
R E S E A R C H  A R T I C L E Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The 
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available 
in this article, unless otherwise stated in a credit line to the data.

Arriagada et al. Biological Research           (2024) 57:17 
https://doi.org/10.1186/s40659-024-00498-x

Biological Research

*Correspondence:
Gloria Arriagada
gloria.arriagada@unab.cl
1Instituto de Ciencias Biomédicas, Facultad de Medicina y Facultad de 
Ciencias de la Vida, Universidad Andres Bello, Santiago, Chile
2Departamento de Ciencias Biológicas, Facultad de Ciencias de la Vida, 
Universidad Andres Bello, Santiago, Chile

3Interdisciplinary Center for Aquaculture Research (INCAR), University of 
Concepción, Concepción, Chile
4Centro de Investigación Marina Quintay (CIMARQ), Universidad Andres 
Bello, Quintay, Chile
5Pacific Northwest Research Institute, Seattle, USA

Abstract
Background Disseminated neoplasia (DN) is a proliferative cell disorder of the circulatory system of bivalve mollusks. 
The disease is transmitted between individuals and can also be induced by external chemical agents such as 
bromodeoxyuridine. In Mya arenaria, we have cloned and characterized an LTR-retrotransposon named Steamer. 
Steamer mRNA levels and gene copy number correlates with DN and can be used as a marker of the disease. So far, 
the only mollusk where a retrotransposon expression relates to DN is Mya arenaria. On the other hand, it has been 
reported that the Chilean blue mussel Mytilus chilensis can also suffers DN. Our aim was to identify retrotransposons in 
Mytilus chilensis and to study their expression levels in the context of disseminated neoplasia.

Results Here we show that 7.1% of individuals collected in August 2018, from two farming areas, presents 
morphological characteristics described in DN. Using Steamer sequence to interrogate the transcriptome of M. 
chilensis we found two putative retrotransposons, named Steamer-like elements (MchSLEs). MchSLEs are present in 
the genome of M. chilensis and MchSLE1 is indeed an LTR-retrotransposon. Neither expression, nor copy number of 
the reported MchSLEs correlate with DN status but both are expressed at different levels among individual animals. 
We also report that in cultured M. chilensis haemocytes MchSLEs1 expression can be induced by bromodeoxyuridine.

Conclusions We conclude that SLEs present in Mytilus chilensis are differentially expressed among individuals and 
do not correlate with disseminated neoplasia. Treatment of haemocytes with a stressor like bromodeoxyuridine 
induces expression of MchSLE1 suggesting that in Mytilus chilensis environmental stressors can induce activation of 
LTR-retrotransposon.
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Background
Disseminated neoplasia (DN) is a proliferative cell dis-
order of the circulating cells of bivalve mollusks that has 
been reported in at least 15 species of marine bivalves 
world-wide [1–3]. DNs are characterized by the presence 
of large rounded or oval cells with a high nucleus: cyto-
plasm ratio, high frequency of mitotic figures in the con-
nective tissue, sinuses, and organs. These cells also have 
low adherence an pseudopodia formation in fresh prepa-
rations (revised by Carballal et al. [3]). In many bivalve 
species the disease is progressive, and the replacement 
of normal cells implies the loss of the normal tissue and 
organs architecture leading to death.

Elucidating the etiology of DN has been a key issue 
since its discovery, now we know that in at least eight 
bivalve species [4–8] the disease is transmitted between 
individuals through a cancer cell line, this is called bivalve 
transmissible neoplasia (BTN). This does not exclude the 
possibility of other factors influencing the development 
of de novo neoplasia in other species. The diagnostics 
of DNs cannot be performed by external examination 
of the individuals, but molecular diagnostics tools can 
be applied thanks to the fact that host and cancer cells 
have different genomes. Indeed, several qPCR have been 
developed to diagnose MtrBTN [6, 9, 10], a cancer trans-
missible cell derived from Mytilus trossulus. MtrBTN is 
a specific BTN infecting various Mytilus species, includ-
ing M. chilensis. However, if the DN is not a previously 
described BTN or a conventional cancer, the diagnostics 
can only be performed by cytology of hemocytes or by 
histology [3], which requires an expert eye to correctly 
classify the animals as healthy or diseased, while also 
been a time-consuming process that must be perform 
one animal at the time. Therefore, to define molecular 
markers for a rapid diagnostic is crucial for large-scale 
testing of mollusks. In Mya arenaria, we have cloned and 
characterized a retrotransposon named Steamer. Steamer 
mRNA levels and gene copy number correlates with dis-
ease status and can be used as a marker of the disease 
[11]. Although several Steamer-like elements (SLEs) have 
been identified in other mollusks [12–14], the only mol-
lusk in which a retrotransposon expression and copy 
number relate to DN is M. arenaria.

