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ABSTRACT

Chimpanzees have consistent individual differences in behaviour, also referred to as personality.
Similar to human personality structure, five dimensions are commonly found in chimpanzee
studies that show evidence for convergent and predictive validity (Dominance, Openness,
Extraversion, Agreeableness, and Reactivity/Undependability). These dimensions are to some
extent heritable, indicating a genetic component that explains part of the variation in personality
scores, but are also influenced by environmental factors, such as the early social rearing back-
ground of the individuals. In this study, we investigated the role of epigenetic modification of the
dopamine receptor D2 gene (DRD2) as a potential mechanism underlying personality variation in
51 captive chimpanzees. We used previously collected personality trait rating data and deter-
mined levels of DRD2 CpG methylation in peripheral blood samples for these same individuals.
Results showed that DRD2 methylation is most strongly associated with Extraversion, and that
varying methylation levels at specific DRD2 sites are associated with changes in Extraversion in
nursery-reared, but not mother-reared, individuals. These results highlight the role of dopaminer-
gic signalling in chimpanzee personality, and indicate that environmental factors, such as social
experiences early in life, can have long-lasting behavioural effects, potentially through modifica-
tion of the epigenome. These findings add to the growing evidence demonstrating the impor-
tance of the experience-dependent methylome for the development of complex social traits like
personality.
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Introduction personality dimensions have a heritable compo-

nent, indicating that part of the variation is attri-
butable to genetic similarity of individuals in the
population [5,6]. In particular, the dimensions that

Chimpanzees have consistent individual differ-
ences in behaviour that can be quantified as per-
sonality dimensions, utilizing methodologies

similar to those employed with human subjects
[1]. Using personality trait ratings based on the
experience of people familiar with the individual
animals, studies typically yield six personality
dimensions: Reactivity/Undependability,
Dominance, Openness, Extraversion,
Agreeableness and Methodical [1,2-4]. How indi-
vidual chimpanzees score on each of these dimen-
sions is determined by a combination of their
genetic architecture, the environment, and inter-
action between these two. Some chimpanzee

reflect affection (Extraversion and Dominance)
generally show higher levels of heritability than
the other dimensions [5]. The remaining variation
in personality is shaped by environmental factors,
like maternal effects or early social rearing experi-
ences [5,7]. For example, gmother-reared chim-
panzees scored higher on Agreeableness than
individuals reared by humans in a nursery setting
[5]. Nursery-reared chimpanzees, on the other
hand, scored higher on Intellect, a dimension
highly resembling chimpanzee Openness [1,5].
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Finally, the development of personality is also
influenced by the interaction of early social back-
ground with the genetic predisposition of the indi-
vidual, leading to varying degrees of heritability for
certain dimensions depending on rearing back-
ground. Extraversion, for example, showed the
highest overall levels of heritability (h° = 0.381),
but was significantly more highly expressed in
individuals that were mother-reared (b = 0.916)
versus nursery-reared (h° = 0.369). Similarly,
Dominance had a significant heritable component
(h? = 0.195) but the heritability of this trait was
again higher among mother-reared individuals
(h* = 0.469), than nursery-reared (h? = 0.247)
[5]. In nursery-reared individuals, environmental
factors thus potentially play a bigger role in
explaining variation in personality scores than in
mother-reared individuals. This shows that early-
life experiences in chimpanzees are crucial for the
development of personality in later life and that
maternal care, or the lack thereof, might play an
important role in modifying the genetic architec-
ture of complex social personality traits.
Gene-environment interaction dynamics that
result in long-lasting behavioural effects are often
due to epigenetic mechanisms, for example CpG
methylation [8]. CpG methylation, or DNA
methylation (‘methylation” hereafter), comprises
the addition of a methyl chemical group to cyto-
sine DNA bases within the context of CpG sites
(CpGs), or cytosines next to guanine bases.
Methylation can reflect and maintain a gene’s
transcriptional status by altering transcription fac-
tor activity and chromatin structure [9]. CpG
methylation levels change across development,
but can also change through the influence of
environmental factors like nutrition and stress,
especially during critical stages of early develop-
ment [10]. Methylation levels at CpGs then often
become fixed and can last throughout an indivi-
dual’s lifetime. A well-known example of this is
found in rats, where the stable alteration of DNA
methylation levels in the hippocampus at the glu-
cocorticoid receptor (NR3CI) depends on whether
they received high versus low levels of maternal
grooming during the first postnatal week [11].
Studies in humans have found similar relation-
ships between methylation levels at CpGs of can-
didate genes and various long-lasting behavioural

phenotypes, for example of NR3CI and stress
responses [12] or the serotonin transporter gene
(SLC6A4) and aggression [13].

