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Age of cetaceans is an important data set for their conservation and management.
Although the chronological age of a toothed whale has traditionally estimated from
the number of annual tooth growth layer groups (GLGs), this method has potential
difficulties such as errors due to the subjectivity of the age-readers and time-
consuming sample processing, in addition to lethal tooth sampling in many cases. To
overcome these difficulties through a non-lethal approach, considerable amount of
efforts has been made in recent years to construct chronological age estimation
models based on the correlation between chronological and biological age
expressed as the frequency of DNA methylation at CpG (cytosine-phosphate-
guanine) sites. The present study, by using next-generation sequencing on DNA
extracted from the skin tissues of 30 individuals (15 males and 15 females), performed
methylation analysis on multiple CpG sites in the three genes previously reported as
age-linked in cetaceans (GRIA2, TET2, and CDKNZ2A) to construct an age estimation
model for Risso’s dolphins. Key aspects of this study are: (1) the chronological ages of
Risso’s dolphins of wild origins used in this study had been determined by the GLGs
of teeth prior to this study, and (2) as Risso’s dolphins are said to have a lifespan of 30
years, samples were collected from individuals aged 1-29 years, covering from
young to old ages. Among the 11 CpG sites in GRIA2, 6 CpG sites in TET2, and 7 CpG
sites in CDKNZ2A analyzed, the CpG sites in GRIA2 showed a statistically significant
correlation with age, whereas those in TET2 and CDKNZ2A did not show such a strong
correlation. Using multiple regression analysis on the CpG sites in the three genes,
the best fitted model was expressed as follows: y=-0.7548 + 5.6164x(GRIA2_CpG3)
+2.6187x(TET2_CpG6)-1.5907x(CDKN2A_CpG3) (R?=0.7062, residual mean=2.98,
standard deviation=2.3). With the mean error of 2.98 years between the estimated
and known chronological ages, the accuracy of this model was found to be
comparable to or higher than that of previously reported age estimation models
for cetaceans. This study demonstrated for the future that the age of wild Risso’s
dolphins can be estimated by using their skin samples collected with
minimal invasiveness.
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1 Introduction

In order to properly implement conservation and management
of cetaceans, chronological age is an important data set for
understanding their biology, ecology and population dynamics.
For instance, the use of population dynamics models based on
age-dependent parameters, such as age at sexual maturity, lifespan,
mortality rate, and age composition, enables us to evaluate the
current status of the population and predict its future (e.g., Punt,
2014). Despite its critical importance, unfortunately, it is
realistically difficult to determine the chronological age of wild
animals based on field observations throughout their entire life
from birth. Their chronological age is, therefore, often assessed
indirectly by counting annual growth layer groups (GLGs: a group
of layers occurring with cyclical and predictable repetition, Hohn,
2018) in the teeth or bones. This is also true for cetaceans, and
currently, earplugs and teeth are widely used for determining the
chronological age of baleen whales (infraorder Mysticeti) and
toothed whales (infraorder Odontoceti), respectively (Hohn,
2018). However, one major disadvantage within the indirect age
estimation technique using such age traits is the fact that it requires
lethal sampling in many cases, preventing us from conducting
research such as on endangered species as well as continued
surveys of living individuals (IWC, 1980; Mayne et al., 2021a).
Furthermore, these age assessments possess inherent difficulties,
including possible subjective errors among age-readers during
visual measurements, the time required to acquire assessment
techniques to overcome such errors (Kitakado et al., 2013), and
the inability to make continuous observations over animal’s
lifespan. In addition, it is necessary that experienced scientists
process the samples with considerable amount of time before the
age-reading (Hohn, 2018). Although conventional lethal or invasive
methods are still widely used today to determine the chronological
age of cetaceans, there is a need to explore novel age estimation
methods (e.g., Olsen et al, 2012; Polanowski et al., 2014; Boye
et al., 2020).

In an attempt to develop non-lethal age estimation methods as
an alternative, age estimation technique utilizing the correlation
between biological age based on the frequency of DNA methylation
(DNAm) and chronological age (Maegawa et al., 2010; Horvath,
2013) has been receiving a great amount of attention as a method to
minimize the impact on individuals (Polanowski et al., 2014;
Wright et al., 2018; Mayne et al., 2021b). Methylation frequency
can be estimated using DNA extracted from skin samples obtained
from non-lethal and minimally invasive approaches, such as biopsy.
Furthermore, this age estimation method is greatly advantageous as
it requires a shorter time than conventional one based on age traits,
such as teeth. DNAm primarily occurs upon covalent binding of a
methyl group to the 5-position carbon of the pyrimidine ring of
cytosines at the CpG sites in cytosine-guanine sequences (5-
Cytosine-phosphate-Guanine-3"). Approximately 70% of CpG
sites in mammalian DNA are thought to be impacted by
methylation, and in particular, methylation tends to occur at
promoter regions (Lister et al., 2009). Methylation status varies
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even at identical CpG sites among adjacent cells. Studies on
mammals, such as humans and mice, have reported a correlation
between methylation frequency within specific genes and
chronological age (Maegawa et al., 2010; Hannum et al, 2013;
Horvath, 2013; Yi et al.,, 2014). An estimation model of
chronological age can be constructed based on the correlative
relationship between individuals with known chronological age
and methylation frequency, which enables us to estimate
chronological age even in individuals whose chronological age is
unknown. Since its application on humpback whales (Megaptera
novaeangliae) as reported by Polanowski et al. (2014), studies
applying such an age estimation model to cetaceans have been
increasing (e.g., Beal et al.,, 2019; Barratclough et al., 2021; Bors
et al., 2021; Robeck et al., 2021).