Natural populations of the smooth-shelled Chilean blue 
mussel, Mytilus chilensis (Hupé, 1854), are distributed 
across a wide range along the South American coast [15]. 
Moreover, it is extensively cultivated, primarily in South-
ern Chile, with an annual production exceeding 400,000 
tons [16]. This makes it a significant resource for global 
blue mussel production, with around 17% of world pro-
duction in Chile [17, 18]. However, mussel aquaculture 
production in Chile is threatened by several microorgan-
isms [19–21], marine pollution [22], the climate variabil-
ity [23–25] and disseminated neoplasia [26, 27] that can 

impact the larval settlement and growth of mussel popu-
lations. Since farmed mussels are collected from the wild 
at their juvenile stage, seed production can be reduced 
by all those factors. Therefore, the diagnostic of diseases 
that threaten both the native population and the farmed 
individuals is of utmost importance. We wonder if, simi-
lar to M. arenaria, M. chilensis have retrotransposons in 
its genome that could be used as markers of DN. Here we 
identify putative SLEs retrotransposons and determine 
if their copies and/or expression are correlated with DN 
status to potentially be used as markers of disease.

Methods
Disseminated neoplasia diagnostics
200 individuals of optimal commercial size (∽ 6  cm) 
were collected during June 2018 from two sites in Chile, 
Castro (42.4801° S, 73.7624° W) and Calbuco (41.7720° 
S, 73.1327° W). Hemolymph was drawn as in [28], cen-
trifuged at low speed and the hemocytes were stored in 
RNAlater (Thermo Fisher Scientific) for RNA and DNA 
extraction. The animals were then opened and the full 
body with one valve were fixed for a month with 10% 
formaldehyde in phosphate buffer pH 6.8. After fixation, 
5  mm thick transversal section were cut at 5  mm from 
the posterior adductor muscle, allowing samples of gills 
and gonads from the specimens. The tissue was paraffin 
embedded and then sliced in a Sakura Accu-cut rotative 
microtome, with R35 low profile blades to obtain a 5 μm 
histological section, that was deparaffined with xylene 
and dehydrated with ascendent alcohols. Tissue sections 
were stained with hematoxylin-eosin and mounted with 
Entellan mounting medium. The visual analysis of each 
slide was performed in Olympus CX21LED microscope, 
along with photographic register using a Nikon 808Pure-
View camera cell phone.

For the diagnosis of the specimens, slides were first pre-
screened for the presence of hemocyte infiltration. Then 
a detailed analysis for selected slides was performed. We 
observe the hemocyte nuclei characteristics, in search of 
anomalies as salt and pepper chromatin, size augmenta-
tion, irregular nuclear edges and degree of infiltration in 
gonads and gills tissue was performed. For those animals 
with infiltration, but no obvious alteration in the hemo-
cytes characteristics, nucleus size was measured in five 
different field, and use as criteria for final classification. 
Some of these samples were previously used in the Yone-
mitsu, 2019 [6] named there Calbuco2, Castro 5, 26, 49, 
52 and 84.

Mytilus chilensis transcriptome interrogation and in silico 
analysis
To identify Steamer-like sequences in M. chilensis tran-
scriptome, a BlastN search was conducted using as input 
M. arenaria retrotransposon Steamer (KF319019.1) and 
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a transcriptome with the following parameters: E-Value 
10− 3, word size = 11, Gap cost = Existence 5, Extension 
2. The assembly used is deposited into the Sequence 
Read Archive (SRA) available on the NCBI database, 
under accession numbers SRX1850489, SRX1850488, 
SRX1850379, and SRX1847267.