To date, variation in chimpanzee personality
has been linked mainly to variation in DNA
sequence variation in genes implicated in beha-
viour. The main candidate genes in the search for
mechanisms underlying personality differences in
great apes include the genes coding for the recep-
tors for androgens (AR), oestrogens (ERa and
ERp), vasopressin (AVPRIA), oxytocin (OXTR),
serotonin (HTRIA) and dopamine (DRD4) [14-
23]. While some of these studies have repeatedly
found links between genetic variants and person-
ality, effect sizes are modest and explain only part
of the variation [24]. Epigenetic modifications of
these genes are likely to contribute to additional
variance in personality, but this has not been stu-
died yet in chimpanzees and other nonhuman
primates [for a review see 24]. Results from pri-
mate studies are nonetheless required to determine
to what extent the biological mechanisms that lie
at the basis of personality development in humans
are unique or rather generalizable across species.
Several studies have suggested that neuroanatomi-
cal and brain gene expression differences in corti-
cal dopaminergic systems between humans and
other primate species have functional and evolu-
tionary implications [25-28]. But it remains
unclear to what extent these changes result in
differential dopaminergic regulation of personality
across species.

Therefore, in this study, we investigated the link
between CpG methylation of a key behaviour-
related candidate gene, dopamine receptor gene
D2 (DRD2), and personality in captive chimpan-
zees. Dopamine is a neurotransmitter with
a known role in reward-regulated processes. In
humans, dopamine signalling is typically asso-
ciated with personality traits related to exploration
behaviour, like Novelty Seeking, Openness and
Extraversion [29-34]. It has been suggested that
the release of dopamine in the brain increases the
individual’s motivation to explore and facilitates
cognitive and behavioural processes that are useful
in exploration [30]. Dopamine is linked with
Extraversion, for example, a personality dimension
from human literature, with item loadings for
sociable, dominance, activity, and excitement



seeking [30,35,36]. Links between dopamine and
Extraversion are easily explained through the
social facet of the dimension, as one of the most
potent human rewards can be found from social
interactions such as friendships, but also from
leadership interactions and gaining status [30].
Although Extraversion is often viewed as a social
trait, it also has item loadings like activity and
positive emotionality, which are not necessarily
associated with social situations but are relevant
in the framework of exploratory behaviour, which
is in turn linked to the dopaminergic system. We
also chose the dopaminergic system to investigate
the role of epigenetic modification on chimpanzee
personality because the two personality dimen-
sions with the highest levels of heritability (and
thus perhaps the largest genetic component) in our
sample of chimpanzees are Extraversion and
Dominance [5]. Both dimensions have item load-
ings that reflect facets of the Extraversion dimen-
sion in humans, with chimpanzee Dominance
showing high item loadings for dominant, bold,
and aggressive behaviour, whereas chimpanzee
Extraversion reflects high levels of activity, play,
sexual, and affiliative behaviours [1,5].

The molecular bases of the dopaminergic sys-
tem are coded for by a number of genes. Gene-
personality studies have mostly focused on the
genes coding for the receptors for dopamine like
DRD2 and dopamine receptor gene D4 (DRD4)
[31-33,37]. Other studies focused on genes asso-
ciated with dopamine metabolism like the cate-
chol-O-methyltransferase gene (COMT) [38], or
the gene coding for its transporter (SLC6A3)
[39]. Here, we focus on epigenetic modification
of DRD2, as this receptor subtype is most wide-
spread in the central nervous system, whereas
DRD4, for example, is primarily expressed in the
prefrontal cortex [40]. We expect that epigenetic
modification of DRD2 is a reasonable candidate
model to explain part of the variation on
Extraversion and Dominance in our population
of chimpanzees. To test this, we first determined
the level of DRD2 CpG methylation using periph-
eral blood samples, and then we investigated
whether such variation might be associated with
aspects of personality, using chimpanzee person-
ality trait rating data that were collected in
a previous study 1. When such an effect was

EPIGENETICS (&) 1703

found, we used repeat methylation measures that
are available for a subset of individuals to test for
the stability of methylation patterns across the
individuals’ lifespan. Finally, we included rearing
background as a factor to investigate the role of
early-life social experiences on methylation pat-
terns and their potential associations with person-
ality dimensions. Again, we expected to find
associations between rearing background, epige-
netic background, and the personality dimensions
Extraversion and Dominance, as in a previous
study these two dimensions showed the biggest
difference in heritability between mother-reared
and nursery-reared individuals [5].

Materials and method
Subjects

All chimpanzees were housed at the National
Center for Chimpanzee Care, which is part of the
Michale E. Keeling Center for Comparative
Medicine and Research [KCCMR), UT MD
Anderson Cancer Center, Bastrop, TX. The guide-
lines from the American Psychological
Associations for the ethical treatment of animals
in research were followed throughout this project.

