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Anguillid eels have a catadromous life cycle, transitioning from deep-sea larvae to adults in estuaries and freshwater environments.
It is well-established that adult eels cease feeding and experience gut degeneration during their spawning migration. However, the
evolutionary mechanisms behind the removal and recycling of damaged tissues in eels during this process remain unclear. This
study aims to identify the genes that may play a role in the adaptation of Anguillid eels to their unique, once-in-a-lifetime deep-sea
migration. To investigate these mechanisms, we conducted a comparative genomic analysis using high-quality genomes from four
Anguillid eels. We specifically examined genes that exhibited significant expansion or were subject to positive selection. Among the
expanded gene families in four eel species, we observed notable enrichment in the endocytosis pathway (p<0.05). Additionally,
using the branch-site model, we detected 65 positively selected genes (PSGs) in the Anguillid eel branch (p <0.05). Interestingly, we
found PSGs are associated with autophagy-lysosome pathways (ALPs), suggesting their role in energy production during periods of
nutrient scarcity. This study provides valuable insights into the adaptive mechanisms of Anguillid eels, enhancing our under-
standing of their survival strategies during migration, despite their being in a nonfeeding state.
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1. Introduction

The eel industry remains dependent on collecting wild-caught
glass eels, as full-life cycle cultivation of this species remains
elusive [1, 2]. Eels are highly valuable aquaculture resources,
with ~277,103 metric tons cultivated in 47 countries [3].
Despite significant efforts over the years, eel populations con-
tinue to decline due to climate change and overexploitation of
juvenile eel resources [4, 5]. Currently, Anguilla anguilla is
classified as “Endangered” by the International Union for
Conservation of Nature Red List (https://www.iucnredlist.
org/search?query=anguilla&searchType=species). Addition-
ally, Anguilla japonica, Anguilla dieffenbachii, and Anguilla

rostrata are listed as “Endangered,” while Anguilla bicolor,
Anguilla bengalensis, Anguilla australis, and Anguilla mos-
sambica were categorized as “Near Threatened” and Anguilla
borneensis and Anguilla luzonensis as “Vulnerable.” As a
result, eel industries face eel stock restrictions and rising
prices [6]. Consequently, comprehensive research into molec-
ular adaptation mechanisms is crucial for making full-life
cycle aquaculture a viable option.

Anguilla eels, with their catadromous life cycle, undergo
significant environmental adaptations. They start as larvae
(leptocephalus) in saltwater, transition to brackish water as
juveniles (glass eel), and eventually inhabit freshwater as adults
[7, 8]. After maturing, they migrate to the deep ocean to spawn
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[7]. During their once-in-a-lifetime spawning migration, eels
experience significant degeneration of digestive organs [9].
Remarkably, they do not feed during the journey but maintain
muscle mass [10]. This suggests that they rely on resorption for
the breakdown of lipid-rich muscles to fuel migration [11, 12].
However, no study has elucidated the genetic mechanisms
underlying this breakdown process.

Currently, genomic sequences are available for seven eel
species, with chromosome-level genome assemblies completed
for A. japonica [13], A. rostrata (GCA_018555375.3), and A.
anguilla [14]. Recently, we constructed a high-quality
chromosome-level genome of A. bicolor pacifica [15]. Addition-
ally, the genomes of Anguilla megastoma, Anguilla
marmorata, and Anguilla obscura have been assembled at the
scaffold level [16]. In this study, we performed a comparative
genomic analysis using four high-quality genomes and identified
several genes associated with apoptosis, phagocytosis, and lyso-
somal pathways in Anguillid eels. Understanding these degener-
ative pathways provides valuable insights into the efficient
recycling of energy by eels during periods of inevitable starvation.

2. Materials and Methods

2.1. Data Collection. Genome, protein-coding nucleotide
sequences, and amino acid sequences were obtained from
the National Center for Biotechnology Information (NCBI)
(Table S1 for species information).