Risso’s dolphins (Grampus griseus) are the only species
belonging to the genus Grampus of the family Delphinidae,
infraorder Odontoceti, suborder Cetacea, order Cetartiodactyla,
and they are distributed worldwide on the continental shelves and
slopes around between 64°N and 46°S (Jefferson et al., 2014). In the
waters near Japan, they have been sighted in a wide area on the
Pacific coast south of the Kuril Islands, and they are also distributed
in the Sea of Japan (Jefferson et al., 2014). The age at sexual maturity
of this species is estimated to be 8-10 years for females and 10-12
years for males (Amano and Miyazaki, 2004). In Japan, they are
commercially targeted by dolphin drive fisheries in Taiji,
Wakayama. The Risso’s dolphins used in previous studies have
been largely limited to individuals caught or bycaught from the
commercial fisheries (Jefferson et al., 2014; Kanaji and Gerrodette,
2020), and various challenges still exist in expanding the knowledge
on the biology, ecology and population dynamics of this species.

The present study analyzed the relationship between DNAm
frequency and chronological age at the CpG sites in the three age-
related genes in cetacean, namely GRIA2, TET2, and CDKN2A
(Polanowski et al., 2014; Beal et al., 2019) through next-generation
sequencing in order to construct an age estimation model for Risso’s
dolphins for the first time. Key aspects of this study are: (1) the
chronological ages of Risso’s dolphins of wild origins used in this
study had been determined by the GLGs of teeth prior to this study,
and (2) as Risso’s dolphin are said to have a lifespan of 30 years
(Hartman et al., 2016), samples were collected from individuals
aged 1-29 years, covering from young to old ages. Furthermore, this
study demonstrates that for the future we only need a tiny amount
of tissue as a sample for the age estimation that can be collected in a
non-lethal, minimally invasive way.

2 Materials and methods

This study used 30 individuals of Risso’s dolphin of wild origins (15
females and 15 males) caught by dolphin drive fisheries in Taiji,
Wakayama, Japan in 2016 and 2017 (Supplementary Data Sheet).
The fisheries were conducted outside the scientific community, and the
use of their samples for scientific research on marine mammals is in
line with the guidelines of the Society for Marine Mammalogy (2023).
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2.1 Chronological age counting by growth
layer groups in teeth

The chronological ages of the individuals had been assessed by
counting the GLGs present in the dentine or cementum of the teeth.
Teeth were processed according to standard procedures (Hohn
et al,, 1989). Selected teeth (one tooth per individual) were bisected
longitudinally through the midline, using a gravity-fed precision
saw with a diamond blade (Isomet, Buehler, USA). Vertically split
teeth were decalcified in a solution of hydrochloric acid at a
concentration of 36.46 diluted to 10% for 20 minutes. Once
decalcified, teeth were rinsed with water overnight and thin
sectioned (24 pum, 32 um) with a sliding freezing microtome
(HM430, Thermo Fisher scientific, USA). The tin sections were
prepared near the normal longitudinal section of the tooth and close
to the horizontal cross section. Thin sections were then stained in
Mayer’s hematoxylin in 20 minutes, then rinsed with water in 10
minutes. Thin sections blued for 5 minutes in a weak ammonia
solution, rinsed with water in 5 minutes and then immersed in
100% ethanol for 5 minutes, again immersed in 100% ethanol
prepared in a separate container for 5 minutes, and then mounted
on slides with Euparal. Only stained section slides in good condition
for GLG staining of both dentin and cementum were used. Section
slides were examined under a digital microscope (VHX-7000,
KEYENCE, Japan) for GLGs in the dentine (20-40x) and
cementum (100-300x). The chronological ages of individuals
with a closed pulp cavity was based on the cementum GLGs. For
individuals without a closed pulp cavity, the GLGs of each
cementum and dentin was counted. Age reading was performed
three times independently by single reader and the median was
treated as the chronological ages. One of the authors of this paper,
Hikari Maeda who has considerable experience, conducted the age
reading prior to this study. Mean absolute error (mean of difference
between counted and median ages) and proportional error (mean
absolute error divided by median age) were calculated.

2.2 Correlative relationship between
methylation frequency and age

Approximately 5 mm square of skin tissue was collected from
the mandible of each individual and used as a sample for DNA
extraction. These skin samples were stored at -78°C until used for
DNA extraction. Genomic DNA was extracted from approximately
20 mg of a sample cut from a 5 mm square of skin tissue
using the Gentra Puregene Tissue Kit (Qiagen, Germany). The
extracted genomic DNA was stored at 4°C after measuring its
concentration with a spectrophotometer (GeneQuant pro, GE
HealthCare Technologies USA).

