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Abstract

Serotonin is a neurotransmitter that plays an important role in regulating behavior and personality in humans and other
mammals. Polymorphisms in genes coding for the serotonin receptor subtype 1A (HTR1A), the serotonin transporter
(SLC6A4), and the serotonin degrading enzyme monoamine oxidase A (MAOA) are associated with anxiety, impulsivity,
and neurotic personality in humans. In primates, previous research has largely focused on SLC6A4 and MAOA, with few
studies investigating the role of HTR1A polymorphic variation on behavior. Here, we examined variation in the coding
region of HTR1A across apes, and genotyped polymorphic coding variation in a sample of 214 chimpanzees with matched
measures of personality and behavior. We found evidence for positive selection at three amino acid substitution sites, one
in chimpanzees-bonobos (Thr26Ser), one in humans (Phe33Val), and one in orangutans (Ala274Gly). Investigation of the
HTR1A coding region in chimpanzees revealed a polymorphic site, where a C/A single nucleotide polymorphism changes
a proline to a glutamine in the amino acid sequence (Pro248GlIn). The substitution is located in the third intracellular
loop of the receptor, a region important for serotonin signal transduction. The derived variant is the major allele in this
population (frequency 0.67), and is associated with a reduction in anxiety, decreased rates of male agonistic behavior,
and an increase in socio-positive behavior. These results are the first evidence that the HTR1A gene may be involved in
regulating social behavior in chimpanzees and encourage further systematic investigation of polymorphic variation in
other primate populations with corresponding data on behavior.
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transporter (SCL6A4, also known as S5HTT or SERT) and the
enzyme monoamine oxidase A (MAOA) (Lesch et al. 1997;
Sabol et al. 1998). The serotonin transporter is responsible for
reuptake of serotonin from the synaptic cleft into the pre-
synaptic neuron (Murphy et al. 2004), and MAOA is the key

Introduction

Serotonin (5-Hydroxytryptamine or 5-HT) is a monoamine
neurotransmitter that plays an important role in the regula-
tion of personality and behavioral tendencies across mam-

mals (Barchas and Usdin 1973). Serotonin levels typically have
an inverse relationship with levels of anxiety, depression, and
aggressiveness (Lesch and Merschdorf 2000; Azmitia 2007;
Duke et al. 2013; Gottschalk and Domschke 2016).
Although the serotonin pathway is present in a variety of
taxa and is relatively conserved (Azmitia 2007; Curran and
Sreekanth 2012), important variation exists in the genes cod-
ing for the transporter, degradation enzymes, and receptors
of this neurotransmitter that have been linked to differences
in species-specific and individual behavior.

In humans, repeat polymorphisms were identified in the
regulatory regions of the genes encoding the serotonin

enzyme responsible for the degradation of serotonin, as well
as other amine neurotransmitters, via oxidative deamination
(Sabol et al. 1998). The regulatory region repeats in both genes
have been shown to affect transcription of the genes in vitro
(Heils et al. 1996; Denney et al. 1999; Bennett et al. 2002; Guo
et al. 2008) and have been linked to several psychiatric con-
ditions and behaviors. The SCL6A4 regulatory polymorphism
(5-HTTLPR) is a microsatellite with two predominant alleles, a
14 (s or short) and 16 (I or long) repeat (Nakamura et al.
2000). There is substantial evidence that the short allele is
linked to lower levels of transcription and increased anxiety,
depression, and aggressiveness, as well as a cluster of
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personality traits like Neuroticism and Harm Avoidance (for
reviews, see Murphy et al. 2004; Sen et al. 2004; Karg et al.
2011; Siegel and Crockett 2013; Gottschalk and Domschke
2016). Similar results were found for a MAOA promotor re-
peat (MAOA-LPR), a length polymorphism with six allelic
variants, ranging from two to six repeats. Most studies have
focused on the three and four repeat alleles, and found that
the shorter allele is linked to lower transcriptional activity,
higher anxiety, and more aggressive behavior (Sabol et al.
1998, Deckert et al. 1999; Guo et al. 2008; Raine 2008;
Gottschalk and Domschke 2016; but see Fisher et al. 2017).

