rolling circle repeats (RC, 8,843 copies, 1.7%), satellite repeats (2,100 
copies, 0.4%). Genomic segments along the ideogram are classified as GC-low or 
GC-high based on whether their average nucleotide content is below or above the 
estimated average genomic G+C content (35.6%).
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Histology and cytology of disseminated neoplasia in C. 
edule. a–j, Micrographs of histological sections of CedBTN1 (a–g) and CedBTN2 
(h–j) samples included in the ‘golden set’ of high-purity tumors. Micrographs 
show gills (b, h, j) and connective tissue around gonadal follicles and digestive 
gland (a, c–g, i), showcasing the distinctive features of the two morphological 

types of cockle DN: type A (a–g) and type B (h–j). k–m, Representative cell 
monolayers for normal hemocytes (k), type A DN (CedBTN1) cells (l), and type 
B DN (CedBTN2) cells (m). Histological sections stained with hematoxylin and 
eosin; cell monolayers stained with Hemacolor kit (Merck). Scale bars, 50 µm for 
a–j, 25 µm for k–m.
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Extended Data Fig. 4 | Germline polymorphism and gene expression in 
cockles and CedBTN tumors. a, Principal component analysis (PCA) of germline 
polymorphisms in CedBTN and healthy cockle samples. Logistic PCA was 
performed on a randomly selected subset of 100,000 germline exonic single-
nucleotide polymorphisms, genotyped across 100 non-neoplastic cockles 
(covering all sampling locations), seven CedBTN1 tumors, and three CedBTN2 

tumors. b, Heatmap and unsupervised clustering of normal cockle tissue 
samples and CedBTN tumor samples, based on normalized gene expression 
values for 420 genes with tissue-specific expression (60 genes per normal tissue 
type). c, Principal component analysis of tissue-specific gene expression; normal 
hemolymph and CedBTN samples are labeled. Both analyses indicate a clustering 
of CedBTN samples with normal hemolymph.
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Extended Data Fig. 5 | Maximum likelihood phylogenies of cockle mtDNA 
and CedBTN genomes. a, Maximum likelihood cockle mtDNA phylogeny. 
Midpoint-rooted tree of deconvoluted mtDNA haplotypes, including sample 
codes for normal (‘N0’) and tumor samples (‘T’; colored by mtDNA lineage). 
The nine identified mtDNA lineages are labeled. Bootstrap support values (n 
= 1000 replicates) are shown for all nodes. b, Maximum likelihood CedBTN 
nuclear phylogeny from genotyped SNVs. Phylogenetic tree inferred from a 
subset of 833,007 BTN-specific SNVs, including 30,000 randomly selected SNVs 

from each of the ancestral variant sets (‘A0’, ‘A1’, ‘A2’) and all the non-ancestral 
(postdivergence) SNVs in each nuclear lineage, which were genotyped across 61 
tumor samples. Tips are colored according to mtDNA lineage (where information 
is available); sample labels are colored according to nuclear CedBTN lineage. 
Bootstrap support values (n = 1000 replicates) are shown for all nodes. Samples 
subjected to whole-genome amplification (WGA) are indicated by asterisks. 
Sample EICE18_910H is a case of co-infection by cells from mtDNA lineages  
BTN1-HT4 and BTN2-HT2 (Fig. 2e,f).
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Distributions of tumors from each CedBTN mtDNA 
lineage. a, Percentages of tumor samples from each CedBTN mtDNA lineage 
in each cockle population. Sampled cockle populations (corresponding to 
sampling locations; Supplementary Table 1) are grouped by country, except 
for Spain. Populations from Spain are divided into two groups (northern and 

