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XANTARES BIOCIENTIFICOS

Desde o grupo de traballo de formacion e divulgacion de BioReDes queremos
propofer un espazo regular de interaccidn para dar visibilidade a temas cientificos de
especial interese polo seu impacto social, econdmico e ambiental, asi como polo seu
grao de innovacién. Para iso, celebraremos o primeiro venres de cada mes (o segundo
venres se coincide con pontes ou festivos) un seminario cientifico que bautizamos
como Xantares BioCientificos. Consistirdan en charlas curtas (30 minutos aprox.),
impartidas por investigadores invitados ou da propia agrupacion, presentadas nun
ton divulgativo (buscase que sexan accesibles para investigadores non especialistas no
tema) e seguidas dun debate aberto tanto cientifico como de impacto social.
Pensamos acompanalo dun xantar lixeiro ao finalizar porque pretendemos que esta
actividade se converta nun espazo informal para coflecernos mellor e para favorecer o
intercambio de ideas e promover futuras colaboraciéns. Ademais, estes encontros
poden ser un excelente complemento para a formacion dos investigadores mais
novos (acreditarase a asistencia), polo que vos pedimos que animedes a participar aos
doutorandos dos vosos grupos.

A primeira cita sera o venres 8 de marzo as 13:00 horas no edificio CACTUS cunha
charla titulada “Globalizacion e patoloxias na producidn de moluscos: cancro
contaxioso e marteiliosis”, impartida polo Dr. Antonio Villalba, investigador do Centro
de Investigacions Marifias e coordinador da area de Patoloxia. Para que poidades ter
informacién de anteman sobre a importancia do tema achegamosvos un artigo
cientifico e un breve resumo da presentacion.

Aproveitamos para comunicarvos que, se tedes suxestiéns sobre charlas de interese
para os Xantares BioCientificos, podedes remitilas a lago Rodriguez, técnico de I+D da
Agrupacion (iago.palmeiro@usc.es)

Esperamoste! Ven a tomar un petisco con BioReDes!
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Breve resumo da presentacion

“Globalizacion e patoloxias na producion de moluscos: Cancro contaxioso e
marteiliosis”

Antonio Villalba, David Iglesias, Asuncién Cao, Maria Jesus Carballal
Centro de Investigacions Marifias, Conselleria do Mar, Xunta de Galicia

A producién de moluscos, derivada de acuicultura e pesca, contriblie de forma
crecente a alimentacion humana. Como noutros casos de producion animal, algunhas
enfermidades ameazan de forma dramatica as explotaciéns marisqueiras. En Galicia a
producién marisqueira ten especial relevancia e, por iso, algunhas enfermidades de
moluscos supofien unha convulsién no ambito socioeconémico; o caso mais recente é
a marteiliosis do berberecho.

A investigacidén desenvolvida ao redor dun tipo de cancro de moluscos que lembra a
leucemia conduciu a un achado sorprendente que convulsionou o mundo cientifico: o
contaxio directo do cancro entre individuos dunha mesma especie e mesmo de
especies distintas mediante o transito de células cancerosas liberadas & auga
circundante por individuos enfermos e que se introducen en individuos sans,
proliferando nestes. A evidencia de que a transmisiéon de cancro no medio acudtico
non é excepcional esta a deparar novas perspectivas sobre o cancro.
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Widespread transmission of independent cancer
lineages within multiple bivalve species

Michael J. Metzger!?, Antonio Villalba®#, Maria J. Carballal?, David Iglesias®, James Sherry®, Carol Reinisch®,

Annette F. Muttray®’, Susan A. Baldwin® & Stephen P. Goff!->8

Most cancers arise from oncogenic changes in the genomes of
somatic cells, and while the cells may migrate by metastasis, they
remain within that single individual. Natural transmission of
cancer cells from one individual to another has been observed in
two distinct cases in mammals (Tasmanian devils' and dogs*?), but
these are generally considered to be rare exceptions in nature. The
discovery of transmissible cancer in soft-shell clams (Mya arenaria)*
suggested that this phenomenon might be more widespread. Here
we analyse disseminated neoplasia in mussels (Mytilus trossulus),
cockles (Cerastoderma edule), and golden carpet shell clams
(Polititapes aureus) and find that neoplasias in all three species
are attributable to independent transmissible cancer lineages. In
mussels and cockles, the cancer lineages are derived from their
respective host species; however, unexpectedly, cancer cells in
P. aureus are all derived from Venerupis corrugata, a different species
living in the same geographical area. No cases of disseminated
neoplasia have thus far been found in V. corrugata from the same
region. These findings show that transmission of cancer cells in
the marine environment is common in multiple species, that it has
originated many times, and that while most transmissible cancers
are found spreading within the species of origin, cross-species
transmission of cancer cells can occur.

Disseminated neoplasia, or haemic neoplasia, a leukaemia-like dis-
ease, occurs with high prevalence in multiple bivalve species™®. Here
we investigate the possibility that cancers in three species could be
attributed to transmissible cancer cells, and whether these cancers
are restricted to the species of origin or can undergo cross-species
transmission.

