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Abstract
Tc1/mariner transposons found in salmoniform fish have been identified in both closely and distantly related fish species,
suggesting that horizontal gene transfer may have occurred. However, the vectors of this process remain unknown. We
identified two homologous sequences in the parasitic nematode Anisakis simplex, naming them Tas1 (Transposable
element of Anisakis simplex number 1) and Tas2. These elements encode Tc1/mariner transposases structurally similar to
the active Sleeping Beauty transposase. Furthermore, Tas1/2 were also identified in organisms that serve as hosts for
Anisakis. These findings suggest that Tas1/2 may have undergone horizontal gene transfer within host-parasite
interactions.

Figure 1. Tas1/2 form Tc1/mariner transposases and undergo transposition and dissemination:

(A) Predicted three-dimensional structures of Tas1/2 and Sleeping Beauty transposases. The catalytic domain and DNA-
binding domain (HTH, helix-turn-helix motif) are highlighted in light gray mesh. The colors of the structures indicate
prediction confidence. (B) Superimposed three-dimensional structures of Tas1/2 and Sleeping Beauty. Tas1 is shown in
blue, Tas2 in green, and Sleeping Beauty in orange. (C) PCR analysis targeting the internal sequences of Tas1/2. Tas1/2
were detected in protostomes and deuterostomes that serve as hosts for Anisakis during its life cycle.

Description
Transposable elements (TEs) are mobile genetic elements that can move within genomes. They were first discovered in
maize by Barbara McClintock (McClintock, 1947; McClintock, 1950), and have since been identified in nearly all
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prokaryotic and eukaryotic organisms (Hickman et al., 2010; Kojima, 2020). Among them, the Tc1/mariner superfamily, a
group of DNA (class II) TEs, is widely distributed across diverse taxa and represents one of the most widespread TE
groups in eukaryotes (Brillet et al., 2007; Yuan and Wessler, 2011).

While TEs are typically inherited vertically from parent to offspring, they can also spread between species through
horizontal gene transfer. In particular, Tc1/mariner have been frequently detected undergoing horizontal gene transfer and
are recognized as a driving force in species diversity (Jia et al., 2022). These transposons have accumulated in high copy
numbers in salmoniform fish (Goodier and Davidson, 1994; Krasnov et al., 2005) and are widely distributed among both
closely and distantly related fish species, suggesting that transposition events were involved (de Boer et al., 2007). In
eukaryotes, the horizontal gene transfer of TEs has been suggested to be mediated by viruses or parasites (Filée et al.,
2015; Pace et al., 2008). However, empirical evidence and specific mediators remain largely unknown.

We conducted BLAST searches to investigate the distribution of Tc1/mariner across diverse taxa and found two sequences
within the genome of the parasitic nematode Anisakis simplex (GenBank: UYRR01013216.1, UYRR01009494.1) that
show high similarity to Tc1/mariner found in salmoniform fish. Further BLAST analyses using these sequences as queries
revealed homologous elements across most genera within the order Salmoniformes, and high copy numbers were detected
even on individual chromosomes. Moreover, PCR amplification was observed in Salmo salar, Oncorhynchus tshawytscha,
Salvelinus leucomaenis, Parahucho perryi, and Coregonus maraena, all classified within the order Salmoniformes.
Considering them to be TEs, we named these sequences Tas1 (Transposable element of Anisakis simplex number 1) and
Tas2.

Anisakis parasitizes various fish species, including salmoniform fish (Deardorff and Kent, 1989; Kuhn et al., 2013), and
migrates across different hosts during its life cycle (Buchmann and Mehrdana, 2016; Klimpel et al., 2004). Therefore,
Tas1 and Tas2 (collectively Tas1/2) may have been acquired when Anisakis parasitized salmoniform fish, facilitating the
horizontal gene transfer of Tc1/mariner. Additionally, as Anisakis moves through different hosts, it may serve as a vector
for the further horizontal gene transfer of Tas1/2. This study investigates whether Tas1/2 function as TEs and whether
horizontal gene transfer has occurred between hosts and parasites to elucidate the mechanisms underlying horizontal gene
transfer driven by TEs.

To determine whether Tas1/2 encoded functional proteins, we predicted their three-dimensional structures using
AlphaFold3. The predicted structures of Tas1/2 closely resembled the transposase of Sleeping Beauty, an artificially
reconstructed TE with transposition activity (Figure 1A). However, the GenBank-registered nucleotide sequence of Tas1
was incomplete, and its predicted structure lacked some catalytic domains compared to standard Tc1/mariner sequences.
We superimposed and aligned the 3D structures of Tas1/2 with Sleeping Beauty to compare their overall architecture. As
expected, the catalytic and DNA-binding domains of Tas1/2 were well aligned with those of Sleeping Beauty, indicating
structural similarity (Figure 1B). The root mean square deviation (RMSD) values, a measure of structural similarity, were
1.0 Å (partial) for Tas1 and 4.3 Å (complete) for Tas2, further supporting their close resemblance.

