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Transmissible cancers are a rare phenomenon in which cancer cells are passed between individuals, leading to
the development of neoplasia in the host organism. Transmissible cancers have been identified in three inde-
pendent clonal lineages in mammals and eight different clonal lineages in bivalves. This study focused on the

EZ:::; derma edule development of a multiplex PCR assay for the detection of two types of bivalve transmissible neoplasias (BTN) of
PCR cockles Cerastoderma edule (CedBTN1 and CedBTN2). The diagnostic sensitivity (Se) and specificity (Sp) of the

BTN new PCR of hemolymph samples were assessed using a maximum likelihood estimation in the 88 samples
compared to diagnoses obtained by histology and confirmed with genomic analyses. The results showed a Se of
100 % and a Sp of 98.1 % for CedBTN1, and a Se and Sp of 100 % for CedBTN2. The analytical Sp and Se were
tested using DNA extractions from infected and non-infected C. edule and other bivalves affected by BTN. The
assay demonstrated high analytical sensitivity and specificity, detecting down to 0.4 % of circulating CedBTN1
cells at a DNA concentration of 0.05 ng/uL in a hemolymph sample of a cockle with 85.7 % of CedBTN1 cells. The
multiplex PCR assay was type-specific for CedBTN and capable of detecting both lineages simultaneously.
Overall, this multiplex PCR assay is a reliable tool for the detection of transmissible cancers in cockles which
will facilitate the diagnosis and monitoring of the disease.

1. Introduction cells, and these can persist for longer than the organisms that suffer from

them, potentially existing for up to 8500 years (Baez-Ortega et al.,

Cancer normally arises from the accumulation of mutations and the
uncontrolled proliferation and invasive capabilities of an organism’s
own cells. Cancer cells can spread from the primary tumor to other tis-
sues, inducing metastases; however, their lifespan is linked to the life-
span of the organism affected by cancer. Nevertheless, there are cancers
that can spread between individuals via the transfer of living cancer

2019). These cancers are called clonally transmissible cancers. Such
transmissible cancers occurring in wildlife have been identified in dogs
(Murgia et al., 2006; Baez-Ortega et al., 2019), Tasmanian devils (Pearse
and Swift, 2006; Pye et al., 2016) and recently in marine bivalves’
species.

Transmissible cancers in bivalves are a type of disseminated
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neoplasia, a cancer that spreads through the hemolymph to all organs of
the individual. The first BTN cancer was described in softshell, Mya
arenaria analyzing SNPs of mitochondrial genes (cytochrome c¢ oxidase
subunit I and cytochrome b) and confirmed with microsatellites
(Metzger et al., 2015). In recent years up to 8 different BTN have already
been confirmed (Metzger et al., 2015; Metzger et al., 2016; Garcia-Souto
et al., 2022; Michnoswska et al., 2022). This number is probably
underestimated since more than 25 different bivalve species affected by
disseminated neoplasia have been diagnosed (Diaz, 2015).

BTNs have been observed in only one species, such as the BTN of Mya
arenaria on the Atlantic coast of North America (Metzger et al., 2015),
common edible cockle, Cerastoderma edule on the Atlantic coast of Spain
(Metzger et al., 2016) and Baltic clam, Macoma balthica from Poland
(Michnowska et al., 2022). However, BTNs have also been found
affecting several species of the same genus. A BTN that arose in a bay
mussel, Mytilus trossulus has been found infecting individuals of the
family Mytilidae worldwide including M. trossulus, blue mussels
M. edulis, Chilean mussels M. chilensis and Mediterranean mussels
M. galloprovincialis (Yonemitsu et al., 2019; Hammel et al., 2022; Ska-
zina et al., 2021; Hammel et al., 2024). BTN have even been found to
originate from a species not currently affected by that disease, while
affecting another species; as is the case of the BTN described in golden
carpet clam, Polititapes aureus (Carballal et al., 2013) from the Atlantic
coast of Spain originated in pullet carpet clam, Venerupis corrugata
(Metzger et al., 2016) and the BTN detected in warty venus, Venus ver-
rucosa on the Atlantic and Mediterranean coast of Spain spawned from
striped venus, Chamelea gallina (Garcia-Souto et al., 2022). Furthermore,
BTNs have been able to arise more than once in the same species. Two
different lineages (MtrBTN1 and MtrBTN2) have been discovered in
M. trossulus (Metzger et al., 2016). The first MtrBTN1 seems to exclu-
sively affect M. trossulus; however, the latter MtrBTN2 affects different
species of the same genus. The geographical distribution of these two
lineages is also differentiated. While MtrBTN2 has a broader distribu-
tion, including coasts of the South Pacific Ocean (Argentina, Chile),
North Atlantic Ocean (France, Netherlands), Mediterranean Sea
(Croatia), Sea of Okhotsk and Sea of Japan (East Sea); MtrBTN1 is
restricted to the North Pacific Ocean (British Columbia) and Sea of
Okhotsk, with both lineages overlapping only in Sea of Okhotsk
(Metzger et al., 2016; Yonemitsu et al. 2019; Skazina et al., 2021;
Hammel et al., 2022; Skazina et al., 2023). Two different BTN sub-
lineages with a common origin have been detected in Mya arenaria
associated with different Atlantic geographic areas (Canada and United
States of America) (Hart et al., 2023). Additionally, two BTN lineages
(CedBTN1 and CedBTN2) have been detected infecting C. edule along
the Atlantic coast of Europe. Phylogenetic analyses of somatic and
germinal structural variants from whole-genomes of CedBTN1 and
CedBTNZ2 have detected two origins (Bruzos et al., 2023) as suggested by
the study of microsatellites and the mitochondrial cytochrome ¢ oxidase
subunit I gene (Metzger et al. 2015). Analysis of the mitogenome has
revealed nine events of mitochondrial capture by CedBTN from its hosts:
up to six captures have been detected in CedBTN1 and three captures in
CedBTN2 (Bruzos et al., 2023). CedBTN1 and CedBTN2 share common
characteristics of disseminated neoplasia, large cells with a round or
oval shape and a high nucleus:cytoplasm ratio with prominent nucleoli
and a high frequency of mitotic figures (Carballal et al., 2015). The copy
number distributions observed in neoplastic cells of both lineages typi-
cally exhibited a modal CN of 4.0, implying ancestral tetraploidy
(Bruzos et al., 2023). They are observed in the connective tissue of
multiple organs and in vessels and sinuses of the circulatory system
(Carballal et al., 2015). However, both lineages differ in cell size and cell
interaction. The cells of CedBTN1 neoplasia are larger than those of
CedBTN2, and the cells of CedBTN1 are isolated, while the cells of
CedBTN2 are clustered and compressed together (Carballal et al., 2001;
Bruzos et al., 2023). The distribution of CedBTN1 is the south of the
Atlantic coast of Europe (Portugal, Spain, France, Netherlands, United
Kingdom and Ireland) while the detection of CedBTN2 is limited to the
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Galician, and Welsh coasts (Poder and Auffret, 1986; Twomey and
Mulcahy, 1988; Diaz et al., 2016; Montaudouin et al., 2021; Bruzos
et al., 2023). A differential spatial distribution of each clone was iden-
tified, with both coexisting in sandy areas of Galicia, exhibiting varia-
tions in prevalence. Specifically, when both lineages coexist within the
same population, CedBTN1 shows prevalence ranging from 1.7 % to 9.6
%, while CedBTN2 ranges from 0.4 % to 2.9 % (Bruzos et al., 2023).

