quatic

Aquatic Animals vol. 2026

nimals January 2026

Molecular phylogenetic relationships of Eptatretus species in Japanese waters

Shuto Makit, Ryosuke Baba?, Natsuki Maezawa?, Shintaro Ichinoseki?, Toshiro Saruwatari®,
Hideki Sugiyama?, Takashi Kitano'*

Ybaraki University, 4-12-1 Nakanarusawa, Hitachi 316-8511, Japan. 2Akita Aquatic Life Conservation
Society, 28 Sotoasahikawa Machiawase, Akita 010-0802, Japan. *The University of Tokyo, 5-1-5 Kashiwa-
no-ha, Kashiwa, Chiba 277-8561, Japan. “Akita Prefectural University, 241-438 Kaidobata-Nishi Nakano
Shimoshinjo, Akita 010-0195, Japan.

*Corresponding author, email: takashi.kitano.evolution@vec.ibaraki.ac.jp

Abstract

The hagfish genus Eptatretus is the most specious group of the family Myxinidae, comprising 58 valid
species worldwide. Because the species of the genus are difficult to distinguish morphologically, molecular
approaches have become important. In this study, we conducted a molecular phylogenetic analysis of
Eptatretus species from Japanese coastal waters using mitochondrial and nuclear genes, with an emphasis
on clarifying the relationships between E. walkeri and E. atami, and including three Southern Hemisphere
species for comparison. The present analysis revealed two major clusters corresponding to the Northern and
Southern Hemisphere distributions. We also analyzed COXI of 123 specimens of the genus Eptatretus
collected from nine localities in the coastal area of Japan and found that E. burgeri and E. walkeri exhibit
broad distributions across Japanese coastal waters. These findings refine our understanding of Eptatretus

distribution in Japan and highlight the importance of molecular data for studying deep-sea species.
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Introduction

Eptatretus is a genus of hagfish, of which five
species are known to inhabit the coastal waters of
Japan: Eptatretus atami (Dean, 1904), Eptatretus
burgeri (Girard, 1855), Eptatretus moki (McMillan
& Wisner, 2004), Eptatretus okinoseanus (Dean,
1904), and Eptatretus walkeri (McMillan & Wisner,
2004) (Motomura 2020).

Eptatretus atami was first described by Dean
(1904) from a specimen collected in Sagami Bay on
the Pacific coast of Honshu Island in Japan. Later,
Honma (1962) expanded the known distribution of
this species to include not only the Pacific coast of
Honshu but also the Sea of Japan. However,
Fernholm (1998) pointed out that E. atami has often
been mistaken for one or two other undescribed
species, leading to frequent misidentifications.
McMillan and Wisner (2004) identified two new
species, E. moki and E. walkeri, based on their
distinct morphological characteristics. Specifically,
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E. atami had 3/3 fused cusps (anterior/posterior
multicusps), whereas E. moki and E. walkeri
exhibited 3/2 fused cusps. Additionally, E. moki can
be distinguished by a well-developed ventral finfold
with a pale margin, and its distribution is limited to
Misaki, southern tip of the Miura Peninsula near
facing Sagami Bay. In contrast, E. walkeri was found
both off Choshi on the Pacific coast and along the
northwest coast of the Sea of Japan, suggesting that
earlier identifications of E. atami in the Sea of Japan
were likely incorrect.

More recently, Kase et al. (2017) conducted
genetic analyses using genes for the mitochondrial
cytochrome oxidase subunit 1 (COX1) and three
nuclear G protein-coupled receptors (GPRs). They
revealed genetic differences between E. atami
populations from the Pacific coast (Suruga Bay) and
those from the Sea of Japan (off Akita), leading to
the proposal that hagfish from the Sea of Japan may
represent a distinct species, possibly E. walkeri.



Because the holotype of E. walkeri originated from
Choshi on the Pacific coast (McMillan and Wisner,
2004), this suggests a potential genetic divergence
between E. walkeri populations on the Pacific and
Sea of Japan coasts. Owing to uncertainties in
(2017)
provisionally named the Sea of Japan population of

species identification, Kase et al.
Eptatretus sp. Akita.

