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Abstract Accurate age estimation is key to under-
standing life history, population ecology, and effective
management of valuable commercial and ecologically
relevant species. While DNA methylation-based epi-
genetic clocks are well developed in mammals, their
application in fish is limited. In contrast to mammals,
fish lack identified universal fish epigenetic mark-
ers. Here we explore the potential of ultra-conserved
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elements (UCEs) as age predictor markers in albacore
tuna (Thunnus alalunga), a worldwide distributed and
commercially valuable teleost fish. We produced a de
novo reference genome of the albacore tuna in order
to facilitate accurate mapping of bisulfite sequencing
reads and identify conserved genomic regions. From
muscle tissue samples spanning an age range of 0.03
to 17.69 years, we profiled methylation at UCEs and
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identified loci whose methylation levels were strongly
correlated with age. By selecting an optimized sub-
set of these regions, we constructed an epigenetic
clock that predicts age with a median absolute error
of 0.88 years. This demonstrates that UCEs repre-
sent a conserved set of age markers in teleosts and
supports their potential for constructing shared epi-
genetic clocks between teleost species. To comple-
ment the clock construction, we conducted the first
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epigenome-wide association study (EWAS) of age in
a fish species, enabling a broader characterization of
age-associated methylation patterns beyond the CpGs
included in the predictive model. This epigenetic
aging strategy offers a non-lethal, field-applicable
solution to age estimation from small tissue biopsies,
avoiding otolith sampling and reducing the resources
required to develop species-specific clocks.

Epigenetic Aging in Albacore Tuna

; Tissue sampling )

/" Ultra-conserved elements

Predicted DNAM age (years)

ﬁCE-based Epigenetic clom / Key advantages \

Median absolute P s
error v

P
Non-lethal and
conservative approach

<1 year

o Field-Application
’ Chronological age (years) / k Method /

uce-2

UCEs Blsulﬁte Sequencing

HOQUOAMAMILA

a Methylcytosine mNo Methylcytosine

Epigenome-wide association study

S. Horvath

Department of Human Genetics, David Geffen School
of Medicine, University of California, Los Angeles, CA,
USA

e-mail: profstevehorvath@gmail.com

S. Horvath - A. T. Lu
Altos Labs, San Diego, USA

S. Horvath - R. Brooke

Epigenetic Clock Development Foundation, Torrance, CA,
USA

e-mail: brooke @clockfoundation.org

@ Springer

Keywords Epigenetic - Ultra-conserved elements -
Clock - Aging - Epigenome-wide association study

Introduction

Accurately determining the age of individuals is a cor-
nerstone of ecological and biological research. Age
information underpins a wide range of applications,
from assessing population dynamics to evaluating eco-
system health [1]. Reliable age estimates are essential
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for inferring key life-history traits such as growth rates,
age at sexual maturity, and age-specific fecundity [2—4].
Consequently, the ability to estimate age enables more
robust monitoring of demographic parameters, includ-
ing population age structure and reproductive poten-
tial. Despite its central role, chronological age remains
difficult to determine in wild animal populations, par-
ticularly in species lacking clear aging markers in hard
structures (e.g., vertebrae, otoliths, and teeth) or with
limited access to long-term observational data [5, 6].

The importance of chronological age for wild
populations has prompted the development of many
estimation methods [6]. Morphological features of
internal structures have been commonly used to pro-
vide accurate age estimation (e.g. mammalian teeth
[7]). For fish, age is traditionally determined by count-
ing growth zones in a range of hard structures includ-
ing otoliths, vertebrae, scales, and fin rays [6, 8, 9].
Such techniques have, however, some shortcomings:
they can be costly and time consuming [10], of low
accuracy for some species, require inter-calibration
and cross-validation between labs, and are necessar-
ily lethal in the case of otolith and vertebra readings
[6, 11]. The demand for fish age composition data is
increasing, in age-structured stock assessment models,
which are essential for estimating key demographic
parameters such as recruitment, mortality, growth,
and for informing sustainable management of wild
fish populations [10, 12-14]. This highlights the need
to develop non-lethal methods for accurately estimat-
ing chronological age, not only for rare or endangered
species where lethal sampling is not feasible, but also
to address broader requirements of cost-effectiveness,
speed, scalability, and standardization that are critical
for fisheries and resource management.