Although research has largely focused on the serotonin
transporter and MAOA enzyme, genetic variation in seroto-
nin receptor proteins has also been shown to be involved in
governing behavior. Serotonin signals through a total of 14
receptors (Hoyer et al. 2002). The 1A receptor subtype
(HTR1A) is among the most abundant of serotonin receptors
in the brain, with particularly high expression in neural struc-
tures important in emotional regulation and social cognition,
such as the amygdala, hippocampus, and the pyramidal cells
and interneurons of the cerebral cortex (Lanfumey and
Hamon 2000; Varnas et al. 2004). This G-protein coupled
receptor (GPCR) mediates inhibitory serotonin transmission
and is expressed on both serotoninergic and nonserotonin-
expressing neurons (Hjorth et al. 2000; Zhong et al. 2008).
HTR1A knockout studies in mice reveal increases in anxiety
and stress responses (Toth 2003). In humans, missense muta-
tions and regulatory polymorphisms in HTR1A have similarly
been implicated in mood and panic disorders (Akimova et al.
2009; Gottschalk and Domschke 2016), and neurotic person-
ality (Strobel et al. 2003).

Understanding the biological basis and origin of this
serotonin-related behavioral variation requires a broad com-
parative perspective within an evolutionary context (Rogers
2018). In nonhuman primates, research on polymorphisms
in the serotonin system so far has primarily focused on the
SCL6A4 and MAOA linked promotor repeats (Inoue-
Murayama et al. 2000; Trefilov et al. 2000; Bennett et al.
2002; Champoux et al. 2002; Barr et al. 2004; Newman
et al. 2005; Wendland et al. 2006; Claw et al. 2010; Dobson
and Brent 2013; Kalbitzer et al. 2016). While 5-HTTLPR and
MAOA-LPR are unique to hominoids (i.e., apes), orthologues
were found in rhesus macaques (rs5-HTTLPR and rsMAOA-
LPR), with similar common length variants (Lesch et al. 1997;
Newman et al. 2005). The rs5-HTTLPR short allele is associ-
ated with reduced transcription (Bennett et al. 2002), higher
emotional distress and anxiety in infant macaques
(Champoux et al. 2002; Barr et al. 2004), and lower age of
first dispersal in males, which may be an indicator of higher
impulsivity and risk-taking (Trefilov et al. 2000). The
rsMAOA-LPR low activity allele was linked to higher aggres-
sion in male mother-reared rhesus macaques (Newman
et al. 2005). In marmosets, nucleotide polymorphisms
were recently identified within the regulatory region of
SLC6A4 and found to be linked to gene expression and
anxiety (Santangelo et al. 2016). In great apes, studies on
serotonin candidate genes lack associated behavioral phe-
notypic measures (Inoue-Murayama et al. 2000; Wendland

et al. 2006; Garai et al. 2014). Instead, polymorphic variation
is described in relation to species-specific differences in gen-
eral behavioral patterns, for example, in aggressiveness
(Garai et al. 2014). While length variation in these regions
may be linked to known between-species differences, poly-
morphic regions may have been under differential selective
pressures among taxa, and potentially even populations
spread across different geographic regions (Kalbitzer et al.
2016). Further detailed studies are therefore needed to as-
sess the association of within-species genetic variation with
behavior.

Despite the great interest in the serotonin transporter and
the MAOA enzyme, behavioral association studies investigat-
ing serotonin receptors, particularly HTR1A genetic variation,
are lacking in primates (but see Shattuck et al. 2014). HTR1A is
of special interest, given that previous research has docu-
mented evidence of selection and a high level of divergence
among macaque species, which is suggested to explain some
of the species differences in behavior, such as levels of aggres-
sion, dispersal, and exploratory behavior (Shattuck et al.
2014). Investigating the gene in great apes, humans’ closest
living relatives (Prado-Martinez et al. 2013), would provide
further insight into the evolutionary history of the serotonin
system. For example, much like different macaque species
(Shattuck et al. 2014), bonobos and chimpanzees show be-
havioral differences in aggressiveness, risk-taking, and social
tolerance that may be explained by evolutionary selective
pressures acting upon the serotonin system (Hare et al.
2012). Interspecies comparisons of HTRTA may thus shed
light on the evolution of behavioral differences among these
closely related species.

Therefore, the aims of this study were to examine inter-
and intraspecific coding variation and the role of selection on
HTR1A in great apes, and to explore the association of poly-
morphic variation with individual differences in personality
and behavior, particularly in chimpanzees. To this end, we
genotyped a large sample of captive chimpanzees that had
been the subjects of previous research quantifying variation in
personality and behavioral tendencies (Freeman et al. 2013).
The design of the study is exploratory, resulting in a large
number of models being tested. While this may increase
our chances of finding false positive results (Ranganathan
et al. 2016), the benefit of using an exploratory approach is
that unexpected or biologically unsound associations can be
ruled out, thereby confirming the targeted effects of the can-
didate gene on specific aspects of personality and behavioral
tendencies. Based on the well-documented serotonin effects
in human and nonhuman primates, we predicted that coding
variation would primarily impact variation in anxiety and
aggression-related personality traits and behaviors.