Kitano et al. (2019) addressed this issue by
collecting hagfish specimens from Choshi and
conducting comprehensive morphological and
molecular analyses. The results from both
approaches strongly suggested that the hagfish
species inhabiting the Sea of Japan was E. walkeri,
rather than E. atami. Their study further revealed that
E. walkeri is more widely distributed than previously
recognized, occurring along both the Pacific coast of
Honshu Island and in the Sea of Japan.

However, the genetic region used by Kitano et al.
(2019) was limited to a part of the COX1 in the
mitochondrial DNA. Given the need to use multiple
genes to clearly demonstrate that E. walkeri is distinct
from E. atami, in the present study, we conducted a
molecular phylogenetic analysis of the genus
Eptatretus inhabiting the coastal waters of Japan,
including E. walkeri and E. atami, using both
mitochondrial and nuclear genes. Additionally, we
expanded upon the work of Kitano et al. (2019) by
including more sampling localities for the COX1

analysis.

Materials and Methods

RNA-seq

A specimen of E. walkeri (sample ID: Kiku?2)
collected off Akita on September 11, 2013, was used
for the total RNA extraction. Total RNA was isolated
from the dorsal aorta using TRIzol Reagent (Thermo
Fisher Scientific, Waltham, MA, USA) and
subsequently treated with DNase I (Nippon Gene,
Tokyo, Japan) to eliminate any residual genomic

DNA. To ensure the removal of DNase I proteins, the
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RNA samples were extracted using TRIzol LS
Reagent (Thermo Fisher Scientific). The quality of
the purified total RNA was assessed using an Agilent
2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA, USA), and the RNA integrity number
(RIN) was determined to be 8.2.

Novogene (Beijing, China) carried out library
construction and sequencing using the Illumina
Novaseq6000 PE150 platform (Illumina, San Diego,
CA, USA). Trimmomatic version 0.39 (Bolger et al.
2014) was used to eliminate adapter sequences using
the following parameters: 2:30:10:2:keepBothReads
LEADING:3 TRAILING:3 MINLEN:36. Further
data filtering was conducted using the dynamictrim
(with option -h 20) and lengthsort programs, which
are part of SolexaQA++ version 3.1.7.1 (Cox et al.
2010).

The remaining clean reads were de novo
assembled using the transabyss program with three
different k values (32, 48, and 64) and merged using
the transabyss-merge program implemented in
Trans-ABySS version 2.0.1 (Robertson et al. 201).
Benchmarking Universal Single-Copy Orthologs
(BUSCO) version 5 (Simdo et al. 2015) as
implemented in gVolante (Nishimura et al. 2019)
was used to check the quality of the transcriptome
assembly (against the ortholog set for Metazoa).

For comparison, the FASTQ data deposited in the
DDBJ Sequence Read Archive were assembled in
the same was and included E. atami (DRR062842
and DRR062843, Suzuki et al. 2017), E. burgeri
(DRR228568, Nishimura et al. 2022), Eptatretus
cirrhatus (Forster, 1801) (SRR2146915, Lamb et al.
2016), Eptatretus deani (Evermann & Goldsborough,
1907) (SRR22512608, Zeng et al. 2023), Eptatretus
goslinei Mincarone, Plachetzki, McCord, Winegard,
Fernholm, Gonzalez & Fudge, 2021 (SRR22514584
and SRR22514586, Zeng et al. 2023), Eptatretus
mccoskeri McMillan, 1999 (SRR22512605 and
SRR22512606, Zeng et al. 2023), E. okinoseanus
(SRR22514556, SRR22514557, and SRR22514558,
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Fig. 1. Localities and numbers of specimens of Eptatretus used in this study. Data from Kase et al. (2017)
and Kitano et al. (2019) are incorporated. The localities were tentatively grouped into three large areas:
northern Sea of Japan coast (red), southern Sea of Japan coast (green), and central Pacific coast (blue).

Zeng et al. 2023), Eptatretus stoutii (Lockington,
1878) (SRR22512594 and SRR22512597, Zeng et al.
2023), and Myxine glutinosa Linnaeus, 1758
(SRR27189700, Fidler et al. 2017), the last being
used as an outgroup.