Personality

We obtained the measures of chimpanzee person-
ality published by 1,for 51 out of 99 rated chim-
panzees for which we have blood samples available
(29 males and 22 females, range of age at time of
personality sampling: 12-51 years, mean age:
25 years]. These measures were collected using
a chimpanzee-specific personality questionnaire
that has undergone extensive validation 1]. The
questionnaire consists of 41 personality trait adjec-
tives alongside definitions. For example, the adjec-
tive ‘anxious’ is defined as ‘hesitant, indecisive,
tentative, and jittery.” Each trait is rated on
a Likert scale ranging from 1 (least descriptive of
chimpanzee) to 7 (most descriptive of chimpan-
zee). Observers who were familiar with each indi-
vidual completed the questionnaires to
characterize overall impressions of the behaviours
for each chimpanzee. Observers were 17 staff
members who had worked with the chimpanzees
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for a minimum period of 6 months and up until
21 years, including 13 keepers, the behavioural
research coordinator, a trainer, the colony man-
ager, and an  enrichment  technician.
Questionnaires were only completed for those
individuals for which the observers felt they had
enough experience to produce an accurate result,
resulting in ratings per observer for on average 72
chimpanzees out of the whole population of 99
chimpanzees living in the colony in the period of
2006-2008 (range: 9-99). Interrater-reliabilities
were high for all but one adjective (predictable),
which was excluded from subsequent analysis [for
details see 1]. Principal component analysis (PCA)
was then conducted on the means of the remain-
ing 40 rating adjectives, combined with expert
evaluations of the factor solution. This resulted in

6 personality dimensions: Reactivity/
Undependability, =~ Dominance,  Extraversion,
Openness,  Agreeableness, and  Methodical

(Table 1). See supplementary Table S1 for factor
adjective scores. The first five dimensions show
strong evidence for convergent and predictive
validity, meaning they are consistent among stu-
dies, among raters, across time, and show correla-
tions with independently collected quantitative
behavioural observations that are in line with
expectations [1,2-4]. For the sixth dimension,
Methodical, evidence is mixed and loadings vary
among studies 1. Given that there is little proof for
construct validity of the sixth dimension, it was
not included in further analysis of methylation
effects on personality.

Table 1. Adjectives loading onto varimax-rotated chimpanzee
personality traits.

Method Trait
Rating

Adjectives/behaviours

Reactivity/ + Irritable + Temp./moody + Deceptive +
Undependability Impulsive + Defiant + Mischievous +
Jealous + Manipulative + Stingy +
Bullying + Aggressive + Eccentric +
Socially inept + Excitable + Autistic —
Calm

+ Bold + Relaxed + Dominant - Fearful -
Timid — Cautious — Dependent — Anxious
+ Active + Playful + Sexual + Affiliative-
Solitary — Depressed

+ Human oriented + Inquisitive/curious +
Inventive + Intelligent + Affectionate/
Friendly + Persistent

+ Protective + Considerate

+ Self-caring + Methodical

Dominance
Extraversion
Openness

Agreeableness
Methodical

Data were reproduced with permission from Freeman et al. (2003) [1] .

DNA extraction and methylation

DNA was extracted from blood samples available
for 51 chimpanzees with known rearing histories
and personality ratings. Blood samples were col-
lected on average within 2.11 years (SD = 3.96)
from the personality rating date and between the
ages of 12 and 42 (supplementary Table S2).
Genomic DNA was extracted from 200 pl of
whole blood using the QIAampDNA Mini Kit
automated on a QiaCube (Qiagen). DNA concen-
trations were quantified using a Nanodrop 2000
(Thermo-Fisher Scientific) spectrophotometer. To
analyse variation in methylation, extracted DNA
samples were brought to a concentration of ~70
ng/pL. These samples then underwent bisulphite
conversion prior to being run on the Illumina
Infinjum Methylation EPIC array at the Yale
Center for Genome Analysis. Because this array
was designed to assay methylation levels at over
850,000 CpG sites in the human genome, analyses
were limited to CpG sites expected to also be
successfully assayed in chimpanzees [41]. These
CpG sites mapped to the chimpanzee genome
(panTro2.1.4) with one or zero mismatches [42].
Raw intensity data were additionally filtered to
remove probes with spectral intensities not signif-
icantly different from background levels using the
illumina GenomeStudio software.

Blood versus brain methylation

As the genome-wide methylation levels in our
study are measured from peripheral whole blood
samples, we also investigated whether these can
serve as a proxy for methylation levels of the
primary tissue of relevance, in this case the brain.
While this approach has been validated in several
other studies [for a review see 43], caution in
extending these conclusions is nevertheless war-
ranted. Therefore, for eight individuals (5 females
and 3 males, range of age at time of sampling: 20-
50 years, mean age: 36.5 years) in which post-
mortem brain tissue was available, we determined
methylation levels at each DRD2-associated CpG
from the dorsolateral prefrontal cortex and the
lateral hemisphere of the cerebellum [as described
in 44]. Given that blood and brain tissue samples
were not available for the same individuals, we



compared mean methylation levels at each of the
CpGs in these two brain regions to mean blood
CpG methylation levels.

