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Abstract
Age-based demography is fundamental to management of wild fish populations. Age 
estimates for individuals can determine rates of change in key life-history parameters 
such as length, maturity, mortality and fecundity. These age-based characteristics are 
critical for population viability analysis in endangered species and for developing sus-
tainable harvest strategies. For teleost fish, age has traditionally been determined 
by counting increments formed in calcified structures such as otoliths. However, the 
collection of otoliths is lethal and therefore undesirable for threatened species. At 
a molecular level, age can be predicted by measuring DNA methylation. Here, we 
use previously identified age-associated sites of DNA methylation in zebrafish (Danio 
rerio) to develop two epigenetic clocks for three threatened freshwater fish species. 
One epigenetic clock was developed for the Australian lungfish (Neoceratodus for-
steri) and the second for the Murray cod (Maccullochella peelii) and Mary River cod 
(Maccullochella mariensis). Age estimation models were calibrated using either known-
age individuals, ages derived from otoliths or bomb radiocarbon dating of scales. We 
demonstrate a high Pearson's correlation between the chronological and predicted 
age in both the Lungfish clock (cor = .98) and Maccullochella clock (cor = .92). The me-
dian absolute error rate for both epigenetic clocks was also low (Lungfish = 0.86 years; 
Maccullochella  =  0.34  years). This study demonstrates the transferability of DNA 
methylation sites for age prediction between highly phylogenetically divergent fish 
species. Given the method is nonlethal and suited to automation, age prediction by 
DNA methylation has the potential to improve fisheries and other wildlife manage-
ment settings.
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1  |  INTRODUC TION

Information on the age structure of fish populations is valuable 
for making accurate predictions of future population growth rates 
(Berkeley et al., 2004; Caughley, 1977a; Udevitz & Ballachey, 1998). 
Age is fundamental to determine key life-history parameters such 
as age-at-length, age of reproductive maturity, age-related mortality 
and fecundity (Das, 1994; Žák & Reichard, 2021). The age of teleost 
fish has traditionally been estimated by counting growth increments 
(rings) in hard structures such as otoliths, vertebrae, fin spines and 
scales. Otoliths (ear bones) are the most common structure used 
and are considered more accurate than other metabolically active 
structures (Campana & Thorrold, 2001). However, not all teleost fish 
species exhibit otolith growth increments or other phenotypic age 
characteristics, making it more difficult to monitor the population 
dynamics for those species (Gauldie et al., 1986; Iizuka & Katayama, 
2008). The extraction of otoliths for age estimation is also a lethal 
process, making it undesirable for application to threatened or en-
dangered species. Another limitation of otoliths is the difficulty in 
ageing both the youngest and the oldest fish (Campana, 2001). The 
difficulty in ageing an otolith can also introduce reader bias, poten-
tially having an impact on any population management (Campana, 
2001). Where otoliths or other ageing methods are not applicable; 
an alternative nonlethal approach to age estimation is required to 
better manage wild populations.

The iconic and phylogenetically significant Australian lung-
fish (Neoceratodus forsteri) is an example of a threatened species 
whose age cannot be reliably estimated using otoliths (Gauldie 
et al., 1986). Australian lungfish are often referred to as living fos-
sils and belong to a group that evolved at least 380 million years 
ago, at a time when vertebrate classes were diversifying (Bailes 
et al., 2007; Brinkmann et al., 2004). Their unique evolutionary 
position, restricted natural distribution and conservation status 
warrant efforts to develop a reliable nondestructive age determi-
nation method to aid in conservation (Espinoza et al., 2019). Bomb 
radiocarbon techniques have been used previously to estimate 
age in Australian lungfish (Fallon et al., 2019). Although bomb ra-
diocarbon is an effective method to determine age, it can be ex-
pensive thus making it difficult to routinely estimate age in large 
populations. This method is expensive and may also be affected 
by environmental parameters, such as carbon isotope composition 
of the food or environment, that may confound interpretation and 
calibration in some fish species.

Ageing via otoliths has been the most reliable and common 
method utilized to date for many threatened freshwater fish, in-
cluding the vulnerable Murray cod (Maccullochella peelii) and endan-
gered Mary River cod (Maccullochella mariensis) (Couch et al., 2016; 
Espinoza et al., 2019). These two species are endemic to the Murray 
and Mary river systems of eastern Australia. They are large apex 
predators and have important cultural significance to indigenous and 
nonindigenous Australians. However, both species have declined 
significantly in range and abundance as a result of overfishing and 
water regulation (Koehn, 2004; Lintermans et al., 2005; Stewardson 

& Skinner, 2018). Using otoliths to age threatened species could be 
considered inconsistent with conservation goals and can impose 
practical limits on sample sizes and thus representativeness of age 
estimates for a population (Smart et al., 2013).

In mammals, birds and fish, epigenetic methods have been used 
to determine age (Anastasiadi & Piferrer, 2020; De Paoli-Iseppi et al., 
2019; Horvath, 2013; Mayne et al., 2020; Polanowski et al., 2014; 
Stubbs et al., 2017; Thompson et al., 2017; Wright et al., 2018). The 
most common form of DNA methylation in vertebrates is the ad-
dition of a methyl group to cytosines within cytosine-phosphate-
guanine (CpG) sites (Bird, 1993). DNA methylation for age estimation 
is measured in blood, saliva or skin as this offers a nonlethal ap-
proach (De Paoli-Iseppi et al., 2017). Historically, a limitation of using 
DNA methylation to estimate age in animals was the high cost of 
characterizing large fractions of the genome. However, short read 
sequencing has reduced costs significantly in recent years (Heather 
& Chain, 2016; Li et al., 2019).