Mussels (M. trossulus; Fig. 1a) are subject to disseminated neoplasia
in the Pacific Northwest Coast”®, and evidence of common polymor-
phisms in neoplasias suggested that these might represent a transmis-
sible cancer’. Twenty-eight mussels (M. trossulus) collected from West
Vancouver were screened for neoplasia by drawing haemolymph and
analysing haemocytes for the rounded, non-adherent morphology
of neoplastic cells. Two were identified with high levels of neoplastic
cells. We sequenced part of the mitochondrial cytochrome ¢ oxidase I
(mtCOI) gene in host tissue and neoplastic haemocytes from the two
diseased animals and four normal animals to test whether the neoplas-
tic cells were derived from the host individuals or exhibited a distinct
genotype, the hallmark of transmissible neoplasia. While solid tissue
and haemocyte genotypes within each normal animal were always iden-
tical, solid tissue and neoplastic haemocyte genotypes of the diseased
animals were discordant (Fig. 1b and Extended Data Fig. 1). Moreover,
the same single nucleotide polymorphisms (SNPs) were found in neo-
plastic cells of the two diseased individuals, indicating that the cancer
cells were not of host origin and suggesting that they arose from a single
clonal origin. EF1« gene sequences also revealed that the genotypes of
the host cells and neoplastic haemocytes were discordant, and that the

genotypes of the neoplastic cells of the two different animals were again
identical to each other (Fig. 1c).

To determine whether this transmissible cell line was widespread in
the M. trossulus population, 250 were collected from Vancouver Island,
and seven potentially diseased individuals were analysed. In one neo-
plastic sample (MW381), the haemocyte and tissue genotypes did not
match, and the haemocytes contained the same mtCOI allele and the
same EF1a major and minor alleles found in the other samples (Fig.
1b, c and Extended Data Fig. 1). These genotypes strongly indicate the
existence of a M. trossulus-derived transmissible cancer lineage circu-
lating in the wild population.

High prevalence of disseminated neoplasia has been observed in
two species of bivalves on the Galician Coast: cockles (C. edule)!®!!
and golden carpet shell clams (P. aureus, previously named Venerupis
aurea)'?. The disease in cockles (C. edule) exhibits one of two distinct
morphologies, termed types A and B!>!*. We collected about 150
cockles (C. edule; Fig. 2a), and examined the genotypes of solid tissue
and haemocytes of six normal individuals and six with high (>75%)
or moderate (15-75%) amounts of neoplastic cells in the haemolymph.
Nine polymorphic microsatellite loci'®> were amplified from
normal animals, and allele sizes from tissue and haemocytes of each
normal animal all matched, but allele sizes in haemocytes and tissue
of diseased animals were discordant (Fig. 2b, ¢). In a phylogenetic tree
based on microsatellite alleles'®!” the neoplastic haemocyte genotypes
did not group with the host tissue genotypes, consistent with trans-
missible cancer, and instead clustered into two distinct branches,
suggesting two independent cancer lineages (Fig. 2d). We sequenced
the mtCOI gene and identified several SNPs that were present only in
lineage 2, and not in any of the normal animals. No unique SNPs were
identified in the mtCOI region sequenced in lineage 1.

The microsatellite alleles and mtCOI SNPs suggest two independ-
ent cancer lineages, but these data are also consistent with two sub-
groups that have diverged from a single transmissible cancer lineage.
To investigate this question, we sequenced an approximately 3-kilobase
intron-spanning region in EF1c from six normal individuals and two
diseased individuals from each lineage (Fig. 2e). Both neoplastic
haemocyte alleles were different from the tissue alleles in all diseased
individuals, and the two alleles of the neoplasm in each diseased indi-
vidual were nearly identical to the two alleles of the other individual
in the lineage. However, both alleles in lineage 1 cells were different
from those in lineage 2. Moreover, the neoplastic alleles were more
closely related to some normal alleles than they were to the alleles of
the alternative lineage. These data strongly suggest an independent
origin of these two lineages.

Histological and morphometric examination showed that all three
samples in lineage 1 were type A (characterized by alooser arrangement
of neoplastic cells in the connective tissue, with pleomorphic nuclei)
and all three samples in lineage 2 were type B (tighter arrangement,
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Figure 1 | Analysis of tissue and haemocyte genotypes of normal
mussels (M. trossulus) and mussels with disseminated neoplasia using
mitochondrial and nuclear DNA markers. a, Representative M. trossulus,
with ruler for scale. b, Sequencing of mtCOI (bases 99-759) was conducted
for both host solid tissue (T) and haemocytes (H) of normal (n =4) and
neoplastic mussels (n=3). Open boxes mark SNPs that differ from allele
A. Filled boxes mark discordance between neoplastic haemocyte and
tissue genotypes. Sequences are numbered using AY823625.1. ¢, Maximum
likelihood phylogenetic tree based on sequences of an intron-containing

with smaller cells than type A and rounded, smaller nuclei; Fig. 2f-i
and Extended Data Table 1). Altogether, these results argue that two
distinct lineages of transmissible cancer, with distinct morphologies
and genotypes, arose independently in cockles and are circulating in
this species.