The hits of the transcriptome interrogation (and SLEs 
identified) were analyzed using Open Reading Frame 
Finder at National Center for Biotechnology Informa-
tion (NCBI) [29]. The protein domain search was per-
formed using both Conserved Domain Search Service 
(CD Search) at NCBI [30] and PROSITE [31]. BlastN was 
performed against the public sequences of Mytilus edulis, 
Mytilus galloprovincialis, and Mytilus coruscus found at 
NCBI. Clustal Omega [32] was used to MchSLEs with a 
previously described SLE in M trosulus (KX018543.1).

Conventional PCR
For genomic DNA extraction, adductor muscle and 
mantle of 7 fresh commercially available animals were 
macerated and digested with 0.1 mg/mL of proteinase K 
in digestion buffer (100 mM NaCl, 10 mM Tris pH 8.0, 
25 mM EDTA, and 0.5% SDS) at 37  °C overnight, after 
which phenol-chloroform extraction and DNA pre-
cipitation were performed. The DNA was resuspended 
in buffer TE (pH 8.0) and stored at 4  °C. PCR primers 
were designed to amplify a segment of the reverse tran-
scriptase (RT) domain of Mytilus chilensis Steamer-like 
element 1 (MchSLE1) [SLE1-F (5´cagacgagagcgatagc-
gaa3´), SLE1-R (5´gcagtcgcaccgctatctaa3´)], or MchSLE2 
[SLE2-F (5´tggcgaaggcgatacagaag3´), SLE2-R 5´cgaagtg-
gctcgcaaatgtc3´)]. Primers for α-tubulin (Tub-F 5´gagc-
cgtctgcatgttgagc3´, Tub-R 5´tggacgaaagcacgtttggc3´), a 
previously described housekeeping gene for M. chilen-
sis [33] were used. One hundred ng of gDNA from each 
animal was used in the PCR assay with GoTaq Flexi G2 
(Promega), 2 mM MgCl2, 0.5 mM dNTPs, 0.25 µM each 
primer with a program of 95ºC, 2  min; 35×[95ºC, 30  s; 
60ºC, 30  s; 72ºC, 15  s] and a final extension at 72ºC, 
5 min. PCR products were visualized on an agarose gel.

Genome walking
Genome walking to obtain the full sequence of the puta-
tive SLEs was performed with DNA isolated from one of 
the seven animals used in conventional PCR, with the 
Genome Walker Universal kit (Clontech) according to 
manufacturer’s instructions. The primers 5′GW-SLE1 
(5′gcaagtaagcaatgttgcagtacgtag3′) and 5′GW-SLE1n-
ested (5′gatgcgatttcataattgtcccatgtc3′) were designed 
for a specific 5′ walk of MchSLE1. For the 3′ genome 
walk, the primers 3′GW-SLE1 (5′aaatggacgtaccgtaagac-
gtaacag3′) and 3′GW-SLE1nested (5′cctaaacattcagtcgt-
gcccgatgttg3′) were designed. The primers 5′GW-SLE2 
(5′ccgaagtttgtctggttttacgacag3′) and 5′GW-SLE2nested 

(5′aacccacggagttggcgttgaaactgg3′) were designed for 
a specific 5′ walk of MchSLE2. For the 3′ genome walk 
MchSLE2, the primers 3′GW-SLE2 (5′gccacttcatgctgcac-
caaagcgttt3′) and 3′GW-SLE2nested (5′tgcaccaaagcgtt-
tacaacgtatgc3′) were designed. All PCR products were 
cloned and sequenced.