The de novo identification of informative methylation mark-
ers for a new species typically involves a significant investment in 
DNA sequencing on known-age specimens (Mayne et al., 2020; 
Stubbs et al., 2017; Thompson et al., 2017). This results in many 
candidate markers that are informative for age, though typically a 
much smaller fraction is required to reliably age specimens. Previous 
studies have used three to 353 CpG sites for their epigenetic clocks 
(Horvath, 2013; Polanowski et al., 2014). The total number of CpG 
sites needed for epigenetic clocks is dependent upon many fac-
tors, including but not limited to, single or multitissue type, assay 
design (microarray vs. sequencing), biological variability and techni-
cal variability. An alternative, and more cost-effective approach to 
development of markers is to transfer them among taxa. In hump-
back whales (Megaptera novaeangliae) and Bechstein's bats (Myotis 
bechsteinii), age estimation models were developed using con-
served age-associated CpG sites in humans and mice (Mus musculus) 
(Polanowski et al., 2014; Wright et al., 2018). In a recent study, it has 
been found that CpG sites across 128  mammalian species can be 
predictive of age (Mammalian Methylation Consortium et al., 2021). 
This study highlights the potential to generate universal epigenetic 
clocks and the evolutionary conservation of CpG sites with ageing 
across a broad range of species. The maintenance of age-association 
in conserved CpG sites between relatively distantly related mam-
malian species suggests an underlying common mechanistic basis. 
The transfer of age-informative CpG markers has not been tested 
in other vertebrate groups, and specifically in groups such as bony 
fishes (Osteichthyes) that possess significantly greater phylogenetic 
depth than eutherian mammals. In the present study, we use age-
associated CpG sites identified in zebrafish (Danio rerio) to develop 
two age estimation models for three threatened fish species. The 
first epigenetic clock presented in this study is for the Australian 
lungfish and the second for the Murray cod and Mary River cod. 
Fin tissue was used to develop the model for each species, thereby 
making the method nonlethal. The approach provides an alternative 
to bomb radiocarbon and otolith ageing and is well suited to use on 
threatened and exploited species.
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2  |  MATERIAL S AND METHODS

2.1  |  Animal ethics and tissue collection

Australian lungfish samples were collected from the Brisbane, Burnett 
and Mary rivers in southeast Queensland, Australia. Collection of 
fin tissue was approved under General Fisheries Permits 174232 
and 140615 and approved by Australian Ethics Committee protocol 
numbers CA2011/10/551 and ENV/17/14/AEC. A mix of Australian 
lungfish samples of known age and age determined by bomb radio-
carbon dating were used in this study (Table 1) (Fallon et al., 2015; 
James et al., 2010). The known-age Australian lungfish samples were 
used from previous research projects and mortalities of captive-
raised and Convention on International Trade in Endangered Species 
(CITES)-registered fish including public aquarium and private aquar-
ium collections (Fallon et al., 2019).

Collection of fin tissue from known-age Mary River cod was 
approved under General Fisheries Permit 94765 and Animal Ethics 
Permit CA 2008/03/253 from wild and captive raised fish. Murray 
cod otoliths and fin tissue were collected from multiple rivers along 
the Queensland and New South Wales border within the Border 
Rivers region of the Northern Murray–Darling Basin. Collection of 
fin tissue was approved by CA 2019/04/1276 and otoliths under 
NSW Animal Research Authority 10/04. Otolith ageing of Murray 
cod was conducted using a previous validated method (Gooley, 
1992). Table 1 lists the total number and age ranges used for both 
Murray cod and Mary River cod.

2.2  |  DNA extraction and bisulphite treatment

DNA was extracted using the DNeasy Blood & Tissue Kit (Qiagen) 
according to the manufacturer's protocol. DNA quality was as-
sessed using the 260/280 ratio with ratios of ~1.8 considered 
being pure DNA (Qiaxpert; Qiagen). Bisulphite treatment was 
performed as described previously with 150 ng of extracted DNA 
(Clark et al., 2006).

2.3  |  Primer design

For both models, primers were designed by targeting CpG sites 
with methylation levels that are both known to significantly cor-
relate with age in zebrafish and conserved between zebrafish 

and our target species. Previously, 1,311 CpG sites were found to 
have methylation levels that significantly correlate with age in ze-
brafish (Pearson correlation, p < .05, Table S1) (Mayne et al., 2020). 
These sites were identified as being age-associated by generating 
a reduced representation bisulphite sequencing (RRBS) data set of 
caudal fin tissue from known-age zebrafish. In this study, we de-
velop specific epigenetic clocks for the Australian lungfish and the 
Mary River cod and Murray cod as opposed to a universal clock, 
demonstrated in mammals (Mammalian Methylation Consortium 
et al., 2021). The rationale for this is that we were unable to identify 
conserved age-associated CpG sites across the three fish species 
through genome pairwise alignments. There was no conservation 
of CpG sites in the two epigenetic clocks presented in this study. 
The conservation of CpG sites was only between zebrafish and the 
species of interest.

At the time this study was conducted a reference genome for 
the Australian lungfish was unavailable. We therefore used publicly 
available RNA-sequencing (RNA-seq) data (BioProject accession 
ID: PRJNA282925) as a substitute for genomic data (Biscotti et al., 
2016). hisat2 version 2.1.0 with default parameters was used to align 
the RNA-seq data to the zebrafish reference genome (danRer10, 
Illumina iGenomes) (Kim et al., 2015). RNA-seq alignments that over-
lapped with age-associated CpG sites identified by bedtools version 
2.25.0 were targeted for primer design (Table S2).

The Mary River cod and Murray cod have a median divergence 
time of 1.09 million years ago (Ma) (Nock et al., 2010). Due to the 
low evolutionary divergence time between the species and the 
Murray cod being the only one with a reference genome, the prim-
ers were designed using the Murray cod genome (GCA002120245.1 
mcod version 1, https://www.ncbi.nlm.nih.gov/genom​e/24609) but 
were also used on the Mary River cod (Austin et al., 2017). CpG 
sites conserved between the zebrafish and Murray cod genomes 
were identified with lastz version 1.04.00 with the following con-
ditions: [multiple]–notransition–step = 20–nogapped (Harris, 2007). 
Conserved DNA sequences between the two genomes with meth-
ylation age-associated CpG sites were targeted for primer design 
(Table S3).