We also examined golden carpet shell clams (P. aureus; Fig. 3a),
which are present in the same habitat as several other bivalves, includ-
ing the closely related pullet shell clam (V. corrugata; Fig. 3b). Of 74
P, aureus individuals tested, 9 had high levels of disease and 22 had low-
to-medium disease. We sequenced regions of mtCOI, the ribosomal
DNA internal transcribed spacer (rDNA ITS), and EFl« from tissue
and haemocyte DNA of six highly diseased and six normal P. aureus
individuals, and again found that the genotypes of neoplastic cells were
nearly identical and did not match those of their hosts (Fig. 3c—e). In
contrast to the transmissible cancers in other species, however, the
sequences of the neoplastic cells were highly dissimilar from normal
host sequence (only 78.4-78.5% identical in the mtCOI locus and
89.3-93.2% identical at nuclear loci, ignoring insertions and dele-
tions). The neoplastic genotypes were instead near-perfect matches
to the sequences of V. corrugata (98.6-7% and 99.3-100% identical,
respectively).

To confirm that detection of the V. corrugata sequence reflected the
neoplastic cells observed morphologically, we used species-specific
EFIa quantitative PCR (qPCR) to quantify the fraction of cells that
were derived from each species in the tissue and haemocyte samples
(Fig. 3f). As expected, no V. corrugata sequences were detected in nor-
mal P. aureus animals, but high frequencies of V. corrugata DNA were
detected in all six individuals diagnosed with high levels of neoplasia
and lower amounts in most individuals diagnosed with medium and
low levels. The small number of individuals diagnosed with low and
medium disease in which V. corrugata DNA was not detected could
have primary host-derived neoplasia, a different transmissible cancer
lineage, too low an abundance of tumour DNA to detect, or even a
small amount of normal cells with an unusually rounded morphol-
ogy. In diseased animals, the highest levels of V. corrugata sequence
were detected in haemocytes, and lower levels were present in tissues,
probably because of infiltration of cancer cells via the circulation. We
conclude that the cancer spreading in the P. aureus population resulted
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0.006
region of EF1c, with bootstrap values over 50 shown and a scale bar
showing genetic distance. M. edulis (614 base pairs (bp), EU684203.1)
was used as an outgroup. In normal animals, the sequences of tissue
and haemocyte DNA were identical and are presented together (T&H;
black circles). For neoplastic animals, the tissue (T; open red circles) and
haemocyte (H; filled red circles) alleles differed. Letters ‘@’ and ‘b’ denote
multiple alleles in heterozygous individuals, and major and minor alleles
from neoplastic alleles are marked. See Extended Data Fig. 1 for further
details.

from cross-species transmission of cancer cells of V. corrugata origin.
It is noteworthy that no cases of disseminated neoplasia have thus far
been found in V. corrugata from the same region, despite analysis of
hundreds of clams, suggesting that the V. corrugata cancer cells do not
initiate disease in the species of origin and were only observed to col-
onize P. aureus animals.

We previously identified an LTR-retrotransposon, Steamer, which
was amplified in the transmissible neoplasia lineage in the soft-shell
clam (M. arenaria)'®. Using degenerate primers, we identified at least
one Steamer-like element (SLE) in each of the three species studied
here. In each case, copy numbers were variable among individuals,
but no massive amplification of these particular retrotransposons was
observed in any of the transmissible cancers assayed (Extended Data
Fig. 2). This suggests that Steamer-like retrotransposon amplification
is not essential in development of transmissible clones.

Our results indicate that transmission of contagious cancer cells is
a widespread phenomenon in the marine environment, with multiple
independent lineages developing in multiple species in four bivalve
families. Along with the recent identification of a second independent
lineage of transmissible cancer in Tasmanian devils'?, these findings
confirm that, under suitable conditions, the development of transmis-
sible cancer can occur multiple times, and suggests that some species
may be more susceptible to development of transmissible neoplasia
than others.

Spontaneous haemic neoplasia must occur at some frequency for
transmissible lineages to arise, but cases of transmissible cancer appear
to outnumber spontaneous disease, at least in the species investigated
so far (that is, all neoplastic cases tested in cockles, golden carpet shell
clams, and three of nine samples in mussels, in addition to all samples
in the previous report of soft-shell clams®).