Biological aging is a widespread process across
animal species and is typically accompanied by
molecular modification [15, 16]. However, evidence
of aging impact and senescence in fish remains lim-
ited. Unlike most vertebrates, several fish species
show no-age related telomere shortening, raising
questions about how aging manifests in this taxa
[17, 18]. Among the molecular processes associated
with aging, DNA methylation at cytosine-phosphate-
guanine (CpG) sites has been shown to change with
age [19-23]. Methylation profiles have been used
to develop biomarkers of age known as epigenetic
clocks, which predict chronological age with remark-
able accuracy [21, 24-27]. These clocks typically

rely on consistent patterns of age-associated hyper-
or hypomethylation at specific CpG sites across the
genome. This genetic method is promising for infer-
ring biological age. Epigenetic clocks were first built
to monitor human aging [21, 25], but their underly-
ing principles appear to be evolutionarily conserved,
as they have now been successfully developed for
many mammalian species [28, 29]. More recently, a
mammalian methylation array was developed by [24],
which is a single custom array that measures up to
36 k CpGs per species that are well conserved across
many mammalian species [26].

Only a handful of epigenetic clocks have been
developed for laboratory-raised fishes, including for
European sea bass (Dicentrarchus labrax; [11]) and
zebrafish (Danio rerio; [30]). Further, [31] presented
a novel epigenetic age method estimation for two wild-
caught reef fish from the Gulf of Mexico (Red snapper:
Lutjanus campechanus and red grouper: Epinephelus
morio) while more recently advancing the development
of epigenetic clocks in two marine species, a deepwater
teleost and a ray [32, 33]. Weber et al., 2024a demon-
strated through 61 individuals of the blackbelly rosefish
(Helicolenus dactylopterus), two single-tissue epige-
netic clocks developed from fin clip and muscle tissues
showed high correlation (R?>>0.98; MAE<1 year)
between epigenetic and chronological age. However, a
multi-tissue clock with both tissues showed lower per-
formance, particularly for muscle samples (R*=0.77;
MAE=5.43 years), indicating tissue-specific differ-
ences in age-associated DNA methylation patterns for
the targeted region in this species. By contrast, two
single tissue (fin clip and whole blood) and a multi-tis-
sue epigenetic clocks were developed for 42 cownose
ray (Rhinoptera bonasus) achieving high accuracy
(R2=0.97-0.99; MAE < 1 year; Weber et al. [33]).

In this study, we focus on albacore tuna (Thun-
nus alalunga), which is a commercially important
species in all oceans. For this species, age is esti-
mated using otolith readings with high confidence
and to decimal-year precision [34, 35], providing
a robust basis for calibrating epigenetic age mod-
els. Within the framework of stock assessments,
the development of an epigenetic clock presents an
opportunity to refine estimates of this and other life
history parameters. Developing this clock would
facilitate the upscaling of sample sizes by enabling
the use of small muscle biopsies, which are easier
and less expensive to collect than otoliths, and do
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not require specialized dissection skills, an impor-
tant advantage when working with high-value spe-
cies such as tuna that are commonly sold as whole
fish (with the head).

Because developing species-specific epigenetic
clocks are resource-intensive, identifying conserved
epigenetic markers across species could enable
shared clocks and facilitate calibration for new spe-
cies [24, 26, 36]. In fish, ultra-conserved elements
(UCEs) are sequences that remain nearly identi-
cal across multiple teleost species despite millions
of years of divergence [37, 38]. To this end, a tar-
geted bisulfite sequencing approach was developed
to focus on UCEs found in fish [37, 38] to investi-
gate potential common epigenetic clocks for a large
number of fish species, starting with albacore tuna.
For this purpose, we also generated a de novo ref-
erence genome assembly for albacore tuna, as this
resource was not yet available for the species, while
several high-quality reference genomes have already
been published for other tunas, including bigeye
tuna (Thunnus obesus) (PRIEB71914), Pacific blue-
fin tuna (Thunnus orientalis) [39], southern bluefin
tuna (Thunnus maccoyii) (PRJEB46021), Atlantic
bluefin tuna (Thunnus thynnus) (PRJEB72088), and
yellowfin tuna (Thunnus albacares) (PRIEB47267).
Establishing this genomic approach was therefore
a necessary step to enable accurate mapping of
bisulfite sequencing reads and to ensure reliable
identification of conserved epigenetic markers for
this species. Epigenetic clocks, built using penal-
ized regression frameworks, focus exclusively on a
subset of CpG sites that allow prediction of chron-
ological age. As a result, many CpGs that exhibit
age-related variation are not retained in the final
models. To obtain a more comprehensive view
of age-associated methylation dynamics, we also
performed an epigenome-wide association study
(EWANS) of age, which is applied in amphibians and
mammals [26, 40, 41] but not previously undertaken
in fish. Beyond identifying individual CpGs associ-
ated with ageing, our objective was also to charac-
terize the biological pathways and functional gene
sets linked to these loci in order to evaluate whether
fish exhibit molecular ageing signatures analogous
to those described in mammals, such as enrichment
at Polycomb Repressive Complex 2 (PRC2) target
sites or regions marked by H3K27me3 [26, 40, 41].