Tas1/2 may have transposed via transposases and contributed to horizontal gene transfer. To test this hypothesis, we
performed PCR using primers targeting internal sequences of Tas1/2 and identified amplification bands in intermediate
hosts of Anisakis, including Pacific cod (Gadus macrocephalus) and ocean sunfish (Mola mola) (Santoro et al., 2020;
Severin et al., 2020). We also detected bands in definitive hosts, such as common dolphins (Delphinus delphis), minke
whales (Balaenoptera acutorostrata), and Steller sea lions (Eumetopias jubatus) (Berón-Vera et al., 2007; Nadler et al.,
2005; Ugland et al., 2004). Furthermore, bands were observed in the salmon shark (Lamna ditropis), a predator of
salmoniform fish and a definitive host of Anisakis (Gordeev and Sokolov, 2023), as well as in Antarctic krill (Euphausia
superba), the primary intermediate host of Anisakis (Smith and Wootten, 1978) (Figure 1C).

Moreover, Tas1/2 were identified in diverse vertebrates known to harbor various TEs, including common carp (Cyprinus
carpio) and zebrafish (Danio rerio) (Chalopin et al., 2015; Xu et al., 2014), as well as in medaka (Oryzias latipes), which
naturally carries the Tol2 (Kawakami et al., 1998; Koga et al., 1996). Notably, Tas2 were also found in the tropical clawed
frog (Xenopus tropicalis), a species whose genome evolution and speciation have been linked to the inactivation of TEs
(Session et al., 2016) (Figure 1C). These species did not show any PCR amplification bands when primers specific to the
ITS1–2 region of the Anisakis genome were used, suggesting that Anisakis DNA contamination is unlikely and that Tas1/2
are present in their genomes. These results indicate that Tas1/2 have been widely spread and conserved across a broad
range of organisms, including both protostomes and deuterostomes.

In conclusion, Tas1/2 identified in Anisakis belong to the Tc1/mariner superfamily and are likely to encode active
transposases. The presence of Tas1 and Tas2 in different host species suggests that they represent distinct TEs. Given the
high abundance of Tc1/mariner in salmoniform fish and their extensive proliferation through transposition, Anisakis may
have horizontally acquired Tas1/2 when parasitizing salmoniform fish. Furthermore, the detection of Tas1/2 in multiple
Anisakis hosts indicates that Anisakis may have facilitated the horizontal gene transfer of these TEs between species as it
cycles through various hosts. The transposases of Tas1/2 exhibit a high degree of structural similarity to the Sleeping
Beauty transposase, suggesting that they are likely autonomous transposons retaining transpositional activity. Therefore, it
would be valuable for future studies to express Tas1/2 both in vivo and in vitro and evaluate whether their transposases
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possess transposition activity. Naturally occurring transposons with active mobility are extremely rare, and those that are
active are often utilized as vectors. If Tas1/2 prove to be capable of transposition, they could serve as powerful new tools
not only for genetic manipulation but also for large-scale genome engineering.

Methods
Protein Structure Prediction

The amino acid sequences of Tas1/2 were translated from nucleotide sequences using MEGA X (Kumar et al., 2018). The
transposase of Sleeping Beauty, a representative Tc1/mariner (AOH76456.1), was retrieved from GenBank. Protein
structures were predicted using AlphaFold3 (v3.0.0) (https://alphafoldserver.com) (Abramson et al., 2024). Structural
analyses were conducted using PyMOL (version 3.1.3) (https://www.pymol.org) (DeLano, 2002).

Structural Superimposition Analysis

The PDB files of Tas1/2 and Sleeping Beauty transposases were obtained from AlphaFold3 predictions. Structural
alignment was conducted using the Dali server (http://ekhidna2.biocenter.helsinki.fi/dali/) to minimize the distances
between corresponding Cα atoms in the transposases being compared (Holm, 2022). Structural similarity was evaluated
by calculating the root mean square deviation (RMSD) based on the distances between all corresponding atomic
coordinates (Cristobal et al., 2001).