Results

HTR1A Coding Variation

Interspecific Variation

We identified nine fixed species-specific amino acid substitu-
tions among apes (fig. 1). In humans, a phenylalanine was
substituted for a valine (Phe33Val). Chimpanzees and
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Fic. 1. Alignment of the HTR1A amino-acid sequences across apes using rhesus macaque HTR1A as a reference sequence. Dots indicate similarity

Lo consensus sequence.

bonobos share two substitutions, a threonine to serine
(Thr26Ser) and a proline to glutamine (Pro248GIn) (fig. 2).
In bonobos, two additional substitutions are present, a glu-
tamic acid to aspartic acid (Glu268Asp) and a histidine to
tyrosine (His296Tyr). In orang-utans, two substitutions were
found, an arginine to histidine (Arg241His) and an alanine to
glycine (Ala274Gly). Finally, gibbons had two species-specific
substitutions, a histidine to leucine (His242Leu) and a serine
to asparagine (Ser269Asn). In gorillas, no species-specific non-
synonymous substitutions were identified. Signals of positive
diversifying selection were found for the Thr26Ser site in the
Pan lineage (ie, chimpanzees and bonobos) (w =275,
P=0.03), Phe33Val in humans (w =126, P=0.07), and
Ala274Gly in orangutans (w =14, P=0.02). For an
overview of all site-specific positive selection signals with
likelihood ratio test results, see supplementary table S1,
Supplementary Material online.

Intraspecific Variation

Further examination of the protein-coding region of HTR1A
in our chimpanzee sample revealed that the Pro248GIn sub-
stitution is polymorphic (rs25209664: C/A). Solution of the
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2D structure of the protein indicates that the substitution is
located in the third intracellular loop of the receptor (fig. 2).
Genotyping of this SNP in our total sample of 214 chimpan-
zees revealed that the substitution (derived A allele) is the
major allele (frequency 0.67) and genotype frequencies were
in Hardy—Weinberg equilibrium (* = 0.20, df = 1, P = 0.656;
Genotype frequency of ratings AA =97, AC=92, CC=25;
Genotype frequency of codings: AA =20, AC=24, CC=9,
Genotype frequency of experimental scratching AA =28,
AC=25CC=5).

Relationship between HTR1A Genotype and Personality

For coded personality and behavior, our model selection ap-
proach yielded models that include genotype effects for three
behavioral variables: display, proximity, and groom other (see
supplementary table S2, Supplementary Material online, for
model information and factor estimates). For display behav-
ior, a significant genotype by sex interaction effect (F(2, 43) =
3.920, P=0.021, fig. 3A) was found. Males homozygous for
two C alleles show higher levels of display behavior compared
with males with one or two A alleles, while there is no signif-
icant difference in females. For proximity, a genotype by rank
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Fic. 2. Transmembrane structure of G protein coupled 5-HT1A re-
ceptor found in chimpanzees. Mutations/polymorphisms are indi-
cated for humans (Phe33Val), Pan (i.e, chimpanzees and/or
bonobos) (Thr26Ser, Pro248GIn, Glu268Asp, His296Tyr), orangutans
(Arg241His, Ala274Gly), and gibbons (His242Leu, Ser269Asn).
Extracellular N-linked glycosylation motifs are indicated by borderless
circles. *indicates polymorphic site in chimpanzees.

effect was found (F(4, 41) = 3.279, P=0.020, fig. 3B).
Proximity scores showed no difference between individuals
from different ranks in individuals with two ancestral or de-
rived alleles, while in chimpanzees with an AC genotype,
individuals of medium rank had lower proximity scores
than individuals with high or low rank. For groom other, a
significant difference was found between genotypes (F(4, 44)
= 4931, P=0.012, fig. 3C). Individuals homozygous for two C
alleles show significantly lower levels of social grooming than
individuals with one (B = —0.599, P = 0.009) or two A alleles
(B = —0.573, P =0.011). For an overview of genotype means
for all behavioral variables and coded personality dimensions,
see supplementary table S3, Supplementary Material online.