SLEs expression and copy number analysis
The hemocytes isolated in RNAlater were collected 
by centrifugation, RNA and DNA were isolated using 
TRIzol Reagent (Thermo Fisher Scientific) according 
to manufacturer´s instructions. cDNA was synthesized 
using iScript Reverse transcription Supermix for RT-
qPCR (Bio-Rad) and 500 ng of RNA. One µl of cDNA 
was used in the qPCR assay. For genomic DNA the con-
centrations among samples varied from 2.5 to 470 ng/µl, 
and up to 100 ng were used in the qPCR assay. The qPCR 
assay for cDNA and genomic DNA was performed in 
triplicate for each sample using the α-tubulin, MchSLE1 
and MchSLE2 primers described for conventional PCR 
and the Brilliant II SYBR green qPCR master mix (Agi-
lent technologies) with the normal two step program 
(15  min, 95  °C; 40 x [10  s, 95  °C; 30 Sect.  60  °C]), with 
melting curve (1 min, 95 °C; ramp down to 55 °C, ramp 
up from 55  °C to 95  °C with continued fluorescence 
collection). The transcript levels and copy number of 
MchSLEs and α-tubulin was determined using the stan-
dard curve method. A plasmid containing a full-length 
copy of the PCR fragment cloned from a healthy animal 
of MchSLE1 or MchSLE2 and α-tubulin was used to gen-
erate the standard curve. Standard curves based on serial 
dilutions of the plasmid were created for each qPCR plate 
and used to calculate the amount of SLE and tubulin. The 
ratio of SLE and tubulin for each sample were referred to 
as relative copy number.

From the 200 samples of hemocytes RNA was 
extracted, 6 had really low amplification, even of the 
housekeeping gene, thus they were eliminated from the 
analysis. In the copy number assay, 11 samples did not 
yield a product in any of the analyzed genes, thus they 
were excluded from the whole analysis. In 25 of the 
samples, including two DN, it was not possible to detect 
MchSLE2, thus they were not considered in the analysis 
of MchSLE2. Therefore, the analysis only included 194 
animals for the RT-qPCR assays, and 175 samples for the 
copy number detection of MchSLE2.

BrdU treatment of cultured hemocytes
The in vitro culture of M. chilensis hemocytes was per-
form as reported in [28] with the following modifica-
tions: cells isolated from 24 healthy commercial animals 
were seeded in 24 well plates at a density of 1.5 × 104 cells 
per well, in triplicate, 24  h later they were treated with 
100 mM BrdU for 24 and 48  h or DMSO (vehicle) for 
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48 h. RNA was extracted using TRIzol Reagent (Thermo 
Fisher Scientific) according to manufacturer’s instruction 
and MchSLE1, MchSLE2 and α-tubulin transcripts were 
detected as described above. For each set of hemocytes, 
the vehicle treatment was considered as the basal level of 
expression and arbitrarily set to 1.

Statistical analysis
All statistical analyses were performed in GraphPad 
Prism using unpaired t-test 95% confidence or one way 
ANOVA, a p < 0.05 was considered significant. For the 
BrdU treatment outliers were eliminated before the sta-
tistical analysis.

Results
Diagnostics of disseminated neoplasia in Mytilus chilensis
Histological analysis was used to diagnose the animals, 
and samples were considered as positive for DN when 
hemocyte infiltration, loss of tissue architecture and 
hemocytes abnormalities were observed (Fig.  1). From 
our observation 183 animals were considered healthy and 
14 as DN (10 in Calbuco, 4 in Castro), three animals from 
Castro were lost during the histological process. There-
fore, from the final 197 animals that could be diagnosed, 
we established a DN prevalence of 10% in Calbuco and 
4.1% in Castro, and a total prevalence of 7.1%, similar to 
what was reported on a previous study from animals col-
lected in 2016 [26].

Our main question was to know if M. chilensis con-
tained in its genome retrotransposons similar to Steamer 
[12, 13] and test if they correlated with DN as Steamer 
does [11]. Thus, we saved hemocytes from the diagnosed 
animals before fix them and in parallel interrogate a tran-
scriptome of M. chilensis.

Identification of steamer-like retrotransposon
A raw transcriptome of M. chilensis available at NCBI 
was interrogated using Mya arenaria Steamer sequence 
(KF319019), contigs 5668 (4545 nucleotides) and 21,448 
(1158 nucleotides) were selected since both had 64% 
nucleotide identity to M. arenaria Steamer, and upon in 
silico translation both contained proteins with domains 
of the retroviral Pol protein. They were named M. chilen-
sis Steamer-Like Element 1 (MchSLE1) and MchSLE2, 
respectively (Fig.  2A). MchSLE1 contains a complete 
open reading frame of 1376 amino acids, with an AUG 
codon in a Kozak context and a stop codon. MchSLE2 on 
the other hand, contained a smaller ORF of 385 amino 
acids, with no obvious initiation or stop codon.