2.4  |  Singleplex and multiplex PCR

Primer pairs were designed using primersuite and for one PCR pool 
(Lu et al., 2017). The ligating sequence for the primers is repre-
sented as lower-case bases in Tables S2 and S3. Primers were tested 

TA B L E  1  Total number of samples and age ranges used for Australian lungfish (Neoceratodus forsteri), Mary River cod (Maccullochella 
mariensis) and Murray Cod (Maccullochella peelii)

Species Total samples Age range (years)

Australian lungfish (Neoceratodus forsteri) 141 (102 bomb radiocarbon age and 39 known age) bomb radiocarbon age: 2–77
known age: 0.1–14

Mary River cod (Maccullochella mariensis) 37 (37 known age) 0.5–2.88

Murray cod (Maccullochella peelii) 33 (33 otolith age) 1.1–12.1

https://www.ncbi.nlm.nih.gov/genome/24609
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individually using the GoTaq Hot Start Polymerase (Promega) as rec-
ommended in the manufacturer's cycling conditions. Primer pairs 
that produced one product at the predicted size were used together 
as a multiplex PCR (Australian lungfish: 13 primer pairs successful; 
Murray and Mary River cod: 26 primer pairs successful). The final 
multiplex PCR details are provided in Table S4. The multiplex PCR 
cycling conditions were: 94°C, 5 min; 12 cycles (94°C, 20 s; 60°C, 
60 s); 16 cycles (94°C, 20 s; 65°C, 90 s); 65°C, 3 min; 4°C hold. Gel 
electrophoresis with sodium borate buffer using a 1.5% agarose gel 
was used to visualize PCR products.

2.5  |  Barcoding and sequencing

Barcoding of samples occurred with oligonucleotides with attached 
MiSeq adaptors (Fluidigm, 100–4876). The reaction details are pro-
vided in Table S5. The cycling conditions for barcoding were: 94°C, 
5 min; 12 cycles (97°C, 15 s; 45°C, 30 s; 72°C 2 min); 72°C, 2 min; 
4°C hold. Barcoding was performed using an Eppendorf ProS 96. The 
Illumina MiSeq Reagent Kit version 2 (300 cycles; PN MS-102–2002) 
was used for 150-bp paired-end sequencing.

2.6  |  Data analysis and age estimation

seqkit version 1.2 was used to hard clip the reads by 15 bp at both 
5′ and 3′ ends to remove adaptor sequences (Shen et al., 2016). 
Reads were aligned to a reduced representation of a genome of 
each species’ closest relative. Here the genome was partitioned 
into only sequences that contained the age-associated CpG sites, 
thereby reducing computational time. Lungfish reads were aligned 
to the zebrafish genome. The sequencing captured 31 CpG sites 
in the Australian lungfish. Both the Murray cod and Mary River 
cod were aligned to the Murray cod genome (GCA002120245.1 
mcod version 1) and captured 26 CpG sites. bismark version 
0.20.0 was used to align reads with the following parameters: 
--bowtie2-N1-L15–bam-p2–score L, −0.6, −0.6 –non_directional. 
Methylation calling was performed using the bismark_methylation_
extractor function with default parameters (Krueger & Andrews, 
2011).

For each model, 70% of the samples were randomly assigned 
to a training data set and the remainder into a testing data set sim-
ilar to the approach of previous studies (Horvath, 2013; Mayne 
et al., 2020; Stubbs et al., 2017; Thompson et al., 2017). The ad-
vantage of the 70/30 split is that it sets aside data to test for 
overfitting. This is ideal in models that may have future applica-
tion. Age in years was natural log-transformed and an elastic net 
regression model was applied to the training data sets. Age was 
regressed over the methylation of each CpG site that was cap-
tured during sequencing. The glmnet function used for the elastic 
net regression model was set to a 10-fold cross-validation with 
an α-parameter = 0 (Friedman et al., 2010). The α-parameter was 

set to 0 as this forces all sites to be used in the model, as opposed 
to other studies where it is set to 0.5 to identify the minimum 
number of sites required (Horvath, 2013; Mayne et al., 2020; 
Stubbs et al., 2017; Thompson et al., 2017). This is because in 
this study, unlike previous studies that have captured thousands 
of CpG sites, we only had a limited number available (Horvath, 
2013; Mayne et al., 2020; Stubbs et al., 2017; Thompson et al., 
2017). Ideally, assessing a higher number of CpG sites may cap-
ture better predictors of age. However, in this study we aimed to 
transfer known-age associated CpG sites between species to pre-
vent the need to perform expensive genome-wide sequencing. 
A one-way analysis of variance (ANOVA) was used to test if the 
absolute error rate was higher with samples from known-age or 
bomb radiocarbon age. All analyses were performed in R version 
3.5.1 (Team, 2006).

3  |  RESULTS

3.1  |  Generating age estimation models

In total, 11.1 million reads were generated for the 211 sequenced 
samples. An average of 41,635 reads per sample were aligned to 
the respective reference genome with an average alignment rate of 
97.5%. For the Australian lungfish, 31 CpG sites were used to cali-
brate the age estimator model and will be referred to as the Lungfish 
clock (Table S6). For the Murray and Mary River cod 26 CpG sites 
were used to calibrate the model and will be referred to as the 
Maccullochella clock (Table S7).

