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Estimation of chimpanzee age 
based on DNA methylation
Hideyuki Ito  1,2, Toshifumi Udono1, Satoshi Hirata1 & Miho Inoue-Murayama1

In wild animal conservation, knowing the age of an individual animal is extremely beneficial. However, 
estimating the age is difficult for many species. Recently, epigenetics-based methods of estimating age 
have been reported. These studies were predominantly on humans with few reports on other animals, 
especially wild animals. In the present study, a chimpanzee (Pan troglodytes) age prediction model 
was developed based on the ELOVL2, CCDC102B, and ZNF423 genes that may also have application 
in human age prediction. Pyrosequencing was used to measure methylation in 20 chimpanzee blood 
samples and correlation between age and methylation status was calculated. Age and methylation of 
sites in ELOVL2 and CCDC102B were significantly correlated and an age prediction model was created 
using these genes. In the regression equation using only ELOVL2, the highest correlation coefficient 
was 0.741, with a mean absolute deviation (MAD) of 5.41, compared with the combination of ELOVL2 
and CCDC102B, where the highest correlation coefficient was 0.742 and the MAD was 5.41. Although 
larger MADs were observed in chimpanzees than in humans based on these genes, the results indicate 
the feasibility of estimating chimpanzee age using DNA methylation, and can have implications in 
understanding the ecology of chimpanzees and chimpanzee conservation.

Age is critical information to know about an animal because various biological characteristics change with aging, 
including those affecting biological status of animals (e.g. reproductive traits1–5 and mortality6–8). Animal age is 
a significant factor in the animal population as age distribution within a population can significantly influence 
maintenance of the population. Therefore, being able to estimate individual age is essential to understanding the 
life history of animals. Although many methods have been reported for age estimation of animals (e.g. based on 
incremental lines in teeth, tooth condition9, pulp/tooth area ratios10, and skeleton ossification11,12), many species 
have no external features that allow age to be estimated reliably in a noninvasive manner. Recently, various molec-
ular genetics-based methods (e.g. mutation accumulation in mitochondrial or nuclear DNA, changes in mito-
chondrial DNA copy number, telomere length, and DNA methylation) of estimating age have been reported13,14.

DNA methylation is a form of epigenetic modification and cytosine-5 methylation of CpG dinucleotides is the 
best-studied epigenetic modification15. The regions upstream of many genes contain CpG dinucleotide clusters 
(i.e. CpG islands), where DNA methylation of a gene’s promoter can repress gene expression15. Many studies have 
reported correlations between DNA methylation at CpG islands and age16–19. There are two types of age-related 
DNA methylation: epigenetic drift and epigenetic clock15,20,21. While epigenetic drift has an inconsistent rela-
tionship with age across individuals, epigenetic clock is consistent with age across individuals15,21. Therefore, 
epigenetic clock type is more useful when estimating age and has previously been used to estimate age in humans 
and other animals16–19,21.

Chimpanzees (Pan troglodytes) are the most abundant of the great ape species. However, due to poaching, 
infectious disease, and loss of habitat due to the expansion of human activities, this species has experienced 
a significant reduction in population. It is currently considered “Endangered” by the International Union for 
Conservation of Nature and is listed in appendix I of the Convention on International Trade in Endangered 
Species of Wild Fauna and Flora22. Although age has been estimated in chimpanzees using teeth and bones as for 
other animals, this can be difficult in matured individuals. Therefore, an accurate method of estimating age in 
adult chimpanzees need to be developed. Previous analysis of DNA methylation in 6 chimpanzees suggests this 
may be a possible basis for age estimation of chimpanzees20.