To corroborate if these putative retrotransposons were 
present in the genome of M. chilensis, we obtained ani-
mals at the food market, isolated genomic DNA and 
amplified both, MchSLE1 and MchSLE2 by PCR from 
each individual. Both putative retrotransposons were 
detected in the genome of the seven analyzed animals 
(Fig. 2B).

At the time of this study the genome of M. chilensis was 
not available, therefore we decided to perform genome 
walking using DNA from commercial healthy animals to 
extend the sequence of both MchSLEs as we did before 
for Steamer identification [11]. MchSLE1 contains a sin-
gle ORF of 4134 bp, flanked by 185 pb direct repeats or 
LTR (Fig.  2A). The single ORF encode a polyprotein of 
1376 amino acids were the most highly conserved cor-
responds to the retroviral Pol regions, including similari-
ties with the retroviral protease with a DSG active site 
motif [34]; an RT with a polymerase domain contain-
ing an YxDD box [35], RNAse H domain with a diag-
nostic DEDD catalytic core [36] and an integrase with a 
HHCC zinc finger and a conserved D, D [35]E motif [37] 
(Fig.  2A). In the amino terminal of the polyprotein the 
only Gag similarity is a nucleocapsid domain with two 

Fig. 1 Disseminated neoplasia in Mytilus chilensis. To determine if MchSLEs are correlated with the presence of disseminated neoplasia in M. chilensis, 
individuals from 2 different farm sites were diagnosed. Animal were fixed and sliced before hematoxylin-eosin staining. The diagnostic considered level of 
hemocyte infiltration in the tissue, morphological characteristics, and nuclear size of infiltrating cells. Representative image of female gonad and gills of 
a normal and a disease animal are shown. A zoom of the area depicted by the withe square is also shwon. Withe arrow heads indicate normal circulating 
cells, while black arrows indicate cancer cells. DN: disseminated neoplasia. Size bar = 20 μm
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putative zinc fingers containing CCCC and CCHC motif. 
MchSLE1 contains a putative primer binding site (PBS) 
for the Asn(AAC) tRNA and a Poly-purine track (PPT) 
sequence ( T G A A A A A A G A A A G G A) located at position 
4559. For MchSLE1 genome walking analysis showed us 
that is indeed a LTR-retrotransposon with a full-length 
sequence of 4758 bp (OR712106), and strongly suggests 
that the sequence initially identified in the transcriptome 
corresponds to the full-length RNA genome of MchSLE1, 
including the 5´and 3´untranslated regions. MchSLE1 
was used later to interrogate the genome of M. chilensis 
and we found 5 copies of this LTR-retrotrasposon distrib-
uted in five chromosomes, this was published on [38].

For MchSLE2 we extended the sequence to find a 
longer ORF encoding protease, RT, RnaseH domains 
(Fig.  2A) but were not able to find a unique extended 
sequence further in the 5´or 3´, which suggest this could 
be the core region of a highly variable mobile element in 
the genome of M. chilensis (OR712107).

Expression of steamer-like retrotransposon in M. Chilensis 
hemocytes
We have previously shown that Steamer transcripts as 
well as copy number are correlated with disease status in 
M. arenaria (low in healthy versus high in DN) [11], and 
Steamer presence can be used as a marker of the disease. 
Thus, we wondered if MchSLEs were correlated with dis-
ease status and potentially be used as a marker of the dis-
ease in live animals. To test for expression of MchSLEs 

RNA transcripts and their copy number, RNA and DNA 
were extracted from circulating cells of normal and DN 
individuals and the levels of MchSLE1 and MchSLE2 
RNA were determined by quantitative PCR (RT-qPCR) 
and normalized to a α-tubulin as housekeeping RNA 
[33].