3.2  |  Lungfish clock

For the Lungfish clock we found a high correlation between the 
chronological age and the predicted age in both the training 
(Pearson correlation =  .98, p < 2.20 × 10−16) and the testing data 
set (Pearson correlation =  .98, p < 2.20 × 10−16; Figure 1a,b). The 
median absolute error (MAE) in the testing data set was 0.86 years 
(Figure 1c). No significant difference in MAE was found between 
the training and testing data sets (p =  .67, t test, two-tailed). The 
similar correlation in chronological and predicted age and no signifi-
cant difference in MAE suggests a lack of overfitting in the model. 
A higher performance of the model was observed at younger ages 
(Table 2). The Pearson correlation between the chronological and 
predicted age decreased and the MAE and relative error increased 
with age. We also tested if the epigenetic clock performed better 
with samples of known age or bomb radiocarbon age. Chronological 
age was used as a blocking factor as most younger ages were of 
known age (Table 1). We found no significant difference between 
the error rate of samples from known or bomb radiocarbon age for 
both the training (p = .413, one-way ANOVA) and the testing data 
set (p = .803).
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3.3  |  Maccullochella clock

We found a high correlation between the chronological and pre-
dicted age in both the training (Pearson correlation = .92, p < 2.20 × 
10−16) and the testing data set (Pearson correlation = .92, p-value = 
5.97 × 10−13) (Figure 2a,b). A low MAE of 0.34 years was observed 
in the testing data with no significant difference in the training 
data set (p = .53, t test, two-tailed; Figure 2c). As described for the 
lungfish, the similar correlation values and low MAE in the training 
and testing data sets suggests a lack of overfitting by the model.

To test if the model was performing better on either the Murray 
cod or Mary River cod, a one-way ANOVA was used with chrono-
logical age as a blocking factor. A blocking factor was used to re-
duce bias between the age of samples as all samples above 2.9 years 
were Murray cod. No difference was found between the species in 

both the training (p =  .139, one-way ANOVA) and the testing data 
set (p  =  .185). This suggests the model performance is not biased 
towards one species. Likewise, as in the Lungfish clock, we found the 
performance of the Maccullochella clock to be highest with younger 
individuals (Table 2).

4  |  DISCUSSION

We have developed two epigenetic clocks for three threatened fish 
species. These epigenetic clocks can be applied nonlethally using 
fin clips taken from fish. Our approach transferred age-associated 
CpG sites characterized previously in a model species, the zebrafish, 
to deeply phylogenetically divergent fish taxa (Mayne et al., 2020). 
Despite an evolutionary divergent time of up to 433 Ma, we dem-
onstrate highly accurate and precise epigenetic clocks for our target 
species (Kumar et al., 2017).

The use of epigenetic clocks in wildlife management has many 
advantages. First, epigenetic clocks are relatively inexpensive when 
analysing large sample numbers, compared to techniques such as 
bomb radiocarbon. In terms of sequencing alone, when running with 
384 samples per Illumina MiSeq run the cost was approximately $5 
(AUD) in reagent costs. Second, epigenetic clocks are nonlethal, un-
like otolith reading. Third, epigenetic clocks are not hindered by a 
manual reader or rely on differentiating ever declining concentra-
tions of atmospheric radiocarbon. In otolith age estimation, a reader 
bias may be difficult to estimate but even small errors may have 
an impact on the overall management of a population (Campana, 
2001; Moen et al., 2018). The determination of catch and size limits 
in fisheries management is dependent upon nonbiased age struc-
ture (Brunel & Piet, 2013). It is therefore critical to have an accurate 
and precise method for age determination. By being both inexpen-
sive and nonlethal, epigenetic clocks have potential to be of sig-
nificant value in the field of fisheries management. For example, 

F I G U R E  1  Age estimation by DNA methylation in the Australian Lungfish. Correlation plots between the chronological and predicted 
age in the (a) training data set (Pearson correlation = 0.98, p-value < 2.20 × 10−16) and (b) testing data set (Pearson correlation = 0.98, p-value 
< 2.20 × 10−16). (c) Boxplots show the absolute error rate in age estimation in both the training and testing data sets

Training data, cor = 0.98, p-value < 2.20 x 10-16 Testing data, cor = 0.98, p-value < 2.20 x 10-16
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TA B L E  2  Performance of the Lungfish and Maccullochella 
epigenetic clocks at increasing age intervals in the testing data set

Age range Correlation
Median absolute 
error (years)

Median relative 
error (%)

Lungfish clock

≤20 .99 0.16 8.44

21–40 .85 2.65 7.82

41–60 .71 6.90 12.52

>60 .60 6.09 9.30

Maccullochella clock

≤5 .98 0.35 9.16

6–10 .25 1.99 28.10

>10 .08 2.86 24.04

Note: The absolute and relative error rates for each age range is 
reported as the average (median). Relative error was calculated by 
dividing the absolute error by the chronological age and is expressed as 
a percentage.
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in threatened species it may be impossible to determine an age 
structure of a population. Without an age structure, the population 
growth, risk of extinction and other population dynamics cannot be 
accurately defined (Caughley, 1977b).

As was found in this study, epigenetic clocks that have been cal-
ibrated on one species have been shown to predict age accurately 
in closely related species. For example, the human epigenetic clock 
transferred to chimpanzees (Pan troglodytes), with a median evolu-
tionary distance of 6.4 Ma (Horvath, 2013; Kumar et al., 2017). The 
advantage of developing the Maccullochella clock with two species is 
the potential use of age estimation for other members of the genus 
Maccullochella. The time separating the last common ancestor for 
the Maccullochella genus ranges between 4.35 and 9.99 Ma (Nock 
et al., 2010). The genus Maccullochella comprises four species: 
Murray cod, Mary River cod, eastern freshwater cod (Maccullochella 
ikei) and trout cod (Maccullochella macquariensis) (Nock et al., 2010). 
The Maccullochella clock has the potential to be used to estimate 
the ages of eastern freshwater cod and the trout cod despite the 
model not being calibrated with either species. However, whilst it is 
most probably applicable to these other two species and potentially 
others, we recommend that samples with known ages should be 
tested prior to using the Maccullochella clock for any other species 
applications.