@ Springer

Materials and methods
Sample collection and chronological age estimation

Muscle samples (n=101) were collected from wild-
caught albacore tuna between 2013 and 2014 as part
of the GERMON project [42] at three sites in the
western Indian Ocean (Reunion, Seychelles, South
Africa). Otoliths were collected from these individu-
als and subsequently read to provide the chronologi-
cal age information [35]. To improve the accuracy
and biological consistency of these age estimates, we
applied the Jesstimation approach [34], which refines
decimal ages by integrating both the number of
opaque zones and a daily growth relationship between
otolith size and age. Moreover, complete otoliths
were weighted to the nearest 0.001 g. Four additional
larvae were collected during an Ifremer scientific sur-
vey north of La Réunion in January 2022 and age was
estimated to be 10 days based on their length (Fig. 1).

DNA extraction

Sample for whole genome and RNA-seq for reference
genome

Due to the absence of a complete reference genome
for albacore tuna, we undertook de novo genome

Count

0 5 10 15
Chronological age (Year)

Fig. 1 Total number of samples and age ranges used for alba-
core tuna UCE clock
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sequencing as part of this study. To ensure comprehen-
sive genomic representation, multiple tissue types were
sampled, including liver, blood, and kidneys of a male
albacore caught in the wild on February 2021 off Reun-
ion Island. Tissue samples were immediately flash-fro-
zen in liquid nitrogen and stored at —96 °C. Genomic
DNA was extracted from blood and RNA from kidneys
and liver for genome annotation.

Samples for epigenetic profiling

Genomic DNA was extracted from muscle tissue for
101 individuals and from the eyes for four larvae (see
Supplementary Fig. 1), using the DNeasy Blood &
Tissue Kit (Qiagen), following the manufacturer’s
protocol. DNA concentrations were quantified with a
Qubit™ 4 Fluorometer (Invitrogen™), and DNA purity
was assessed using the 260/280 absorbance ratio meas-
ured with a NanoDrop Lite spectrophotometer (Thermo
Scientific). Samples yielding more than 500 ng and
exhibiting a 260/280 ratio between 1.8 and 2.0 were
considered as high-quality and retained for subsequent
sequencing.

Larvae species identification

Molecular analysis of early developmental stages was
essential, as tuna larvae exhibit highly similar morpho-
logical features that render visual identification unreli-
able. To overcome these limitations, a genetic approach
was employed to enable accurate species identification.
Employing PCR amplification, species-specific prim-
ers developed by [43] were applied using the following
primer pair: forward primer -GTTTCGTGATCCTGC
TAGTG- and reverse primer -CCTCCTAGTTTGTTG
GAATAGAT-. PCR was performed under the follow-
ing thermal cycling conditions: an initial denaturation
at 94 °C for 2 min, followed by 35 cycles of denatura-
tion at 94 °C for 30 s, annealing at 55 °C for 30 s, and
extension at 72 °C for 30 s, with a final extension step at
72 °C for 3 min, and a final hold at 4 °C. PCR amplifi-
cation was followed by 2% agarose gel electrophoresis.

Library preparation and sequencing
Whole genome and RNA-seq for reference genome

Genomic DNA quality and concentration were
assessed by capillary electrophoresis using the

FemtoPulse system (Agilent) and quantified with
Qubit (Thermo Fisher Scientific). PacBio HiFi librar-
ies were subsequently prepared following the stand-
ard Sequel II protocol, and sequencing was performed
on a Sequel I SMRT Cell.