The three genes analyzed in this study were GRIA2, TET2, and
CDKN2A, which had been previously studied in humpback whale
(Polanowski et al.,, 2014) and common bottlenose dolphin (Tursiops
truncatus, Beal et al., 2019) (Table 1). GRIA2 (Glutamate Receptor
Ta2/AMP A2) is associated with aging-related neuronal cell death,
and its methylation frequency increases with aging in humans
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TABLE 1 Location of CpG sites at GRIA2, TET2, and CDKN2A genes
analyzed in this study.

Gene  CpG location

GRIA2 GTGTGTGAGTGCATGGGAGGGTGCTGAGTGTGC
(GRIA2_CpGl, -274) CGAGG
(GRIA2_CpG2, -269) CGCTGGGACCACAG (GRIA2_CpG3, -255)
CGGCAGCCTGCTGGAAGCT
GCATCCAGCCAGTCTC (GRIA2_CpG4, -220) CGGACTT
(GRIA2_CpG5, -213) CG
(GRIA2_CpGé, -211) CGAG (GRIA2_CpG7, -207) CGGGGAC
(GRIA2_CpGS8, -200) CGGG
(GRIA2_CpG9, -196) CGCAGGG (GRIA2_CpG10, -189)
CGGCAGCCACC (GRIA2_CpGl1,
-178) CGCAGGACCTTGGAAATAGGGATT

TET2 GTGGCCAAAGTAAACAGAAGGTGGGC (TET2_CpGl, -88384)
CGGGG
(TET2_CpG2, -88379) CGGGGAGAAG (TET2_CpG3, -88369)
CGGGCCTGGGTCAAATTCCTAA
TTTGT (TET2_CpG4, -88342)
CGAGTCTTTAAAACTACAGGCCCCTAAAGCACTAAGGGCAT
GCCCTC (TET2_CpGS5, -88295) CG (TET2_CpG6,
-88293) CGAAACTGGGGAGTGCTTCTG

CDKN2A | AG (CDKN2A_CpGl, -382)

CGTTTCTTGGTAAAGGGGAGACTTCCTGGGAAGTTTTCAGA
(CDKN2A_CpG2, -341) CGGAGGT (CDKN2A_CpG3, -334)
CGGAGT

(CDKN2A_CpGd4, -328) GGAGACCTCCTCT (CDKN2A_CpG5,
-314) CGG

(CDKN2A_CpG6, -311) CGA (CDKN2A_CpG7, -308)
CGCCCAGGGGGCTCAGGAAGCCACCGGA
GGACTGAAAGGCACATGGGGTT

CpG sites are indicated in boldface with their label and location (position of first nucleotide
from the transcription initiation site) in parentheses.

(hypermethylation, Koch and Wagner, 2011). TET2 (Ten Eleven
Translocation 2) is a proto-oncogene that has been suggested to be
involved in the demethylation of other genes, and its methylation
frequency was reported to increase with aging in humans
(Gronnger et al., 2010). CDKN2A (Cyclin Dependent Kinase
Inhibitor 2A) is a tumor suppressor gene whose expression level
increases with aging in humans, and it is considered a useful
biomarker of aging (Krishnamurthy et al., 2006). This study
analyzed 11 CpG sites in GRIA2, 6 CpG sites in TET2, and 7
CpG sites in CDKN2A.

Bisulfite treatment, which converts non-methylated cytosine to
uracil, was performed using the Methyl Detector Bisulfite
Modification Kit (Active Motif, USA) on template DNA
fragmented with restriction enzyme Hind III (New England
Biolabs, USA). Using bisulfite-treated DNA as a template, the first
PCR (Table 2) was performed to amplify the target region, after
which the presence or absence of DNA amplification was examined
by 2% agarose gel electrophoresis. DNA was extracted from the
excised gel slice using the QIAquick Gel Extraction Kit (QIAGEN).
The second PCR (Table 2) was performed using the DNA obtained
from the first PCR as a template. An index sequence for sample
identification (Illumina, 2015) and an adapter sequence for
connecting the flow cell of the next-generation sequencer were
added, which enabled the identification of up to 96 samples. After
the PCR, the presence or absence of DNA amplification was
examined by 2% agarose gel electrophoresis. Then, DNA was
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TABLE 2 Sequence of the PCR primers used for the first and second
PCR in this study.