One of the challenges to using DNA methylation as a predictive 
measure of age is the necessity of training the model using a large 
data set. The Australian lungfish data set consisted of 102 bomb 
radiocarbon samples and 39 known-age samples up to 77  years 
of age. Therefore, a degree of caution should be taken with using 
the model on long-lived lungfish as the model was only trained 
with ages up to 77  years. A similar approach should be taken for 
the Maccullochella clock. The Maccullochella clock was trained with 
a mix of known and estimated ages up to 12.1 years, but Murray cod 
have been reported as old as 48 years (Anderson et al., 1992). One 
of the challenges with using DNA methylation as a predictor of age 
is the decrease in accuracy with higher ages. As shown in Table 2, 

the performance of both models decreases with increasing age. The 
model could potentially be improved in future research when older 
known-age individuals become available. Better prediction of age 
among younger individuals has been observed in previous epigen-
etic clocks (Shireby et al., 2020). Biological ageing may influence 
epigenetic clocks at older ages, lowering the predictive power for 
chronological age of the model (Bell et al., 2019). Another option 
would be to log-transform only younger individuals in the model cal-
ibration, similar to an approach used previously with the human epi-
genetic clock (Horvath, 2013). This can improve the performance of 
age estimation in older individuals. In the specific case of this study, 
determining a cut-off to log-transform the young ages is not simple 
as the age gap increases with age. This may result in an over correc-
tion or bias in the model. However, for a data set with a uniform dis-
tribution of ages, log-transformation of younger ages may improve 
the accuracy of estimates. Ideally, both models would benefit from 
a larger sample size of known-age fish. However, many ecological 
studies have to work with what is available and the data sets used in 
this study are the largest epigenetic clocks developed to date in wild 
animals (Anastasiadi & Piferrer, 2020; De Paoli-Iseppi et al., 2017). 
DNA methylation ageing provides additional opportunities for ongo-
ing age verification of species with limited population size, through 
mark–recapture and tissue sampling to expand the age range of the 
model, and to verify known ages as the marked fish age. This is not 
possible with destructive ageing techniques.

One of the major challenges in developing epigenetic clocks is 
the choice of CpG sites. Studies take either a genome-wide approach 
or a targeted approach for CpG selection. This study has taken sites 
from a previous genome-wide study in zebrafish and then used evo-
lutionary conserved sites between species (Mayne et al., 2020). An 
epigenetic clock in European seabass (Dicentrarchus labrax) used a 
targeted approach for CpG site selection (Anastasiadi & Piferrer, 
2020). Although multiple methods to develop epigenetic clocks for 
fish have been demonstrated here and, in the literature, this study 
shows the potential to transfer sites between distantly related 

F I G U R E  2  Age estimation by DNA methylation in the Murray cod and Mary River cod. Correlation plots between the chronological and 
predicted age in the (a) training data set (Pearson correlation < 0.92, p-value < 2.20 × 10−16) and (b) testing data set (Pearson correlation = 
0.92, p-value = 5.97 × 10−13). (c) Boxplots show the absolute error rate
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species. The rapid transfer of age-associated sites to develop new 
epigenetic clocks has the potential to improve the wildlife manage-
ment for a broader range of fish species.

We demonstrate here the utility of epigenetic clocks to nonle-
thally and accurately predict age in closely and divergent related 
fish species. Epigenetic clocks can provide a new and significantly 
improved method for characterizing the age structure of potentially 
numerous commercial, recreational and conservation significant 
species. This demonstration of using age-associated sites between 
species that are separated by up to 433 million years provides confi-
dence that the methodology can be applied across a broad range of 
fish species. Epigenetic clocks have the potential to greatly advance 
fisheries management and allow the ageing of species formerly sen-
sitive for large-scale lethal sampling to provide representative pop-
ulation age structures.

ACKNOWLEDG EMENTS
This project was funded by the CSIRO Environomics Future 
Science Platform and was supported by the North West Shelf 
Flatback Turtle Conservation Program. We would like to thank 
Jessica Farley and Oliver Berry for their suggestions towards our 
manuscript. We would also like to thank the Australian Research 
Council project (LP130100118) team including Mark Kennard, 
Stewart Fallon, Sharon Marshall, Andrew McDougall, Peter Kind, 
Jane Hughes, Dan Schmidt and Nick Bond for approving provision 
of samples.

CONFLIC T OF INTERE S T
The authors have no conflicts of interest to declare.

AUTHOR CONTRIBUTIONS
BM performed all laboratory work, bioinformatic analysis, per-
formed the machine learning analysis to generate each age estima-
tion model and wrote the manuscript. TM, DR, GB, and SB collected 
the fin clips from the fish used in the study and provided discus-
sion, intellectual input into the manuscript. DK designed the primers 
for the multiplex PCR and was involved in the study design. SJ was 
involved in the study design, provided discussion, and intellectual 
input into the manuscript. All authors read and approved the final 
version of the manuscript.

DATA AVAIL ABILIT Y S TATEMENT
Multiplex PCR followed by sequencing data are publicly available at 
https://data.csiro.au/colle​ction​s/colle​ction/​CIcsi​ro:49713v1.

ORCID
Benjamin Mayne   https://orcid.org/0000-0002-6750-8832 

R E FE R E N C E S
Anastasiadi, D., & Piferrer, F. (2020). A clockwork fish: Age prediction 

using DNA methylation-based biomarkers in the European sea-
bass. Molecular Ecology Resources, 20(2), 387–397. https://doi.
org/10.1111/1755-0998.13111

Anderson, J., Morison, A., & Ray, D. (1992). Age and growth of Murray 
cod, Maccullochella peelii (Perciformes: Percichthyidae), in the 
lower Murray-Darling Basin, Australia, from thin-sectioned oto-
liths. Marine and Freshwater Research, 43(5), 983–1013. https://doi.
org/10.1071/MF992​0983

Austin, C. M., Tan, M. H., Harrisson, K. A., Lee, Y. P., Croft, L. J., Sunnucks, 
P., Pavlova, A., & Gan, H. M. (2017). De novo genome assembly and 
annotation of Australia's largest freshwater fish, the Murray cod 
(Maccullochella peelii), from Illumina and Nanopore sequencing 
read. GigaScience, 6(8), 1–6. https://doi.org/10.1093/gigas​cienc​e/
gix063

Bailes, H. J., Davies, W. L., Trezise, A. E. O., & Collin, S. P. (2007). 
Visual pigments in a living fossil, the Australian lungfish 
Neoceratodus forsteri. BMC Evolutionary Biology, 7, 200. https://
doi.org/10.1186/1471-2148-7-200