The diagnosis of disseminated neoplasia in cockles has traditionally
been made by microscopic observation of hemolymph smears, histo-
logical sections, and ploidy analysis by flow cytometry (Poder and
Auffret 1986; Twomey and Mulcahy, 1988; Grand et al., 2010; Diaz
et al., 2010; 2013). However, confirmation of transmissible cancer can
only be done by sequencing, procedures that are time-consuming. Due to
the contagious nature of these cancers (Collins and Mulcahy, 2003; Diaz
et al., 2017) and the fact that they have been associated with massive
mortality (Montaudouin et al., 2021), specific, rapid, sensitive, and
easy-to-use molecular diagnostic techniques are necessary for early
detection, monitoring and prevention of the propagation to non-affected
areas. The main goal of this work was to design and evaluate type spe-
cific primers for the transmissible cancers lineages of cockles and opti-
mize a diagnostic PCR for their rapid and easy detection.

2. Material and methods
2.1. Sample collection and diagnosis

Within the framework of Scuba Cancers project (grant agreement ID:
716290), a biobank was created with 6854 samples of common cockles
Cerastoderma edule collected along the Atlantic coast from Morocco to
Russia (Morocco, Portugal, Spain, France, Germany, Netherlands,
Denmark, Ireland, United Kingdom, Norway, and Russia) from 2017 to
2021 (Bruzos et al., 2023). Species confirmation was conducted through
amplification of the internal transcribed spacer region (Freire et al.,
2011). In cases where the results were inconclusive, a panel of single
nucleotide polymorphisms (SNPs) was analyzed for further validation
(Maroso et al., 2019).

All collected bivalves were examined through microscopic observa-
tion of hemolymph smears and histological sections to diagnose cases of
disseminated neoplasia. Except for the samples from Ireland, which
were diagnosed solely by histology.

A total of 115 samples of C. edule were used for retrospective mo-
lecular diagnosis of cancer: 52 were unaffected, while 63 had different
intensities of cancer, as diagnosed through cytology of hemolymph and
histology (56 of the detected cancers exhibited morphological charac-
teristics of CedBTN1, while 7 of the cancers corresponded to CedBTN2).
In 36 of these cancers, whole genome genetic variations were analyzed,
confirming their assignment: 31 CedBTN1 and 5 CedBTN2 (Bruzos et al.,
2023, Suppl. Info. 1).

In addition, samples of one lagoon cockle, C. glaucum (Poland), four
V. verrucosa (Spain) and, two P. aureus (Spain) diagnosed with cancer
were tested by the molecular assay (Suppl. Info. 1). The C. glaucum was
diagnosed with transmissible cancer through genetic markers (unpub-
lished data), the samples of V. verrucosa were sourced from the study
conducted by Garcia-Souto et al. (2022), where they were diagnosed
with transmissible cancer and, P. aureus samples were collected from the
location where the transmissible cancer of the species was discovered
(Metzger et al., 2016).

The hemolymph was extracted from the posterior adductor muscle
with a 2 ml syringe and a 23G needle. For cytological observation of
circulating cells, 50 pl of hemolymph was diluted in 150 pul Alsever an-
tiplatelet solution (0.11 M glucose, 37 mM sodium citrate, 11 mM EDTA
and 0.38 M NaCl). This solution was used to carry out the smear using a
cytochamber and Universal 320R centrifuge (7 min, 130xg, 4 °C) (Het-
tich Lab Technology™) and it was stained with the Hemacolor® kit
(Sigma-Aldrich). The percentage of circulating neoplastic cells was
determined by counting the neoplastic cells present in 500 cells within
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hemolymph monolayers.

A 5 mm cockle section containing all the organs was fixed in
Davidson’s solution (10 % glycerin, 20 % Formaldehyde 36-40 %, 30 %
Ethanol, 30 % filtered seawater, 10 % acetic acid) for 24 h at 4 °C and
stored in 70 % ethanol. The tissues were processed using histological
techniques and sections were stained with Harris’ haematoxylin and
eosin.

Tissue and hemolymph leftovers were frozen at —80 °C for posterior
use in molecular techniques.

Neoplastic cells were recognized following the descriptions previ-
ously reported for these species (Carballal et al., 2001, Carballal et al.,
2013; Garcia-Souto et al., 2022). The diagnosis of disseminated
neoplasia, based on the proportion of circulating neoplastic cells of
hemolymph (Diaz et al., 2010) and the abundance, distribution, and
progression of the neoplastic cells through the cockle tissues (Diaz et al.,
2016); was classified into 4 stages,: unaffected (stage NO), low (stage N1
< 15 % of neoplastic cells circulate in the hemolymph and infiltrate solid
tissues in small numbers), moderate (stage N2 distinguished by 15-75 %
of neoplastic cells in the hemolymph and presence of small infiltration
foci in one or more organs), and high severity (stage N3, >75 % of
neoplastic cells in the hemolymph and massive tissue infiltration).

2.2. Genomic DNA extraction

DNA extractions from the hemolymph, digestive gland, mantle and
foot from bivalves were individually performed using the DNeasy Blood
and Tissue Kit (Qiagen), according to the manufacturer’s protocol. DNA
quality and quantity were checked in a Nanodrop One spectrophotom-
eter (Thermo Scientific).

2.3. Computational design of neoplasia specific primers

2.3.1. Marker variant selection

Within the framework of Scuba Cancers project, ten CedBTNs sam-
ples (7 CedBTN1 from France, Portugal, and Spain and 3 CedBTN2 from
Spain and United Kingdom) were selected based on their high tumor
purity levels (>97 % of neoplastic cells in hemolymph) to form a ‘golden
set’ (Bruzos et al., 2023). Cancer genomes were sequenced from he-
molymph cells and tumor variants were identified as described in Bruzos
et al. (2023). Illumina paired-end DNA sequencing reads were aligned to
the common cockle reference genome assembly (GenBank:
GCA_947846245.1) using BWA v0.7.17, with default BWA-MEM set-
tings. The aligned reads were sorted and indexed using samtools (v1.9),
and duplicate reads were marked using biobambam2 (v2.0.87). A
computational search was conducted to identify genomic variants that
could potentially serve as specific markers for each of the two target
cancer lineages, CedBTN1 and CedBTN2, using the sample genomes
from the "golden set’.

The marker search prioritized structural variants (SVs) due to their
established link with cancer, significant impact, minimal homoplasy,
and distinctive molecular profile. Deletions were selected over other SVs
(such as translocations, inversions, duplications) because they represent
fewer complex events, yet appropriate for reliable allelic discrimination
via PCR-based genotyping. Deletions were identified by using three
alternative computational algorithms. The first one, Delly v0.7.9
(Rausch et al., 2012), discovers the events through the integration of
discordant read-pair and split-read evidence. The second one, Lumpy
v0.2.13 (Layer et al., 2014) combines discordant read-pair and split-read
analysis with read-depth evaluation. The third one, Manta v1.6.0 (Chen
et al., 2016), relies on discordant read-pair and split-read analysis fol-
lowed by target assembly breakpoint validation.