Statistical analysis

Statistical analyses were performed using the sta-
tistical software program R (www.r-project.org,
version 3.3.2). To test for DRD2 methylation
effects on personality, we ran linear models using
the Im function in the Ime4 package in R [45].
Each personality factor was tested as an outcome
variable in a separate model. Sex, methylation
scores, and two-way interactions were included
as fixed effects. The age at which blood was col-
lected, and relatedness coefficient calculated from
the pedigree were entered as covariates. To reduce
the number of predictor variables and thus model
complexity, we performed a PCA on all CpGs
associated with the DRD2 gene (N = 16) to look
for underlying correlations. This PCA was done
using a varimax rotation with Kaiser normaliza-
tion. The number of dimensions to extract was
determined using a visual analysis of the scree
plot and parallel analysis [46] and the resulting
components were entered as predictor variables
in the analysis. Coefficients of correlation for
methylation scores >|0.5| were considered high
and therefore salient and kept for further analysis.
We corrected for the degree of relatedness of each
individual to all other individuals in the colony, by
including relatedness coefficients in the model. We
used the kinship2 package in R (https://cran.r-pro
ject.org/package=kinship2) to extract relatedness
coefficients. Model selection was based on the
Akaike Information Criterion (AIC). We exam-
ined diagnostic plots (residuals vs. leverage, QQ
plots, etc.), undertook Shapiro-Wilk tests, and cal-
culated variance inflation factors to confirm the
assumptions of linear models. A p-value correc-
tion was done using a false discovery rate (FDR)
correction [47] to account for multiple testing.
Finally, we investigated if methylation scores
were influenced by rearing background (mother-
versus nursery-reared) for those composite CpG
scores that showed a significant association with
personality dimensions. These models were run
separately from the models above, given that we
excluded three wild-born individuals from this
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analysis. This was done because a sample size of
three does not allow for making a meaningful
statistical comparison to the other two rearing
categories, and because often the background of
wild-born individuals is complex as they were
partially mother-and human-reared, depending
on how old they were when they entered into
captivity. For the remaining 13 nursery-reared
and 35 mother-reared chimpanzees in our sample,
we treated each composite methylation score as an
outcome variable and rearing background, person-
ality dimension score, and the interaction of the
two were entered as fixed effects while a correction
for age, sex and relatedness remains in the model,
similar as described for the linear models above.
Both mother- and nursery-reared chimpanzees
had access to outdoor enclosures.

Results
DRD2 epigenetic modification

Sixteen DRD2-specific CpG sites were identified,
of which 4 were in the promoter region, 1 was in
the exonic region, and 11 were in the 5" regulatory
region. CpG IDs and their respective coordinates
in the human and chimpanzee genome are shown
in Table 2. Fifteen of the CpGs were also present
after quality filtering in the brain data. Mean per-
ipheral blood CpG methylation levels at these sites
correlated highly with mean levels of CpG methy-
lation in brain regions, prefrontal cortex (R = 0.86,
p < 0.001) and cerebellum (R = 0.59, p = 0.02)
(Figure 1). For methylation patterns at individual
CpG sites in all three tissue types, see supplemen-
tary Figure S1. The proportion of methylated
probes decreased with position across the gene,
with the highest proportions found in the gene
body and the lowest in the promoter region (sup-
plementary Figure S2).

Composite CpG measures

All 16 CpGs were then entered into a PCA, result-
ing in four components (Table 3). All CpG sites
had salient loadings exceeding 10.51 on at least one
of the four factors. Sampling adequacy was high
(KMO = 0.808) and inter-variable correlations
were sufficiently high (Bartlett’'s test of
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Table 2. 16 Chimpanzee DRD2 CpG sites identified and included in this study.

CpG ID CpG name CHR Coordinate Pantro2.1.4 Location Coordinate hg19 DIST
DRD2-1 €g22404572 1 111,327,207 Body 113,289,673 NA
DRD2-2 €g02198192 1 111,332,873 5'UTR 113295379 5666
DRD2-3 €g19804476 1 111,333,002 5'UTR 113295509 129
DRD2-4 cg11323042 1 111,333,019 5'UTR 113295526 17
DRD2-5 €g14809166 1 111,334,320 5'UTR 113296828 1301
DRD2-6 €g16823554 1 111,339,746 5'UTR 113300731 5426
DRD2-7 €g00525373 1 111,346,866 5'UTR 113307871 7120
DRD2-8 €g21141217 1 111,349,863 5'UTR 113310882 2997
DRD2-9 €g03608783 1 111,356,104 5'UTR 113317120 6241
DRD2-10 €g18248586 1 111,368,000 5'UTR 113329026 11,896
DRD2-11 ¢g02332042 1 111,369,061 5'UTR 113330091 1061
DRD2-12 ¢cg20016411 1 111,383,594 5'UTR 113344987 14,533
DRD2-13 923881278 1 111,384,919 TSS1500 113,346,299 1325
DRD2-14 €g12758687 1 111,384,947 TSS1500 113,346,327 28
DRD2-15 912176709 1 111,385,105 TSS1500 113,346,485 158
DRD2-16 €g20629239 1 111,385,111 TSS1500 113,346,491 6