Bell, C. G., Lowe, R., Adams, P. D., Baccarelli, A. A., Beck, S., Bell, J. T., 
Christensen, B. C., Gladyshev, V. N., Heijmans, B. T., Horvath, S., 
Ideker, T., Issa, J.-P., Kelsey, K. T., Marioni, R. E., Reik, W., Relton, 
C. L., Schalkwyk, L. C., Teschendorff, A. E., Wagner, W., … Rakyan, 
V. K. (2019). DNA methylation aging clocks: challenges and recom-
mendations. Genome Biology, 20(1), 249. https://doi.org/10.1186/
s1305​9-019-1824-y

Berkeley, S. A., Hixon, M. A., Larson, R. J., & Love, M. S. (2004). Fisheries 
sustainability via protection of age structure and spatial distribu-
tion of fish populations. Fisheries, 29(8), 23–32.

Bird, A. P. (1993). Functions for DNA methylation in vertebrates. Cold 
Spring Harbor Symposia on Quantitative Biology, 58, 281–285. 
https://doi.org/10.1101/sqb.1993.058.01.033

Biscotti, M. A., Gerdol, M., Canapa, A., Forconi, M., Olmo, E., Pallavicini, 
A., Barucca, M., & Schartl, M. (2016). The Lungfish transcriptome: A 
glimpse into molecular evolution events at the transition from water 
to land. Scientific Reports, 6(1), 21571. https://doi.org/10.1038/
srep2​1571

Brinkmann, H., Denk, A., Zitzler, J., Joss, J. J., & Meyer, A. (2004). 
Complete mitochondrial genome sequences of the South American 
and the Australian lungfish: testing of the phylogenetic perfor-
mance of mitochondrial data sets for phylogenetic problems in tet-
rapod relationships. Journal of Molecular Evolution, 59(6), 834–848. 
https://doi.org/10.1007/s0023​9-004-0122-8

Brunel, T., & Piet, G. J. (2013). Is age structure a relevant criterion for 
the health of fish stocks? ICES Journal of Marine Science, 70(2), 270–
283. https://doi.org/10.1093/icesj​ms/fss184

Campana, S. (2001). Accuracy, precision and quality control in age de-
termination, including a review of the use and abuse of age vali-
dation methods. Journal of Fish Biology, 59(2), 197–242. https://doi.
org/10.1111/j.1095-8649.2001.tb001​27.x

Campana, S., & Thorrold, S. (2001). Otoliths, increments, and elements: 
Keys to a comprehensive understanding of fish populations? 
Canadian Journal of Fisheries and Aquatic Sciences, 58, 30–38. 
https://doi.org/10.1139/cjfas​-58-1-30

Caughley, G. (1977a). Analysis of vertebrate populations. In (pp. 234). 
Wiley.

Caughley, G. (1977b). Analysis of vertebrate populations. Wiley.
Clark, S. J., Statham, A., Stirzaker, C., Molloy, P. L., & Frommer, M. 

(2006). DNA methylation: bisulphite modification and analy-
sis. Nature Protocols, 1(5), 2353–2364. https://doi.org/10.1038/
nprot.2006.324

Couch, A. J., Unmack, P. J., Dyer, F. J., & Lintermans, M. (2016). Who's 
your mama? Riverine hybridisation of threatened freshwater Trout 
Cod and Murray Cod. PeerJ, 4, e2593. https://doi.org/10.7717/
peerj.2593

Das, M. (1994). Age determination and longevity in fishes. Gerontology, 
40(2–4), 70–96. https://doi.org/10.1159/00021​3580

De Paoli-Iseppi, R., Deagle, B. E., McMahon, C. R., Hindell, M. A., 
Dickinson, J. L., & Jarman, S. N. (2017). Measuring animal age 

https://data.csiro.au/collections/collection/CIcsiro:49713v1
https://orcid.org/0000-0002-6750-8832
https://orcid.org/0000-0002-6750-8832
https://doi.org/10.1111/1755-0998.13111
https://doi.org/10.1111/1755-0998.13111
https://doi.org/10.1071/MF9920983
https://doi.org/10.1071/MF9920983
https://doi.org/10.1093/gigascience/gix063
https://doi.org/10.1093/gigascience/gix063
https://doi.org/10.1186/1471-2148-7-200
https://doi.org/10.1186/1471-2148-7-200
https://doi.org/10.1186/s13059-019-1824-y
https://doi.org/10.1186/s13059-019-1824-y
https://doi.org/10.1101/sqb.1993.058.01.033
https://doi.org/10.1038/srep21571
https://doi.org/10.1038/srep21571
https://doi.org/10.1007/s00239-004-0122-8
https://doi.org/10.1093/icesjms/fss184
https://doi.org/10.1111/j.1095-8649.2001.tb00127.x
https://doi.org/10.1111/j.1095-8649.2001.tb00127.x
https://doi.org/10.1139/cjfas-58-1-30
https://doi.org/10.1038/nprot.2006.324
https://doi.org/10.1038/nprot.2006.324
https://doi.org/10.7717/peerj.2593
https://doi.org/10.7717/peerj.2593
https://doi.org/10.1159/000213580


8  |    MAYNE et al.

with DNA methylation: From humans to wild animals. Frontiers in 
Genetics, 8(106), 106. https://doi.org/10.3389/fgene.2017.00106

De Paoli-Iseppi, R., Deagle, B. E., Polanowski, A. M., McMahon, C. R., 
Dickinson, J. L., Hindell, M. A., & Jarman, S. N. (2019). Age esti-
mation in a long-lived seabird (Ardenna tenuirostris) using DNA 
methylation-based biomarkers. Molecular Ecology Resources, 19(2), 
411–425. https://doi.org/10.1111/1755-0998.12981

Espinoza, T., Brooks, S., Butler, G., & Kennard, M. (2019). Maccullochella 
mariensis. The IUCN Red List of Threatened Species 2019: 
e.T122906177A123382286