2.2. Comparative Genomics and Phylogenetic Analysis Using
Four Anguillid Genomes. We used OrthoFinder2 (ver. 2.5.4)
[17] to identify orthologous genes among the 14 species using
amino acid sequences. To cluster the orthologous genes from
the 573,255 genes across these 14 species, we employed Dia-
mond (ver. 2.0.15) [18]. Subsequently, MAFFT (ver. 7.475)
[19] was used to align multiple amino acid sequences using
default parameters.

Next, we used MCMCtree in the PAML package (ver. 4.10.5)
[20] to estimate divergence times, employing an independent
clock rate model by setting “clock=2." For the input tree file,
we used a maximum likelihood (ML) tree inferred from Ortho-
Finder2. Based on the TimeTree database [21], a total of three
calibrations were used as follows: A. japonica—Gymnothorax
javanicus (89.3-211 million years ago [MYA]), Amphiprion
ocellaris—Cololabis saira (99.5-116.7 MYA), and A. japoni-
ca—Mobula hypostoma (495.2 MYA). Tree topologies and
divergence times, along with 95% confidence intervals, were
visualized using FigTree (ver. 1.4.4; http://tree.bio.ed.ac.uk/
software/figtree).

2.3. Gene Family Evolution Analysis. Gene families may
expand or contract owing to natural selection, often exhibit-
ing similar patterns among closely related species. To investi-
gate gene gain or loss while accounting for phylogenetic
history, we utilized Computational Analysis of Gene Family
Evolution (CAFE, ver. 5.0.0) [22]. CAFE requires two sets of
input data: a matrix containing gene counts in each ortholo-
gous group, and an ultrametric tree. Matrix and Ultrametric
tree files generated using Orthofinder2 and MCMC_tree,
respectively, were used in this study. Before conducting
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statistical tests, we trimmed our data by removing gene fami-
lies containing more than 100 genes and those in which at
least five species had zero genes [23]. Gene families were
considered significantly expanded or contracted if the Viterbi
p-value was less than 0.05. As our primary focus was on
significantly expanded gene families in the eel group, we per-
formed a t-test to determine whether there was a significant
difference between the means of two fish groups: those living
in ocean, estuary, and freshwater environments (four eels)
and those living exclusively in ocean environments (the
remaining species). Next, we used eggNOG-mapper (ver.
5.0.2) [24] to identify the functions of each gene family.
Finally, we used KOBAS [50] to perform KEGG enrichment
analysis using Gene IDs inferred from the eggNOF-mapper.

2.4. Positive Selection Analysis. We investigated evidence of
positive selection, driven by adaptation through allele altera-
tions favored by natural selection. To detect positively selected
genes (PSGs), we used an ML tree and 237 single-copy ortho-
logous genes inferred from OrthoFinder2. First, we unrooted
the ML tree and removed the branch lengths. The amino acid
sequences of the 237 single-copy orthologous genes were
aligned using MAFFT, followed by alignment of the
corresponding nucleotide sequences using PAL2NAL (ver.
14) [25]. Next, a branch-site model was used to identify
PSGs using codeml within the PAML package. The
likelihood ratio test (LRT) was carried out to compare two
models: a null model by setting “model =2, NSsites =2,
fix_omega=1" and an alternative model by setting
“model =2, NSsites =2, fix_omega=0." The best-fitting
model was selected using the chi-squared (y*) distribution.
Genes were considered positively selected based on the
following criteria: p<0.05, dy/ds> 1 [26, 27].

We employed AlphaFold2 (ver. 2.3.1) [28] and PyMOL
(ver. 4.6) [29] to predict the three-dimensional structure and
visualize the PSG, respectively.

3. Results

3.1. Evolutionary History and Gene Family Dynamics in
Anguillid Eels. Our analysis identified 25,867 orthogroups
encompassing 573,255 genes, with 97.9% of these genes suc-
cessfully clustered and assigned to orthogroups. We con-
structed a species tree, using 260 single-copy orthologous
genes (Figure 1).