Primer Primer sequences (5'—3’)

1st PCR

GRIA2 Forward:

ACACTCTTTCCCTACACGACGCTCTTCCGA-
GTGTGTGAGTGTATGGG

Reverse:
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT-
CCCTATTTCCAAAATCCTAC

TET2 Forward:

ACACTCTTTCCCTACACGACGCTCTTCCGA-
GTGGTTAAAGTAAATAGAAGGT

Reverse:
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT-
CAAAAACACTCCCCAATTTC

CDKN2A Forward:

ACACTCTTTCCCTACACGACGCTCTTCCGA-
AGTGTTTTTTGGTAAAGGGGAGAT

Reverse:
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT-
CCCCATATACCTTTCAATCCTCC

2nd PCR Forward:

AATGATACGGCGACCACCGAGATCTACAC-
Index2-ACACTCTTTCCCTACACGAC

Reverse: CAAGCAGAAGACGGCATACGAGAT-
Index1-GTGACTGGAGTTCAGACGTGTG

Within the st PCR primer, sequences after — attach to the target region of the gene.

extracted from the excised gel slice using the QIAquick Gel
Extraction Kit and stored at 4°C. After adjusting the
concentration of the DNA samples, sequencing was performed
using MiSeq (Illumina, USA) with reference to the MiSeq®
System Quick Reference Guide (Illumina, 2011).

Data obtained from the sequencing (SAM and BAM files) were
converted into the file format for data analysis using Samtools
version 1.9 (Genome Research Limited, UK). Adapter sequences
were removed with cutadapt version 1.18 (Martin, 2011), and low-
quality reads with Q30 or less were removed with sickle version 1.33
(Joshi and Fass, 2011). Then, 3’ and 5 terminal reads were merged
using FLASH2 version 2.2.00 (Magoc¢ and Salzberg, 2011), and
FASTQ files were converted to FASTA files by FASTX-Toolkit
version 0.0.14 and saved. A reference sequence file was created
using bowtie2 version 2.3.5.1 (Langmead and Salzberg, 2012;
Langmead et al., 2019), and the FASTA file of each sample was
mapped using bismark version 0.23.1 (Babraham Bioinformatics,
UK) to measure DNAm frequency.

To investigate the correlation between DNAm frequency and
chronological age, simple and multiple regression analyses were
performed using R version 4.2.2 (R Core Team, 2022) and Excel®
version 2210 (Microsoft, USA). Simple regression analysis was used
to analyze the correlation between DNAm frequency and
chronological age at each CpG site by sex. A regression line was
determined using the chronological age assessed by teeth as the
independent variable and the methylation frequency as the
dependent variable. The goodness of fit between the regression
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line and the data, as well as whether the regression coefficient was
significantly greater than 0 (p<0.05), was judged by obtaining the
coefficient of determination (R? and statistical significance (p-
value). To test whether there was a difference between sexes,
covariance analysis was performed using the slope and intercept
of the regression line. When the significance level was p>0.05,
regression analysis was performed by including both sexes,
assuming that there was no difference between sexes. For use as
independent variables of the multiple regression model, CpG sites
were selected from each gene according to the values of R” and p-
value, and the multiple regression analysis was performed.
Specifically, CpG sites satisfying R*>>0.6 and p<0.05 were used for
multiple regression analysis, assuming that the regression line could
adequately express the relationship between the chronological age
and methylation frequency when R*>0.6. When a gene had no CpG
site satisfying the condition, a CpG site with a relatively large R* and
a small p-value was used. The model of multiple regression analysis
with the lowest Akaike information criterion (AIC) value was
selected as the best age estimation model. Then, the value of R?
p-value, mean absolute error (MAE) between chronological age and
age estimated by the model, and standard deviation (SD) indicating
the degree of spread of the error were determined. The 95%
confidence interval (CI) and 95% prediction interval (PI) of the
regression line were also obtained. In addition, the accuracy of the
model by multiple regression analysis was examined by leave-one-
out cross-validation (LOOCYV).

3 Results

3.1 Chronological age counting by growth
layer groups in teeth

The chronological ages of these individuals assessed by GLGs,
showing that females and males were aged 1-29 years (mean 17.5
years) and 4-27 years (mean 14.1 years), respectively (Figure 1;
Supplementary Data Sheet). Mean absolute error and proportional
error with their ranges by the age readings were 0.41 (0.00-1.00)
and 0.02 (0.00-0.10), respectively.

3.2 Correlative relationship between
methylation frequency and age

DNAm frequencies of the CpG sites analyzed in this study were
provided as Supplementary Material (Supplementary Data Sheet).

3.2.1 GRIA2

The presence of a significant correlation between the
methylation frequency and chronological age was examined using
simple regression analysis for each of the 11 CpG sites firstly by sex
(female only and male only, Table 3). A statistically significant
correlation was observed at all CpG sites in both males and females.
In particular, GRIA2_CpG3 in females (R?=0.7695) and
GRIA2_CpG6 in males (R’=0.7428) showed a strong positive
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correlation with age, and the regression line and the data fitted well.
6 m Male In the covariance analysis of the regression line, no difference in
Female slope and intercept was observed between sexes at any CpG sites.
Thus, single regression analysis was performed on the data from 30
2z 4t individuals, and it showed a statistically significant correlation
2 between the methylation frequency and age at all CpG sites
E (Table 3). Among these, GRIA2_CpG3 had the best fit of the
Z 2t regression equation (R?=0.7307, p=1.83x10"7), followed by
I GRIA2_CpG2 (R*=0.6968, p=9.79x10"").
0 ' ' ‘ ' ' 3.22TET2
1-5 6-10 11-15 16-20 2125 26-30
. Two females (aged 1 and 29 years) were excluded from the
Chronological Age

analysis because data could not be obtained through the sequencing
revREL ulting in a sample size of 13 females. The presence of a significant