Structural variant calls from each algorithm were integrated using
Svimmer (v0.1; github.com/DecodeGenetics/svimmer). Deletions with
precise (base-level) breakpoints identified by all the three methods were
chosen, to select a high-confident set of structural variants. The selected
deletions were genotyped on 10 tumors genomes from the ‘golden set’
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using Graphtyper v2.0 (Eggertsson et al., 2019), which assesses alter-
native structural variant haplotypes after encoding them into directed
acyclic graphs. After encoding the presence of each variant on a custom
binary matrix, all the non-relevant events meeting the following criteria
were discarded: a) deletions without VCF PASS filter category b) de-
letions with undetermined genotype on any tumour genome c) deletions
identified on available unaffected C. edule genomes, likely representing
germline variation, and d) deletions outside genic regions. Finally, those
deletion events specific to either of the two target lineages (CedBTN1 or
CedBTNZ2), shared by all the available cancer genomes of the *golden set’
from that lineage, likely representing early clonal somatic events, were
considered as marker candidates. Among the marker candidates, it was
decided to prioritize variants of moderate size (deletions between 1 and
2 Kb), for validation purposes.

Finally, after manual bam file inspection of the top candidate de-
letions with Integrative Genomics Viewer (IGV) software, two marker
deletions were selected: CedBTN1: STARD9 deletion
(chr1:46638024-46639236; size = 1.2 Kb) and CedBTN2: BIN1 deletion
(chr6:23657409-23659027; size = 1.6 Kb) (Fig. 1).

2.3.2. Amplification design

Primer design was performed using the Primer3 software
(Untergasser et al., 2012) following a variant size discriminative strat-
egy. Source DNA sequence consisted of 1000 bp from the C. edule
reference genome flanking each deletion (500 bp upstream and 500 bp
downstream region).

After masking local repetitive sequences, optimal primer pairs were
retrieved, considering product size ranges between 150 and 500 bp.
Optimal primer size was set on 20 nucleotides (accepted range 18-24
nucleotides), optimal primer melting temperature was set on 59 °C
(accepted range 57-62 °C) and optimal primer GC % was set on 59 %
(accepted range 30-70 %). The best two primer pair combinations for
both selected regions.

2.3.3. Insilico PCR

In silico PCR evaluation with the software Ipcress (exonerate package
v2.4.0, Slater and Birney, 2005) confirmed the specificity of the
amplification strategy, rendering a single amplification product per
experiment. The analysis was done with C. edule reference genome
sequence (Bruzos et al., 2023), considering potential amplification
products smaller than 1 Mb. Thus, two primer pairs, each specific for a
CedBTN lineage, that allow discriminating both based on the size of the
amplified DNA product were selected (CedBTN1-F/R (404pb) and
CedBTN2-F/R (160pb)) (Table 1).

2.4. Multiplex PCR assay for the diagnosis of neoplasia

The optimal annealing temperature was determined individually for
each primer pair and verified for multiplex PCR using a temperature
gradient (52, 54, 58, 60, 62, and 64 °C). Incubation times were opti-
mized without compromising the results, starting from those suggested
in the technical sheet of the JumpStartTM Taq DNA polymerase (Sigma-
Aldrich). Amplifications were carried out in a Proflex Thermal Cycler
(ThermoFisher Scientific) in volume of 25 pl containing 2 pl of genomic
DNA (100 ng), 400 pM of dNTPs (ThermoFisher Scientific), 0.4 pM each
specific primer CedBTN1-F/R and CedBTN2-F/R, 0.2 U pl~! Jump-
Start™ Taq DNA polymerase (Sigma-Aldrich) and PCR buffer with
MgCl, at 1x concentration (Sigma-Aldrich). A positive control for each
CedBTN type and a negative control (no DNA) were used.

Cycling conditions were initial denaturation at 94 °C for 30 s, fol-
lowed by 35 cycles of 94 °C for 30 s, 60 °C for 30 s and 65 °C for 2 min,
with a final extension of 65 °C for 10 min. PCR products were evaluated
by electrophoresis in 2 % agarose gels stained with SYBR™ Safe
(Thermo Fisher Scientific).

Two PCR products from each type of cancer were sequenced to verify
that the amplification had been as designed. PCR products were then
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Fig. 1. Schematic representation of the area from the genes used as markers for cockle transmissible cancers (CedBTNs), annealing region of primers and read
coverage pattern from a representative sample affected by the cancer (A) CedBTN1 lineage, 1212 bp deletion in the STARD9 gene, (B) CedBTN2 lineage, 1618 bp

deletion in the BIN1 gene on chromosome 6.

Table 1
Sequences of the primers designed in this study for the detection of the trans-
missible cancer lineages CedBTN1 and CedBTN2, in the cockle species Cera-
stoderma edule, along with the size of the amplified sequence. F: forward, R:
reverse.

Primer Sequence (5- 3) Amplicon
CedBTN1-F TTATGTGGTGCTAGGTGGGGAT 404pb
CedBTN1-R GGAGAAATGCAAGACACCAGTAAG

CedBTN2-F TCACTGAACCTTTGAATAGCTCA 160pb
CedBTN2-R ACCTTTGCTCATCTCAAGACA

purified with ExoSAP-IT (Thermo Fisher Scientific) and sequenced in
both directions with the BigDye Terminator v.3.1 Cycle Sequencing Kit
(Thermo Fisher Scientific), following manufacturer’s protocol. The se-
quences were analysed on SeqStudio Genetic Analyzer (Thermo Fisher
Scientific). Sequences were aligned with NCBI pairwise blast tool to
confirm the sequence identity between the amplicons and the target
C. edule deleted genomic regions.

2.5. Analytical specificity and sensitivity of the PCR assays

The specificity of the primers against type of CedBTN was evaluated
using (1) hemolymph DNA from cockles previously diagnosed with high
and moderate severity of neoplasia, (39 cockles), (2) 52 unaffected
cockles and (3) from other bivalves highly affected by disseminated
neoplasia: one C. glaucum, two P. aureus and four V. verrucosa (Suppl.
Info. 1). In addition, it was evaluated whether multiplex PCR could
detect a co-infection of both types of neoplasia in the same sample.
Samples were created by combining varying proportions of hemolymph

DNA from two cockles, FRCE17/701 highly affected by CedBTN1 and
UGCE17/2401 highly affected by CedBTN2 (CedBTN1:CedBTN2 ratio;
100:0, 75:25, 50:50, 25:75, 0:100).

The analytical sensitivity of the multiplex PCR was evaluated with
eleven-fold serial dilutions at 50 % of DNA extraction of hemolymph of
cockles infected with each type of neoplasia with high severity. DNA
concentration of the dilutions was measured by Qubit fluorometric
quantification with 1xdsDNA high sensitivity assay kit (Thermo Fisher
Scientific).

To evaluate whether host DNA interferes in PCR reactions, two as-
says were performed. Firstly, hemolymph DNA from 23 CedBTN1
cockles with different percentages of circulating neoplastic cells (100 %
to 0.4 %). There were no samples available to perform it with CedBTN2.
Secondly, tissue DNA (gill, digestive, mantle and foot) from three
CedBTN1 cockles of each severity; three CedBTN2 cockles of moderate
severity and two of high severity (Suppl. Info. 1).