RNA-seq libraries were prepared from total RNA
using Universal Plus mRNA-seq kit (NuGEN), which
includes poly(A) RNA selection, cDNA synthesis,
adaptor ligation and PCR amplification. Library qual-
ity was assessed by fragment size distribution on a
Fragment Analyzer (High Sensitivity NGS kit, Agi-
lent) and qPCR using a LightCycler 480 (Roche).
Sequencing was performed on an Illumina NovaSeq
6000 platform using Sequencing by Synthesis (SBS)
chemistry with the NovaSeq Reagent Kit and an SP
flow cell. Sequencing data was processed with the
NovaSeq Control Software for image analysis, fol-
lowed by base calling with Real-Time Analysis 3
(RTA3) and demultiplexing using bcl2fastq to gen-
erate FASTQ files. Read quality was evaluated using
the Sequencing Analysis Viewer and FastQC, while
potential contaminants were screened with FastQ
Screen.

HiFi and Hi-C reads were assembled using Hifi-
asm version 0.16.1 [44] with default parameters and
the resulting contigs were purged using purge_dups
version 1964aaa [45]. The purged contigs were scaf-
folded using Hi-C as a source of linking information.
Hi-C reads were aligned to the draft genome using
Juicer version 1.6 [46] with the -S early parameter.
A candidate assembly was generated using the 3D
de novo assembly pipeline 3D-DNA version 180,114
[47] with the —early-exit parameter. Finally, the can-
didate assembly was manually reviewed using the
Juicebox assembly tools version 2.13.05 [48]. The
genome assembly was screened for adaptor and vec-
tor contamination using the NCBI FCS-adaptor
pipeline version 0.5.5 (https://github.com/ncbi/fcs).
Additional screening against foreign organism con-
tamination was performed with FCS-GX version
0.5.5 [49]. The cleaned assembly was annotated using
EGAPx version 0.4.0-alpha, integrating both custom
short-read and long-read transcriptomic data and
the publicly available library SRR4436658 (https:/
github.com/ncbi/egapx). The tools mentioned above
were all run using their default parameters. Annota-
tion quality and completeness were evaluated with
BUSCO version 5.7.1 (Actinopterygii lineage, protein
mode) [50], OMArk version 0.3.0 (LUCA.h5 OMA
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database, Teleostei clade) [51] and PSAURON ver-
sion 1.0.2 [52].

Epigenetic profiling

An initial set of candidate probe sequences target-
ing UCEs in fish genomes was obtained from the
UCE website (https://www.ultraconserved.org) [38].
Specifically, probe datasets corresponding to Actin-
opterygians and Acanthomorphs were downloaded,
merged into a single pool, and submitted to Integrated
DNA Technologies (IDT) for evaluation.

IDT screened the probe sequences using a dc-
megablast alignment approach, applying a 90%
sequence identity threshold over at least 50% of the
probe length. Probes with zero or more than two
genomic hits were excluded based on alignment qual-
ity metrics, including e-value and bit score thresh-
olds. To assess probe conservation and specificity
across species, the bit scores for each probe were
averaged across three representative fish genomes.
A perfect alignment across species was defined by a
bit score of 217, indicating 100% sequence identity
without mismatches or gaps. Based on these met-
rics, we selected the top 2,999 probes, including both
highly conserved and moderately variable sequences
(e.g., average scores around 192, reflecting 4—7 mis-
matches and 1—3 gaps), to create our final custom
targeted bisulfite sequencing (TBs-seq) panel.

For library preparation, 500 ng of genomic DNA
was fragmented and subjected to end-repair, dA-tail-
ing, and adapter ligation using the NEBNext Ultra II
DNA Library Prep Kit (New England Biolabs) with
custom pre-methylated adapters (custom adapter
plate, IDT). Pools of 16 purified libraries were
hybridized to the biotinylated probe panel following
the manufacturer’s instructions (xGen Hybridization
Capture Kit, IDT).

Captured DNA was treated with sodium bisulfite
using the EZ DNA Methylation-Gold Kit (Zymo
Research), followed by PCR amplification with
KAPA HiFi Uracil+ReadyMix (Roche) under the
following conditions: initial denaturation at 98 °C for
2 min; 14 cycles of 98 °C for 20 s, 60 °C for 30 s,
and 72 °C for 30 s; final extension at 72 °C for 5 min;
hold at 4 °C.

Library quality was assessed using the High Sen-
sitivity D1000 Assay on a 4200 Agilent TapeStation.
Libraries were pooled (96 per pool) and sequenced

@ Springer

as 150 bp paired-end reads on an Illumina NovaSeq
6000 (S1 flow cell).