Chronological age distribution of male and female samples. Their res 8 p ' p 8
ages were estimated based on growth layer groups (GLGs) in teeth. correlation between the methylation frequency and chronological
age was examined by sex using simple regression analysis for each of

TABLE 3 Single regression analyses of CpG methylation as a function of chronological age at GRIA2, TET2, CDKN2A genes conducted for female and
male separately and both combined.

Female Female+Male
p-value R? p-value
GRIA2 CpG1l 0.6812 1.50x107* 0.7111 7.80x107° 0.6778 2.32x10°°
CpG2 0.7324 4.70x10° 0.6217 4.80x107* 0.6968 9.79x10~°
Female=15 CpG3 0.7695 1.80x10~° 0.7204 6.30x10~° 0.7307 1.83x1077
Male=15 CpG4 0.6918 1.20x107* 0.5864 8.70x10~* 0.6278 1.81x1077
CpG5 0.6465 3.00x10~* 0.6317 4.00x107* 0.5972 5.60x1077
CpG6 0.6841 1.40x107* 0.7428 3.60x10~° 0.6780 2.30x10°°
CpG7 0.4888 3.73x10°° 0.6569 2.50x107* 0.5426 3.46x1077
CpG8 0.5712 1.12x107° 0.6261 4.40x107* 0.5857 8.37x107
CpG9 0.4693 4.83x10° 0.6121 5.70x10~* 0.5119 8.22x10°°
CpG10 0.6683 2.00x107* 0.6526 2.70x107* 0.6379 1.23x107
CpGl1 0.5782 1.00x107° 0.5768 1.02x107° 0.5852 8.53x107
TET2 CpGl 0.0037 0.844 0.1860 0.109 0.0442 0.283
CpG2 0.1201 0.246 0.0727 0.331 0.0007 0.895
Female=13 CpG3 0.3428 0.036 0.0012 0.904 0.0424 0.293
Male=15 CpG4 0.0480 0.472 0.2133 0.083 0.0134 0.558
CpG5 0.0160 0.681 0.0970 0.259 0.0179 0.498
CpG6 0.1068 0.276 0.1411 0.168 0.1175 0.074
CDKN2A CpGl 0.3318 0.031 0.3243 0.027 0.2998 2.11x107°
CpG2 0.0096 0.738 0.0083 0.746 0.0051 0.712
Female=14 CpG3 0.4223 0.012 0.1863 0.108 0.2378 7.29x107°
Male=15 CpG4 0.0236 0.600 0.1137 0.219 0.0598 0.201
CpG5 0.4443 9.23x107° 0.0265 0.562 0.1442 0.042
CpG6 0.0016 0.894 0.2516 0.057 0.0479 0.254
CpG7 0.0307 0.549 0.1156 0215 0.4854 0.251

R* determination coefficient, p-value: significance probability.
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the six CpG sites, and no CpG site with a good fit was found in
either males or females (R?<0.6, Table 3). In particular,
TET2_CpGl, TET2_CpG4, and TET2_CpG5 in females and
TET2_CpG2, TET2_CpG3, and TET2_CpG5 in males had R*<0.1
and p>0.2, indicating no correlation with age. Covariance analysis
was then performed to examine the difference between sexes in
slope and intercept, and it showed a statistically significant
difference only in the intercept at TET2_CpG4 (p=4.00x10"%).
Thus, with assuming no difference between sexes, simple
regression analysis was performed on the data from 28
individuals. The fit of the regression line was poor at all CpG
sites, and no correlation was observed (R*<0.6, p>0.05). Given these,
the CpG site with the highest R* was found to be TET2_CpGé.

3.2.3 CDKN2A

One female (aged 29 years) was excluded from the analysis due
to low DNA concentration, resulting in a sample size of 14 females.
The presence of a significant correlation between the methylation
frequency and chronological age was examined by sex using simple
regression analysis for each of the seven CpG sites (Table 3), and
no CpG site with good fit was found in either males or
females (R’<0.6), as in TET2. In particular, CDKN2A_CpG2,
CDKN2A_CpG4, CDKN2A_CpG6, and CDKN2A_CpG7 in
females and CDKN2A_CpG2 and CDKN2A_CpG5 in males had
R’<0.1 and p>0.2, indicating no correlation with age. In the
covariance analysis of the regression line, no difference in slope
and intercept between sexes was observed at any CpG sites. Thus,
simple regression analysis was performed on the data from 29
individuals, and statistically significant results were obtained at
CDKN2A_CpGl, CDKN2A_CpG3, and CDKN2A_CpG5 (p<0.05).
Other CpG sites had a large variability with R*<0.5 and p>0.05,
indicating a poor fit of the regression line. The CpG site with the
best fit was CDKN2A_CpG1 (R?=0.2998, p=2.11x10">), followed by
CDKN2A_CpG3 (R=0.2378, p=7.29x10">).