2.6. Diagnostic specificity and sensitivity

The specificity and sensitivity of the diagnostic PCR for CeBTN1 and
CeBTN2 have been estimated using a maximum likelihood method using
TAG V.2.0 program (Pouillot et al., 2002). The algorithm includes 2
assumptions: (i) diagnostic tests are independent, and ii) test diagnostic
values are considered to have constant sensibility and specificity when
applied to different populations. The diagnosis obtained from the
88C. edule samples through the PCR developed in this study has been
compared with the previous diagnosis by histology and confirmed
CedBTN through genomic analyses in Bruzos et al. (2023). Based in the
genetic population structure of the species C. edule (Vera et al., 2022;
Bruzos et al., 2023), results have been analyzed for two groups: (1)
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cockles originating from Spain, France, and Portugal populations; (2)
cockles originating from Germany, Denmark, Netherlands, Ireland,
Norway, and the United Kingdom populations.

3. Results
3.1. Analytical specificity multiplex PCR

The analytical specificity of multiplex PCR for the detection of
transmissible cancers was confirmed using DNA from C. edule infected
with high and moderate severity of CedBTN1 or CedBTN2 obtaining
products of the expected size of 404 bp or 160 bp, respectively (Fig. 2,
Suppl. Info. 2). CedBTN1 was detected in the hemolymph of 33 cockles
from Spain, France, Portugal, and Ireland. CedBTN2 was detected in the
hemolymph of 8 cockles from Spain, United Kingdom, Ireland, and
Portugal (Fig. 2). All PCRs confirmed the previous diagnosis made by
histological sections of tissue and/or monolayer smears of hemolymph.
In one case (PACE17/497), which had been diagnosed with only
CedBTN1 lineage, both lineages were detected through this multiplex
PCR (Suppl. Info. 2). The sequence of the PCR-amplification products
matched the selected deletion from CedBTN1 and CedBTN2.

The hemolymph of 51 non-infected cockles from 15 different origins
from 9 countries (Portugal, Spain, France, Germany, Netherlands,
Denmark, Ireland, United Kingdom, Norway) did not show the bands
assigned to the types of BTN. However, 1 sample from Ireland (ICCE19/
365) that had not been detected as neoplastic by microscopic methods
tested positive for CedBTN1 via multiplex PCR (Suppl. Info. 2). Addi-
tionally, 69 % of non-infected cockles successfully amplified a sequence
of approximately 1.7 Kb corresponding to the genes without the dele-
tion, which is used for the specific diagnosis of the types of neoplasia.
Only samples from Denmark and Germany failed to amplify this
sequence, along with 4 samples from the United Kingdom (4 out of 12)
and 1 from the Netherlands (1 out of 4) (Suppl. Info. 2).

This PCR multiplex assay did not amplify the DNA of other bivalves
with cancer, such as Polititapes aureus, Venus verrucosa, and Cerastoderma
glaucum (Suppl. Info. 3).

A
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3.2. Analytical sensitivity multiplex PCR

The analytical sensitivity of the multiplex PCR for CedBTN1 and
CedBTN2 was tested using hemolymph DNA serial dilutions of cockles
heavily affected by the neoplasia. The multiplex PCR successfully
detected CedBTN1 at concentrations as low as 0.016 ng of cockle gDNA
per pL and CedBTN2 at concentrations as low as 0.059 ng of cockle
gDNA per pL (Fig. 3).

It was evaluated whether host cells could interfere with the diagnosis
from cockle hemolymph with different percentages of CedBTN1 cells
and by analyzing different tissues of affected cockles. The multiplex PCR
was able to diagnose all hemolymph samples analyzed, detecting up to
0.4 % of circulating CedBTN1 cells. The sequence without the deletion
(1.6-1.7 Kb) was amplified in all samples where the proportion of
normal hemocytes was greater than 76.2 % (Fig. 4). Moreover, both
CedBTN lineages were detected by PCR with 100 % accuracy in gill and
digestive tissues across all disease severities. However, detection was
not observed in the feet, and only in 66.7 % of mantle samples for low
severity of CedBTN1. When analyzing C. edule DNA templates artificially
coinfected with CedBTN1 and CedBTN2, amplification sequences for
both were observed across all ratio variations tested. No selective
amplification of a specific lineage was evident, indicating that both
lineages can be diagnosed simultaneously (Suppl. Info. 4).

3.3. Diagnostic specificity and sensitivity

Based on the analyses via PCR compared with the diagnosis by his-
tology and confirmed with genomic studies (Table 2, Suppl. Info. 5), the
diagnostic specificity estimated by the maximum likelihood method for
lineage CedBTN1 was 0.9808 with a 95 % confidence interval of
(0.9973, 8.8758), and for lineage CedBTN2 it was 1.0000, indicating
that no false positives were detected. The sensitivity for both lineages
was 1.0000, indicating that the diagnostic PCR accurately detected all
true positive cases.
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Table 2
Number of cockle samples in which each transmissible cancer lineage (CedBTN1
and CedBTN2) was detected by histology or multiplex PCR.

n=115 Histology examination Multiplex PCR
unaffected 52 51

CedBTN1 56 56

CedBTN2 7 7

CedBTN1 + CedBTN2 0 1

4. Discussion

The development of rapid, cost-effective, and user-friendly molecu-
lar diagnostic techniques for detecting mollusk diseases in marine en-
vironments is crucial. Several molecular diagnostic methods have been
developed for detecting various pathologies in bivalves (Carrasco et al.,
2017; Rios et al., 2020). Some of these techniques can even detect
multiple pathogens simultaneously (Canier et al., 2020), which is highly
advantageous for disease monitoring and management.

However, there is currently no molecular tool available for detecting
transmissible cancers in cockles. The nuclear genes STARD9 and BIN1
have been used for the detection of CedBTN lineage-specific deletions:
chr1:46638024-46639236del and chr6:23657409-23659027del,
respectively. This represents the first development of a tool capable of
simultaneously detecting all transmissible cancers identified in this
species. Population studies with whole genome data of the species
Cerastoderma edule from the North Atlantic revealed two distinct pop-
ulations bordering French Brittany (Vera et al., 2022; Bruzos et al.,
2023). Samples from both populations were evaluated to avoid non-
specific reactions of the primers. For the detection of molecular
markers for CedBTN, the use of the mitochondrial genome was ruled out
due to the detection of 9 mitochondrial DNA haplotypes that could be a
consequence of host mitochondria captures in the cockle-to-cockle
transmission of these neoplastic cells (Bruzos et al., 2023).

There is no universal molecular assay capable of detecting trans-
missible cancers across all affected species; these tools need to be
adapted according to each lineage of each species. Additionally,
reducing false positives detection is one of the main challenges of mo-
lecular techniques, especially given the lack of gold standard samples for
validation. Diagnostic molecular techniques exist for transmissible
cancers of Tasmanian devils, mussels, and soft-shell clams. For Tasma-
nian devils Sarcophilus harrisii, a multiplex PCR was designed based on
specific structural variations of each lineage, using interchromosomal
translocations as markers (DFT1 2/X and DFT2 4/5) (Kwon et al., 2018).
For transmissible cancer of soft-shell clams Mya arenaria and Mytilidae,
gqPCR was performed for independent amplifications of specific cancer
alleles. Two allele-specific gPCR were designed to amplify integration
sites of the LTR-retrotransposon Steamer in Mya arenaria (Giersch et al.,
2022). Multiple gqPCR assays targeting various loci were designed to
diagnose the two lineages affecting different Mytilidae species: 5 specific
alleles of cancer in mussels were targeted across mitochondrial (mtCR
and mtCOI) and nuclear (EFla, H4, and EFla-i3) genes (Yonemitsu
et al., 2019; Burioli et al., 2021). Recently, the nuclear gene EFla and
the mitochondrial control region MtCR from M. trossulus have been
multiplexed using probes to optimize the detection of MtrBTN2 in
M. galloprovincialis, M. edulis and hybrids of both species through ddPCR
(Hammel et al., 2024).