We analyzed significantly expanded gene families among
the 14 actinopterygian species (p<0.05) (Figure 1). Among the
25,867 orthogroups, 749 orthogroups were significantly
expanded in the Anguillid eel group. Among the four eels, A.
bicolor pacifica exhibited the smallest significantly expanded
gene families, whereas A. rostrata showed the most. This vari-
ation in gene family expansion may reflect different evolution-
ary pressures or ecological adaptations within eel lineages.
Subsequently, a t-test was used to identify gene families that
were exclusively enriched in the Anguillid eel lineage compared
to the 10 actinopterygian species. To investigate the functional
categories of the expanded gene families, we annotated them
using the KEGG database. Among the expanded gene families,
the necroptosis, mitophagy, ferroptosis, endocytosis, apoptosis,
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FiGure 1: Maximum-likelihood (ML) tree reconstructed using 260 single-copy orthologous genes from 14 actinopterygian species. The
numbers at each node indicate divergence times. The red and blue numbers above the species name represent significantly expanded and
contracted gene families, respectively. Purple bars denote the 95% confidence intervals for evolutionary divergence times. The three red stars
represent the calibration points used in this study. The time scale, represented in million years ago (MYA), is displayed under the tree.

phagosome, lysosome, and efferocytosis pathways were signif-
icantly enriched in the genomes of Anguillid eels (Figure S1).
To gain deeper insights into cellular degradation and recycling
mechanisms, we further investigated the gene families associ-
ated with the autophagy-lysosome pathway (ALP) (Table S2).
Furthermore, we observed the expansion of tumor protein
(TP53), a gene known for its role in responding to cellular
stress stimuli, including oncogene activation and DNA dam-
age, thereby promoting apoptosis [30, 31]. The BCL2 family,
which plays a critical role in regulating the apoptosis process,
was also enriched in the genomes of the Anguillid eels, specifi-
cally through the expansion of the BCL2L14 gene family [32].
Furthermore, monocyte to macrophage differentiation-
associated 2 (MMD?2), a gene involved in apoptosis signaling
pathways, was expanded as well [33].

3.2. PSGs Along the Anguillid Eel Lineage. Using the branch-
site model, we identified 65 PSGs in the four Anguillid eels.
The functions of PSGs were inferred through KEGG functional
annotation. Among the pathways identified, necroptosis and
endocytosis were consistently detected across all four Anguillid
eel species, whereas phagosome and peroxisome pathways
were specifically observed in the genomes of A. anguilla,

A. japonica, and A. bicolor pacifica (Figure S2). Among
PSGs, the malonyl-CoA decarboxylase (MLYCD) was noted,
with its function annotated as “peroxisome (hsa04146)” in
the KEGG pathway (Figure S2 and Table 1). The MLYCD
gene showed significant support for the alternative model
over the null model (p =0.03), exhibiting a notably elevated
dylds ratio on the Anguillid eel lineage (dy/ds=9.61). Among
the five positively selected sites, one site (Ala310) displayed a
convergent amino acid substitution (Figure 2a and Table 1).
This positively selected site is located within the active site of
the MCD domain, which is critical for MLYCD activity
(Figure 2b,c) [34].

4. Discussion

The remarkable once-in-a-lifetime migratory behavior of
anguillid eels has been the focus of extensive research over
many decades [35, 36, 8, 9]. However, a fundamental limita-
tion lies in the inaccessibility of spawning grounds, making it
extremely difficult to obtain specimens during their migra-
tory phase. As a result, direct investigations of genome-wide
expression dynamics across different environmental stages
have not been feasible. To overcome this challenge, the
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TaBLE 1: Statistic results for the malonyl-CoA decarboxylase (MLYCD) gene obtained from the branch-site model with the Anguillid eel

branch designated as the foreground branch.