Methylation data analysis

As a consequence of the bisulfite treatment, standard
alignment approaches are unsuitable for bisulfite-
converted sequencing data. To address this, a
bisulfite-specific reference index was constructed
using BiSulfite Bolt (BS Bolt) [53] by converting
the albacore reference genome to represent all pos-
sible bisulfite-induced C-to-T and G-to-A transitions
on both DNA strands. FastP [54] was used to trim
adapter sequences, exclude short reads (<=40 bp),
trim read ends if base-calling quality moving aver-
age fell below phred=15, and “deduplicate” the
data by removing 100% identical copies of unique
sequences. Filtered FASTQ files were then aligned
to the bisulfite-indexed reference genome using BS
Bolt. which utilizes a modified version of BWA MEM
[55, 56] tailored for alignment of bisulfite sequencing
data. Reads were in silico bisulfite converted, modify-
ing unconverted methylated bases, and subsequently
mapped to the bisulfite alignment index of the refer-
ence genome. Finally, read alignments were assessed
for mapping quality and bisulfite uniqueness. Result-
ing alignment files were in BAM format. As recom-
mended by [53], a pre-processing step was carried out
using samtools [57] to remove duplicates. Using BS
Bolt, methylation calling generated a CGmap file that
included all mapped reads at each CG not marked as
PCR duplicates. A methylation matrix was generated
from the CGmap files obtained for all samples.

Statistical modelling for age prediction from
methylation profiles

Hierarchical clustering of the full albacore tuna data-
set (Supplemental Fig. 2) using pheatmap (v.1.0.13)
showed no grouping by sex and revealed no indi-
viduals with markedly divergent methylation pro-
files. This indicates a relatively uniform epigenetic
landscape across samples, with no strong sex effects
or outliers driving global variation. To evaluate the
potential of UCE-associated DNA methylation pro-
files for age prediction in tuna, we constructed age
estimators using elastic net regression (alpha=0.5),
with chronological age as the response variable, natu-
ral log transformed to account for non-linear trends
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Fig. 2 Leave-one-out 14 1

cross validation study of
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between methylation and age, and CpG methylation
levels as predictors. Models were implemented using
the MammalMethylClock (v1.0.0) R package [58].
To assess model performance, we conducted leave-
one-out cross-validation (LOOCV). In each itera-
tion, one sample was excluded from the training set,
and a model was built on the remaining samples to
predict the age of the held-out sample. This process
was repeated across all samples to generate a full set
of predicted ages. Model accuracy was evaluated by
calculating the Pearson correlation coefficient (R)
between predicted and otolith-derived ages, as well as
the median absolute error (MedAE; in years).

Epigenome-wide association study with age

We conducted an EWAS of age on the 7,637 CpGs
mapped to the de novo albacore genome. Association
analyses were performed in R using the standard-
ScreeningNumericTrait function from the WGCNA

6 7 8 9 10 11 12 13 14 15 16 17 18
Chronological age (years)

package (v1.73) [59]. The relationship between
chronological age and CpG methylation levels was
assessed using the Pearson correlation.

Genomic coordinates for all CpG sites were
derived from their identifiers and converted to BED
format. CpGs were mapped to genomic intervals
using the GenomicRanges package (v1.60.0). Each
CpG was represented as a 1 bp interval centered on
its genomic position, with an additional 1 bp pad-
ding on each side. Gene models were obtained from
our Thunnus alalunga de novo reference annotation
(GFF3 format), which was imported using rtrack-
layer (v1.68.0) and processed with GenomicFeatures
(v1.60.0) to construct a transcript database (TxDb).
Gene identifiers from the TxDb object were mapped
to corresponding GFF3 gene entries through near-
est-neighbour and overlap-based matching. For each
annotated gene, strand-specifically transcription start
sites (TSSs) were defined and used to generate regu-
latory domains following the basal-plus-extension
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model implemented in rGREAT (v2.10.0), a tool
designed for functional and biological pathway anno-
tation of genomic regions. Specifically, regulatory
regions comprising 5 kb upstream and 1 kb down-
stream of each TSS, extended up to 250 kb when no
other gene boundary was encountered. The maximum
extension distance was set to 250 kb, rather than the
default 1 Mb used in rGREAT, as the latter is defined
based on the human genome. Given that the human
genome is approximately four times larger than our
de novo assembled tuna genome, we applied a pro-
portional scaling to define an extension distance of
250 kb. Ultraconserved elements (UCE)-overlap-
ping CpGs were assigned to genes whose regulatory
domains overlapped the CpG intervals. CpGs over-
lapping multiple regulatory domains were counted
for each associated gene in the enrichment analysis.
Gene-level metadata (gene symbol, locus tag, and
functional annotations) were extracted directly from
the GFF3 file to build a comprehensive annotation
table associated with each mapped CpG. All genomic
intervals and regulatory domain assignments were
saved as GRanges objects for downstream enrichment
analyses.