Espinoza, T., Brooks, S., Kennard, M., Arthington, A., & Roberts, D. 
(2019). Neoceratodus forsteri. The IUCN Red List of Threatened 
Species 2019: e.T122899816A123382021

Fallon, S., McDougall, A., Espinoza, T., Roberts, D. T., Brooks, S., & 
Kind, P. (2015). Updated methods to age the Australian lungfish: 
Reply to Kemp (2015). Radiocarbon, 57(1), 195–196. https://doi.
org/10.2458/azu_rc.57.18199

Fallon, S. J., McDougall, A. J., Espinoza, T., Roberts, D. T., Brooks, S., 
Kind, P. K., Kennard, M. J., Bond, N., Marshall, S. M., Schmidt, 
D., & Hughes, J. (2019). Age structure of the Australian lungfish 
(Neoceratodus forsteri). PLoS One, 14(1), e0210168. https://doi.
org/10.1371/journ​al.pone.0210168

Friedman, J., Hastie, T., & Tibshirani, R. (2010). Regularization paths 
for generalized linear models via coordinate descent. Journal of 
Statistical Software, 33(1), 1–22. https://doi.org/10.18637/​jss.v033.
i01

Gauldie, R. W., Dunlop, D., & Tse, J. (1986). The remarkable lungfish oto-
lith. New Zealand Journal of Marine and Freshwater Research, 20(1), 
81–92. https://doi.org/10.1080/00288​330.1986.9516132

Gooley, G. (1992). Validation of the use of Otoliths to determine the 
ate and growth of Murray Cod, Maccullochella peelii (Mitchell) 
(Percichthyidae), in Lake Charlegrark, Western Victoria. Marine and 
Freshwater Research, 43(5), 1091–1102. https://doi.org/10.1071/
MF992​1091

Harris, R. S. (2007). Improved pairwise Alignmnet of genomic DNA. 
Pennsylvania State University.

Heather, J. M., & Chain, B. (2016). The sequence of sequencers: The 
history of sequencing DNA. Genomics, 107(1), 1–8. https://doi.
org/10.1016/j.ygeno.2015.11.003

Horvath, S. (2013). DNA methylation age of human tissues and cell 
types. Genome Biology, 14(10), R115. https://doi.org/10.1186/
gb-2013-14-10-r115

Iizuka, K., & Katayama, S. (2008). Otolith morphology of teleost fishes 
of Japan. Bulletin of Fisheries Research Agency (Japan), 1(25), 1–22.

James, K. M., Fallon, S. J., McDougall, A., Espinoza, T., & Broadfoot, C. 
(2010). Assessing the potential for radiocarbon dating the scales 
of Australian lungfish (Neoceratodus forsteri). Radiocarbon, 52(3), 
1084–1089.

Kim, D., Langmead, B., & Salzberg, S. L. (2015). HISAT: a fast spliced 
aligner with low memory requirements. Nature Methods, 12(4), 
357–360. https://doi.org/10.1038/nmeth.3317

Koehn, J. D. (2004). The loss of valuable Murray cod in fish kills: a sci-
ence and management perspective. Management of Murray Cod 
in the Murray–Darling Basin. Statement, Recommendations and 
Supporting Papers, 3–4.

Krueger, F., & Andrews, S. R. (2011). Bismark: a flexible aligner and 
methylation caller for Bisulfite-Seq applications. Bioinformatics, 
27(11), 1571–1572. https://doi.org/10.1093/bioin​forma​tics/
btr167

Kumar, S., Stecher, G., Suleski, M., & Hedges, S. B. (2017). TimeTree: A re-
source for Timelines, Timetrees, and Divergence Times. Molecular 
Biology and Evolution, 34(7), 1812–1819. https://doi.org/10.1093/
molbe​v/msx116

Li, H., Wu, K., Ruan, C., Pan, J., Wang, Y., & Long, H. (2019). Cost-
reduction strategies in massive genomics experiments. Marine Life 

Science & Technology, 1(1), 15–21. https://doi.org/10.1007/s4299​
5-019-00013​-2

Lintermans, M., Rowland, S., Koehn, J., Butler, G., Simpson, B., & Wooden, 
I. (2005). The status, threats and management of freshwater cod spe-
cies Maccullochella spp. in Australia. Management of Murray Cod 
in the Murray-Darling Basin: Statement, Recommendations and 
Supporting Papers, 15–29.

Mammalian Methylation Consortium, Lu, A., Fei, Z., Haghani, A., Robeck, 
T. R., Zoller, J. A., Li, C. Z., Zhang, J., Ablaeva, J., Adams, D., Almunia, 
J., Ardehali, R., Arneson, A., Baker, S., Belov, K., Black, P., Blumstein, 
D., Bors, E., … Horvath, S. (2021). Universal DNA methylation 
age across mammalian tissues. bioRxiv, 2021.2001.2018.426733. 
https://doi.org/10.1101/2021.01.18.426733

Lu, J., Johnston, A., Berichon, P., Ru, K.-L., Korbie, D., & Trau, M. (2017). 
PrimerSuite: a high-throughput web-based primer design program 
for multiplex bisulfite PCR. Scientific Reports, 7(1), 1–12. https://doi.
org/10.1038/srep4​1328

Mayne, B., Korbie, D., Kenchington, L., Ezzy, B., Berry, O., & Jarman, 
S. (2020). A DNA methylation age predictor for zebrafish. Aging, 
12(24), 24817–24835. https://doi.org/10.18632/​aging.202400

Moen, E., Handegard, N. O., Allken, V., Albert, O. T., Harbitz, A., & Malde, 
K. (2018). Automatic interpretation of otoliths using deep learn-
ing. PLoS One, 13(12), e0204713. https://doi.org/10.1371/journ​
al.pone.0204713

Nock, C. J., Elphinstone, M. S., Rowland, S. J., & Baverstock, P. R. (2010). 
Phylogenetics and revised taxonomy of the Australian freshwater 
cod genus, Maccullochella (Percichthyidae). Marine and Freshwater 
Research, 61(9), 980–991. https://doi.org/10.1071/MF09145