DNA extraction

Muscle tissues from fish and amphibians were obtained by purchasing small tissue samples from local supermarkets.
Approximately 10 mg of muscle tissue from each specimen was homogenized and completely digested in DNA extraction
buffer (10 mM Tris-HCl [pH 8.0], 10 mM EDTA, 150 mM NaCl, 0.1% SDS) containing Proteinase K. Genomic DNA
was subsequently purified by phenol-chloroform extraction, followed by isopropanol and ethanol precipitation. The
extracted DNA was quantified and diluted with nuclease-free water to a final concentration of 10 ng/μL. For each sample,
PCR was performed using primers specific to the ITS1–2 region of the Anisakis genome to confirm the absence of
amplification products, thereby verifying the absence of Anisakis DNA contamination.

PCR

All primers were designed to have a melting temperature (Tm) between 50 and 55 °C. The following primers were used
for PCR amplification. For Tas1, the forward (Tas1-fw) and reverse (Tas1-rv) primers were 5'-
TGTATCACAATTCCAGTGGGTCAGAAG-3' and 5'-ATCCACATAATTTTCCTACCTCATGATGCC-3', respectively.
The nested primers (Tas1-Nested-fw and Tas1-Nested-rv) were 5'-TTTACATACACTAAGTTGACTGTGCC-3' and 5'-
ATCCACATAATTTTCCTACCTCATG-3'. For Tas2, the forward (Tas2-fw) and reverse (Tas2-rv) primers were 5'-
GGCACCTGTTTGAACTTGTTATCAG-3' and 5'-GGTGGAAAATAAGTATTTGGTCAATAAC-3', respectively. The
nested primers (Tas2-Nested-fw and Tas2-Nested-rv) were 5'-GACACCTGTCCACAACCTCAAAC-3' and 5'-
CCTTTGTTGGCAATGACAGAGGTC-3'. The PCR reaction mixture (10 μL total volume) consisted of 1 μL extracted
DNA, 5 μL EmeraldAmp MAX PCR Master Mix (#RR320A, TaKaRa), 0.1 μL each of forward and reverse primers (20
μM), and 3.8 μL nuclease-free water. PCR was performed using a LifeECO thermal cycler (#TC-96GHbC, Bioer
Technology). For Tas1/2 primers, the PCR conditions were as follows: 95 °C for 2 min; [95 °C for 30 s, 55 °C for 30 s, 72
°C for 1 min] × 35 cycles; final extension at 72 °C for 5 min. For Tas1/2-Nested primers, the annealing temperature was
adjusted to 50 °C while maintaining the same conditions. Since TEs can exhibit various sizes due to mutations (Hayashi et
al., 2022), non-specific amplification observed in Tas1/2 PCR was resolved by performing nested PCR or touchdown
PCR, using DNA extracted from the PCR product or gel bands as the template, to obtain a single band.

Acknowledgements: We extend gratitude to members of the Kuroda lab for their helpful assistance and support.

References
Abramson J, Adler J, Dunger J, Evans R, Green T, Pritzel A, et al., Jumper JM. 2024. Accurate structure prediction of
biomolecular interactions with AlphaFold 3. Nature 630(8016): 493-500. PubMed ID: 38718835

Berón-Vera B, Crespo EA, Raga JA, Fernández M. 2007. Parasite communities of common dolphins (Delphinus delphis)
from Patagonia: the relation with host distribution and diet and comparison with sympatric hosts. J Parasitol 93(5): 1056-
1060. PubMed ID: 18163339

Brillet B, Bigot Y, Augé-Gouillou C. 2007. Assembly of the Tc1 and mariner transposition initiation complexes depends
on the origins of their transposase DNA binding domains. Genetica 130(2): 105-120. PubMed ID: 16912840

Buchmann K, Mehrdana F. 2016. Effects of anisakid nematodes Anisakis simplex (s.l.), Pseudoterranova decipiens (s.l.)
and Contracaecum osculatum (s.l.) on fish and consumer health. Food and Waterborne Parasitology 4: 13-22. DOI:
10.1016/J.FAWPAR.2016.07.003

 

9/2/2025 - Open Access

https://www.ncbi.nlm.nih.gov/pubmed/38718835
https://www.ncbi.nlm.nih.gov/pubmed/18163339
https://www.ncbi.nlm.nih.gov/pubmed/16912840
https://doi.org/10.1016/J.FAWPAR.2016.07.003


 

Chalopin D, Naville M, Plard F, Galiana D, Volff JN. 2015. Comparative analysis of transposable elements highlights
mobilome diversity and evolution in vertebrates. Genome Biol Evol 7(2): 567-580. PubMed ID: 25577199

Cristobal S, Zemla A, Fischer D, Rychlewski L, Elofsson A. 2001. A study of quality measures for protein threading
models. BMC Bioinformatics 2: 5. PubMed ID: 11545673

de Boer JG, Yazawa R, Davidson WS, Koop BF. 2007. Bursts and horizontal evolution of DNA transposons in the
speciation of pseudotetraploid salmonids. BMC Genomics 8: 422. PubMed ID: 18021408

DeLano, WL. 2002. The PyMOL Molecular Graphics System. DeLano Scientific.