To process the nuclear sequences, the coding
sequences (CDS) and amino acid sequences were
extracted using GeneMarkS-T version 5.1 (Tang et
al. 2015). CD-HIT version 4.8.1 (Li and Godzik
2006) was used to eliminate redundant sequences
from the data. OrthoFinder (Emms and Kelly 2019),
an amino acid sequence—based orthology inference
tool, was used to gather the orthologous sequences.
The amino acid sequences of each gene were aligned
using the MAFFT v7.450 program (Katoh and
Standley 2013). TrimAl version 1.2 (Capella-
Gutiérrez et al. 2009) was used to trim gap-
containing sites and poorly aligned regions in the
multiple sequence alignment, using the parameters

“-gt 1 -st 0.001.” The aligned amino acid sequences
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were converted back to their corresponding DNA
sequences using PAL2NAL version 14 (Suyama et al.
2006). All gene sequences were concatenated into a
single long sequence for phylogenetic analysis.

To compare the 13 mitochondrial CDS sequences,
a blastn search was conducted using the BLAST
2.6.0+ package (Altschul et al. 1997). This search
was performed on each assembled dataset using the
13 mitochondrial CDS sequences of E. atami
(AP017471.1) as queries. These sequences were
combined into a long sequence for subsequent

phylogenetic analysis.

The COXI analysis

Specimens for the COX1 analysis were collected
from nine localities on the Pacific coast of Honshu
Island and the Sea of Japan (Fig. 1). Given the
limited number of localities and individuals in the
data included in previous studies by Kase et al.
(2017) and Kitano et al. (2019), in the present study,



we expanded the COX1 dataset by incorporating
specimens from five new localities (off Naka-Minato,
off Yokohama, off Tsushima, off Yamaguchi, and
off Murakami) and including more individuals from
previously sampled localities (Fig. 1). The species
were identified based on their cusps and gill pouches.

DNA extraction and PCR strategies followed the
methods described by Kase et al. (2017) and Kitano
et al. (2019), and multiple alignments were
performed using the MUSCLE program (Edgar
2004).

Phylogenetic analysis

For phylogenetic trees reconstruction based on
nuclear CDS sequences and 13 mitochondrial CDS
sequences, ModelTest-NG 0.1.6 (Darriba et al.
2020) was used to select the most suitable models
using the Akaike information criterion (AIC)
(Akaike  1974).
reconstructed using the maximum likelihood (ML)
method (Felsenstein 1981) using RAXML-NG 1.0.1
(Kozlov et al. 2019). The reliability of the inferred
tree was tested using the bootstrap method with
1,000 replications (Felsenstein 1985).

Phylogenetic ~ trees  were

For phylogenetic tree reconstruction based on
COX1, sequences from previous studies (Steinke et
al. 2009; Zhang and Hanner 2011; Fernholm et al.
2013; Zintzen et al. 2015; Kase et al. 2017; Kitano et
al. 2019) were also included, and Myxine glutinosa
(Delarbre et al. 2001) was used as an outgroup
(Supplementary Table S1). A phylogenetic tree of
COX1 sequences was reconstructed by the neighbor-
joining method (Saitou and Nei 1987) using the
Kimura two-parameter model (Kimura 1980) with
1,000 bootstrap replicates (Felsenstein 1985)
implemented in MEGA7 (Kumar et al. 2016).

Results

Sequence determined data by RNA-seq

The total number of assembled nucleotide sequences
of E. walkeri was 19,148. According to BUSCO
analyses, 83.54 % of the genes were complete, and
the combined percentage of complete and partial
genes was 93.19 % (Supplementary Table S2). The
FASTQ sequence data generated in this study were
submitted to the DDBJ Sequence Read Archive under
the accession number DRR626831. Additionally, the

transcriptome shotgun assembly sequence data from
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====- B, stoutii -----
100 Northern
-------- E. atami -------- HleSphCTC
— —
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100 )
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———— -- E.cirrhatus ---- ———
L || Southern

100 --- k. mccoskeri ----- 100 Hemisphere
100 100

----- E. goslinei ------

M. glutinosa

Fig. 2. Phylogenetic trees of Eptatretus species reconstructed using 13 mitochondrial CDS sequences (left) and
1,172 nuclear gene sequences (right). The trees were reconstructed using the maximum likelihood method with
nucleotide sequence data. Myxine glutinosa is used as an outgroup. Each scale bar represents the number of
nucleotide substitutions per site. Values near the nodes indicate the percentage of bootstrap probability.
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this study have been deposited in the DNA databank
with accession numbers ICWU01000001-ICWU
01019148 and ICWT01000001-ICWT01000015.