For rated personality trait adjectives, a genotype effect was
found solely on the trait adjective anxious (F(2, 209) = 4.286,
P=0.015), with individuals homozygous for two C alleles
scoring higher on anxious than individuals with one A allele
(B=0.591, P=10.006) (fig. 3D). For model information and
factor estimates, see supplementary table S2, Supplementary
Material online. No significant associations were found be-
tween genotype and any of the six personality dimensions or
additional 40 trait adjectives. For an overview of genotype
means on additional adjectives and rated personality

dimensions, see supplementary table S4, Supplementary
Material online.

Relationship between HTR1A Genotype and Experimental
Measure for Anxiety

HTR1A genotype was significantly associated with levels of
self-scratching (F(2, 53) = 9.754, P < 0.001), with CC individ-
uals engaging in significantly more scratching compared with
AC (B=12.380, P=0001) and AA (B=11.182, P=0.003)
individuals (fig. 4).

Discussion

Interspecies comparison of HTR1A in apes revealed a rela-
tively conserved coding sequence. Nine fixed species-specific
amino acid substitutions were identified (figs. 1 and 2).
Analysis of site-based protein evolution across mammals
revealed signals of directional selection for Phe33Val,
Thr26Ser, and Ala274Gly, indicating that these are potential
candidates for further studies of functional changes. In our
sample of chimpanzees, Pro248GlIn appeared to be polymor-
phic, and associated with anxiety, display, and potentially
grooming and proximity.

The polymorphism leading to the Pro248GlIn substitution
is located in the third intracellular loop of the receptor. G-
protein coupled receptors typically have seven transmem-
brane alpha helices that create three extracellular and three
intracellular loops (fig. 2). The third intracellular loop plays an
important role in serotonin signaling as it couples to hetero-
trimeric G proteins and intracellular second messengers like
calmodulin to function in signal transduction (Turner et al.
2004; Masson et al. 2012). A multitude of signaling pathways
have been described in which HTRTA participates, including
adenylyl cyclase inhibition, phospholipase C stimulation, and
K+ channel regulation (for review, see Masson et al. 2012).
Although it is unclear what particular pathway might be af-
fected by Pro248Gln, due to its location in the receptor and
its association with expected behavioral phenotypes in this
study, we predict that it could have an impact on intracellular
signaling. Transfection experiments where wild-type and mu-
tant receptors are investigated for differential coupling to
multiple signaling pathways can shed light on the exact func-
tional impact of the polymorphism in future work (Lembo
et al. 1997).

Investigation of the relationship between the Pro248GIn
polymorphism and variation in chimpanzee personality
revealed a reduction in anxious, a rated personality adjective.
Chimpanzees with two ancestral alleles were perceived as
more anxious by human observers compared with individuals
that are heterozygous. The result is in line with known regu-
latory effects of serotonin in other primate species, including
humans (Barr et al. 2004; Lanzenberger et al. 2007; Akimova
et al. 2009; Fakra et al. 2009; Gottschalk and Domschke 2016;
Santangelo et al. 2016). We did not find an association with
the overarching personality factor Dominance, which
includes the adjective anxious. Human studies typically find
an association between serotonin and Neuroticism, a person-
ality dimension that includes the personality adjectives
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proximity, (C) HTR1A genotype effect on groom other, and (D) HTR1A genotype effect on anxious. Personality data taken from Freeman et al.

(2013).

anxiety, angry, depression, self-consciousness, impulsiveness,
and vulnerability (Hu et al. 2000; Sen et al. 2004; Ward et al.
2017). This dimension is, however, different from any of the
chimpanzee dimensions included in this study. The chimpan-
zee Dominance dimension contains adjectives related to the
shy-bold axis and assertiveness, for example, bold, shy, and
dominant, which are not expected to be regulated by
serotonin.