southern Galicia), and are also presented individually to demonstrate the 
variability in mtDNA lineage composition across populations. b, Maps displaying 
the locations of tumor samples and their sister taxa for each identified CedBTN 
mtDNA lineage.
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Extended Data Fig. 7 | Recurrent mtDNA D-loop amplification and host co-
infection in CedBTN. a, Sequence read depth along the mitochondrial genome 
in representative samples from four CedBTN mtDNA lineages, showing the 
independent mtDNA amplifications identified in three mtDNA lineages within 
CedBTN1. A sample from BTN2-HT2 (top) is shown as representative of the read 
depth distribution in CedBTN2 samples. Amplification lengths are indicated. b, 
Schematic representation of the three mtDNA amplification events, two of which 
share the same start coordinate. Identity among the start sequences is marked 
by underlining, while overlapping microhomology at the boundaries of two of 
the amplified regions is highlighted in bold. c, Diagonal plots of position along 
long sequence reads (Oxford Nanopore) against mtDNA coordinate, showing 

the number of copies gained in each mtDNA lineage (duplication in BTN1-HT1, 
triplication in BTN1-HT4 and BTN1-HT5). d, mtDNA allele frequency plots 
evidencing the presence of two tumor mtDNA haplotypes (green/yellow) and one 
host haplotype (gray) in hemolymph (left) and adductor muscle (right) samples 
from three cockles presenting evidence of co-occurrence of multiple CedBTN 
lineages (top to bottom: ENCE17/4528, PACE17/970, EICE18/910; Supplementary 
Table 10). Each dot represents a mitochondrial SNV. Identified tumor mtDNA 
haplotypes are labeled as in Fig. 2a. As expected, tumor and host mtDNA 
haplotypes present lower and higher allele frequencies, respectively, in adductor 
muscle compared to hemolymph.
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Extended Data Fig. 8 | Molecular cytogenetic results from metaphases of 
healthy and neoplastic specimens. a–b, FISH of 28S ribosomal DNA (rDNA; 
violet), 5S rDNA (red) and H3 histone gene (green) probes mapped onto a 
metaphase plate of a healthy specimen of C. edule and its corresponding 
karyotype with 2n = 38 chromosomes. As previously described80, up to five 

chromosome pairs hold subtelomeric clusters of 5S rDNA on their long 
arms, while 28S rDNA and histone H3 probes hybridize to the short arm of 
subtelocentric chromosomes. c–d, FISH mapping of the probes above onto 
example neoplastic metaphases, revealing abnormal location and number of 
these clusters. Scale bars, 10 µm.
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Extended Data Fig. 9 | Copy number profiles of CedBTN samples. Plots of unrounded copy number along the reference genome (left) and copy number density (right) 
for each sample in the ‘golden set’ of high-purity tumors, grouped by CedBTN lineage. Each dot represents a genomic bin containing 10 kb of mappable sequence.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Structural variant distribution and candidate driver 
gene expression in CedBTN. a, Circos plots representing the distribution 
of BTN-specific structural variants within the predivergence (ancestral) and 
postdivergence phylogenetic variant sets in CedBTN1 and CedBTN2. Deletions 
and duplications of size <10 kb are omitted for interpretability. b, Distributions of 
structural variant frequency, density and type composition (top to bottom) per 
reference chromosome, for variants identified in CedBTN1 (left) and CedBTN2 
(right). c, Expression of genes with potential early driver CN alterations in 
CedBTN. For each of the four genes with potential early driver CN alterations, 
normalized gene expression counts are shown for normal tissue samples (n = 28),  

CedBTN1 samples (n = 6) and CedBTN2 samples (n = 2). Each dot represents one 
sample, and gray lines denote the median expression for each group. Normal 
hemolymph samples (n = 4) are marked in light blue. Adjusted p-values are shown 
for comparisons between normal tissues and each CedBTN lineage, obtained 
via differential expression analysis (two-sided Wald tests with Benjamini–
Hochberg correction). Seven normal tissue samples presented null MGMT 
expression: ENCE17/3572B (gill), EYCE21/503H (hemolymph), EYCE21/507B 
(gill), EYCE21/507G (gonad), EYCE21/514H (hemolymph), ENCE21/2M (mantle), 
ENCE21/5F (foot). Normalized gene count values are comparable across samples 
for the same gene, but are not comparable across genes.
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