10.3389/fmars.2024.1391674

3.3 Chronological age estimation models

Because the three genes showed no difference between sexes, an
age estimation model was constructed using all the individuals
irrespective of sexes. In GRIA2, among all CpG sites that had a
significant age correlation, GRIA2_CpG3 (R?=0.7307, p=1.83x10"")
and GRIA2_CpG2 (R*=0.6968, p=9.79><10_9) had the best fits of the
regression equation. Thus, these two CpG sites in GRIA2 were used
for multiple regression analysis. In TET2, since no CpG sites had a
significant age correlation, TET2_CpG6, which had the best fit
(R*=0.1175, p=0.074), was used. In CDKN2A, CDKN2A_CpGl
(R?=0.2998, p=2.11><10_3) and CDKN2A_CpG3 (R?=0.2378,
p=7.29x10"%), which had the best fit, were used.

Among the 10 models constructed, Model 1 had the lowest
MAE between the chronological age and the chronological age
estimated by the model (2.98), as well as the smallest SD (2.31,
Table 4). Model 6, with R?>=0.7325, had the next best fit. Model 1,
having the lowest AIC, was selected as the best age estimation model
with the results of LOOCV (R*=0.6398, p=2.2><1077, SD=2.8, 95%
CI=9.2) (Figure 2). Using multiple regression analysis on the CpG
sites in the three genes, the chronological age estimation model
based on the methylation frequencies of Risso’s dolphins was
expressed as follows:

y = —0.7548 + 5.6164x(GRIA2 _ CpG3) + 2.6187x(TET2 _ CpG6)

- 1.5907x(CDKN2A _ CpG3)

4 Discussion

The present study focused on the three genes that had been
previously reported to have a correlation with chronological age in
cetaceans (Polanowski et al., 2014; Beal et al., 2019). One of the
significant findings of this study is that these genes appeared to

TABLE 4 Multiple regression analysis using CpG sites at GRIA2, TET2, and CDKN2A genes to develop the best fit chronological age estimation model.

CpG site used

TET2 CDKN2A
1 CpG3 CpG6 CpG3 0.7062 3.53x1077 163.85 2.98 231
2 CpG3 CpG6 - 0.6696 3.71x1077 166.28 3.04 273
3 CpG2 CpG6 - 0.6575 5.82x1077 167.29 324 261
4 CpG2 CpG6 CpGl 0.6596 2.01x107° 167.98 312 261
5 CpG3 CpG6 CpGl 0.6570 221x107° 168.19 3.04 272
6 CpG3 - CpG3 0.7325 1.37x10° 168.41 3.19 231
7 CpG2 CpG6 CpG3 0.6483 2.97x10°° 168.90 332 246
8 CpG3 - CpGl 0.6914 8.80x10°® 17256 325 2.69
9 CpG2 - CpGl1 0.6619 2.88x1077 17521 3.62 254
10 CpG2 - CpG3 0.6513 431x107 176.13 359 270

R? determination coefficient, p-value: significance probability, AIC: Akaike information criterion, MAE: mean absolute error, SD: standard deviation, -: No CpG used.
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Known Age

Precision of the best age estimation model (model 1 in Table 4) in this study constructed using multiple CpG sites at GRIA2, TET2, and CDKN2A
genes. (A) The result of multiple regression analysis (R°=0.7062) with 95% confidence interval of regression line (pale red solid line) and 95%
prediction line (black dotted line) and (B) its validation using LOOCV analysis (R?=0.6398) with 95% confidence interval.

show different patterns on correlative age relationship in cetaceans.
In GRIA2, all CpG sites studied in this study exhibited a significant
positive correlation with chronological age regardless of whether
males and females were analyzed separately or combined. This
pattern was well consistent with the ones reported in humpback
whales (Polanowski et al., 2014), bottlenose dolphins (Beal et al.,
2019), and Antarctic minke whales (Balaenoptera bonaerensis, Goto
etal., 2020; Tanabe et al., 2020). However, CpG sites with a high age
correlation appeared to differ among species (e.g., Tanabe et al,
2020): although the GRIA2_CpG3 and GRIA2_CpG2 in Risso’s
dolphins of this study exhibited a high age correlation, different
CpG site (GRIA2_CpG8 in this study) showed the strongest age
correlation in bottlenose dolphins (Beal et al., 2019). Contrary, in
TET2, different trends in age correlation were observed depending
on species and CpG site. Most, if not all, of the CpG sites studied in
bottlenose dolphin, humpback whale, and Antarctic minke whale
have been shown to have a negative age correlation (Polanowski
et al,, 2014; Beal et al., 2019; Goto et al., 2020), while a positive age
correlation was reported in fin whale (Balaenoptera physalus)
(Garcia-Vernet et al,, 2021). In Risso’s dolphin of this study, the
slopes of the regression lines for TET2_CpG2, TET2_CpG4, and
TET2_CpGS5 differed between males and females, and only
TET2_CpG3 of both sexes combined showed a negative age
correlation. In addition to that, compared to GRIA2, the CpG
sites in TET2 showed a poor fit of the regression line with large
variability. Such a poor fit of the regression line has also been
observed in other cetaceans, with an R of approximately 0.1-0.4 in
many studies (Polanowski et al., 2014; Beal et al., 2019). As with
TET2, in CDKN2A, the CpG sites showed a relatively poor fit. A
similar trend has been reported for other cetaceans: despite a
positive correlative relationship, large variability was observed in
bottlenose dolphin, humpback whale, and Antarctic minke whale
(Polanowski et al., 2014; Beal et al., 2019; Goto et al., 2020).
Although TET2 and CDKN2A are often studied with reference to
previous reports, age estimation using these genes is considered
difficult, making their priority lower as a choice of genes for the
future age estimation analysis. This study strongly indicated that
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future studies examining age correlations should cover as many
CpG sites as possible, even when selecting genes that are known to
be age-linked from previous studies.