Branch

Eel branch (foreground)

Null model (np)
Alternative model (np)

—9911.068820 (29)
—9908.826303 (30)

LRTs (p-value) 4.49 (0.03)

Site class Proportion Foreground w Background @
0 0.87 0.06 0.06

1 0.12 1 1

2a 0.008 9.61 0.06

2b 0.001 9.61 1

Positively selected sites (BEB)

68 R (0.878), 87 A (0.573), 310 A (0.636), 414 S (0.505), 434 Q (0.82)

present study was designed to provide new insights into the
evolutionary and adaptive processes of anguillid eels from a
genomic perspective. To investigate the evolutionary history
and patterns of gene family expansion and contraction of
Anguillid eels, a comparative genomic analysis of 14 actinop-
terygian species was conducted (Table S1). Divergence time
for the four Anguillid eels was estimated to be between four
and 12 MYA, indicating that these four eels diverged rela-
tively recently compared to the other 10 actinopterygian
species. During the Miocene epoch (23-5 MYA), the Earth
underwent a significant period of global cooling and drying,
resulting in a decline in sea levels [37]. This environmental
shift posed substantial challenges for aquatic species, as hab-
itat availability and connectivity were altered. However, the
ecological adaptability of Anguillid eels, characterized by
their capacity to thrive in both freshwater and marine envir-
onments, likely provided them with a survival advantage.
Additionally, the reduction in sea levels led to the fragmen-
tation of ocean regions, potentially acting as a driver of spe-
ciation during this period.

The ALP is a central catabolic system responsible for the
degradation and recycling of cytoplasmic materials, thereby
maintaining cellular homeostasis [38]. ALP plays a crucial
role in the degradation of intracellular macromolecules [39].
Previous studies have documented intestinal degradation in
migrating eels, which may be attributed to the evolutionary
expansion of the acquisition of genes involved in ALP [9].
Interestingly, our analysis revealed the significant expansion
of four genes associated with lysosome function and apoptosis
in Anguillid eel species. Among them, the ATPase H+ trans-
porting V1 subunit H (ATP6VIH) gene was notably expanded
across the genomes of all four eel species. V-ATPases play a
crucial role in maintaining the acidic environment of lyso-
somes by actively pumping protons, a process essential for
proper lysosomal function [40]. Since autophagic degradation
cannot be completed without lysosomal acidification, the gene
expansion of ATP6VIH in eels may enhance their ability to
regulate the cellular degradation process [41]. Furthermore, we
have detected significant expansion of MMD?2, a gene which
involved in apoptosis signaling pathways. This suggests that
under stressful or damaged conditions, MMD?2 may stimulate
programed cell death to remove compromised cells. This pro-
cess may help maintain cellular health by recycling

components, ensuring energy efficiency during their once-in-
a-lifetime migration to the deep sea. Likewise, necroptosis,
mitophagy, ferroptosis, endocytosis, apoptosis, phagosome,
lysosome, and efferocytosis, which may be related to the
ALP, were significantly expanded in the genomes of the four
Anguillid eels. The core components of the ALP include mito-
phagy, endocytosis, phagosome, and lysosomal degradation,
which directly mediate the clearance of damaged organelles
[42]. In contrast, apoptosis and necroptosis represent geneti-
cally programed cell death pathways that are not canonical
components of the ALP, but share extensive molecular cross-
talk with autophagy [43]. Ferroptosis is mechanistically dis-
tinct, driven by iron-dependent lipid peroxidation, yet is
partially regulated by autophagy-related processes such as fer-
ritinophagy [44, 45]. Similarly, efferocytosis—the phagocytic
clearance of apoptotic cells—does not belong to the ALP per
se, but functionally converges on lysosome-dependent degra-
dation [46]. Taken together, these results suggest that while
only a subset of these pathways (mitophagy, endocytosis, pha-
gosome, and lysosome) constitutes the ALP proper, other
forms of programed cell death (apoptosis, necroptosis, and
ferroptosis) and clearance (efferocytosis) extensively interact
with the ALP, highlighting its role as a central hub coordinat-
ing both survival and death programs. Therefore, the signifi-
cant expansion of those pathways in Anguillid eels suggests
that their genomes have adapted to meet the physiological
demands of their unique life-history traits, such as long-
distance migration and the need for efficient energy recycling.
These findings provide valuable insights into the genetic
mechanisms underlying the resilience and adaptability of
Anguillid eels and provide a foundation for further studies
on the functional implications of these genetic expansions in
the context of their ecological and evolutionary success.
Using the branch-site model, we found the MLYCD gene
was positively selected. The function of MLYCD in peroxi-
somes contributes to maintaining the metabolic balance
between lipid and glucose oxidation [47]. Therefore,
MLYCD-mediated fatty acid metabolism may play a critical
role in facilitating adaptive benefits in Anguillid eels. Further-
more, this convergent mutation may be associated with the
expansion of ALP genes in the eel lineage mentioned above,
suggesting a potential link between MLYCD and the ALP’s role
in the unique physiological processes of Anguillid eels. Despite
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FiGure 2: (a) Multiple sequence alignment (MSA) of the MLYCD gene across 14 actinopterygian species. The four Anguillid eels are
highlighted with red on the left side of the alignment. Within the MSA, regions with a black background denote highly conserved sequences,
while regions with a red background indicate positively selected residues. (b) Domain architecture of MLYCD is illustrated, highlighting the
MCD_N and MCD domains. The red line represents the position of the positively selected residue (Ala 310) within the MCD domain. (c) The
three-dimensional structure of malonyl-CoA decarboxylase (MLYCD) from Anguilla bicolor pacifica is depicted in a ribbon diagram. The