GREAT-like enrichment analysis was achieved
using msigdbr (v25.1.1) to the top 150 positively and
the top 150 negatively age-related CpG sites from
the EWAS of age. Our framework implements fore-
ground/background hypergeometric tests, using all
annotated CpGs as the background and the genomic
regions of the top 150 positively and the top 150
negatively age-related CpG as the foreground. The
GREAT-like analysis was carried out on the same
biological pathways and functional gene sets used
in [26] (Disease ontology, GO Biological process,
Human phenotype, MSigDB pathway, MSigDB per-
turbation and GO molecular function) to highlight
any possible analogy with the enrichment observed in
mammals.

Results

Whole genome sequencing

The genome assembly of the albacore tuna represents
the first chromosomal-scale reference available for

this species. The initial assembly, generated using
Hifiasm from PacBio HiFi long reads, resulted in 537
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scaffolds, with a scaffold N50 of 3.6 Mb, reflecting
a high level of sequence continuity. In a second step,
we used Hi-C contact maps to scaffold and organ-
ize the assembly, resulting in a complete scaffolded
genome comprising 38 scaffolds, with a markedly
improved scaffold N50 of 34.1 Mb. Of these, 24 scaf-
folds correspond to chromosome-scale scaffolds,
consistent with the expected haploid chromosome
number (n=24) previously reported in tunas [60],
into which Hi-C integration enabled anchoring of
99.88% of the 785.3 Mb genome sequence. Genome
annotation identified 24,013 protein-coding genes
and 33,813 transcripts, supported by 427,392 exons
and 404,261 coding sequences (CDS). Assembly
completeness and annotation quality were confirmed
by multiple assessments: BUSCO detected 97.9% of
genes as complete and single-copy, OMArk identi-
fied 96.97% of conserved Hierarchical Orthologous
Groups (HOGs), and PSAURON reported a global
score of 99.3 across all reading frames.

UCE epigenetic clock

We performed targeted bisulfite sequencing across
105 individuals and sequenced on average 4,472,876
reads per individual. The final methylation matrix
based on UCEs contains a total of 7,637 CpG sites
shared across all samples, each with base and align-
ment quality scores>10 and with a minimum site
coverage of five reads for each sample and an aver-
age sequencing depth of 585 reads/site. Analysis of
methylation-age associations revealed the distribution
of correlations with chronological age (Supplemen-
tary Fig. 3). The elastic net regression retained 39
CpG sites that collectively produced a strong corre-
lation between predicted and chronological age from
otolith readings (Pearson’s r=0.94) (Fig. S4). These
CpG sites correspond to the final model trained on
the full dataset. A complete list of the 39 CpG sites is
provided in Supplementary Tables 1 and 2.

The cross-validation using the LOOCYV resulted in
an epigenetic clock model with a Pearson correlation
coefficient (r) of 0.88 and a median absolute residual
error (MedAE) of 0.834 years (Fig. 2).

In addition to comparing predicted epigenetic age
to otolith-age, we examined its relationship with other
biological variables, such as otolith weight. As shown
in Fig. 3, a clear linear (r=0.82) relationship was
observed between predicted age and otolith weight,
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consistent with the expected progressive calcification
of otoliths over time.

Epigenome-wide association study (EWAS)

Applying an unadjusted significance threshold
(a=1.36x10"'") restricted the analysis to the top
150 CpGs showing the strongest positive correla-
tions with age (Fig. 4A). Among these CpGs sites,
the main signals were detected at chr17.1_14176962
(P=4.6x107%) and chr17.1_14176951
(P=1.0x107%%). Both CpGs are located within
the six6 homeobox gene (egapx_017075) on chro-
mosome 17 and exhibit correlation coefficients
higher than 0.8 (Fig. 4B). One of the top 10 CpGs
is located in a member of the Six/sine oculis fam-
ily of homeobox-containing transcription factors,
chr14.1_22159675 (P=8.724690% 10™") in six3a
homeobox with a correlation coefficient exceeding

0.73 (Fig. 4C). As six3a and six6 are respectively
in chromosome 14 and chromosome 17 from the de
novo albacore genome, their consistent age-related
gain of methylation is not due to physical proximity
(Fig. 4A).