Polanowski, A. M., Robbins, J., Chandler, D., & Jarman, S. N. 
(2014). Epigenetic estimation of age in humpback whales. 
Molecular Ecology Resources, 14(5), 976–987. https://doi.
org/10.1111/1755-0998.12247

Shen, W., Le, S., Li, Y., & Hu, F. (2016). SeqKit: A cross-platform and ul-
trafast toolkit for FASTA/Q file manipulation. PLoS One, 11(10), 
e0163962. https://doi.org/10.1371/journ​al.pone.0163962

Shireby, G. L., Davies, J. P., Francis, P. T., Burrage, J., Walker, E. M., 
Neilson, G. W. A., Dahir, A., Thomas, A. J., Love, S., Smith, R. G., 
Lunnon, K., Kumari, M., Schalkwyk, L. C., Morgan, K., Brookes, K., 
Hannon, E., & Mill, J. (2020). Recalibrating the epigenetic clock: im-
plications for assessing biological age in the human cortex. Brain, 
143(12), 3763–3775. https://doi.org/10.1093/brain/​awaa334

Smart, J. J., Harry, A. V., Tobin, A. J., & Simpfendorfer, C. A. (2013). 
Overcoming the constraints of low sample sizes to produce age and 
growth data for rare or threatened sharks. Aquatic Conservation: 
Marine and Freshwater Ecosystems, 23(1), 124–134. https://doi.
org/10.1002/aqc.2274

Stewardson, M. J., & Skinner, D. (2018). Evaluating use of environ-
mental flows to aerate streams by modelling the counterfactual 
case. Environmental Management, 61(3), 390–397. https://doi.
org/10.1007/s0026​7-017-0955-8

Stubbs, T. M., Bonder, M. J., Stark, A. K., Krueger, F., von Meyenn, F., 
Stegle, O., & Reik, W. (2017). Multi-tissue DNA methylation 
age predictor in mouse. Genome Biology, 18(1), 68. https://doi.
org/10.1186/s1305​9-017-1203-5

Team, R. (2006). A language and environment for statistical computing. 
Computing, 1.

Thompson, M. J., vonHoldt, B., Horvath, S., & Pellegrini, M. (2017). An 
epigenetic aging clock for dogs and wolves. Aging, 9(3), 1055–1068. 
https://doi.org/10.18632/​aging.101211

Udevitz, M. S., & Ballachey, B. E. (1998). Estimating survival rates with 
age-structure data. The Journal of Wildlife Management, 62(2), 779–
792. https://doi.org/10.2307/3802355

Wright, P. G. R., Mathews, F., Schofield, H., Morris, C., Burrage, J., 
Smith, A., Dempster, E. L., & Hamilton, P. B. (2018). Application 
of a novel molecular method to age free-living wild Bechstein's 

https://doi.org/10.3389/fgene.2017.00106
https://doi.org/10.1111/1755-0998.12981
https://doi.org/10.2458/azu_rc.57.18199
https://doi.org/10.2458/azu_rc.57.18199
https://doi.org/10.1371/journal.pone.0210168
https://doi.org/10.1371/journal.pone.0210168
https://doi.org/10.18637/jss.v033.i01
https://doi.org/10.18637/jss.v033.i01
https://doi.org/10.1080/00288330.1986.9516132
https://doi.org/10.1071/MF9921091
https://doi.org/10.1071/MF9921091
https://doi.org/10.1016/j.ygeno.2015.11.003
https://doi.org/10.1016/j.ygeno.2015.11.003
https://doi.org/10.1186/gb-2013-14-10-r115
https://doi.org/10.1186/gb-2013-14-10-r115
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1093/bioinformatics/btr167
https://doi.org/10.1093/bioinformatics/btr167
https://doi.org/10.1093/molbev/msx116
https://doi.org/10.1093/molbev/msx116
https://doi.org/10.1007/s42995-019-00013-2
https://doi.org/10.1007/s42995-019-00013-2
https://doi.org/10.1101/2021.01.18.426733
https://doi.org/10.1038/srep41328
https://doi.org/10.1038/srep41328
https://doi.org/10.18632/aging.202400
https://doi.org/10.1371/journal.pone.0204713
https://doi.org/10.1371/journal.pone.0204713
https://doi.org/10.1071/MF09145
https://doi.org/10.1111/1755-0998.12247
https://doi.org/10.1111/1755-0998.12247
https://doi.org/10.1371/journal.pone.0163962
https://doi.org/10.1093/brain/awaa334
https://doi.org/10.1002/aqc.2274
https://doi.org/10.1002/aqc.2274
https://doi.org/10.1007/s00267-017-0955-8
https://doi.org/10.1007/s00267-017-0955-8
https://doi.org/10.1186/s13059-017-1203-5
https://doi.org/10.1186/s13059-017-1203-5
https://doi.org/10.18632/aging.101211
https://doi.org/10.2307/3802355


    |  9MAYNE et al.

bats. Molecular Ecology Resources, 18(6), 1374–1380. https://doi.
org/10.1111/1755-0998.12925

Žák, J., & Reichard, M. (2021). Reproductive senescence in a short-lived 
fish. Journal of Animal Ecology, 90(2), 492–502. https://doi.org/10.1
111/1365-2656.13382

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Mayne, B., Espinoza, T., Roberts, D., 
Butler, G. L., Brooks, S., Korbie, D., & Jarman, S. (2021). 
Nonlethal age estimation of three threatened fish species 
using DNA methylation: Australian lungfish, Murray cod and 
Mary River cod. Molecular Ecology Resources, 00, 1–9. https://
doi.org/10.1111/1755-0998.13440

https://doi.org/10.1111/1755-0998.12925
https://doi.org/10.1111/1755-0998.12925
https://doi.org/10.1111/1365-2656.13382
https://doi.org/10.1111/1365-2656.13382
https://doi.org/10.1111/1755-0998.13440
https://doi.org/10.1111/1755-0998.13440