Phylogenetic tree
Phylogenetic trees reconstructed using 13
mitochondrial CDS sequences and 1,172 nuclear gene
sequences are shown in Fig. 2. The substitution
models selected by AIC for each nuclear orthologous
sequence are listed in Supplementary Table S3, and
those for the 13 mitochondrial CDS sequences are
listed in Supplementary Table S4. Both phylogenetic
trees displayed identical topologies with high
bootstrap values. Eptatretus walkeri formed a cluster
with E. burgeri, and together they formed a sister
group to E. atami. Eptatretus okinoseanus, which is
distributed in the Northwest Pacific (Taiwan and
southern Japan), formed a cluster with the Eastern
Pacific species E. deani and E. stoutii. Three Southern
Hemisphere species, E. cirrhatus, E. mccoskeri, and

E. goslinei, formed distinct clusters.

The COXI analysis

In addition to the sequences from previous studies
by Kase et al. (2017) and Kitano et al. (2019), we
sequenced 59 COXI sequences from nine localities,
five of which were new (Fig. 1), and deposited them
in a databank (accession numbers: LC858459-
LC858517). We tentatively grouped these localities
into three large areas: the northern Sea of Japan coast
(red), southern Sea of Japan coast (green), and central
Pacific coast (blue).

A phylogenetic tree is shown in Fig. 3, using 186
COXI sequences from the present and previous
studies (Steinke et al. 2009; Zhang and Hanner 2011;
Fernholm et al. 2013; Zintzen et al. 2015; Kase et al.
2017; Kitano et al. 2019) (Supplementary Table S1).
Like the phylogenetic trees reconstructed using 13
mitochondrial CDS sequences and 1,172 nuclear gene
sequences, this phylogenetic tree shows two major

clusters corresponding to the Northern and Southern

Hemisphere distributions, with the exception of
Eptatretus minor Fernholm & Hubbs, 1981, which is
included in the Southern Hemisphere cluster despite
being distributed in the Gulf of Mexico. This
phylogenetic tree also shows that E. walkeri clusters
not with E. burgeri but with other Northern
Hemisphere species. However, the bootstrap value
supporting this cluster was low (24 %). Eptatretus
atami was found only on the central Pacific coast,
whereas E. walkeri was present on both the northern
Sea of Japan coast and the central Pacific coast. In
contrast, E. burgeri was found on the northern and
southern Sea of Japan coasts and the central Pacific

coast.

Discussion
Phylogeny of Eptatretus species

The phylogenetic tree obtained in this study (Fig. 2)
broadly divided the species into two clusters: one for
species distributed in the Northern Hemisphere and
the other for those in the Southern Hemisphere.
Although the datasets for the compared species did
not match perfectly, the results were largely
consistent with previous molecular phylogenetic
studies on the genus Eptatretus (Chen et al. 2005;
Kuo et al. 2010; Fernholm et al. 2013; Zintzen et al.
2015; Suzuki et al. 2017; Son and Kim 2020a; Son
and Kim 2020b; Mincarone et al. 2021). Hagfish
species inhabit deep-sea environments and are rarely
observed, and their morphological differences are
often subtle. Thus, past identification efforts have
been limited to these species. However, it is essential
to continue improving our understanding of

molecular data.

Eptatretus species around Japan

In this study, we analyzed the COX1 sequences of
123 Eptatretus specimens collected from coastal
waters around Japan. Such analyses are gradually
clarifying the distribution patterns of Eptatretus

species in these waters of Japan. Eptatretus burgeri
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is widely distributed from the Pacific coast to the Sea
of Japan, similar to that of E. walkeri. However, as
E. walkeri was not found on the southern coast of the
Sea of Japan in this study, its presence there remains
uncertain. In any case, E. burgeri and E. walkeri
appear to have broad distributions in coastal waters
around Japan, with some individuals inhabiting the
same localities. In fact, E. burgeri and E. walkeri are
occasionally captured together, such as off the coast
of Noshiro and Enoshima (Kitano et al. 2019).