Transmissible cancers are characterized by the presence of neoplastic
cells with the same genotype in different individuals, suggesting the
transmission of cancer cells between hosts. This transmission may occur
through the release of cancer cells into the marine environment (Burioli
et al., 2021; Giersch et al., 2022), emphasizing the need to develop
specific molecular techniques for detecting transmissible cancers
outside of their host or in hosts of other species. Such techniques would
allow for the rapid evaluation of entire populations and the imple-
mentation of disease control and prevention measures. Similar
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approaches have been used to study other pathogens affecting bivalves,
such as those described in previous studies (Audemard et al., 2004;
Carrasco et al.,, 2017, 2008; Arzul et al.,, 2014). In this study, we
developed a diagnostic method with high sensitivity (Se 100 %),
detecting the two lineages of transmissible cancers of cockles at low
DNA concentrations (less than 0.06 ng/uL) and low percentages of
circulating cells (0.4 %). The method is also high specific (Sp 98.1 %),
detecting only the cockle transmissible cancer lineages and not those of
other species that share their habitat. These characteristics enable the
detection of transmissible cancers in new geographic locations and
further research on potential host-transmitter relationships.

The phenotypic differences in cell size between the two CedBTN
lineages (Carballal et al., 2001; Bruzos et al., 2023) could influence a
higher diagnosis of CedBTN1 compared to CedBTN2 by microscopical
methods, as the size of CedBTN2 is closer to that of hemocytes, making
its diagnosis more challenging in the initial stages of the disease.
Implanting diagnostic PCR in transmissible cancers of cockles could
increase its detection. Furthermore, the coexistence of both mitochon-
drial lineages in the same habitat and the potential for simultaneous
infection of the same individual have been documented (Bruzos et al.,
2023), highlighting the importance of molecular diagnostic techniques
for detecting coinfection.

Multiplex PCR offers rapid detection of the presence/absence of
different CedBTN lineages. However, PCR does not provide information
on the intensity, cannot distinguish between dead and active cancer
cells, and false-positive results may occur from contaminated samples
(Aranguren and Figueras, 2016). The development of techniques for
eNA (eDNA and eRNA) detection will be the new challenges for trans-
missible cancers in the coming years as it has been developed to detect
other bivalve diseases in environmental compartments (Meérou et al.,
2022; Giersch et al., 2022; Bass et al., 2023). Despite the great advan-
tages offered by molecular diagnostic techniques, these techniques
should not replace histological techniques because they offer comple-
mentary information on tissue lesions, health status, and possible
emerging diseases (Aranguren and Figueras, 2016).

In conclusion, we have designed a fast, cost-effective, specific, sen-
sitive, and easy-to-use PCR based method for the detection of CedBTN.
This assay can simultaneously discriminate between the two CedBTN
lineages, facilitating disease monitoring, detection of new affected
areas, or new species involved in transmission. The proposed PCR assay
represents a significant contribution to the field of transmissible cancers,
offering a reliable and accessible tool for laboratories worldwide.

CRediT authorship contribution statement

Martin Santamarina: Conceptualization, Data curation, Formal
analysis, Investigation, Methodology, Writing — review & editing. Alicia
L. Bruzos: Data curation, Formal analysis, Investigation, Methodology,
Writing — review & editing, Visualization. Ana Pequeno-Valtierra:
Data curation, Formal analysis, Investigation, Methodology, Project
administration, Writing — review & editing. Jorge Rodriguez-Castro:
Conceptualization, Data curation, Formal analysis, Investigation,
Methodology, Writing — review & editing, Project administration. Seila
Diaz: Data curation, Formal analysis, Investigation, Methodology,
Visualization, Writing — original draft, Writing — review & editing,
Conceptualization. Jose M. C. Tubio: Conceptualization, Data curation,
Formal analysis, Funding acquisition, Investigation, Methodology, Su-
pervision, Writing — review & editing, Project administration.

Funding

This work was supported by the European Research Council (ERC)
Starting Grant ‘SCUBA CANCERS’ [grant number 716290]. M.S. was
supported by a predoctoral fellowship from the Spanish regional gov-
ernment of Xunta de Galicia (ED481A-2017/299). A.L.B. was supported
by a predoctoral fellowship from the Spanish Ministry of Economy,



M. Santamarina et al.

Industry, and Competitiveness (BES2016/078166).

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

The authors would like to express our gratitude to the biologists from
the Galician fishing associations for their valuable assistance in sample
collection, with special thanks to Andrés Simon and Liliana Solis. We are
also grateful to Eoin MacLoughlin and Kieran O’Halloran for their
assistance in sample collection along the coast of Ireland and the other
collaborators from Scuba Cancers project who provided samples from
their respective regions. Our thanks are also extended to *Nita’ Alonso
for her technical support in processing all the samples. Additionally, we
express our appreciation to the three reviewers for their insightful sug-
gestions, which have significantly enhanced the overall quality of this

paper.
Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jip.2024.108232.

References

Aranguren, R., Figueras, A., 2016. Moving from histopathology to molecular tools in the
diagnosis of molluscs diseases of concern under EU legislation. Front. Physiol. 7.
https://doi.org/10.3389/fphys.2016.00538.

Arzul, 1., Chollet, B., Boyer, S., Bonnet, D., Gaillard, J., Baldi, Y., Robert, M., Joly, J.P.,
Garcia, C., Bouchoucha, M., 2014. Contribution to the understanding of the cycle of
the protozoan parasite Marteilia refringens. Parasitology 141, 227-240. https://doi.
org/10.1017/50031182013001418.

Audemard, C., Reece, K.S., Burreson, E.M., 2004. Real-Time PCR for detection and
quantification of the protistan parasite Perkinsus marinus in environmental waters.
Appl. Environ. Microbiol. 70, 6611-6618. https://doi.org/10.1128/
AEM.70.11.6611-6618.2004.

Baez-Ortega, A., Gori, K., Strakova, A., Allen, J.L., Allum, K.M., Bansse-Issa, L., Bhutia, T.
N., Bisson, J.L., Briceno, C., Castillo Domracheva, A., et al., 2019. Somatic evolution
and global expansion of an ancient transmissible cancer lineage. Science 365,
eaau9923. https://doi.org/10.1126/science.aau9923.

Bass, D., Christison, K.W., Stentiford, G.D., Cook, L.S.J., Hartikainen, H., 2023.
Environmental DNA/RNA for pathogen and parasite detection, surveillance, and
ecology. Trends Parasitol. 39, 285-304. https://doi.org/10.1016/j.pt.2022.12.010.