The expression of both MchSLEs was low (compared 
to tubulin) in normal and DN circulating cells, with no 
significant differences among them (Fig.  3A and B). 
Following the same pattern, low relative copy num-
ber of MchSLE1 and MchSLE2 were observed among 
normal and DN animals, and no significant difference 
was observed between both groups (Fig.  3C and D). 
These results show that, unlike Steamer, MchSLE1 and 
MchSLE2 are neither highly expressed, nor expanded in 
the genome of DN animals, and therefore they cannot be 
proposed as a molecular marker of the disease.

MtrBTN2 is a cancer transmissible cell derived from 
Mytilus trossulus, that has been previously identified 
in two of the DN collected samples from this study [6], 
we therefore compared MchSLEs with an SLE previ-
ously described in M. trossulus (KX018543.1) and found 
a nucleotide identity of only a 52.16% and 51.08% for 
MchSLE1 and 2 respectively (supplementary data 1). 
Although we did not verify the presence of MtrBTN2 in 
all the samples diagnosed as affected by DN histology, the 
facts that the genome of M. chilensis showed a single copy 
of MchSLE1 in five different chromosomes [38], that both 
MchSLEs can be detected in healthy animal, the high 

Fig. 2 Identification of two Steamer-like elements in Mytilus chilensis. (A) We interrogate the transcriptome of M. chilensis using Mya arenaria Steamer ret-
rotransposon, two contig were found and were named M. chilensis Steamer-like elements (MchSLE) 1 and 2. Both MchSLEs encode proteins with charac-
teristics of retrotransposons. Genome walking was performed to determine if MchSLEs were indeed LTR-retrotransposons. We identified the full sequence 
of MchSLE1 and partially extended MchSLE2 up to an integrase domain. MchSLE1 is a 4758 bp LTR-retrotransposons with a single ORF of 4134 bp, long 
terminal repeats (LTRs) of 185 bp, a putative primer binding site (PBS) for the AsnAACtRNA and a Poly purine track (PPT). (B) PCR detection of MchSLE1 
(upper panel) and MchSLE2 (middle panel) in the genome of 7 animals, α-Tubulin detection was used as a loading control (bottom panel). The location 
of the primers used for the PCR assay are depicted above and below the RT domains of both MchSLEs
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identity with sequences found in the genome of other 
Mytilus, and the fact that no M. trossulus genomic or 
transcriptomic sequence show a hit on our BlastN assays, 
indicate that MchSLEs do not derive from MtrBTN2, and 
agrees with the fact that we did not found correlation 
between copy number and disease status.

In vitro induction of MchSLEs
Although our results indicate that there is no correlation 
between expression of MchSLE1 and 2 and DN, there 
is still expression of these retrotransposons at differ-
ent levels between individuals. We wondered if as other 
retrotransposon and endogenous retroviruses, whose 
transcription is repressed by different epigenetic mecha-
nisms [39, 40] and activated under several stressors [41], 
MchSLEs transcription could be activated. Bromodeoxi-
uridine (BrdU) has been shown to be a potent inducer of 
retrotransposon and endogenous retrovirus transcrip-
tion [42–44], thus we wondered if in vitro treatment 
of hemocytes with BrdU could induce or increase the 
expression of MchSLE1 and MchSLE2. Hemocytes iso-
lated from 24 healthy commercial animals were seeded 
in 24 well plates and cultured at 10 °C for 24 h, animals 
were treated with 100 µM BrdU or vehicle, for 24–48 h 
and the levels of MchSLE1 and MchSLE2 transcripts were 
analyzed by RT-qPCR. We found that, although for some 

individuals there is no increase on MchSLE1 expression, 
the group presents a significantly higher expression at 
48 h post-treatment (Fig. 4A), while there are no signifi-
cant changes in transcription of MchSLE2 (Fig. 4B). This 
suggests that MchSLE1 transcription can, in some indi-
viduals, be induced upon stress as it has been shown for 
other retrotransposons and for endogenous retroviruses.