In contrast, E. atami, which inhabits deeper waters,
appears to have a different distribution from F.
burgeri and E. walkeri. According to McMillan and
Wisner (2024), E. burgeri is typically captured at
depths of 10-270 m, E. walkeri at 75-120 m, and E.
atami at 300-536 m. In the deeper waters of Suruga
Bay, E. atami is sometimes captured alongside F.
okinoseanus, another deep-sea species with a depth
range of 300—1,020 m (McMillan and Wisner 2024).
In the samples analyzed in this study, E. atami and E.
okinoseanus were collected at depths of 200-300 m,
whereas E. burgeri and E. walkeri were obtained from
shallower depths of 23—150 m (Supplementary Table
S1). These observations are consistent with the depth
ranges reported by McMillan and Wisner (2024).
However, sampling remains limited in some regions
and depth ranges. With additional sampling localities,
future analyses could provide a more detailed
understanding of the habitat and distribution of

Eptatretus species in Japanese waters.

Acknowledgements

We thank Akinori Suzuki, Miki Saimaru, Hirohito
Sakai, Kyomi Nagasawa, Masamitsu Nakane, and
Kouhei Yamazaki for their technical assistance. We
are grateful to the editor and reviewers for their
valuable comments and suggestions. This study was
partially supported by the English language
manuscript submission support system at Ibaraki
University.

Aquatic Animals 2026 | January 30 | Maki et al. AA2026-6

References

Akaike, H. (1974). A new look at the statistical
model identification. IEEE Trans. Autom.
Control. 19: 716-723.

Altschul, S. F., Madden, T. L., Schéffer, A. A., Zhang,
J., Zhang, Z., Miller, W., Lipman, D. J. (1997).
Gapped BLAST and PSI-BLAST: a new
generation of protein database search programs.
Nucleic Acids Res. 25: 3389-3402.

Bolger, A. M., Lohse, M., Usadel, B. (2014).
Trimmomatic: a flexible trimmer for Illumina
sequence data. Bioinform. 30: 2114-2120.

Capella-Gutiérrez, S., Silla-Martinez, J. M.,
Gabaldon, T. (2009). trimAl: a tool for
automated alignment trimming in large-scale
phylogenetic analyses. Bioinform. 25: 1972—
1973.

Chen, Y. W., Chang, H. W., Mok, H. K. (2005).
Phylogenetic position of Eptatretus chinensis
(Myxinidae: Myxiniformes) inferred by 16S
rRNA gene sequence and morphology. Zool.
Stud. 44: 111-118.

Cox, M. P., Peterson, D. A., Biggs, P. J. (2010).
SolexaQA: at-a-glance quality assessment of
Illumina second-generation sequencing data.
BMC Bioinform. 11: 485.

Darriba, D., Posada, D., Kozlov, A. M., Stamatakis,
A., Morel, B., Flouri, T. (2020). ModelTest-
NG: a new and scalable tool for the selection of
DNA and protein evolutionary models. Mol.
Biol. Evol. 37: 291-294.

Dean, B. (1904). Notes on Japanese myxinoids. A
new Paramyxine and a new species Homea
okinoseana. Reference also to their eggs. J. Coll.
Sci. Imp. Univ. Tokyo 19: 1-23.

Delarbre, C., Rasmussen, A. S., Arnason, U.,
Gachelin, G. (2001) The complete mitochon-
drial genome of the hagfish Myxine glutinosa:
unique features of the control region. J. Mol.
Evol. 53: 634-641.

Edgar, R. C. (2004). MUSCLE: multiple sequence
alignment with high accuracy and high
throughput. Nucleic Acids Res. 32: 1792—-1797.

Emms, D. M., Kelly, S. (2019). OrthoFinder:
phylogenetic ~ orthology  inference  for
comparative genomics. Genome Biol. 20: 238.

Felsenstein, J. (1981). Evolutionary trees from DNA
sequences: a maximum likelihood approach. J.
Mol. Evol. 17: 368-376.

Felsenstein, J. (1985). Confidence limits on
phylogenies: an approach using the bootstrap.
Evolution 39: 783-791.