Bruzos, A.L., Santamarina, M., Garcia-Souto, D., Diaz, S., Rocha, S., Zamora, J., Lee, Y.,
Vina-Feds, A., Quail, M.A., Otero, 1., Pequeno-Valtierra, A., Temes, J., Rodriguez-
Castro, J., Villanueva, A., Costas, D., Rodriguez, R., Prieto, T., Tomas, L.,

Alvarino, P., Alonso, J., Cao, A., Iglesias, D., Carballal, M.J., Amaral, A.M.,
Balseiro, P., Calado, R., El Khalfi, B., Izagirre, U., De Montaudouin, X., Pade, N.G.,
Probert, L., Ricardo, F., Ruiz, P., Skazina, M., Smolarz, K., Pasantes, J.J., Villalba, A.,
Ning, Z., Ju, Y.S., Posada, D., Demeulemeester, J., Baez-Ortega, A., Tubio, J.M.C.,
2023. Somatic evolution of marine transmissible leukemias in the common cockle,
Cerastoderma edule. Nat. Cancer. https://doi.org/10.1038/543018-023-00641-9.

Burioli, E.A.V., Hammel, M., Bierne, N., Thomas, F., Houssin, M., Destoumieux-
Garzon, D., Charriere, G.M., 2021. Traits of a mussel transmissible cancer are
reminiscent of a parasitic life style. Sci. Rep. 11, 24110. https://doi.org/10.1038/
541598-021-03598-w.

Canier, L., Dubreuil, C., Noyer, M., Serpin, D., Chollet, B., Garcia, C., Arzul, L., 2020.
A new multiplex real-time PCR assay to improve the diagnosis of shellfish regulated
parasites of the genus Marteilia and Bonamia. Prevent. Vet. Med. 183, 105126.
https://doi.org/10.1016/j.prevetmed.2020.105126.

Carballal, M.J., Iglesias, D., Diaz, S., Villalba, A., 2013. Disseminated neoplasia in clams
Venerupis aurea from Galicia (NW Spain): histopathology, ultrastructure and ploidy
of the neoplastic cells, and comparison of diagnostic procedures. J. Invertebrate
Pathol. 112, 16-19. https://doi.org/10.1016/].jip.2012.10.003.

Carballal, M.J., Barber, B.J., Iglesias, D., Villalba, A., 2015. Neoplastic diseases of marine
bivalves. J. Invertebrate Pathol. 131, 83-106. https://doi.org/10.1016/j.
jip.2015.06.004.

Carballal, M.J., Iglesias, D., Santamarina, J., Ferro-Souto, B., Villalba, A., 2001. Parasites
and pathologic condicions of the cockle Cerastoderma edule populations of the coast
of Galicia (NW Spain). J. Invert. Pathol. 78 (2), 87-97.

Carrasco, N., Voorbergen-Laarman, M., Lacuesta, B., Furones, D., Engelsma, M.Y., 2017.
Application of a competitive real time PCR for detection of Marteilia refringens
genotype “O” and “M” in two geographical locations: the Ebro Delta, Spain and the

Journal of Invertebrate Pathology 207 (2024) 108232

Rhine-Meuse Delta, the Netherlands. J. Invertebrate Pathol. 149, 51-55. https://doi.
0rg/10.1016/j.jip.2017.07.004.

Chen, X., Schulz-Trieglaff, O., Shaw, R., Barnes, B., Schlesinger, F., Kéllberg, M., Cox, A.
J., Kruglyak, S., Saunders, C.T., 2016. Manta: rapid detection of structural variants
and indels for germline and cancer sequencing applications. Bioinformatics 32,
1220-1222. https://doi.org/10.1093/bioinformatics/btv710.

Collins, C., Mulcahy, M., 2003. Cell-free transmission of a haemic neoplasm in the cockle
Cerastoderma edule. Dis. Aquat. Org. 54, 61-67. https://doi.org/10.3354/
dao054061.

Diaz, S., Cao, A., Villalba, A., Carballal, M., 2010. Expression of mutant protein p53 and
Hsp70 and Hsp90 chaperones in cockles Cerastoderma edule affected by neoplasia.
Dis. Aquat. Org. 90, 215-222. https://doi.org/10.3354/dao02231.

Diaz, S., Villalba, A., Insua, A., Soudant, P., Fernandez-Tajes, J., Méndez, J., Carballal, M.
J., 2013. Disseminated neoplasia causes changes in ploidy and apoptosis frequency
in cockles Cerastoderma edule. J. Invertebrate Pathol. 113, 214-219. https://doi.org/
10.1016/j.jip.2013.03.010.

Diaz, S., Iglesias, D., Villalba, A., Carballal, M.J., 2016. Long-term epidemiological study
of disseminated neoplasia of cockles in Galicia (NW Spain): temporal patterns at
individual and population levels, influence of environmental and cockle-based
factors and lethality. J. Fish. Dis. 39, 1027-1042. https://doi.org/10.1111/
jfd.12436.

Diaz, S., Villalba, A., Carballal, M.J., 2017. Assessment of transmissibility of the
disseminated neoplasia affecting cockles Cerastoderma edule in Galicia (NW Spain).
Bull. Georgian Acad. Sci. Eur. Ass. Fish Pathol. 37, 5-15.

Diaz, S. 2015. Neoplasia diseminada en poblaciones del berberecho Cerastoderma edule
en Galicia. Doctoral Thesis. Santiago de Compostela. http://hdl.handle.net/10
347/13832.

Eggertsson, H.P., Kristmundsdottir, S., Beyter, D., Jonsson, H., Skuladottir, A.,
Hardarson, M.T., Gudbjartsson, D.F., Stefansson, K., Halldorsson, B.V., Melsted, P.,
2019. GraphTyper2 enables population-scale genotyping of structural variation
using pangenome graphs. Nat. Commun. 10, 5402. https://doi.org/10.1038/
s41467-019-13341-9.

Freire, R., Arias, A., Méndez, J., Insua, A., 2011. Identification of European commercial
cockles (Cerastoderma edule and C. glaucum) by species-specific PCR amplification of
the ribosomal DNA ITS region. Eur. Food Res. Technol. 232, 83-86. https://doi.org/
10.1007/s00217-010-1369-5.

Garcia-Souto, D., Bruzos, A.L., Diaz, S., Rocha, S., Pequeno-Valtierra, A., Roman-
Lewis, C.F., Alonso, J., Rodriguez, R., Costas, D., Rodriguez-Castro, J.,

Villanueva, A., Silva, L., Valencia, J.M., Annona, G., Tarallo, A., Ricardo, F., Bratos
Cetini¢, A., Posada, D., Pasantes, J.J., Tubio, J.M., 2022. Mitochondrial genome
sequencing of marine leukaemias reveals cancer contagion between clam species in
the Seas of Southern Europe. eLife 11, e66946. https://doi.org/10.7554/
eLife.66946.

Giersch, R.M., Hart, S.F.M., Reddy, S.G., Yonemitsu, M.A., Orellana Rosales, M.J.,
Korn, M., Geleta, B.M., Countway, P.D., Fernandez Robledo, J.A., Metzger, M.J.,
2022. Survival and detection of bivalve transmissible neoplasia from the soft-shell
clam Mya arenaria (MarBTN) in Seawater. Pathogens 11, 283. https://doi.org/
10.3390/pathogens11030283.

Grand, F.L., Kraffe, E., de Montaudouin, X., Villalba, A., Marty, Y., Soudant, P., 2010.
Prevalence, intensity, and aneuploidy patterns of disseminated neoplasia in cockles
(Cerastoderma edule) from Arcachon Bay: seasonal variation and position in
sediment. J. Invertebrate Pathol. 104, 110-118. https://doi.org/10.1016/j.
jip.2010.01.011.