In the present study, we analysed DNA methylation of three genes in the epigenetic clock region of humans19, 
ELOVL2 (elongation of very long chain fatty acids protein 2), CDCC102B (coiled-coil domain-containing protein 
102B), and ZNF423 (zinc-finger protein 423), to develop an accurate age prediction model for chimpanzees.
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Results
In order to develop an age prediction model for chimpanzees, DNA methylation was analysed for 20 DNA sam-
ples obtained from chimpanzees aged 2 to 39 years. Fourteen CpG methylation sites were evaluated, where 9 were 
in ELOVL2, 2 were in CDCC102B, and 3 CpG were in ZNF423 (Table 1). Correlations between the amount of 
DNA methylation at each site and chronological age were calculated in the form correlation coefficients (Table 1). 
It was found 5 CpG sites in the three genes, where 4 were in ELOVL2 and 1 was in CCDC102B, met the criteria 
of a correlation coefficient of r >0.5. The strongest correlation was observed for methylation at position CpG7 in 
ELOVL2 (r = 0.652), which explained 43% of the age variance (R2 = 0.426). The second strongest correlation was 
at position CpG3 in ELOVL2 (r = 0.585) followed by CpG1 in ELOVL2 (r = 0.556). In CCDC102B, correlations for 
age with CpG1 and CpG2 were −0.507 and −0.419, respectively. Methylation at all CpG sites in ZNF423 failed to 
meet our criteria of a correlation coefficient of >0.5. These sites were not further analysed. Age prediction models 
were developed using multivariate linear regression based on the CpG sites assessed in this study (Table 2). In the 
simplest and most cost-effective age prediction model, which combined multiple methylation sites in the ELOVL2 
gene, the correlation coefficients ranged from 0.652 (only methylation site CpG7) to 0.741 (combination of four 
methylation sites). The mean absolute deviations (MADs) calculated for the single-gene model ranged from 5.41 
(combined four methylation sites) to 6.79 years (CpG7). In addition, two multivariate regression models com-
bining CpG islands from both ELOVL2 and CDCC102B were assessed. In the first, the CpG site that correlated 
strongest with age was selected from each gene. In the second, all CpG cites with correlation coefficients of >0.5 
were combined. The correlations from the first and second models were 0.675 and 0.741 with MADs of 6.18 and 
5.42, respectively.

Discussion
Wild animal age assessment is very important for studies about life history6,8. However, this can be difficult and, 
depending on the species, can be extremely laborious and/or obtained only by field studies over a long period. 
DNA methylation is the most widely studied form of epigenetic modification in relation to aging. Pyrosequencing 
can measure methylation at different CpG sites with high accuracy. A population of individuals of known age is 
required when creating an age prediction model. Therefore, a captive population of animals of a known age would 
be particularly useful, especially for long-lived species, because a longer time period is required to determine the 
age of individuals in a wild population. However, there have been only a few reports on age prediction using DNA 
methylation in animals outside of humans (e.g. dogs16,21, wolf21, humpback whales17, and chimpanzees20) to date.

In the present study, the correlation between average methylation status for each gene assessed and age 
was significant only for ELOVL2 (p = 0.0021). No significant correlation was found for the other two genes. 
When assessing each individual methylation site, the methylation status of five sites in two genes, ELOVL2 and 
CCDC102B, was significantly correlated with age. With age, the methylation status increased for ELOVL2, but 

Gene
Methylation 
sites

Correlation 
coefficient

Position in Pan_
troglodytes-2.1.4

ELOVL2

CpG-1 0.556 11130889

CpG-2 0.490 11130890

CpG-3 0.585 11130893

CpG-4 0.296 11130899

CpG-5 0.379 11130901

CpG-6 0.524 11130903

CpG-7 0.652 11130906

CpG-8 0.449 11130914

CpG-9 0.339 11130920

CCDC102B
CpG-1 −0.507 64948171

CpG-2 −0.419 64948198

ZNF423

CpG-1 0.191 48479893

CpG-2 0.024 48479897

CpG-3 0.046 48479908

Table 1. Correlation between Age and Methylation Status at Each Methylation Site.