Transmissible cancers appear largely restricted to the species of ori-
gin in nature. While canine transmissible venereal tumour has been
experimentally transplanted to coyotes®, jackals?!, and foxes??~*, no
examples of natural transmission beyond dogs have been reported?®”.
Disseminated neoplasias of molluscs have only been transplanted to
members of the same species (soft-shell clams, mussels, and others>®).
Attempts to transfer M. arenaria neoplasia through water expo-
sure to both M. arenaria and M. trossulus only resulted in transfer

© 2016 Macmillan Publishers Limited. All rights reserved
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Figure 2 | Analysis of lineages of transmissible neoplasia in cockles

(C. edule). a, Representative C. edule (scale bar, 20 mm).

b, ¢, Microsatellite loci were amplified from solid tissue (T) and haemocyte
(H) DNA from normal (samples N1-N6) and diseased (M1-M3 and H1-
H3) cockles. Products of a representative locus (CeATC1-5) are shown.
Triangles mark samples corresponding to lineages 1 (red) and 2 (purple).
d, Neighbour-joining phylogenetic tree based on nine microsatellite loci
(see Source data). Bootstrap values over 50 are shown and scale bar is

of disease to M. arenaria®®, and injection of M. trossulus cancer
cells into multiple bivalve species only resulted in engraftment in
M. trossulus®’. Our finding that multiple cancer lineages are most often
found to spread within the original host species is consistent with
these previous experiments, and suggests that there may be species-
specific restriction factors that prevent engraftment into divergent
hosts.

In this context, our observation of cross-species transmission, a
cancer from one species spreading through another, is particularly striking.
They both belong to the Veneridae family (some studies suggest that
P aureus should belong to the Venerupis genus®), and coexist in the
same beds. This close relationship may have aided the transmission.

cockle H1

cockle H1

based on comparison across all 104 observed alleles. mtCOI SNPs unique
to lineage 2 are marked. e, Maximum likelihood tree of EF1cv (2725-4249
bp, spanning four introns), rooted at the midpoint, with bootstrap

values above 50 and scale bar showing genetic distance. Letters @’ and

‘b’ denote multiple alleles from heterozygous samples, and alleles from
neoplastic lineages 1 and 2 are marked. f, g, Histology of cockles H3 and
H2, representative of type A neoplastic cells. h, i, Histology of cockle H1,
representative of type B neoplastic cells.

It is notable that despite ongoing surveillance of the bivalves of the
Galician coast since the 1990s, only one V. corrugata has been iden-
tified as harbouring disseminated neoplasia (S. Darriba, personal
communication), while the prevalence of disease in P. aureus is quite
high'? (12% of the individuals collected for the current study had high
levels of neoplasia and 42% had some detectable level of disease). This
would be explained if the cancer originated in V. corrugata, led to
selective loss of susceptible animals, and left the current population of
V. corrugata resistant to engraftment and disease. The spread of trans-
missible cancers and the evolutionary pressure to defend against them
may be a strong and underappreciated selective force in the evolution
of multicellular organisms.
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Figure 3 | Phylogenetic analysis of neoplastic cells in P. aureus

and quantification of V. corrugata cell engraftment in normal and
diseased animals. a, Representative P. aureus clams (scale bar, 20 mm).
b, Representative V. corrugata clams (scale bar, 20 mm). c-e, Maximum
likelihood trees of sequences from solid tissue (T) and haemocyte (H)
DNA from normal (N1-N6) and highly diseased (H1-H6) P. aureus
and normal V. corrugata, based on (¢) mtCOI (658 bp), (d) rDNA ITS
(454-373bp), and (e) EF1cx (148 bp, letters ‘@’ and ‘b’ denote multiple

In summary, our findings show that transmission of cancers between
individuals within a species may be more common than previously
assumed, and that transmission can even occur between species. We
now know of eight transmissible cancers in nature: one lineage in dogs,
two lineages in Tasmanian devils, and five lineages circulating in four
species of molluscs, including one example of cross-species trans-
mission. Further studies may well reveal additional examples. The
recent report of a cancer composed of transformed tapeworm cells
in an immunocompromised AIDS patient® highlights the possibility
that transmissible tumours could arise in humans. These transmissi-
ble cancers constitute a distinct class of infectious agent and show the
remarkable ability of tumours to acquire new phenotypes that promote
their own survival and propagation.

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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METHODS

No statistical methods were used to predetermine sample size. The experiments
were not randomized. The investigators were not blinded to diagnosis during
sequencing and morphology assessment.

Collection and diagnosis of M. trossulus. Mussel (M. trossulus) specimens 5-6 cm
long were collected from the intertidal zone at low tide (noon) on 18 April 2015 at
Copper Beach (49° 2241’ N, 123° 16’ 44’ W, West Vancouver, British Columbia,
Canada). They were transported to the laboratory in aerated seawater from Copper
Beach. In the laboratory, 0.5-1.0 ml haemolymph was removed from the posterior
adductor muscle. For each individual, one drop of haemolymph was placed on a
poly-L-lysine-coated slide and let sit for 10-15 min to allow the cells to spread and
attach to the slide. Thereafter, the slide was viewed under a Zeiss Axiostar light
microscope at x40 magnification. Normal (non-neoplastic) specimens were those
with greater than 90% cells with normal appearance: that is, agranular or granular
haemocytes with spread pseudopodia®. Fully leukaemic (diseased) specimens were
those with prolific amounts (>90%) of round, non-adherent cells. Haemolymph
was added to 1.5ml Eppendorf tubes and spun at 900g for 3 min. After the super-
natant was withdrawn, the cells were re-suspended in absolute ethanol before ship-
ping. Excised tissues (mantle, foot, and gills) were preserved in absolute ethanol
before shipping. Of 28 individuals collected from West Vancouver, two had high
levels of neoplastic disease.