CHR = Chromosome number, 5 UTR = 5 end untranslated region, TSS1500 = Promotor region 1500bp upstream of transcription site,

DIST = distance to neighbouring CpG site
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Figure 1. Correlation between peripheral blood CpG methylation levels and methylation at same sites in tissue from (a] the

prefrontal cortex, and (b) the cerebellum.

sphericity x> = 592.00, df = 120, p < 0.001). The
first component, PC1, explained a majority of the
epigenetic variation (43%) and 8 out of 16 CpG
sites clustered together, 5 with positive loadings
(cg14809166, cg03608783, cg21141217,
cg02198192, cg16823554) and three with negative
loadings (cg23881278, cgl2758687, cgl18248586).
PC2 explained 13% of the variation and combined
3 CpG sites, one with a positive loading
(cgl11323042) and two with negative loadings
(cgl2176709, cg20629239). PC3 and PC4 each
explained <10% of the variation and clustered
three (cg00525373, ¢g22404572, cg02332042) and
two (cg20016411, cg19804476) CpGs, respectively.
One individual with an outlier on PC2 was
removed from the dataset for further analysis as

its PC2 score was more than 4 standard deviations
above the mean.

DRD2 methylation and personality

Three significant associations were found between
variation in the personality trait Extraversion and
CpG composite measure scores (PCl: t = 2.650,
df = 43, p,g; = 0.020; PC3: t = ~2.429, df = 43, p,g;
= 0.019; PC4: t = -2.781, df = 43, p,g; = 0.020; see
Figure 2). Higher scores on PC1 were associated
with higher Extraversion (est = 0.169; Figure 2a),
while higher scores on PC3 and PC4 were asso-
ciated with lower Extraversion (PC3: est = —0.159;
Figure 2c, PC4: est = —0.159; Figure 2b). One
significant  association was found between



Table 3. CpG factor item loadings on varimax-rotated factors.

CpG ID CpG name  PC1 PC2 PC3 PC4  h?
DRD2-5 €g14809166 0.93 0.078 0.115 -0.157 0.91
DRD2-9 cg03608783 0.914 0.223  0.148 -0.126 0.923
DRD2-8 €g21141217 0.879 0.136  0.067 —0.109 0.807
DRD2-13  ¢g23881278 —-0.874 —-0.044 0.095 0.276 0.851
DRD2-2 cg02198192 0.869 0.275 0.044 -0.132 0.85
DRD2-6 cg16823554  0.85 0.384 —-0.008 -0.005 0.87
DRD2-14  ¢g12758687 -0.701 —-0.001 0.157 0.431 0.702
DRD2-10  ¢g18248586 -0.572 —-0.221 -0.052 -0.429 0.563
DRD2-15  ¢g12176709 —-0.09 -0.806 —0.037 0.284 0.739
DRD2-4 cg11323042 0.265 0.738 -0.206 0.243 0.716
DRD2-16  ¢g20629239 -0.37 -0.677 0.112 0.404 0.771
DRD2-7 cg00525373  0.037 -0.02 -0.819 -0.061 0.677
DRD2-1 €g22404572 —-0.049 -0.126  0.79 0.003 0.643
DRD2-11 cg02332042 0.21 -0.039 0.732 0.04 0.583
DRD2-12  ¢g20016411 —0.197 -0.108 0.172 0.734 0.62
DRD2-3 €g19804476  0.31 0.226  0.153 -0.506 0.427
Eigenvalue 6.912 2174 131 1.254

% variance explained 43202 13.587 8.189  7.837

h? indicates communalities, boldface indicates items with salient load-
ings >|0.5]

personality trait Openness and CpG composite
measure scores for PC3 (t = -2.771, df = 43, p,g;
= 0.008; see Figure 2). For the remaining person-
ality traits, none of the associations were