Regression model Methylation sites
Correlation 
coefficient

Mean Absolute 
Deviation p - value

Single gene

ELOVL2 (CpG-7, 3) 0.669 6.69 0.0065

ELOVL2 (CpG-7, 3, 1) 0.731 5.43 0.0056

ELOVL2 (CpG-7, 3, 1, 6) 0.741 5.41 0.0131

Multiple genes
ELOVL2 CpG-7 + CCDC102B CpG-1 0.675 6.18 0.0057

ELOVL2 (CpG-7,3,1,6) + CCDC102B CpG-1 0.741 5.42 0.0318

Table 2. Validation of Age Prediction using Multiple DNA Methylation Sites.
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decreased for CCDC102B, which is similar to the trend observed in humans19. However, while the methylation of 
these genes for most of the eight chimpanzees sampled at the two timepoints (recent and 20 years ago) followed 
this trend, there were a few individuals whose methylation displayed the opposite phenotype (Fig. S1). It has been 
reported that methylation can be altered by factors such as cancers and Alzheimer’s disease23–25, so, individuals 
with different tendencies might have been affected by such factors. However, there was no evidence of any disor-
ders, pregnancy, transfer, etc., in our records. In order to verify methylation of certain genes as a useful marker for 
assessing age, a larger number of samples needs to be assessed in future work.

The life expectancy of chimpanzees in the wild at Ngogo, Kibale National Park, Uganda averages 32.8 years26, 
and chimpanzees are considered to have a maximum longevity of over 60 years in the wild based on a study 
sampling several countries27. The lifespan of chimpanzees in captivity is believed to be longer than that in the 
wild. The oldest individual in this study was 39 years old, and the number of old-age individuals analysed was 
not optimal. Age prediction using DNA methylation deviates more from the predicted age as the actual age 
increases19. Therefore, assessment of elderly individuals is necessary to verify the usefulness of age prediction 
models. Moreover, the MADs in this study ranged from 5.42 to 6.79 years. Considering that the chimpanzee 
lifespan is about 50 years, these deviations represent more than 10% of the chimpanzee lifespan. These values are 
higher than those typically observed in humans (e.g. 3.15619 and 3.07 years28). While all the models developed 
in the present study were significant, the MADs were still relatively large. Also, as the size of the samples was 
relatively small, further investigations using bigger samples are needed to increase confidence in these findings. 
Therefore, it is necessary to increase the number of individuals or genes surveyed and develop a more appropriate 
model in the future. Analysis of age based on methylation of a single locus had the most significant, but the lowest 
correlation coefficient. Conversely, analysis of methylation at multiple loci yielded a relatively low p value but a 
high correlation coefficient. Therefore, it is essential to identify a modest number of methylation sites to combine 
for use in age prediction.

Furthermore, only blood samples were used in this study and it is difficult to collect blood from wild indi-
viduals and desirable to use samples collected using less invasive methods in captive individuals. Therefore, the 
development of age prediction methods using low or non-invasive sampling (such as using hairs and faeces) is 
required. DNA methylation is more stable than other biomarkers and therefore may be more suitable for age esti-
mation, especially in degraded biological samples. While epigenetic clock gene methylation is similar across indi-
viduals, there can be tissue specificity15. In humans, it has been reported determining age from saliva is equally 
accurate to using blood. For example, Hong et al.29 generated a multiplex age prediction model using saliva exhib-
iting MADs of 3.1 to 3.2 years. To predict age using DNA methylation with samples collected in a non-invasive 
manner, it is important to survey different types of chimpanzee samples.

In this study, we estimated the age of chimpanzees by measuring methylation with pyrosequencing. Two of the 
3 tested genes, ELOVL2 and CCDC102B, have the potential to be useful for estimating age. Age prediction using 
multivariate regression based on methylation provided a correlation coefficient of 0.741 and a MAD of 5.42 years. 
This supports the potential use of pyrosequencing in predicting age based on DNA methylation in chimpanzees. 
Being able to accurately estimate age based on DNA methylation will contribute to understanding the ecology of 
chimpanzees and would be useful in conservation efforts.