In addition, no significant associations were found with
behavioral variables that potentially reflect anxiety, like exhib-
iting a fear-grimace and self-grooming. Fear-grimace was only
observed in five individuals, limiting its reliability, but even so,
it did follow the direction of the anxiety effect we found, with
individuals with an ancestral allele scoring higher than indi-
viduals with derived alleles (supplementary fig. S1A,
Supplementary Material online). Self-grooming did not follow
the pattern of the anxiety effect (supplementary fig. S1B,
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Supplementary Material online), but although some studies
include it as an indicator off anxiety in chimpanzees (Fraser
et al. 2008; Koski 2011), others have found no support for this
(Aureli and de Waal 1997; Baker and Aureli 1997). However,
self-scratching and yawning, the behaviors that are suggested
to be the most reliable indicators of anxiety in chimpanzees
(Baker and Aureli 1997; Yamanashi and Matsuzawa 2010),
were not part of the personality study from which we drew
data (Freeman et al. 2013). Therefore, in addition, we chose to
investigate the effects of HTRTA genotype on another existing
data set of recorded self-scratching behavior of chimpanzees
during an experimental set-up that aimed to induce negative
arousal (Hopkins et al. 2006). In line with our findings, CC apes
engaged in significantly more anxiety-related scratching com-
pared with AC and AA individuals. These results confirm the
association between the Pro248GIn substitution and anxiety
in chimpanzees. The higher abundance of the AA genotype in
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the population may be indicative of selective pressures favor-
ing lower levels of stress and/or better stress coping behavior
in these chimpanzees. This species has a wide distribution,
ranging from East to West Africa (Humle et al. 2016), and
genetic modifications that allow for lower levels of anxiety
may have facilitated chimpanzee dispersal throughout time. It
is also worth noting that biased sampling is a potential issue
when studying the behavioral genetics of captive animals.
That is, more anxious individuals might be less likely to end
up in captivity (Carter et al. 2012). Such a bias would not
impact our findings regarding phenotypic associations, but
the CC genotype might be underrepresented in the captive
population. Genotype frequencies from wild populations are
needed to clarify this issue.

An effect of the Pro248GIn polymorphism was also found
on male display behavior. Males with one or two derived
alleles showed a significant decrease in display behavior com-
pared with males with two ancestral alleles. Display behavior
was a coded behavioral variable defined as “a behavioral se-
quence that incorporates elements such as drumming, re-
peated swaying, exaggerated, often bipedal locomotion,
charging, and pilo-erection,” and is the most frequent form
of male aggression in this study and the wild (Muller 2002).
Genotype was not significantly associated with observed
behaviors contact aggression, noncontact aggression, or with
the rated adjective aggressiveness. However, as with fear-gri-
mace, aggression rates were low in the population and there-
fore more prone to large error distributions. Nevertheless,
inspection of the plots for these behaviors and aggressiveness

revealed a similar direction of HTR1A genotype effects (sup-
plementary fig. S2, Supplementary Material online), support-
ing the potential association between serotonin receptor
genotype and agonistic behavior.

In chimpanzees, male display rates have been documented
to show individual differences and are positively correlated
with rank (Muller 2002; Foster et al. 2009). Therefore, these
results suggest that HTR1TA genotype could play a role in
shaping individual variation in agonistic dominance styles of
high-ranking chimpanzees (Foster et al. 2009). Because the
number of males with two rare ancestral alleles was low in our
study, our genotype by rank interaction effect was not signif-
icant. We can, however, not fully rule out that rank effects are
driving the display effect in our study. If true, the male biased
effect of genotype is likely due to the interaction of serotonin
with testosterone (Birger et al. 2003). In humans, androgens
like testosterone have been shown to downregulate serotonin
receptor mRNA expression and serotonin turnover (Ambar
and Chiavegatto 2009). Furthermore, high levels of
competition-induced testosterone combined with low levels
of serotonin have been shown to augment levels of impulsive
aggression (Birger et al. 2003). In chimpanzees, testosterone is
known to increase with rank (Muller and Wrangham 2004;
Anestis 2006). Increased testosterone levels in high-raking
males, in combination with the genotype effects on serotonin
receptor signaling, possibly leads to augmented levels of ag-
onistic behavior. Male aggression is characteristic of chimpan-
zee society, with males sometimes showing extreme coercion
of females, and intergroup interactions that are typically ag-
gressive (Wilson and Wrangham 2003; Wilson et al. 2014). On
rare occasions, high-ranking males in the wild have been
documented to show extreme aggression, even leading to
within-group lethal attacks on lower ranking males (Watts
2004; Kaburu et al. 2013). Further studies investigating HTRTA
genotype effects may offer insight into proximate mecha-
nisms associated with such behaviors.