Deardorff TL, Kent ML. 1989. Prevalence of larval Anisakis simplex in pen-reared and wild-caught salmon (Salmonidae)
from Puget Sound, Washington. J Wildl Dis 25(3): 416-419. PubMed ID: 2761015

Filée J, Rouault JD, Harry M, Hua-Van A. 2015. Mariner transposons are sailing in the genome of the blood-sucking bug
Rhodnius prolixus. BMC Genomics 16: 1061. PubMed ID: 26666222

Goodier JL, Davidson WS. 1994. Tc1 transposon-like sequences are widely distributed in salmonids. J Mol Biol 241(1):
26-34. PubMed ID: 8051704

Gordeev II, Sokolov SG. 2023. Helminths of epipelagic fish in the western Bering Sea and southern Sea of Okhotsk.
Invertebrate Zoology 20(2): 140-152. DOI: 10.15298/invertzool.20.2.02

Hickman AB, Chandler M, Dyda F. 2010. Integrating prokaryotes and eukaryotes: DNA transposases in light of structure.
Crit Rev Biochem Mol Biol 45(1): 50-69. PubMed ID: 20067338

Holm L. 2022. Dali server: structural unification of protein families. Nucleic Acids Res 50(W1): W210-W215. PubMed
ID: 35610055

Jia W, Asare E, Liu T, Zhang P, Wang Y, Wang S, et al., Song C. 2022. Horizontal Transfer and Evolutionary Profiles of
Two Tc1/DD34E Transposons (ZB and SB) in Vertebrates. Genes (Basel) 13(12): 2239. PubMed ID: 36553507

Kawakami K, Koga A, Hori H, Shima A. 1998. Excision of the Tol2 transposable element of the medaka fish, Oryzias
latipes, in zebrafish, Danio rerio. Gene 225(1-2): 17-22. PubMed ID: 9931412

Klimpel S, Palm HW, Rückert S, Piatkowski U. 2004. The life cycle of Anisakis simplex in the Norwegian Deep (northern
North Sea). Parasitol Res 94(1): 1-9. PubMed ID: 15278439

Koga A, Suzuki M, Inagaki H, Bessho Y, Hori H. 1996. Transposable element in fish. Nature 383(6595): 30. PubMed ID:
8779712

Kojima KK. 2020. Structural and sequence diversity of eukaryotic transposable elements. Genes Genet Syst 94(6): 233-
252. PubMed ID: 30416149

Krasnov A, Koskinen H, Afanasyev S, Mölsä H. 2005. Transcribed Tc1-like transposons in salmonid fish. BMC
Genomics 6: 107. PubMed ID: 16095544

Kuhn T, Hailer F, Palm HW, Klimpel S. 2013. Global assessment of molecularly identified Anisakis Dujardin, 1845
(Nematoda: Anisakidae) in their teleost intermediate hosts. Folia Parasitol (Praha) 60(2): 123-134. PubMed ID: 23724731

Kumar S, Stecher G, Li M, Knyaz C, Tamura K. 2018. MEGA X: Molecular Evolutionary Genetics Analysis across
Computing Platforms. Mol Biol Evol 35(6): 1547-1549. PubMed ID: 29722887

McClintock, B. 1947. Mutable loci in maize. Carnegie Institution of Washington Yearbook 47, 155–169.

McClintock B. 1950. The origin and behavior of mutable loci in maize. Proc Natl Acad Sci U S A 36(6): 344-355.
PubMed ID: 15430309

Nadler SA, D'Amelio S, Dailey MD, Paggi L, Siu S, Sakanari JA. 2005. Molecular phylogenetics and diagnosis of
Anisakis, Pseudoterranova, and Contracaecum from northern Pacific marine mammals. J Parasitol 91(6): 1413-1429.
PubMed ID: 16539026

Pace JK 2nd, Gilbert C, Clark MS, Feschotte C. 2008. Repeated horizontal transfer of a DNA transposon in mammals and
other tetrapods. Proc Natl Acad Sci U S A 105(44): 17023-17028. PubMed ID: 18936483

Santoro M, Palomba M, Mattiucci S, Osca D, Crocetta F. 2020. New Parasite Records for the Sunfish Mola mola in the
Mediterranean Sea and Their Potential Use as Biological Tags for Long-Distance Host Migration. Front Vet Sci 7:
579728. PubMed ID: 33195589