Discussion
Disseminated neoplasia (DN) affects at least 15 species 
of marine bivalves world-wide [1–3], of those in at least 
eight bivalve species [4–8] including M. chilensis, the 
disease is also a BTN. The diagnostics of DNs must be 
performed by direct analysis of hemocytes or the animal 
tissue [3], requiring an expert eye to correctly classify the 
animals as healthy or sick. Therefore, to define molecular 
markers to perform a rapid diagnostic is important to test 
massively the cultures, especially on farmed mollusks. 
Here we looked for an LTR-retrotransposon similar to 
Steamer in the smooth-shelled Chilean blue mussel, M. 
chilensis (Hupé, 1854), that could be use as molecular 
marker as Steamer can be used for DN in Mya arenaria 
[11]. Although we conclude that SLEs present in the Chil-
ean blue mussel M. chilensis are differentially expressed 
among individuals, SLEs are neither highly expressed, 
nor expanded in the genome of DN animals. Therefore, 

Fig. 3 Steamer-like elements present on M. chilensis are not correlated with disseminated neoplasia. The expression (A and B) and copy number (C and 
D) of MchSLE1 (A and C) and MchSLE2 (B and D) in hemocytes was determined by qPCR. The analysis was performed using the standard curve method, 
with a plasmid containing one copy of each MchSLE and MchαTubulin amplicon. The expression and copy were normalized to αTubulin. A t-test was 
performed, and non-significant differences were found among normal and DN animals. Note that Y axis are not on the same scale. The black line indicates 
the average expression of the animal set
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they cannot be proposed as a molecular marker of the 
disease.

Recently, a chromosome level genome assembly of M. 
chilensis was reported [38]. The chromosomal location of 
the MchSLE1 reported here was analyzed in that report, 
showing single copy of the full-length retrotransposon 
in chromosomes 1, 6, 7, 10 and 11. This confirmed that 
the LTR-retrotransposon MchSLE1 identify here is pres-
ent in natural population in at least 5 copies. Interestingly 
the copies present in chromosomes 7 and 11 present a 12 
nucleotides insertion in frame with the ORF, that was not 
cloned in our genome walking analysis. Thus, we cloned 
MchSLE1 present in either chromosome 1, 6 or 10 and 
explained the different sequences obtained flanking 
the LTR in some of the clones amplified in the Genome 
Walking libraries (data not shown). Because the primers 
design for qPCR analysis of MchSLE1 copies and expres-
sion align on the RT region, further downstream of the 
12 nucleotides insertion described in chromosome 7 and 
11, we were unable to differentiate which copies were 
detected in our assays. It could be interesting for future 
analysis to perform these assays using primer specify for 
copies present in chromosomes 1, 6, 10 versus 7 and 11, 
to determine if both are expressed or activated upon a 
stressor such as BrdU.

We also interrogated the reference genome with 
MchSLE2 sequence, to our surprise we did not find it in 
this reference genome. This could mean that MchSLE2 
is not really present in the genome of M. chilensis, which 
we do not believe to be true, since we have obtained 

amplification of this sequence from genomic DNA from 
more than 200 animals along this study. Most likely this 
can be explained by the fact that MchSLE2 is not pres-
ent in the full population of this species, we had animals 
form Calbuco that did not produce amplification of this 
sequence from genomic DNA and in a prospective analy-
sis of animals not included in this study, collected from 
Ancud, only 20% of the animals presented MchSLE2, 
while all amplified MchSLE1 (data not shown). Further 
studies are needed to confirm this.