A second set of M. trossulus samples were collected from Esquimalt, Vancouver

Island, British Columbia, Canada. Haemolymph was extracted and cell morphol-
ogy was used for diagnosis as above. Haemocyte and solid tissue samples were fixed
in ethanol before DNA extraction. Of 250 individuals collected from Esquimalt,
9 were scored as potentially moderately or highly diseased, with 7 samples available
for analysis.
Collection and diagnosis of C. edule and P. aureus. Cockles (C. edule) were
collected from an intertidal bed named O Sarrido (42° 30’ N, 8° 49’ W) and golden
carpet shell clams (P. aureus) and pullet shell clams (V. corrugata) were collected
from a subtidal bed named O Bohido (42° 32’ N, 8° 51’ W); both shellfish beds are
located in the ria of Arousa (Galicia, northwest Spain). Once in the laboratory of
Centro de Investigacions Marifias, each cockle and clam was notched through the
shell margin close to the posterior adductor muscle and haemolymph (as much as
possible) was collected from the posterior adductor muscle using a 2-ml syringe
with a 21-gauge needle. A small quantity (about 100 pul) of haemolymph was used
to produce a cell monolayer onto a slide by cytocentrifugation (92¢g, 5min, 4°C),
which was fixed, stained with a Hemacolor (Merck) kit, and examined with light
microscopy for diagnosis of disseminated neoplasia; the remaining haemolymph
was preserved in absolute ethanol for molecular analysis. After haemolymph col-
lection, molluscs were shucked and a small piece of mantle (about 5mm x 5mm)
was removed and preserved in absolute ethanol for molecular analysis; additionally,
an approximately 5-mm-thick section of meat, containing gills, visceral mass, foot,
and mantle lobes, was fixed in Davidson’s solution and embedded in paraffin.
Sections of 5pum thickness were stained with Harris’s haematoxylin and eosin®..
Histological sections were examined under light microscopy for histopathological
analysis.

Morphometric analysis was conducted on histological sections of cockle
(C. edule) samples. Neoplastic cells (both A and B types) had a unique morphology,
and were clearly distinguished from normal cells, with much larger overall size, and
much larger nucleus. The longest diameters of the cell and the nucleus of at least
ten neoplastic cells for each individual were measured by direct examination of
histological sections with light microscopy using a reticle. Two-tailed ¢-tests were
used for comparisons of morphometric data from different individuals and types.

Cockles (C. edule) and golden carpet shell clams (P. aureus) were ranked accord-
ing to a scale of disease severity based on haemolymph diagnosis: non-affected (NO,
or N); low severity (N1, or L), when individuals showed proportions of neoplastic
cells lower than 15% in the haemolymph cell monolayers; moderate severity (N2,
or M), when the proportion ranged from 15% to 75%; and high severity (N3,
or H), when the proportion was higher than 75% (ref. 32). Seventy-four golden
carpet shell clams (P. aureus) were collected with 12 diagnosed with light, 10 with
moderate, and 9 with heavy neoplasia. About 150 cockles (C. edule) were collected
and a subset was analysed both for disease and for morphological type of neoplastic
cells. Of the 30 in this subset, two had type A neoplastic cells (one light and the
other moderate) and one had low levels of type B neoplastic cells. We have also
collected and analysed hundreds of pullet clams (V. corrugata) from multiple beds
throughout Galicia from 1988 to the present, including about 100 from the same
bed in which the samples of P. aureus were collected for this study (O Bohido). So
far, we have not observed any V. corrugata samples with neoplastic disease. One
V. corrugata individual from a different location has been identified by a different
researcher as harbouring disseminated neoplasia, with a different morphology
than that observed in P. aureus neoplasia (S. Darriba, personal communication).

DNA extraction. DNA was extracted from ethanol-fixed haemocytes using
DNeasy Blood and Tissue Kit (Qiagen). DNA extraction of tissues used the same
kit, but included an additional step to reduce the amount of PCR-inhibiting
polysaccharides. After tissue lysis, 63 jul of buffer P3 was added to lysate and allowed
to precipitate for 5min. Lysate was spun 10 min at full speed at 4°C, and the resulting
supernatant was mixed with buffer AL for 10 min at 37 °C, then mixed with ethanol
and added to the column, continuing with the standard protocol.