Hammel, M., Simon, A., Arbiol, C., Villalba, A., Burioli, E.A.V., Pépin, J., Lamy, J.,
Benabdelmouna, A., Bernard, 1., Houssin, M., Charriére, G.M., Destoumieux-
Garzon, D., Welch, J.J., Metzger, M.J., Bierne, N., 2022. Prevalence and
polymorphism of a mussel transmissible cancer in Europe. Mol. Ecol. 31, 736-751.
https://doi.org/10.1111/mec.16052.

Hammel, M., Touchard, F., Burioli, E.A.V., Paradis, L., Cerqueira, F., Chailler, E.,
Bernard, 1., Cochet, H., Simon, A., Thomas, F., Destoumieux-Garzon, D.,

Charriére, G.M., Bierne, N., 2024. Marine transmissible cancer navigates urbanized
waters, threatening spillover. Proc. R. Soc. B 291, 20232541. https://doi.org/
10.1098/rspb.2023.2541.

Hart, S.F.M., Yonemitsu, M.A., Giersch, R.M., Beal, B.F., Arriagada, G., Davis, B.W.,
Ostrander, E.A., Goff, S.P., Metzger, M.J., 2023. Centuries of genome instability and
evolution in soft-shell clam, Mya arenaria, bivalve transmissible neoplasia. Nat.
Cancer. https://doi.org/10.1038/543018-023-00643-7.

Kwon, Y.M., Stammnitz, M.R., Wang, J., Swift, K., Knowles, G.W., Pye, R.J., Kreiss, A.,
Peck, S., Fox, S., Pemberton, D., Jones, M.E., Hamede, R., Murchison, E.P., 2018.
Tasman-PCR: a genetic diagnostic assay for Tasmanian devil facial tumour diseases.
R. Soc. Open Sci. 5, 180870. https://doi.org/10.1098/rs0s.180870.

Layer, R.M., Chiang, C., Quinlan, A.R., Hall, .M., 2014. LUMPY: a probabilistic
framework for structural variant discovery. Genome Biol. 15, R84. https://doi.org/
10.1186/gb-2014-15-6-r84.

Maroso, F., Pérez de Gracia, C., Iglesias, D., Cao, A., Diaz, S., Villalba, A., Vera, M.,
Martinez, P.A., 2019. Useful SNP panel to distinguish two cockle species,
Cerastoderma edule and C. glaucum, co-occurring in some european beds, and their
putative hybrids. Genes 10, 760. https://doi.org/10.3390/genes10100760.

Mérou, N., Lecadet, C., Billon, T., Chollet, B., Pouvreau, S., Arzul, 1., 2022. Investigating
the environmental survival of Marteilia refringens, a marine protozoan parasite of the
flat oyster Ostrea edulis, through an environmental DNA and microscopy-based
approach. Front. Mar. Sci. 9, 811284. https://doi.org/10.3389/fmars.2022.811284.

Metzger, M.J., Reinisch, C., Sherry, J., Goff, S.P., 2015. Horizontal transmission of clonal
cancer cells causes leukemia in soft-shell clams. Cell 161, 255-263. https://doi.org/
10.1016/j.cell.2015.02.042.


https://doi.org/10.1016/j.jip.2024.108232
https://doi.org/10.1016/j.jip.2024.108232
https://doi.org/10.3389/fphys.2016.00538
https://doi.org/10.1017/S0031182013001418
https://doi.org/10.1017/S0031182013001418
https://doi.org/10.1128/AEM.70.11.6611-6618.2004
https://doi.org/10.1128/AEM.70.11.6611-6618.2004
https://doi.org/10.1126/science.aau9923
https://doi.org/10.1016/j.pt.2022.12.010
https://doi.org/10.1038/s43018-023-00641-9
https://doi.org/10.1038/s41598-021-03598-w
https://doi.org/10.1038/s41598-021-03598-w
https://doi.org/10.1016/j.prevetmed.2020.105126
https://doi.org/10.1016/j.jip.2012.10.003
https://doi.org/10.1016/j.jip.2015.06.004
https://doi.org/10.1016/j.jip.2015.06.004
http://refhub.elsevier.com/S0022-2011(24)00175-7/h0266
http://refhub.elsevier.com/S0022-2011(24)00175-7/h0266
http://refhub.elsevier.com/S0022-2011(24)00175-7/h0266
https://doi.org/10.1016/j.jip.2017.07.004
https://doi.org/10.1016/j.jip.2017.07.004
https://doi.org/10.1093/bioinformatics/btv710
https://doi.org/10.3354/dao054061
https://doi.org/10.3354/dao054061
https://doi.org/10.3354/dao02231
https://doi.org/10.1016/j.jip.2013.03.010
https://doi.org/10.1016/j.jip.2013.03.010
https://doi.org/10.1111/jfd.12436
https://doi.org/10.1111/jfd.12436
http://refhub.elsevier.com/S0022-2011(24)00175-7/h0095
http://refhub.elsevier.com/S0022-2011(24)00175-7/h0095
http://refhub.elsevier.com/S0022-2011(24)00175-7/h0095
http://hdl.handle.net/10347/13832
http://hdl.handle.net/10347/13832
https://doi.org/10.1038/s41467-019-13341-9
https://doi.org/10.1038/s41467-019-13341-9
https://doi.org/10.1007/s00217-010-1369-5
https://doi.org/10.1007/s00217-010-1369-5
https://doi.org/10.7554/eLife.66946
https://doi.org/10.7554/eLife.66946
https://doi.org/10.3390/pathogens11030283
https://doi.org/10.3390/pathogens11030283
https://doi.org/10.1016/j.jip.2010.01.011
https://doi.org/10.1016/j.jip.2010.01.011
https://doi.org/10.1111/mec.16052
https://doi.org/10.1098/rspb.2023.2541
https://doi.org/10.1098/rspb.2023.2541
https://doi.org/10.1038/s43018-023-00643-7
https://doi.org/10.1098/rsos.180870
https://doi.org/10.1186/gb-2014-15-6-r84
https://doi.org/10.1186/gb-2014-15-6-r84
https://doi.org/10.3390/genes10100760
https://doi.org/10.3389/fmars.2022.811284
https://doi.org/10.1016/j.cell.2015.02.042
https://doi.org/10.1016/j.cell.2015.02.042

M. Santamarina et al.

Metzger, M.J., Villalba, A., Carballal, M.J., Iglesias, D., Sherry, J., Reinisch, C.,
Muttray, A.F., Baldwin, S.A., Goff, S.P., 2016. Widespread transmission of
independent cancer lineages within multiple bivalve species. Nature 534, 705-709.
https://doi.org/10.1038/nature18599.

Michnowska, A., Hart, S.F.M., Smolarz, K., Hallmann, A., Metzger, M.J., 2022.
Horizontal transmission of disseminated neoplasia in the widespread clam Macoma
balthica from the Southern Baltic Sea. Mol. Ecol. 31, 3128-3136. https://doi.org/
10.1111/mec.16464.