The present study constructed an age estimation model of Risso’s
dolphin using the CpG sites in the three genes by multiple regression
analysis, and its MAE between estimated age and known age (ie.,
chronological age assessed by GLGs in this study) was found to be
2.98 years. This estimation error is considered low given that the
chronological age estimation models of humpback whale (Humpback
Epigenetic Age Assay, HEAA; Polanowski et al., 2014) and bottlenose
dolphin (Bottlenose dolphin Epigenetic Age estimation Tool, BEAT;
Beal et al., 2019) had a mean estimation error of 3.58 years and 4.83
years, respectively. Because TET2 and CDKNZ2A did not show good
correlation with age, age estimation was also performed only with the
CpG sites in GRIA2 using simple regression analysis (y=-2.3471 +
4.8884x(GRIA2_CpG3)), and its estimation error was found to be
3.18 years, which was still smaller than those of the age estimation
models of humpback whale (Polanowski et al., 2014) and bottlenose
dolphin (Beal et al., 2019). The practical advantage of age estimation
using CpG sites of only one gene, on the one hand, lies in the relative
easiness of the analysis and age estimation. The present study, on the
other hand, showed that genes and CpG sites correlated with age
could differ among species as well. Furthermore, it has been pointed
out that the models of such age estimation are unstable due to the
possible interference with the results of neighboring CpG sites during
mapping by bismark (Gronnger et al., 2010; Beal et al., 2019). These
suggest that it is preferable to construct an age estimation model
based on the analysis of multiple genes and CpG sites whenever
possible. In recent years, another method of methylation-based age
estimation that comprehensively analyzes CpG sites on the genome
of cetaceans with microarray has been increasingly applied to
cetaceans (Barratclough et al., 2021; Bors et al., 2021; Robeck et al.,
2021; Arneson et al, 2022), and the use of such a method will
dramatically increase the number of CpG sites to be analyzed, likely
leading to highly accurate age estimation.

A previous report indicated the presence of a bias in age
estimation due to the uneven selection of samples used for
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analysis in terms of their chronological ages (Polanowski et al.,
2014). When studying species with a long lifespan, such as
cetaceans, samples of older age individuals are particularly often
scarce, leading to underestimation of the ages of older age
individuals. Considering this aspect of sample bias, the present
study made an effort to evenly select individuals aged 1 to 29 years
from available samples of Risso’s dolphin, which are said to have an
average lifespan of approximately 30 years (Hartman et al,, 2016).
This sample selection likely has contributed to the mean age
estimation error of 2.98 years in the selected model, which was
smaller compared to previously reported models. Nevertheless, the
weakness of this study may be the small sample size of 30
individuals. With regard to sample size, Mayne et al. (2021a)
reported that a sample size of at least 70 is required to construct
a DNAm-based age estimation model and a sample size of 135 is
required to construct a stable model with high reliability (Mayne
et al., 2021a). Thus, raising the methylation analyses of 45
individuals of humpback whale (Polanowski et al., 2014) and 62
individuals of Bechstein’s bat (Myotis bechsteinii) (Wright et al.,
2018) as examples, they cautioned us that the models constructed
with a sample size of less than 70 could be reasonable but unstable.
Unfortunately, even with a non-lethal-methylation-based age
estimation method, increasing sample size is a difficult task to be
accomplished in studies targeting endangered species or wild
organisms rarely encountered in their habitats, often the cases
seen in cetacean studies.