Methods
Sample collection. This study was conducted in strict accordance with the guidelines for the ethics of ani-
mal research established by the Kyoto City Zoo and the Wildlife Research Center (WRC) of Kyoto University, 
Japan. All animal experiments of study were approved by the animal experiment committee of WRC, Kyoto 
University (Approval No: WRC-2017-006A). Twenty blood samples were obtained as byproducts of health exam-
inations from 12 chimpanzees, where 12 samples were collected from 2008–2009 and the remaining 8 were from 
1998 (Table 3). Animals with GAIN ID: 131, 132, 146, 159, and 268 were wild-derived and others were bred in 
captivity in the Kumamoto Sanctuary at the Wildlife Research Center of Kyoto University. Further information 
on each individual chimpanzee in this study can be obtained from the Great Ape Information Network (https://
shigen.nig.ac.jp/gain/top.jsp). Collected white blood cells were stored at −20 °C. DNA was extracted using the 
QIAGEN DNeasy Blood and Tissue Kit (Qiagen, Germany). The quality and quantity of the extracted genomic 
DNA were assessed using an ND-1000 spectrophotometer (Nanodrop Technologies, Wilmington, DE).

Pyrosequencing. Candidate age-correlated markers were evaluated by pyrosequencing. Pyrosequencing was 
performed using Alliance Biosystems (Japan). Briefly, bisulfite conversion was performed on 300 ng of total DNA 
from each sample using the EZ DNA Methylation Lightning kit (Zymo Research, Irvine, CA). For pyrosequenc-
ing, forward, reverse, and sequencing primers, which are listed in Table 4, were designed using PyroMark Assay 
Design version 2.0.1.15 (Qiagen) based on the chimpanzee genome (Pan_troglodytes−2.1.4). To perform PCR, 
2.5 μL of bisulfite-converted DNA, 10 μL 2 × TOPsimpleTM DyeMIX-HOT (Enzynomics, Inc., Korea), 10 pmol of 
each primer, and distilled water were combined for a total reaction volume of 20 μL. PCR cycling was conducted 
in a Veriti Thermal Cycler (Applied Biosystems, Waltham, MA) with the following conditions: 95 °C for 10 min, 
then 45 cycles of 95 °C for 30 s, 54 °C for 30 s, and 72 °C for 30 s, and finally extension at 72 °C for 5 min. PCR 
product (18 μL) was immobilized on 3 μL of Streptavidin Sepharose High Performance beads (GE Healthcare 
Bio-Sciences, Uppsala, Sweden) and annealed with the sequencing primer for 2 min at 80 °C. Pyrosequencing 
was carried out using the PyroMark ID system (Qiagen) with the Pyro Gold reagent kit (Qiagen) according to the 
manufacturer’s instructions. After pyrosequencing, the percent methylation was calculated using PyroMark ID 
software and the results were displayed as a pyrogram with methylation values for each CpG site.

https://shigen.nig.ac.jp/gain/top.jsp
https://shigen.nig.ac.jp/gain/top.jsp


www.nature.com/scientificreports/

4SCIentIfIC REpoRts |  (2018) 8:9998  | DOI:10.1038/s41598-018-28318-9

Development of age prediction model. Correlations between age and methylation status of the 14 tested 
CpG sites were examined using linear regression. Initially, a bivariate correlation was determined for each CpG 
site. For each methylation site, a correlation coefficient with age was calculated. Only methylation sites with a 
correlation coefficient of 0.5 or more were used for age prediction. Three regression equation models were consid-
ered for age prediction. The first model included DNA methylation sites in only a single gene. This model was the 
simplest and most cost-effective. The other two models were based on DNA methylation sites in multiple genes. 
The second model was a regression equation based on one methylation site with the highest regression coefficient 
for each gene. The third model involved a regression equation combining all 5 methylation site sites with a corre-
lation coefficient of 0.5 or more.
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