The CpG site with the highest negative cor-
relation (r< —0.71) (Fig. 4D) with age is located
on chromosome 3, is proximal to the ImxIbb gene
(Fig. 4A).

For the functional enrichment analysis of age-
related CpG sites we sought to identify biologi-
cal processes and pathways annotated by the top
150 age-related CpG sites using a GREAT-like
approach.

Enrichment analysis revealed that ’Anatomical
structure development’ was the sole significant cate-
gory, identified exclusively among the top 150 CpG
sites that lost methylation with age (P=2.59x 1072)
(Fig. 5).

Fig. 3 Relationship 0.100 1
between otolith weight (g)
and predicted age (years)
with a linear model (dashed
grey line)
0.0751
C)
=
2
2 0.0501
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2
o
0.025 1
0.000 T
o 1 2 3

4

5 6 7 8 9 10 11 12 13 14 15 16 17 18
Predicted age (years)
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lose methylation with age, respectively. CpG sites in red and
blue denote highly significant positive and negative age cor-

Discussion
UCE epigenetic clock

Accurately determining the age structure and growth
parameters of fish populations is essential for effec-
tive monitoring, assessment, and conservation strat-
egies in wildlife management [1, 61-63]. In 1999,
Campana and Thorrold estimated that over 800,000
otoliths were analyzed annually across the globe
for age determination, covering both exploited and
threatened species [6, 64]. While otolith-based aging
remains widely used, it is inherently lethal, requires
access to the whole fish (or at least the head), can be
technically demanding, and not always feasible, par-
ticularly for high-value or protected species. By con-
trast, epigenetic clocks offer a promising non-lethal
alternative for age estimation. With the continuous

@ Springer

chr14.1_22159909 (six3a)

chr3.1_12985832 (Imx1bb)

relation  (Ppogiye <1.36X 107" and  Pyegyine <1.32%107.%),
respectively. B-D Scatterplot of B chr17.1_14176962, C
chr14.1_22159909, and D chr3.1_12985832 versus chrono-
logical age (years)

reduction in DNA sequencing costs, these molecular
approaches are becoming increasingly accessible for
ecological and fisheries management applications.
Moreover, muscle tissue required for epigenetic anal-
ysis is easier to collect in the field, requires no spe-
cialized dissection skills, and can often be obtained
from live animals. In fish, minimally invasive biop-
sies are particularly feasible for muscle and fin tis-
sue, which can be sampled with limited handling
time and low post-release mortality [65, 66]. Such
procedures are already widely implemented in popu-
lation genetic and tagging programs, indicating that
the logistical framework for non-lethal tissue sam-
pling is well established. Once established, epigenetic
clocks are particularly valuable for taxa that are chal-
lenging to age reliably, especially for non-specialists.
This is the case for groups such as elasmobranchs
and many threatened or endangered species, where
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traditional ageing methods are invasive (vertebrae
or otoliths) and require specialized expertise. While
building such a clock still requires access to individu-
als spanning the full age range, once developed, the
approach circumvents these limitations and provides
a practical and non-lethal tool for aging individu-
als in future studies. The present UCE-based clock
for albacore tuna shows compelling performance
with a significant correlation (Pearson’s R=0.88;
MedAE=0.834 years) between chronological and
predicted age. This outcome is particularly promising,
as it targets genomic regions that are highly conserved
across multiple fish species that have diverged over
millions of years [38]. Among the CpG sites signifi-
cantly associated with age are sites present on genes
linked to the determination of adult lifespan (taf-4),
the development of organs (e.g. irx5a, pax6b, LBX1I).
Such evolutionary conservation makes these regions
ideal candidates for developing a universal epigenetic
clock for fish using multiple tissues as aging is asso-
ciated with multiple cellular changes that are often
tissue specific [67], analogous to pan-mammalian

clocks that have been successfully established in
recent years [24, 26]. Such a tool would reduce the
need to build species-specific models, which are often
costly and dependent on large numbers of known-age
individuals.