By using degenerate primers in conserved positions in 
the RT-IN region of the pol gene and analysis of the avail-
able genomes many SLEs have been identified [12–14], 
showing that in bivalve species susceptible to DN those 
retroelements were not amplified [12]. M. chilensis was 
not included on those analysis, therefore it was necessary 
to test if the MchSLEs found here are amplified in hemo-
cytes derived from DN positive animals. Our results 
align with the previous reports that shown no amplifi-
cation of SLEs in DN except for the case of M. arenaria 
[11]. When expression was analyzed, we observed low 
levels of basal transcription of MchSLEs compared to 
the α-tubulin housekeeping (Fig.  3A and B), with high 
variability among individuals, more interestingly we 
observed that a stressor like BrdU, can increase the levels 
of both transcripts in some but not all cells isolated from 
healthy animals in vitro, and a significant higher expres-
sion of MchSLE1 is observed at 48 h post BrdU treatment 
(Fig. 4A). This strongly suggest that at least in M. chilen-
sis, LTR retrotransposons expression are responding to 
environmental stressors. It could be interesting to test 
if MchSLE1 can respond to natural stressors or harmful 
substances that can affect natural banks of mollusks. It 
remains to be tested if this increase in expression involves 
retrotransposition of MchSLE1, which could lead to 
genomic instability and oncogenic changes [45, 46], or 
if leads to adaptation without increasing the copy num-
ber. In many bivalve’s species there has been multiple and 
frequent cross-species transference of SLE elements [13]. 
When comparing the full length MchSLE1 and Steamer 
DNA sequences we found a 66.21% of nucleotide identity. 
We also performed BlastN analysis of MchSLE1 against 
sequences from other Mytilus available at NCBI and 
founded ten sequences with 100% coverage and 95-99.5% 
of nucleotide identity derived from Mytilus edulis, Myti-
lus galloprovincialis, and Mytilus coruscus in agreement 
to our previous report [38] (Supplementary data 2). 
MchSLE1could also have been transmitted among those 
Mytilus as reported for other bivalves [13] or could be 
shared between them from a common ancestor reflecting 
the complex evolutionary history these bivalves.

The transcriptome analysis and specific strand RT-
PCR analysis showed transcripts derived from both 
strand of MchSLE1 [47], suggesting that both LTRs cand 

Fig. 4 Steamer-like element 1 responds to BrdU treatment. After collec-
tion, hemocytes of 20 different animals were seeded in 24 well plate in 
triplicates and cultured at 10 ºC for 24 h. Then, DMSO or 100mM BrdU was 
added to each well. Cells were lysed with Trizol at 24–48 h and RNA was 
extracted to determine the levels of MchSLE1, MchSLE2 and αTubulin tran-
scripts by RT-qPCR. A. Relative expression of MchSLE1 upon BrdU treat-
ment. B. Relative expression of MchSLE2 upon BrdU treatment. In both, the 
sum of three experiments performed independently is presented and the 
DMSO treatment was arbitrary set to 1 for each animal. Please note that Y 
axis are not in the same scale. One way ANOVA was performed, ns = non-
significant, *=p < 0.05. Error bars = SEM
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be acting as promoters, our analysis cannot differenti-
ate from which MchSLE1 strand the detected transcripts 
are being generated, but it will be interesting to test if 
in any given individual are both transcribed or if they 
transcribed preferentially. We can speculate that as it 
has been suggested for retroviruses (Revised in [48, 49]) 
and Long interspersed nuclear element-1 (LINE-1) [50] 
the antisense transcripts can be regulators of the sense 
mRNA, helping to control the expression of the LTR-
retrotransposon. Further experiments will be needed to 
determine if this is indeed happening and if the antisense 
transcripts or the putative peptides they encode have and 
any influence on MchSLE1 expression.

Bivalve transmissible neoplasia has been previously 
shown to affect M. chilensis from Argentina and Chile, 
where MtrBTN2 lineage (derived from M. trossulus), has 
been previously identify in two DN samples from this 
study (out of four analyzed DNA isolated from circu-
lation cells) [6]. So far only one SLE has been reported 
in M. trossulus (KX018543.1), but only has 52.16% and 
51.08% nucleotide identity with for MchSLE1 and 2 
respectively. It would be important for future prospec-
tions for DN to look also for MtrBTN2 and these SLEs 
or others that can be identify as specific of M. trossulus, 
their possible amplification could be used as a marker of 
the disease.

The impact of DN on mollusk aquaculture and its con-
nection to climate change has not been fully assessed 
thus far. We are aware that climate change not only 
directly affects marine environments but can also indi-
rectly contribute to the emergence of additional stressors 
in ecosystems, including infectious diseases like dissemi-
nated neoplasia [51]. Therefore, there is a pressing need 
to develop efficient diagnostic tools for DN to detect and 
prevent harmful outbreaks of this disease.

Conclusions
We conclude that SLEs present in Mytilus chilensis 
are differentially expressed among individuals and do 
not correlate with disseminated neoplasia. Treatment 
of hemocytes with a stressor like bromodeoxyuridine 
induces expression MchSLE1 suggesting that in Mytilus 
chilensis environmental stressors can induce activation of 
LTR-retrotransposon.
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