Session AM, Uno Y, Kwon T, Chapman JA, Toyoda A, Takahashi S, et al., Rokhsar DS. 2016. Genome evolution in the
allotetraploid frog Xenopus laevis. Nature 538(7625): 336-343. PubMed ID: 27762356

Severin NL, Yurchenko M, Sørensen JS, Zuo S, Karami AM, Kania PW, Buchmann K. 2020. Anisakid nematode larvae in
the liver of Atlantic cod Gadus morhua L. from West Greenland. Parasitol Res 119(10): 3233-3241. PubMed ID:

 

9/2/2025 - Open Access

https://www.ncbi.nlm.nih.gov/pubmed/25577199
https://www.ncbi.nlm.nih.gov/pubmed/11545673
https://www.ncbi.nlm.nih.gov/pubmed/18021408
https://www.ncbi.nlm.nih.gov/pubmed/2761015
https://www.ncbi.nlm.nih.gov/pubmed/26666222
https://www.ncbi.nlm.nih.gov/pubmed/8051704
https://doi.org/10.15298/invertzool.20.2.02
https://www.ncbi.nlm.nih.gov/pubmed/20067338
https://www.ncbi.nlm.nih.gov/pubmed/35610055
https://www.ncbi.nlm.nih.gov/pubmed/36553507
https://www.ncbi.nlm.nih.gov/pubmed/9931412
https://www.ncbi.nlm.nih.gov/pubmed/15278439
https://www.ncbi.nlm.nih.gov/pubmed/8779712
https://www.ncbi.nlm.nih.gov/pubmed/30416149
https://www.ncbi.nlm.nih.gov/pubmed/16095544
https://www.ncbi.nlm.nih.gov/pubmed/23724731
https://www.ncbi.nlm.nih.gov/pubmed/29722887
https://www.ncbi.nlm.nih.gov/pubmed/15430309
https://www.ncbi.nlm.nih.gov/pubmed/16539026
https://www.ncbi.nlm.nih.gov/pubmed/18936483
https://www.ncbi.nlm.nih.gov/pubmed/33195589
https://www.ncbi.nlm.nih.gov/pubmed/27762356


 

32656658

Smith JW, Wootten R. 1978. Anisakis and anisakiasis. Adv Parasitol 16: 93-163. PubMed ID: 364959

Ugland KI, Strømnes E, Berland B, Aspholm PE. 2004. Growth, fecundity and sex ratio of adult whaleworm (Anisakis
simplex; Nematoda, Ascaridoidea, Anisakidae) in three whale species from the North-East Atlantic. Parasitol Res 92(6):
484-489. PubMed ID: 14999465

Xu P, Zhang X, Wang X, Li J, Liu G, Kuang Y, et al., Sun X. 2014. Genome sequence and genetic diversity of the
common carp, Cyprinus carpio. Nat Genet 46(11): 1212-1219. PubMed ID: 25240282

Yuan YW, Wessler SR. 2011. The catalytic domain of all eukaryotic cut-and-paste transposase superfamilies. Proc Natl
Acad Sci U S A 108(19): 7884-7889. PubMed ID: 21518873

Funding: This work was supported by the Yamagishi Student Project Support Program, and Taikichiro Mori Memorial
Research Grants (Graduate Student Researcher Development Grant) for N.H.

 
Author Contributions: Naoki Hoshino: conceptualization, data curation, formal analysis, investigation, methodology,
writing - original draft. Hiroki Kuroda: conceptualization, funding acquisition, supervision, writing - review editing.

Reviewed By: Anonymous

History: Received March 11, 2025 Revision Received August 2, 2025 Accepted August 29, 2025 Published Online
September 2, 2025 Indexed September 16, 2025

Copyright: © 2025 by the authors. This is an open-access article distributed under the terms of the Creative Commons
Attribution 4.0 International (CC BY 4.0) License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are credited.

Citation: Hoshino N, Kuroda H. 2025. Possible Horizontal Gene Transfer of Novel Transposable Elements in Anisakis
simplex between Hosts and Parasites. microPublication Biology. 10.17912/micropub.biology.001578

 

9/2/2025 - Open Access

https://www.ncbi.nlm.nih.gov/pubmed/32656658
https://www.ncbi.nlm.nih.gov/pubmed/364959
https://www.ncbi.nlm.nih.gov/pubmed/14999465
https://www.ncbi.nlm.nih.gov/pubmed/25240282
https://www.ncbi.nlm.nih.gov/pubmed/21518873
https://doi.org/10.17912/micropub.biology.001578