Finally, a significant effect of genotype was found on social
grooming behavior. Individuals with two ancestral C alleles
showed lower levels of social grooming than individuals with
a derived allele. While previous research has been more ori-
ented toward investigating the role of serotonin in regulating
socio-negative behaviors like aggression and anxiety, recent
studies have also highlighted its role in prosociality, empathy,
and social bonding (Tost and Meyer-Lindenberg 2010; Tibi-
Elhanany and Shamay-Tsoory 2011; Kiser et al. 2012; Siegel
and Crockett 2013; Stoltenberg et al. 2013; Larke et al. 2016).
In humans, individuals with the long 5-HTTLPR allele showed
lower levels of social avoidance and higher levels of helping
others, indicating that reduced social anxiety in long allele
carriers may enhance prosocial behavior (Stoltenberg et al.
2013). Our results are in line with these findings, with higher
levels of social behavior found in individuals with the derived
alleles. For proximity, a genotype by rank effect was found.
However, the data reveal no clear pattern for this interaction
effect. In line with the grooming effect, individuals with two
ancestral C alleles do show lower levels of proximity behavior,
independent of their rank. While these associations with
socio-positive behavior are interesting, they have not
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previously been discussed in primates and thus require fur-
ther investigation.

Notably, Pan showed more lineage-specific variation than
any other ape lineage, with four nonsynonymous substitu-
tions found in bonobos. Despite their close phylogenetic re-
lationship, bonobos and chimpanzees are known to differ in
social behaviors. Bonobos show lower levels of severe aggres-
sion and risk taking behavior, and are more sensitive to social
cues than are chimpanzees (Kano 1992; Doran et al. 2002;
Herrmann et al. 2010; Furuichi 2011; Haun et al. 2011; Rosati
and Hare 2012; Hopkins et al. 2017), all of which are poten-
tially influenced by serotonin. While the function and poly-
morphic nature of these amino acid substitutions remains to
be investigated, they could be informative for our under-
standing of the evolutionary mechanisms behind these be-
havioral differences. Given the association of the Pro248GIn
polymorphism with agonistic behavior in chimpanzees, we
genotyped an additional six bonobos to investigate polymor-
phic variation at this site and found that all individuals were
homozygous for the derived Pan specific allele. While further
testing in larger samples of bonobos is warranted, this result is
interesting given the reported behavioral differences in the
two species. Hare et al. (2012) have hypothesized that selec-
tion pressures against aggression have occurred in bonobos
and that serotonin system-regulating genes offer potential
candidates (Hare et al. 2012). If the HTR1A allele associated
with reduced agonistic behavior has been fixed in bonobos,
our results may support a model of selection against aggres-
sion. It has already been shown that bonobos show greater
serotonergic innervation selectively in the amygdala, a brain
region important for the regulation of emotional response
(Stimpson et al. 2016). Further systematic investigation of
variation in serotonin-related genes (HTRTA, SLC6A4,
MAOA) and their effects on brain expression patterns and
serotonin signaling would be informative to answer questions
regarding evolutionary patterns underlying the behavioral
differences in these two closely related species.

To conclude, these findings provide the first evidence for
HTR1A genotype associations with anxiety, agonistic, and po-
tentially socio-positive behavioral tendencies in chimpanzees.
While our results warrant replication and confirmation of the
exact physiological impact of the Pro248GIn polymorphism,
they offer an expanded framework for understanding genetic
variation underlying behavioral variation in chimpanzee pop-
ulations. In addition, further systematic assessment of HTRTA
polymorphic variation with behavior in the other primate
species could provide insights into the evolutionary pathways
underlying serotonergic signaling.

Materials and Methods

Subjects

Matched DNA/blood samples and personality rating scores
were available for 214 adult and subadult chimpanzees (127
females and 87 males, age range: 8—53 years). All chimpanzees
were members of the colony of apes housed at the Yerkes
National Primate Research Center (YNPRC) (N=77, 55
females and 22 males, age range: 9-53years) or the
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National Center for Chimpanzee Care at the Michale E.
Keeling Center for Comparative Medicine and Research,
The University of Texas MD Anderson Cancer Center,
Bastrop, TX (KCCMR) (N =137, 72 females and 65 males,
age range: 8-51years). All aspects of this research adhered
to the American Psychological Association’s guidelines for the
ethical treatment of animals in research.