Fernholm, B. (1998). Hagfish systematics. In: J. M.
Joargensen, J. P. Lomholt, R. E. Weber, H. Malte
(Eds.) The biology of hagfishes. Springer,
Netherlands, p. 33—44.

Fernholm, B., Norén, M., Kullander, S. O., Quattrini,



A. M., Zintzen, V., Roberts, C. D., Mok, H. K.,
Kuo, C. H. (2013). Hagfish phylogeny and
taxonomy, with description of the new genus
Rubicundus (Craniata, Myxinidae). J. Zool.
Syst. Evol. Res. 51: 296-307.

Fidler, A. L., Darris, C. E., Chetyrkin, S. V.,
Pedchenko, V. K., Boudko, S. P., Brown, K. L.,
Jerome, W. G., Hudson, J. K., Rokas, A.,
Hudson, B. G. (2017). Collagen IV and
basement membrane at the evolutionary dawn
of metazoan tissues. eLife 6: €24176.

Hasegawa, M., Kishino, H., Yano, T. (1985). Dating
of the human-ape splitting by a molecular clock
of mitochondrial DNA. J. Mol. Evol. 22: 160—
174.

Honma, Y. (1962). Further additions to “A list of the
fishes collected in the Province of Echigo,
including Sado Island” (VII). Jpn. J. Ichthyol.
9: 127-134.

Kase, M., Shimizu, T., Kamino, K., Umetsu, K.,
Sugiyama, H., Kitano, T. (2017). Brown
hagfish from the northwest and east coasts of
Honshu, Japan are genetically different. Genes
Genet. Syst. 92: 197-203.

Katoh, K., Standley, D. M. (2013). MAFFT multiple
sequence alignment software version 7:
improvements in performance and usability.
Mol. Biol. Evol. 30: 772-780.

Kimura, M. (1980). A simple method for estimating
evolutionary rate of base substitutions through
comparative studies of nucleotide sequences. J.
Mol. Evol. 16: 111-120.

Kitano, T., Sasaki, K., Ichinoseki, S., Umetsu, K.,
Sugiyama, H. (2019). The northern brown
hagfish, Eptatretus walkeri (McMilland and
Wisner, 2004) (Myxiniformes: Myxinidae), is
widely distributed in Japanese coastal waters.
Asian Fish. Sci. 32: 29-38.

Kozlov, A. M., Darriba, D., Flouri, T., Morel, B.,
Stamatakis, A. (2019). RAXML-NG: a fast,
scalable and user-friendly tool for maximum
likelihood phylogenetic inference. Bioinform.
35: 4453-4455.

Kumar, S., Stecher, G., Tamura, K. (2016). MEGAT7:
Molecular Evolutionary Genetics Analysis
version 7.0 for bigger datasets. Mol. Biol. Evol.
33: 1870-1874.

Kuo, C. H,, Lee, S. C., Mok, H. K. (2010). A new
species of hagfish Eptatretus rubicundus
(Myxinidae: Myxiniformes) from Taiwan, with
reference to its phylogenetic position based on
its mitochondrial DNA sequence. Zool. Stud.
49: 855-864.

Lamb, T. D., Patel, H., Chuah, A., Natoli, R. C.,
Davies, W. I. L., Hart, N. S., Collin, S. P., Hunt,
D. M. (2016). Evolution of vertebrate
phototransduction: cascade activation. Mol.
Biol. Evol. 33: 2064-2087.

Aquatic Animals 2026 | January 30 | Maki et al. AA2026-6

Li, W., Godzik, A. (2006). Cd-hit: a fast program for
clustering and comparing large sets of protein
or nucleotide sequences. Bioinform. 22: 1658—
1659.

McMillan, C. B., Wisner, R. L. (2004). Review of the
hagfishes (Myxinidae, Myxiniformes) of the
northwestern Pacific Ocean, with descriptions
of three species Eptatretus fernholmi,
Paramyxine moki and P. walkeri. Zool. Stud.
43: 51-73.

Mincarone, M. M., Plachetzki, D., McCord, C. L.,
Winegard, T. M., Fernholm, B., Gonzalez, C. J.
Fudge, D. S. (2021). Review of the hagfishes
(Myxinidae) from the Galapagos Islands, with
descriptions of four new species and their
phylogenetic relationships. Zool. J. Linn. Soc.
192: 453-474.