@ .. (b)
R=0.5,p=2e04

504

Extraversion Score
-

Extraversion Score
o

=
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significant after FDR correction (Table 4). Visual
inspection of the variation in individual CpG
methylation levels, rather than composite measure
scores, showed a similar pattern for Extraversion,
with higher methylation scores at cgl14809166,
cg03608783,  cg21141217, ¢g02198192  and
cgl6823554 being associated with  higher
Extraversion scores. Higher methylation scores at
cg23881278, cgl2758687, cgl8248586, the CpG
sites loading on the negative end of PC1, were
associated with lower Extraversion scores
(Figure 3). Similarly, methylation levels at the
individual CpGs of PC3 and PC4 showed clear
associations with Extraversion and PC3 also with
Openness (supplementary Figure S3). Finally, we
also analysed associations between age and sex
with personality dimensions. Although both vari-
ables were included as fixed effects in the models,
we sought to characterize the distribution of per-
sonality data with respect to these covariates. We
found that most personality dimensions did not
differ by age and sex in our sample, with the

R=-021,p=0.13

Personality
score

R=-0.41,p=0.0029

Extraversion Score
Openness Score

R=-0.34,p=0.015

e
=

&
o

4 2 0 2 50
PC3

45
40
35

PC3

Figure 2. Association between personality scores and composite DRD2 CpG composite measure scores. Higher scores are associated
with (a) higher Extraversion for PC1; (b) lower Extraversion for PC3 (c) lower Extraversion for PC4 (d) lower Openness for PC3.
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Table 4. Model statistics for DRD2 CpG composite measure
scores and their association with personality dimensions in
chimpanzees.

Personality trait CpG component Est SE t p

Extraversion DRD2_PC1 0.169 0.064 2.650 0.011
DRD2_PC2 0.070 0.054 1307 0.198
DRD2_PC3 —-0.129 0.053 -2.429 0.019

DRD2_PC4 —-0.159 0.057 -2.781 0.008
Openness DRD2_PC1 0.053 0.073 0.722 0.474
DRD2_PC2 0.081 0.061 1326 0.192
DRD2_PC3 —-0.168 0.060 -2.771 0.008
DRD2_PC4 —0.144 0.065 -2.216 0.032
Agreeableness  DRD2_PC1 -0.019 0.077 -0.249 0.804

DRD2_PC2 0.140 0.099 1416 0.164

DRD2_PC3 —-0.087 0.062 -1.402 0.168
DRD2_PC4 —-0.019 0.068 -0.278 0.782
Dominance DRD2_PC1 -0.011 0.084 -0.126 0.901
DRD2_PC2 0.083 0.070 1.183 0.243
DRD2_PC3 -0.076 0.071 -1.072 0.290
DRD2_PC4 -0.132 0.076 -1.726 0.091
Reactivity DRD2_PC1 0.094 0.077 1216 0.231
DRD2_PC2 0.071 0.064 1.113 0.272
DRD2_PC3 —-0.028 0.065 -0.428 0.671
DRD2_PC4 -0.141 0.070 -2.012 0.051

Est = estimate, SE = Standard error, t = t-value, p = p value, boldface
indicates p-value significant after FDR correction

exception of Dominance (age: p = 0.03; sex:
p < 0.001).

DRD2 methylation and rearing background

DRD2 methylation levels were significantly influ-
enced by rearing background for PC4 (t
(42) = -2.259, SE = 0.623, est = -1.407,
p = 0.029). Individuals that were nursery-reared
showed a negative association between

Extraversion and PC4 scores whereas this associa-
tion was not present in mother-reared individuals
(Figure 4). No such rearing interaction effects with
Extraversion were present for PC1 (t(42) = —0.300,
SE = 0.572, est = -0.172, p = 0.766) or PC3 (t
(42) = 1.337, SE = 0.664, est = 0.888, p = 0.1885) or
for rearing and Openness for PC3 (t(42) = 0.103,
SE = 0.721, est = 0.075, p = 0.918).

Discussion

We investigated the role of CpG methylation at the
dopamine receptor DRD2 gene in explaining var-
iation in personality dimensions in a sample of 51
captive chimpanzees. In line with our predictions,
we found that epigenetic modification of DRD2
showed the strongest association  with
Extraversion, a personality dimension reflecting
a more social, active, and affiliative personality [1].

To investigate the effects of the epigenetic mod-
ification of chimpanzee DRD2, we first used prin-
cipal component analysis as a data reduction
method and found a four-component structure
on which all 16 CpG sites loaded. The first com-
ponent represented a majority of the variation in
DRD?2 methylation as it contained loadings for half
of the sites found. The other three components
each explained relatively small proportions of the
remaining variation in methylation data. We
found three significant associations between
Extraversion, for PC1, PC3, and PC4. Individual
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Figure 4. The influence of rearing background on the association between PC4 methylation and Extraversion. A negative association
was found between PC4 scores and Extraversion in nursery-reared but not mother-reared individuals.