mtCOI, EFla, ITS, Steamer-like PCR. Primers and annealing temperatures
used are listed in Extended Data Table 2. PfuUltra II Fusion HS DNA Polymerase
(Agilent) was used to amplify 10 ng of genomic DNA for 35 cycles. Extension was
at 72°C for 15s for mtCOI for all bivalves®®. For P. aureus, ITS was amplified (using
primers modified from refs 34, 35) with extension for 30s. Despite multiple copies
of ITS in genomic DNA, a single sequence was observed for each normal P. aureus
and V. corrugata, and a single pair of host/neoplasm sequences was observed in
each diseased individual. PCR for EFlc followed the same program, with extension
for 20's in mussels (M. trossulus) and clams (P. aureus and V. corrugata) and 1 min
30s in cockles (C. edule). For amplification of Steamer-like elements, a degenerate
primer pair was designed to match conserved regions in reverse transcriptase and
integrase of the LTR-retrotransposon, Steamer, and 10 ng of DNA was amplified
for 35 cycles, annealing at 55 °C for 20s and extending for 1 min at 72°C. PCR
products were directly sequenced. When multiple alleles could not be resolved
by direct sequencing, PCR products were cloned using the Zero Blunt TOPO Kit
(Invitrogen), and at least six colonies were sequenced. Sequences were aligned with
Clustal W, with some manual adjustment. Primer-binding regions were excluded
from analysis and are not included in the sizes listed as sequenced. Maximum
likelihood phylogenetic trees were generated using PhyML 3.0 (ref. 36), using the
HKY85 substitution model, with 100 bootstrap replicates, treating gaps in the
alignment as missing data. Trees were visualized using FigTree version 1.4, with
addition of markers at the branch termini. Each phylogenetic tree based on align-
ment of sequence at a single locus (Figs 1c, 2e and 3b-d) includes a scale bar that
shows genetic distance (0-1) based on the frequency of nucleotide divergence. All
sequences are available in GenBank (accession numbers KX018521-KX018605).
Analysis of microsatellite loci from C. edule. Microsatellites were amplified using
primers for 12 loci, reported previously to be polymorphic in cockle (C. edule)
populations'®. Of the 12 primer pairs, 9 pairs amplified products in all cockle DNA
samples, with 1-2 alleles observed in normal samples and 1-4 neoplastic alleles
observed. These were used in all further analyses, with fluorescent modifications
on the 5" end of the forward primers as listed (Extended Data Table 2). KOD pol-
ymerase (Millipore) was used to prevent ambiguity of untemplated addition of A
residues by Tag polymerase. Products were run on an agarose gel for visualization.
Allele sizes were identified to single-base precision by fragment analysis using
florescent primers (6-FAM, PET, NED, and VIC) using a 3730x] Genetic Analyzer
with the LIZ-500 size standard (Applied Biosystems, operated by Genewiz). Peaks
were called using Peak Scanner 2.0 (Applied Biosystems), rounding sizes to whole
bases, with some manual adjustment to keep alleles of the same size together.

We used the R package Poppr!® to generate distance matrices and phylogenetic
trees using Bruvo's method with the infinite alleles model. The value of ¢ (repeat
size) was set to 0.00001 to calculate distances using the band sharing model, in
which alleles are either identical sizes (distance = 0) or non-identical (distance =1).
Each allele was coded as a dominant marker!’, with a single variable for each allele
observed at each position (104 total markers from 9 loci). For each allele (a single
size at a single locus), a sample is observed to be present, absent, or the information
missing. For example, a sample with sizes 195 and 199 at locus A would be marked
as ‘present’ for marker ‘A-195” and ‘A-199; but ‘absent’ for all other sizes at that
locus (like ‘A-203” and ‘A-207’). This analysis method ignores the uncertainty in
the copy number of each locus in aneuploid cancer cells and allows for ambiguity
at particular alleles. In cases where the haemocyte and tissue genotypes could be
clearly differentiated, all alleles were analysed (H1 and H3). In some cases (M1, M2,
M3, and H2), cancer-specific alleles could be detected in the haemocyte samples,
but represented less than 50% of the total haemocyte DNA, and the host tissue
alleles obscured one or two positions (depending on whether the normal genotype
was homozygous or heterozygous at that locus). In these cases, since the tissue
allele obscured a potential neoplastic allele, that size was coded as ‘missing’ for the
haemocyte genotype. The total distance between any two samples is calculated
as the average of the pairwise differences at all allele sizes observed (104 pairwise
comparisons if no data are missing). In pairwise comparisons for each allele, two
samples either have a distance of 0 (meaning that the particular allele size is either
present in both samples or absent in both samples) or a distance of 1 (meaning
that the particular allele size is present in one sample but absent in the other). If
data are missing for one or both, then that specific comparison is dropped with no
contribution to the total distance between the two samples. The genetic distances
calculated are based on the alleles observed at the nine loci, so the absolute value