positively selected site is highlighted in red.

the significance of MLYCD for cellular stability, its specific
function in aquatic vertebrates, including Anguillid eels,
remains largely unknown. Given the importance of MLYCD
in the adaptive evolution of these species, it is crucial to

conduct further functional studies to determine its precise
role in aquatic environments. Such research could provide
deeper insights into the molecular mechanisms supporting
the survival and adaptability of Anguillid eels, particularly
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during the challenging migratory life stages. Understanding the
MLYCD functions may also have broader implications for
studying lysosomal stability and autophagy pathways in other
vertebrates, potentially revealing new aspects of cellular resil-
ience in diverse ecological contexts.

In this study, we performed a comparative genomic anal-
ysis of 14 actinopterygian species to identify lineage-specific
genomic patterns in Anguillid eels. Because these eels spawn
in the deep ocean, collecting samples from migratory or repro-
ductive stages is virtually impossible, making direct validation
of gene expression under natural conditions unfeasible. Even
today, in the twenty-first century, the genetics of Anguillid eels
remain enigmatic. Although artificial maturation and spawn-
ing have been achieved, the essential environmental factors of
deep-sea migration, such as extreme hydrostatic pressure,
strong currents, and limited food availability, cannot be repro-
duced experimentally [48, 49]. This limitation precludes direct
functional testing of our genomic predictions. Nevertheless,
the unique physiological traits of Anguillid eels, including
intestinal degradation and the cessation of feeding during
migration, provide a compelling biological framework for
interpreting the genomic signatures identified here. Our find-
ings reveal both the challenges and the potential of genomic
approaches to eel biology, suggesting critical insights into the
evolutionary processes that shape the Anguillid lineage’s
remarkable life history.

5. Conclusions

In summary, this study provides a comparative genomic
perspective on the evolutionary history of Anguillid eels,
highlighting lineage-specific expansions of gene families
linked to the ALP and the identification of PSGs. Our find-
ings suggest a potential role for these genes in supporting the
physiological challenges of long-distance migration and pro-
longed nonfeeding states. However, the lack of direct func-
tional validation due to the inaccessibility of migratory-phase
samples remains a significant limitation. Consequently, the
interpretations presented here should be regarded as hypoth-
eses that establish a genomic framework for future studies
rather than definitive evidence of functional adaptation.
Nevertheless, by linking genomic signatures with known
physiological traits, such as intestinal degradation and cessa-
tion of feeding during spawning migration, this work offers
valuable insights into the adaptive strategies of Anguillid eels.
Further experimental and functional investigations will be
essential to validate these predictions and to further elucidate
how eels accomplish their remarkable life history strategy.
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