scores on PCl were positively associated with
Extraversion, while scores on PC3 and PC4 were
negatively associated with Extraversion. Given that
these component scores reflect composite mea-
sures of methylation scores at different CpG sites,
we also investigated methylation patterns at indi-
vidual CpGs to better understand the directional-
ity of the methylation pattern. The location of the
CpGs appeared to determine the directionality of
the methylation effect on personality (Figure 3).
The CpGs that loaded negatively on PCl1, indicat-
ing a negative association with Extraversion, were
all present in or near the promoter region of the
gene. For PC4, the pattern was similar, with lower
levels of methylation being associated with higher
levels of Extraversion for the CpG site closest to
the promoter region (cg20016411), which loaded
positively on PC4. It thus appears that in general,
higher levels of methylation around the promoter
region of DRD2 are associated with lower
Extraversion, likely due to higher DRD2 gene
expression. Hypermethylation of promoter CpG
sites located in the promoter region have been
associated with an antagonizing effect of antipsy-
chotic drugs on DRD2 receptor function in human
neuroblastoma cells, indicating the important role
of these CpGs in suppressing receptor function
and expression when they are methylated [48].

In line with our prediction, we found the stron-
gest association between epigenetic modification
of DRD2 and chimpanzee Extraversion, as three
out of four CpG composite measures were signifi-
cantly linked with this personality trait. For
Openness, only one component was significant,
PC3. In humans, many studies have reported asso-
ciations between components of the dopaminergic
system and approach-related personality traits, like
Extraversion and Novelty Seeking [29,31,32,49-
51]. Both dimensions originate from different
questionnaire methods but are correlated [52].
Extraversion is typically measured using either
the Neuroticism Extraversion Openness
Personality Inventory (NEO PI-R) [35] or the
Eysenck Personality Questionnaire (EPQ) [36]
and reflects gregariousness, sensation seeking,
and high levels of activity. Novelty seeking is mea-
sured using the Cloninger tridimensional theory of
personality and temperament [53], and reflects
a tendency to pursue new experiences with intense
emotional sensations [54]. It includes items such
as thrill seeking, novelty preference, risk taking,
harm avoidance, and reward dependence [54].
Finally, Novelty Seeking also correlates with
Openness, a personality dimension measured
using the same instruments as Extraversion [52].
High scores on this dimension reflect individuals
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that are open to new experiences and have
a preference for variety over routine [35]. The
common core of all these dimensions is that they
reflect a tendency to actively explore or engage
with novelty [30].

Chimpanzee Extraversion in our study is char-
acterized by high item loadings of active, playful,
sexual, and affiliative and low item loadings for
solitary and depressed [1]. Chimpanzee Openness
has item loadings for human oriented, curious/
inquisitive, inventive, intelligent, affectionate/
friendly, and persistent. Both dimensions thus
reflect largely the same tendency to actively
explore or engage with novelty as described for
the human personality dimensions Extraversion,
Novelty Seeking, and Openness. Given that
Openness was not found to be heritable in chim-
panzees [5], we did not expect to find a direct
association between DRD2 methylation and
Openness. Indeed, the link with Openness was
less strong in our study, with only one significant
association (PC3), but the association was none-
theless in the same direction as the link between
Extraversion and PC3. It is likely that this signifi-
cant finding originates from the correlation of the
two personality dimensions (r = 0.61, p < 0.001,
Figure S4), and that DRD2 methylation thus pri-
marily influences behavioural facets of the
Extraversion dimension. We did not find
a significant association between DRD2 methyla-
tion and Dominance. While the human
Extraversion dimension typically has item loadings
related to status (dominant, assertive), these items
load onto a separate dimension in chimpanzees,
Dominance. It thus appears that DRD2 methyla-
tion is rather linked with exploration-related traits
than items linked to dominance or status in our
study. Chimpanzee Extraversion is also directly
associated with observed behaviours like play and
sexual activity [1]. These behaviours are typically
experienced as positive and rewarding, and are
regulated by common mechanisms across animal
species. For example, increases in dopamine recep-
tor activity are associated with increased play and
sexual behaviour in rats [55,56]. Our study shows,
that in chimpanzees, similar mechanisms likely
underlie the regulation of these same behaviours.

Finally, we also investigated the potential
impact of social rearing background on DRD2