Motomura, H. (2020). List of Japan’s all fish species.
Current standard Japanese and scientific names
of all fish species recorded from Japanese
waters. The Kagoshima University Museum,
Kagoshima.

Nishimura, O., Hara, Y., Kuraku, S. (2019).
Evaluating genome assemblies and gene
models using gVolante. Methods Mol. Biol.
1962: 247-256.

Nishimura, O., Yamaguchi, K., Hara, Y., Tatsumi, K.,
Smith, J. J., Kadota, M., Kuraku, S. (2022).
Inference of a genome-wide protein-coding
gene set of the inshore hagfish Eptatretus
burgeri. F1000Research 11: 1270.

Robertson, G., Schein, J., Chiu, R., Corbett, R., Field,
M., Jackman, S. D., Mungall, K., Lee, S.,
Okada, H. M., Qian, J. Q., Griffith, M.,
Raymond, A., Thiessen, N., Cezard, T.,
Butterfield, Y. S., Newsome, R., Chan, S. K.,
She, R., Varhol, R., Kamoh, B., Prabhu, A. L.,
Tam, A., Zhao, Y. J., Moore, R. A., Hirst, M.,
Marra, M. A., Jones, S. J. M., Hoodless, P. A.,
Birol, I. (2010). De novo assembly and analysis
of RNA-seq data. Nat. Methods 7: 909-912.

Saitou, N., Nei, M. (1987). The neighbor-joining
method: a new method for reconstructing
phylogenetic trees. Mol. Biol. Evol. 4: 406—425.

Simdo, F. A., Waterhouse, R. M., loannidis, P.,
Kriventseva, E. V., Zdobnov, E. M. (2015).
BUSCO: assessing genome assembly and
annotation completeness with single-copy
orthologs. Bioinform. 31: 3210-3212.

Song, Y. S., Kim, J.K. (2020a). Range expansion and
redescription of the hagfish Eptatretus walkeri
(Myxiniformes: Myxinidae) from Northeast
Asia and its distinction from E. atami. J. Asia-
Pacific Biodivers. 13: 182—188.

Song, Y. S., Kim, J. K. (2020b). Molecular
phylogeny and classification of the family
Myxinidae (Cyclostomata: Myxiniformes)
using the supermatrix method. J. Asia-Pacific



Biodivers. 13: 533-538.

Steinke, D., Zemlak, T. S., Gavin, H., Hebert, P. D.
N. (2009). DNA barcoding fishes of the
Canadian Pacific. Mar. Biol. 156: 2641-2647.

Suyama, M., Torrents, D., Bork, P. (2006).
PAL2NAL: robust conversion of protein
sequence alignments into the corresponding
codon alignments. Nucleic Acids Res. 34:
W609-W612.

Suzuki, A., Komata, H., Iwashita, S., Seto, S., Ikeya,
H., Tabata, M., Kitano, T. (2017). Evolution of
the RH gene family in vertebrates revealed by
brown hagfish (Eptatretus atami) genome
sequences. Mol. Phylogenet. Evol. 107: 1-9.

Tang, S., Lomsadze, A., Borodovsky, M. (2015).
Identification of protein coding regions in RNA
transcripts. Nucleic Acids Res. 43: e78.

Zeng, Y., Plachetzki, D. C., Nieders, K., Campbell,
H., Cartee, M., Pankey, M. S., Guillen, K.,
Fudge, D. (2023). Epidermal threads reveal the
origin of hagfish slime. eLife 12: e81405.

Zhang, J. B., Hanner, R. (2011). DNA barcoding is a
useful tool for the identification of marine
fishes from Japan. Biochem. Syst. Ecol. 39: 31—
42.

Zintzen, V., Roberts, C. D., Shepherd, L., Stewart, A.
L., Struthers, C. D., Anderson, M. J., McVeagh,
M., Noren, M., Fernholm, B. (2015). Review
and phylogeny of the New Zealand hagfishes
(Myxiniformes: Myxinidae), with a description
of three new species. Zool. J. Linn. Soc. 174:
363-393.

Received: 9 January 2026 | Accepted: 24 January 2026 | Published: 30 January 2026

Aquatic Animals 2026 | January 30 | Maki et al. AA2026-6