Epigenome-wide association study (EWAS)

Among the top positively age-associated CpG sites
identified in the EWAS, several lie near six6 and
six3a. These genes are well known for their essen-
tial roles during the earliest stages of embryonic
development [68]. A previous exome-sequencing
and functional study has shown that six6 helps reg-
ulate the balance between cell proliferation and dif-
ferentiation early in life, and is also implicated in
optic-nerve degeneration at older ages [69] while
six3a acts within brain development and optic nerve
morphogenesis. In addition to six3a and six6, several
other notable gene groups were associated with CpGs
showing age-related methylation patterns, including
irxla (chromosome 10) and irx5a (chromosome 1);
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SOX5 (chromosome 23), SOX11a (chromosome 11),
and SOX21b (chromosome 12); and FOXP2 (chro-
mosome 23), FOXP4 (chromosome 4), and FOXBla
(chromosome 8). Notably, several genes proximal to
the top 150 age-associated CpGs code for proteins
with well-established functions in developmental pro-
cesses, suggesting that some epigenetic signatures of
aging may echo underlying developmental regulatory
networks. Consistent with this idea, several CpG sites
significantly correlated with age are also associated
with genes encoding key developmental regulators,
including Imx1bb, zic5, and en2a, further supporting
a link between age-related methylation changes and
conserved developmental pathways.

This result is confirmed by our GREAT-like
analysis which showed a significant enrichment for
‘Anatomical structure development’ for negatively
age-related CpG sites. However, in contrast with
enrichment patterns widely documented in axo-
lotl and mammalian aging studies the Polycomb-
regulated genomic networks was not significantly
enriched for albacore [26, 40, 41]. Although several
age-associated CpGs overlap H3K27me3 marks and
PRC2 complex targets (including SUZ12 and EED),
these annotations are inferred from conserved regula-
tory features characterized in mammalian rather than
from direct epigenomic measurements in tuna. In the
absence of teleost-specific chromatin profiling data,
such overlaps should therefore be interpreted cau-
tiously, even if they did not reach statistical signifi-
cance relative to the background set. Future studies
integrating chromatin immunoprecipitation sequenc-
ing (ChIP-seq) data in teleost species will be required
to directly assess the involvement of Polycomb-medi-
ated regulation in fish aging. In albacore, analyses
based on UCEs instead suggest that genes showing
significant associations with age whether positive or
negative are more frequently linked to developmental
functions.

Future directions

Among the 105 samples used in this study, 101 were
derived from muscle tissue, while the remaining four,
corresponding to larvae, were sampled from eye tis-
sue. It is well established that tissue type can influ-
ence DNA methylation patterns, potentially affect-
ing the performance and transferability of epigenetic
clocks [24, 26, 32]. For this reason, it would be
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preferable in future work to use a single tissue type,
or at least for multi-tissue approach, ensure that dif-
ferent tissue types are evenly distributed across the
full age range of the target species [26, 32].

Otolith age readings do not uniformly cover the
complete age range of the species. In particular, indi-
viduals under three years of age and those older than
14 years are underrepresented (Fig. 1) due to sampling
challenges in the Indian Ocean, particularly for juve-
niles (<3 years old). This limited representation may
slightly reduce predictive accuracy for the oldest age
classes, especially beyond 13 years. As the maximum
lifespan of albacore tuna is estimated to be around
20 years, expanding the dataset to better include juve-
nile and older individuals would enhance an already
robust clock, improving its calibration and reliability
across the species’ full lifespan. Increasing the sam-
ple size, particularly by targeting age classes currently
underrepresented, would not only help capture the full
range of age-associated methylation dynamics, but also
improve the generalizability of the models. Ideally, as
explained by [70], at least 70 and optimally 134 sam-
ples from a single tissue type are recommended to
develop a reliable epigenetic clock for a given species,
in order to minimize prediction error rates.

Overall, these findings underscore the effective-
ness of UCE-targeted sequencing for the develop-
ment of a robust epigenetic clock for albacore tuna.
While these results provide a valuable framework for
age estimation of albacore tuna, future efforts should
extend this strategy to a broader range of fishes.
Applying and validating such epigenetic clocks across
diverse Actinopterygii, and particularly within Acan-
thomorphs, will be essential for assessing the feasibil-
ity of establishing a more ubiquitous epigenetic clock
for age determination in teleost fishes.
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