HTR1A Variant Identification and Protein Modeling
Interspecific Variation

To identify coding variation in the HTRTA gene in apes, we
used the Ensembl genome browser to extract coding sequen-
ces for humans (Homo sapiens, GRCh38: CM000667.2), chim-
panzees (Pan troglodytes, Pan_tro_3.0: CMO000319.3),
bonobos (Pan paniscus, panpan1.1: CM003388.1), western
lowland gorillas (Gorilla gorilla gorilla, gorGor4: FR853088.3),
Sumatran orangutans (Pongo abelii, PPYG2:
ENSPPYG00000015500), and  white-cheeked  gibbons
(Nomascus leucogenys, Nleu_3.0: CM001664.1). To investigate
further potential functional implications of variants, we also
tested for positive and purifying selection on individual codon
sites across a large alignment of 27 mammals, including 25
primate species (supplementary table S4, Supplementary
Material online) using the mixed effects model of evolution
(MEME) in HyPhy (Murrell et al. 2012). Positive selection can
be inferred whenever the estimated ratio (w) of site-specific
nonsynonymous (f3) to synonymous (¢) substitution rates
significantly exceeds one (Murrell et al. 2012).

Intraspecific Variation

For chimpanzees, the reference genome Pan_tro_3.0
(Kuderna et al. 2017) is largely based on a single western
chimpanzee (Pan troglodytes verus) male, but includes addi-
tional lower-coverage genomic sequence data from seven
other individuals (The Chimpanzee Sequencing and
Analysis Consortium 2005). Using these combined data for
eight individuals, we identified nonsynonymous single nucle-
otide polymorphisms as candidates for assessing within-
species variation potentially associated with aspects of per-
sonality and behavior. Given that the genome data are based
on western chimpanzees, it may not capture the potential
genetic variation in the other three subspecies of chimpan-
zees. However, the chimpanzees living in captivity in United
States descended from a founder population that was >95%
from the western subspecies (Ely et al. 2005), so the genome
data are expected to be representative for the individuals
included in this study. We then modeled the chimpanzee
receptor structure to identify the location of noncoding poly-
morphisms using protter, a web-based tool that supports
interactive protein data analysis by visualizing annotated se-
quence features in the context of protein topology (Omasits
et al. 2014).

Personality Assessment

We used the personality measures reported by Freeman et al.
(2013), which were collected using two methodologies.
The first method, referred to as the rating method, used a
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Table 1. Adjectives Loading onto Varimax-Rotated Chimpanzee Personality Traits.

Methods Trait

Adjectives/Behaviors

Rating Reactivity/
undependability

Dominance
Extraversion
Openness
Agreeableness
Methodical
Dominance
Affiliation
Proximity
Solitary

Coding

+ Irritable + Temp./moody + Deceptive + 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 + Inq./curious + Inventive + Intelligent + Aff./ Friendly + Persistent

+ Protective + Considerate

+ Self-caring + Methodical

+ Solicit + Sexual + Contact Aggression 4+ Noncontact Aggression -+ Displace

+ Postconflict Affiliation + Affiliation + Contact

+ Groom Other + Proximity — Play — Begging

-+ Display + Fear Grimace + Groom self — Submissive

Note.—The data are taken from Freeman et al. (2013).

chimpanzee-specific personality questionnaire that was de-
veloped by the authors and extensively tested for validity.
Rating data were collected for all 214 chimpanzees from
both YNPRC and KCCMR included in the study. The ques-
tionnaire consists of 41 personality trait adjectives that were
rated on a Likert scale ranging from 1 (least descriptive of
chimpanzee) to 7 (most descriptive of chimpanzee). Trait
adjectives were rated by observers who were familiar with
the individuals to collect overall impressions of the chimpan-
zee's behaviors. For example, the adjective “anxious” is defined
as an individual that is hesitant, indecisive, tentative, and jit-
tery. Interrater reliabilities were strong for all but one adjective
(predictable), which was excluded from subsequent analysis.
Principal component analysis on the means of the 40 rating
adjectives, combined with expert evaluations of the factor
solution, resulted in a personality structure comprising six
dimensions: Reactivity/Undependability, Dominance,
Extraversion, Openness, Agreeableness, and Methodical
(table 1). For detailed factor adjective scores, see supplemen-
tary table S5, Supplementary Material online.

The second method, referred to as the coding method, is
based on using coded behaviors that are observed in the
social group. Coding data were collected from 2012 to 2014
for a subset of 54 individuals only from the KCCMR group (34
females, 20 males, age range: 8-53 years). Within the KCCMR
group, subjects were housed in six smaller social groups with
relatively stable group compositions across the entire period
of observation (supplementary table S7, Supplementary
Material online). Each group was observed for an average of
41h (range: 10-61 h). Behaviors were coded using an exten-
sive ethogram. Behavioral variables and their definitions are
shown in supplementary table S6, Supplementary Material
online. The behaviors were collected 2 years prior to the col-
lection of the personality ratings as part of a separate study
(Silk et al. 2013; unpublished data). Three observers collected
the behavioral data and did not rate the personalities of the
chimpanzees. The behavioral ethogram used for the observa-
tions included both scan sampling (for common state behav-
iors) and ad libitum (for rare behaviors and/or point
behaviors) data. Each observation session lasted 60 min
with scan samples taken every three min. Scan data included
the behaviors groom, proximity, contact, play, and begging.