Next important issue to be discussed is that caution is needed
when interpreting the results of age estimation based on
methylation frequency, as it contains two types of errors: one in
estimating chronological ages due to the use of indirect approaches
and the other in estimating biological ages due to inter-individual
differences in methylation frequency. With regard to the error in
estimating chronological ages, the present study used the ages
indirectly assessed by GLGs of teeth as the known chronological
ages with mean absolute error of 0.41 by the single reader. It is
common in the previous cetacean studies that the chronological
ages of cetaceans have been assessed using natural markings, teeth,
earplugs, and other markers (Polanowski et al., 2014; Beal et al,
2019; Goto et al,, 2020). Ages assessed using natural markings and
the counting of GLGs of teeth and earplugs inevitably contain errors
as they are indirectly obtained. It has been pointed out that this type
of errors tends to occur at the counting stage of the age traits, such
as teeth and earplugs, due to the subjectivity as well as skill levels of
age-readers, and this tendency is more evident in the age estimation
for older age individuals (e.g., Kitakado et al., 2013). Because this
kind of human errors are difficult to be avoided, the age structure
models has taken into account such errors (e.g., Punt, 2014).
Although the chronological ages of Risso’s dolphins were
considered as reliable as the experienced scientist counted GLGs
in teeth and the mean absolute error was small, errors caused by the
age-reader need to be considered to interpret results of DNAm-
based age estimation models. In this study, age reading was
independently performed three times by the single reader because
availability of readers was limited. It would be better to have
multiple age readers in the future research to test precision and
accuracy of the age reading.
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With regard to the error in age estimation arising from inter-
individual differences in methylation frequency, it has been
reported that DNAm occurs differently due to different level of
sunlight exposure and that of stresses caused by the surrounding
environment (Gronnger et al., 2010; Crossman et al., 2021). This
suggests that if individuals of the same species with the same age
have been exposed to different environments, even the age-linked
genes exhibit inter-individual differences in methylation frequency,
and thus in estimated age. It is thought that this tendency is more
evident in older age individuals. As a matter of fact, the present
study that happened to contain samples from two females aged 10
years and two females aged 29 years demonstrated that the variation
in methylation frequency at the 11 CpG sites in GRIA2 was on
average greater between the old individuals than between the young
individuals (mean difference of 0.7% for those aged 10 years and
1.2% for those aged 29 years). Although the possibility cannot be
ruled out that individuals treated as the same age in this study could
be actually of different ages, a 1% difference in methylation
frequency results in an approximately 4.9 years difference in age
estimation from our model (model 1), which is a large error in
estimated age. The use of a large number of samples to the possible
extent at each age is expected to improve the accuracy of a DNAm-
based age estimation model. Furthermore, Goto et al. (2020)
revealed the differences in methylation frequency among the
tissue samples obtained from different body parts of Antarctic
minke whale (i.e., ventral, lateral, and dorsal side of whale body).
From the physiochemical perspective, it is of great interest to
elucidate the mechanisms behind the differences in methylation
level at the different part of the body, but from a practical
perspective, it would be more important to simply decide how
and where to take tissue samples from the body.

DNAm-based method can be a first choice for estimating ages
as an alternative to the conventional age estimation methods
because it is non-lethal once models are constructed, does not
involve errors caused by the subjectivity of age-readers, and enable
rapid age estimation. Nevertheless, studies on cetaceans have been
definitely increasing but still scarce, and the method has not yet
been put to practical use. Reasons for this include the difficulty in
obtaining sufficient number of tissue samples, and the fact that the
actual chronological ages of cetaceans in many studies are not
known. In this respect, attempts to construct a universal age
estimation model for toothed whales that can be applied to as
many species as possible are considered effective (Robeck et al.,
2021). For convenience, the use of a universal model is an option for
species from which sufficient numbers of samples or samples with
known chronological age cannot be obtained. Moreover, the use of a
universal model is practical when the accurate determination of the
age of each individual is not the primary objective, as in the case of
its application to age structure model. However, as shown in the
present study, even in the same gene, CpG sites used for an age
estimation model may differ depending on species, and thus it is
desirable to cover a large number of species to the possible extent
when constructing an unbiased universal model. For example, in
terms of the number of species covered, Robeck et al. (2021)
constructed one of the best universal models so far for toothed
whales, but it covered species mainly from the family Delphinidae,
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but only a few from the families Monodontidae and Phocoenidae,
and none from the families Physeteridae and Ziphiidae (Robeck
etal, 2021). Thus, applying a universal model to all cetaceans of the
infraorder Odontoceti may be difficult at present. It is desirable to
expand the number of species to which a universal age estimation
model can be applied. It should be stated again that the use of
species-specific age estimation models can be more reasonable for
accurate age estimation if a sufficient number of samples can be
obtained from the species.

This study showed that the age of Risso’s dolphin was able to be
successfully estimated using the DNAm-based model. For this
purpose, frequency of DNAm was analyzed through next-
generation sequencing using DNA samples extracted from skin
tissues. For the future, especially after the development of the age
estimation model, we only need a tiny amount of tissue as a sample
from each individual whale collected in a non-lethal, minimally
invasive way. In recent years, progress has been made in recent
years regarding the efforts to construct age structure models for
bottlenose dolphin, Risso’s dolphin, and short-finned pilot whale
(Globicephala macrorhynchus) caught in Japan (Kanaji et al., 2021).
Age estimation based on DNAm frequency is expected to play an
important role in the conservation and management of
these species.
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