© 2016 Macmillan Publishers Limited. All rights reserved



of the scale itself is therefore dependent on the number of observed alleles that are
included in the analysis. Source data for the generation of the phylogenetic tree lists
all observed alleles coded as present (1), absent (2), or missing (0) for each sample.
As an alternative analysis method, the data were analysed using Bruvo's method
as polyploid data with nine loci, using only the individuals that could be confi-
dently identified. In this alternative analysis, the topology of the resulting tree was
not different—all nodes with bootstrap values above 50 were maintained. In this
analysis, the genetic distance between the representatives of lineage 1 (H3) and
lineage 2 (H1) was 0.676, and the distances to the closest normal sample were 0.595
(H3 to N5) and 0.648 (H1 to N1 and N2).
qPCR. Species-specific QPCR of the EFlclocus in P aureus and V. corrugata was
done using FastStart Universal SYBR Green Master Mix (Roche). Primers were
designed to amplify the same region, with the 3’ end of both forward and reverse
primers on sites that differ between the two species (Extended Data Table 2).
Standard curves for each primer set were generated using two control plasmids
(one containing the P. aureus EF1c fragment and P. aureus SLE fragment, the other
containing the fragments from V. corrugata). EF1c fragments were amplified using
conserved primers (Extended Data Table 2). Fragments were cloned with a Zero
Blunt TOPO Kit (Invitrogen), and plasmids were linearized with NotI before qPCR.
Standard curve samples (10%~10 copies per reaction) and experimental samples
(2.5ng per reaction) were done in triplicate. No amplification was detected with the
P. aureus primers on the V. corrugata plasmid or with the V. corrugata primers on
P aureus plasmid (using up to 10 copies per reaction). The fraction of V. corrugata
in each sample was calculated as the copy number using V. corrugata-specific prim-
ers divided by copy number of P. aureus- plus V. corrugata-specific amplification.

LETTER

Quantification of Steamer-like elements in the three species was performed by
the same method, using primers in the RT-IN region of the retrotransposon (on
the basis of sequence obtained through amplification using degenerate primers)
and control primers amplifying a region in EF1c. All primers used to amplify SLEs
and EFlca from genomic DNA for cloning into standards and primers for gPCR
are listed in Extended Data Table 2. For each species, a single control plasmid
containing both the EF1a and SLE fragments was used.
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Extended Data Figure 1 | Analysis of mtCOI amplified from tissue

and haemocyte DNA of normal and diseased mussels (M. trossulus).

A partial region of the mtCOI gene was amplified from genomic DNA

of solid tissue and haemocytes from mussels (M. trossulus) and directly
sequenced (Fig. 1b). Trace images show a region flanking a representative
SNP marked with an open triangle (tissue) or closed triangle
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(haemocytes). a, b, In normal mussels, tissue and haemocyte alleles match
(with G496 at all positions). c—e, In mussels with disseminated neoplasia,
the tissue and haemocyte alleles are different. Neoplastic haemocytes
have A at position 496 and G in tissue, with some A observable in tissue,
probably because of infiltration of neoplastic haemocytes.
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a SLE-Mt in mussels (M. trossulus) b SLE-Ce in cockles (C. edule)
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Extended Data Figure 2 | Quantification of Steamer-like element (M. trossulus) and (b) cockles (C. edule). ¢, d, In golden carpet shell clams,
genomic copy number in mussels (M. trossulus), cockles (C. edule), one SLE (SLE-Pa) was cloned from a normal P. aureus (clam N2) and a
and golden carpet shell clams (P. aureus). a-d, Fragments from the different one (SLE-Vc) was cloned from neoplastic cells (clam H2). Both
SLE reverse transcriptase region and EF1« genes were cloned from each SLEs could be found in both species, and qPCR analysis confirmed that
species. Haploid copy numbers of Steamer-like elements (SLE) were SLE-Pa is more highly amplified in P. aureus and has fewer copies in
quantified by determining the ratio of SLE/EFI« in genomic DNA from V. corrugata and in the neoplastic cells derived from V. corrugata.

haemocytes. Single species-specifc SLEs were analysed in (a) mussels
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Extended Data Table 1 | Morphometric analysis of type A and type B cockle (C. edule) neoplasia

Cells Cell diameter Nuclear diameter  Nuclear/cell ratio

Cockle ID Type counted (N)  +SD (um)" +SD (um)T +spt

M1 A 15 90 £ 1.2 6.7 + 1.0 0.75 + 0.09
H2 A 15 8.7 = 0.9 6.6 + 0.8 0.76 + 0.06
H3 A 10 85 = 1.1 65 + 1.0 0.77 + 0.07
total A 40 88 = 1.0 6.6 + 09 0.76 + 0.07
M2 B 10 7.7 £ 0.7 55 % 05 0.72 + 0.07
M3 B 15 6.7 + 12 45 + 06 0.70 + 0.15
H1 B 15 73 £ 10 54 + 08 0.75 + 0.09
total B 40 72 + 11 51 + 08 0.72 + 0.11

#Cell diameter is statistically different between types A and B (P < 0.0001). All tests are two-tailed t-tests.
TNuclear diameter is statistically different between types A and B (P < 0.0001); for all pairwise comparisons between type A and type B individuals, P <0.05.
fRatio of nuclear diameter to cell diameter is not significantly different between types.
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Extended Data Table 2 | Primers used in PCR and qPCR