Montaudouin, X., Arzul, L., Cao, A., Carballal, M., Chollet, B., Correia, S., Cuesta, J.,
Culloty, S., Daffe, G., Darriba, S., Diaz, S., Engelsma, M., Freitas, R., Garcia, C.,
Goedknegt, A., Gonzalez, P., Grade, A., Groves, E., Iglesias, D., Jensen, K., Joaquim,
S., Lynch, S., Magalhaes, L., Mahony, K., Maia, F., Malham, S., Matias, D., Nowaczyk,
A., Ruano, F., Thieltges, D., Villalba, A.,2021. Catalogue of parasites and diseases of
the common cockle: Cerastoderma edule: Project Cockles. UA Editora: Universidade
de Aveiro, Aveiro.

Murgia, C., Pritchard, J.K., Kim, S.Y., Fassati, A., Weiss, R.A., 2006. Clonal origin and
evolution of a transmissible cancer. Cell 126, 477-487. https://doi.org/10.1016/j.
cell.2006.05.051.

Pearse, A.-M., Swift, K., 2006. Transmission of devil facial-tumour disease. Nature 439,
549. https://doi.org/10.1038/439549a.

Poder, M., Auffret, M., 1986. Sarcomatous lesion in the cockle Cerastoderma edule.
Aquaculture 58, 1-8. https://doi.org/10.1016/0044-8486(86)90151-1.

Pouillot, R., Gerbier, G., Gardner, .A., 2002. “TAGS”, a program for the evaluation of test
accuracy in the absence of a gold standard. Prevent. Vet. Med. 53, 67-81. https://
doi.org/10.1016/S0167-5877(01)00272-0.

Pye, R.J., Pemberton, D., Tovar, C., Tubio, J.M.C., Dun, K.A., Fox, S., Darby, J.,
Hayes, D., Knowles, G.W., Kreiss, A., Siddle, H.V.T., Swift, K., Lyons, A.B.,
Murchison, E.P., Woods, G.M., 2016. A second transmissible cancer in Tasmanian
devils. Proc. Natl. Acad. Sci. USA 113, 374-379. https://doi.org/10.1073/
pnas.1519691113.

Rausch, T., Zichner, T., Schlattl, A., Stiitz, A.M., Benes, V., Korbel, J.O., 2012. DELLY:
structural variant discovery by integrated paired-end and split-read analysis.
Bioinformatics 28, 1333-i339. https://doi.org/10.1093/bioinformatics/bts378.

Journal of Invertebrate Pathology 207 (2024) 108232

Rios, R., Aranguren, R., Gastaldelli, M., Arcangeli, G., Novoa, B., Figueras, A., 2020.
Development and validation of a specific real-time PCR assay for the detection of the
parasite Perkinsus olseni. J. Invertebrate Pathol. 169, 107301. https://doi.org/
10.1016/j.jip.2019.107301.

Skazina, M., Odintsova, N., Maiorova, M., Ivanova, A., Vainola, R., Strelkov, P., 2021.
First description of a widespread Mytilus trossulus-derived bivalve transmissible
cancer lineage in M. trossulus itself. Sci. Rep. 11, 5809. https://doi.org/10.1038/
$41598-021-85098-5.

Skazina, M., Odintsova, N., Maiorova, M., Frolova, L., Dolganova, I., Regel, K.,
Strelkov, P., 2023. Two lineages of bivalve transmissible neoplasia affect the blue
mussel Mytilus trossulus Gould in the subarctic Sea of Okhotsk. Curr. Zool. 69,
91-102. https://doi.org/10.1093/cz/zoac012.

Slater, G.S.C., Birney, E., 2005. Automated generation of heuristics for biological
sequence comparison. BMC Bioinformatics 6, 31. https://doi.org/10.1186/1471-
2105-6-31.

Twomey, E., Mulcahy, M.F., 1988. Transmission of a sarcoma in the cockle Cerastoderma
edule (Bivalvia; Mollusca) using cell transplants. Dev Comparative Immunol. 12,
195-200. https://doi.org/10.1016/0145-305X(88)90037-7.

Untergasser, A., Cutcutache, I., Koressaar, T., Ye, J., Faircloth, B.C., Remm, M., Rozen, S.
G., 2012. Primer3—new capabilities and interfaces. Nucleic Acids Res. 40, e115.
https://doi.org/10.1093/nar/gks596.

Vera, M., Maroso, F., Wilmes, S.B., Hermida, M., Blanco, A., Fernandez, C., Groves, E.,
Malham, S.K., Bouza, C., The Cockle’s Consortium, Robins, P.E., Martinez, P., 2022.
Genomic survey of edible cockle (Cerastoderma edule) in the Northeast Atlantic: a
baseline for sustainable management of its wild resources. Evolut. Appl. 15,
262-285. https://doi.org/10.1111/eva.13340.

Yonemitsu, M.A., Giersch, R.M., Polo-Prieto, M., Hammel, M., Simon, A., Cremonte, F.,
Avilés, F.T., Merino-Véliz, N., Burioli, E.A., Muttray, A.F., Sherry, J., Reinisch, C.,
Baldwin, S.A., Goff, S.P., Houssin, M., Arriagada, G., Vazquez, N., Bierne, N.,
Metzger, M.J., 2019. A single clonal lineage of transmissible cancer identified in two
marine mussel species in South America and Europe. eLife 8, e47788. https://doi.
org/10.7554/eLife.47788.


https://doi.org/10.1038/nature18599
https://doi.org/10.1111/mec.16464
https://doi.org/10.1111/mec.16464
https://doi.org/10.1016/j.cell.2006.05.051
https://doi.org/10.1016/j.cell.2006.05.051
https://doi.org/10.1038/439549a
https://doi.org/10.1016/0044-8486(86)90151-1
https://doi.org/10.1016/S0167-5877(01)00272-0
https://doi.org/10.1016/S0167-5877(01)00272-0
https://doi.org/10.1073/pnas.1519691113
https://doi.org/10.1073/pnas.1519691113
https://doi.org/10.1093/bioinformatics/bts378
https://doi.org/10.1016/j.jip.2019.107301
https://doi.org/10.1016/j.jip.2019.107301
https://doi.org/10.1038/s41598-021-85098-5
https://doi.org/10.1038/s41598-021-85098-5
https://doi.org/10.1093/cz/zoac012
https://doi.org/10.1186/1471-2105-6-31
https://doi.org/10.1186/1471-2105-6-31
https://doi.org/10.1016/0145-305X(88)90037-7
https://doi.org/10.1093/nar/gks596
https://doi.org/10.1111/eva.13340
https://doi.org/10.7554/eLife.47788
https://doi.org/10.7554/eLife.47788

	Novel PCR assay for the identification of two transmissible cancers in Cerastoderma edule
	1 Introduction
	2 Material and methods
	2.1 Sample collection and diagnosis
	2.2 Genomic DNA extraction
	2.3 Computational design of neoplasia specific primers
	2.3.1 Marker variant selection
	2.3.2 Amplification design
	2.3.3 In silico PCR

	2.4 Multiplex PCR assay for the diagnosis of neoplasia
	2.5 Analytical specificity and sensitivity of the PCR assays
	2.6 Diagnostic specificity and sensitivity

	3 Results
	3.1 Analytical specificity multiplex PCR
	3.2 Analytical sensitivity multiplex PCR
	3.3 Diagnostic specificity and sensitivity

	4 Discussion
	CRediT authorship contribution statement
	Funding
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