methylation levels and personality. Previous
research had shown that rearing background sig-
nificantly  influenced the  heritability  of
Extraversion, with mother-reared individuals hav-
ing much higher heritability scores than nursery-
reared individuals. The results in our study reveal
that this result might partly be attributable to
epigenetic mechanisms, and more specifically
through epigenetic modification of DRD2. We
find that methylation levels at PC4 are closely
related with Extraversion scores in nursery-reared
chimpanzees, while in mother-reared individuals,
no such association was present. This shows that
chimpanzees who were reared by their mothers in
age-graded social groups will have more stable
Extraversion scores throughout life independent
of DRD2 methylation, whereas individuals that
were reared by humans in a nursery setting have
Extraversion scores that are more susceptible to
DRD2 methylation changes. It is possible that the
reward chimpanzees receive from behaviours such
as exploration, sex, and play is therefore different
between individuals that were mother-reared ver-
sus nursery-reared and that their motivation to
pursue these behaviours is not the same as
a result. In line with this, mother-reared chimpan-
zees have been shown to be more successful at
initiating play than chimpanzees with an atypical
rearing background [but see 57, 58]. A link
between DRD2 and early life adversity has also
been documented in other species. For example,
in rats, differences were found in DRD1 and DRD2
expression between individuals that were raised
with or without their mothers, especially on gluta-
matergic neurons that project from the prefrontal
cortex to the nucleus accumbens [59]. In rhesus
macaques, atypical rearing conditions were asso-
ciated with a decrease in promoter methylation of
dopamine receptor 3 (DRD3) in prefrontal cortex
tissue [60]. While the exact impact of DRD2
methylation at all CpGs in our study remains
unknown in chimpanzees, it would be interesting
to investigate DRD2 brain expression patterns in
mother- and nursery-reared individuals to investi-
gate if such a link is present.

One limitation in our study was that personality
data were not collected at the same date of blood
sample collection. It is thus possible that methyla-
tion levels do not fully represent the methylome



profile associated with the personality profile at
the time of sampling. However, we do not expect
this to have a major impact on the results as
Extraversion and Openness are two personality
traits with good stability across time in chimpan-
zees [61], and the mean difference between the
dates of personality rating and blood sample col-
lection was relatively low (Mean = 2.11 years,
SD = 3.96) for a long-lived species like chimpan-
zees. Our study sample was also limited in age
range for properly estimating methylation effects
of dopamine on personality across the chimpanzee
lifespan. While we did not find an age effect on
levels of methylation, our study sample did not
include individuals younger than 12 years of age.
Previous research has shown that epigenetic mod-
ifications of brain tissue are most pronounced in
the immediate postnatal state, as environmental
factors have a larger impact on developing brain
circuits at a young age due to higher plasticity of
the brain [62,63]. It is thus possible that age effects
would have been more pronounced if data for
juveniles and subadults had been available and
included. Another limitation is that the methyla-
tion results were determined using peripheral
blood samples. It is unclear to what extent methy-
lation patterns from blood are similar to methyla-
tion patterns in relevant brain tissue for these
same individuals. To investigate this further, we
determined DRD2 methylation patterns in brain
tissue from the cerebellum and prefrontal cortex to
determine how well they correlate with patterns
from blood samples for eight chimpanzees.
Unfortunately, none of these chimpanzees were
included in the personality study given that they
were already deceased of natural causes at the
time. The data did show a significant correlation
between blood and brain tissue samples, with the
highest correlation found for the prefrontal cortex.
This is notable given that DRD2 expression is
lower in the cerebellum than in the prefrontal
cortex [64]. Furthermore, this is in line with
other studies that have reported similar associa-
tions between blood and brain methylation pat-
terns [for a review see 43].

On a final note, many studies have reported
differences in forebrain dopaminergic systems
between humans and other primate species,
which are suggested to have functional and

EPIGENETICS 1711

evolutionary implications [25-28]. Humans differ
from other primates, for example, in their patterns
of cortical and basal ganglia dopaminergic inner-
vation [25,27] and have unique dopamine bio-
synthesis gene expression in the striatum [28].
While further research is needed to clarify the
implications of variation in the dopaminergic sys-
tem among primates on cognitive function, our
study shows that the broad regulatory effects of
dopamine on personality are largely similar in
chimpanzees compared to humans. Chimpanzees,
together with bonobos, show the highest level of
genetic similarity to humans due to their close
phylogenetic relatedness [65]. They therefore
show the largest overlap in brain structure and
functioning with humans and offer much better
models to study the uniqueness of the biological
foundation and evolutionary origin of human per-
sonality development than common animal mod-
els, including rodents and nonhuman primates
such as macaques and marmosets [66]. If proxi-
mate mechanisms are shared in both species, as is
the case here, they were most likely already present
in the last common ancestor to Pan and Homo
[67]. As the overall personality structure is also
fundamentally different in chimpanzees than
humans, with the Extraversion domain only con-
taining aspects associated with exploratory beha-
viour in chimpanzees while in humans items
associated with both status and exploration are
present [1], our study indicates an evolutionarily
conserved role of dopamine on exploratory beha-
viour rather than status.

In conclusion, our results highlight the role of
dopaminergic signalling in chimpanzee personality,
and indicate that environmental factors such as
early social rearing background, can have long-
lasting behavioural effects, potentially through mod-
ification of the epigenome. These findings add to the
growing field of evidence demonstrating the impor-
tance of the experience-dependent methylome for
the development of complex social traits.
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