LETTER

Target Forward Primer Reverse Primer Temp
mtCOl
LCO1490 GGTCAACARATCATAAAGATATTGG HC02198 TAAACTTCAGGGTGACCAAAAAATCA 50°C
ITS
its-3d gcgtcgatgaagagcgca its-4r agttttttttcctccgetta 55°C
EF1a
Mussel (M. trossulus) consEF1-F1 ACCATTGATATTGCTYTNTGGAA MEF1-R2 ACAATCAAAATGGCACAATC 50°C
Cockle (C.edule) CeEF1-F2 TGGTATCACCATCGATATTGC CeEF1-R3 CCGTTTCGGATCTCTACAGG 55°C
P. aureus & V. corrugata  consVEF1F3b AGGAACCTCTCAAGCTGAYTG consVEF1R3b AGCAATTACCTCGCTGTANGG 55°C
Cockle (C. edule) Microsatellite Loci
CeATC1-5F-6FAM cgttctaccggcatatgtcac CeATC1-5R caccttccaccactagaagaaaa 60°C
CeATC1-22F-VIC caaacctgaccgggtttatt CeATC1-22R tgactccactttttcagttcca 60°C
CeATC1-36F-NED gacatgacaaacaggcctca CeATC1-36R tggcctggtcttatttccac 60°C
CeATC1-52F-PET aatctgattttgccacctct CeATC1-52R agctcataggagttgtatacgtaag 55°C
CeATC1-54F-6FAM  tacaaggccgagaaactgct CeATC1-54R caatgactgccaaatgagga 55°C
CeATC2-4F-VIC tggaaatgcattcattgagce CeATC2-4R ccgattgcgttctttgatct 55°C
CeATC2-11F-NED tggtgtgcaattagatgcttg CeATC2-11R taggctcgcagaaagatggt 60°C
CeATC2-34F-6FAM  gccatagaggccaccctatt CeATC2-34R gggctgacaagatttgacatt 60°C
CeATC2-46F-NED accaaggcagatatcgatcc CeATC2-46R tccagttttaaacgcactctga 55°C
Cloning qPCR Standards
EF1a
Mussel (M. trossulus) consEF1F1 ACCATTGATATTGCTYTNTGGAA consEF1R2 ACGTTGAAACCAACRTTRTC 50°C
Cockle (C. edule) CeEF1-F1 TGGAACAAACTGAAGGCCGA CeEF1-R3 CCGTTTCGGATCTCTACAGG 50°C
P. aureus & V. corrugata  consVEF1F3b AGGAACCTCTCAAGCTGAYTG consVEF1R3b AGCAATTACCTCGCTGTANGG 55°C
SLE
Mussel (M. trossulus) DHKPL-F1 TTGAAAGCGACCACAARCCNYT PXRPW-R1 TTCCGACTTTGGCCCANGGNC 55°C
Cockle (C. edule) LVW-F1 GGTATCCAGCCTAGTNGTNGT PXRPW-R1 TTCCGACTTTGGCCCANGGNC 55°C
P. aureus & V. corrugata  DHKPL-F1 TTGAAAGCGACCACAARRCCNYT PXRPW-VaR1 CTGCAATTTTCTGCCANGGNC 557C

gPCR

Forward Primer

Reverse Primer

Control Plasmids

EF1a

Mussel (M. trossulus)
Cockle (C. edule)

P. aureus

V. corrugata

SLE

SLE-Mt
SLE-Ce
SLE-Pa
SLE-Vc

MEF1gF2
CeEF1qF2
VaEF1qF1
VCEF1qF1

MSLEqF2
cockleRT-F2
VaNSLEqF1
VaHSLEqgF1

TAGGTATTGGAACAGTGCCAGT
CCAGTGGGCCGAGTTGAGAC

AAAGAATGGACAGACCAGAGAG
CAAGAATGGACAGACAAGAGAA

TGGACTACTTTACAAAAGCCAACG
GCAGTGTGCAATGTCCCAGT
TAGAGACGAATTGTCCGTGGG
TAGAGATGAACTCTCTTTTGA

MEF1gR1
CeEF1qR2
VaEF1qR1
VCEF1qR1

MSLEgR1
cockleRT-R2
VaNSLEgR4
VVaHSLEgR1

AGACTCGTGGTGCATTTCTAC
CTTCAGTGGTCACGTTGGCAG
TGCTTCACACCCAATGTGAAA
TGTTTCACACCCAAGGTGAAG

GCTTCGTGCAATTTCACTAACAT
GACCTGTGTCCGAGGCATCA
CGTGCTCGCTGTAAGCATTT
TGCACGGCTTAATGTTTTGGA

pMtEF1-SLE4
pCockleSLE-EF1
pVaN2-EF1SLE
pVaH2-EF1SLE

pMtEF1-SLE4
pCockleSLE-EF1
pVaN2-EF1SLE
pVaH2-EF1SLE
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