Ad libitum observations included the groupings of behavior:
aggressive (display, non-contact aggression, contact aggres-
sion, solicit, displace, and intervene) and sexual, postcontact
affiliation, submissive (begging, fear grimace, flee, and submis-
sive), and food sharing. Principal component analysis on the
means of the 17 coding variables, combined with expert
evaluations of the factor solution, resulted in a personality
structure comprising four dimensions: Dominance, Affiliation,
Proximity, and Solitary (table 1). For detailed factor behavioral
item scores, see supplementary table S8, Supplementary
Material online. In addition, dominance rank was available
for all 54 chimpanzees that were observed. Rank was assigned
by a researcher based on >20years of past experience with
the chimpanzees at the facility. All chimpanzees were classi-
fied as either high, medium, or low ranking. For a subset of 25
individuals, dominance data were also collected using behav-
ioral observations, including displacement, displays, aggres-
sion, and grooming received (Lewis 2002), which were used
to validate the ranking data. The correlation between the
rated ranking data and the data based on behavioral obser-
vations was r = 0.66 (Freeman 2010). All our analyses of SNP
associations were based on these previously collected behav-
ioral data and calculations of personality dimensions; we did
not perform any additional behavioral studies for the current
analyses.

Experimental Measure Scratching

In addition to personality data and behavioral tendencies, we
also tested for genotype effects on previously collected exper-
imental measures of self-scratching, an anxiety-related behav-
ior (Baker and Aureli 1997), for a subset of 58 individuals. For a
detailed description of the methods used to collect these
data, see Hopkins et al. (2006). In brief, the frequency of
self-scratching was recorded during a baseline and experi-
mental condition where chimpanzees were shown videos of
unfamiliar chimpanzees sharing, fighting over and consuming
a watermelon. Difference scores were computed by subtract-
ing the number of responses in the baseline condition from
the frequency recorded when shown videos of unfamiliar
chimpanzees.
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DNA Extraction and Genotyping

For the 214 chimpanzees with matched personality data, ge-
nomic DNA was extracted from 200-pl blood samples using
the QIAampDNA Mini Kit automated on a QiaCube
(Qiagen) and following the manufacturer’s instructions. The
DNA extract was recovered in 200 pl of elution buffer, and
kept frozen at —20 °C. Negative extraction controls showed
no evidence of DNA contamination. DNA concentrations
were quantified using a Nanodrop 2000 (Thermo-Fisher
Scientific) spectrophotometer. Subsequent genotyping of
the SNP of interest was done using High Resolution Melt
Analysis (Smith et al. 2010). Primer pairs flanking the SNP
(forward: 5'-CATGCTGGTTCTCTATGGGC-3' and reversed
5-ACTCTCCATTCACACTCTTCTTG-3') were designed to
target a short segment (100 bp) containing the single poly-
morphic site. All gPCR reactions and melting curves were
done on a Rotor-Gene Q (Qiagen) platform. The 25-ul PCR
reaction mix contained 125l HRM MasterMix (Qiagen:
HotStarTag plus DNA polymerase, EvaGreen dye,
Q-Solution, deoxynucleotides, and MgClI2), 1.75 pl primer
mix (10mM concentration forward and reverse primers)
and ~20ng of genomic DNA. PCR started with an initial
activation at 95 °C (5 min), followed by 40 cycles of denatur-
ing at 95 °C (10 s), annealing at 54 °C (30s) 72 °C (40 s) and a
final extension period of 10 min at 72 °C. In each reaction, no-
template controls were included. Data on melting patterns of
gPCR products were generated immediately following ampli-
fication by increasing temperatures from 65 to 95 °C, rising by
0.1 °C/2 s. Fluorescence data were plotted as a function of
temperature during DNA denaturation (melting) and visual-
ized and compared using the Rotor-Gene Q HRM software
package (Qiagen). The resulting melting temperatures and
curve shapes were assigned to different genotypes and up
to four independent gPCR and high resolution melt analyses
were repeated per sample (mean = 2.76 replicates per sam-
ple). Additionally, for each melting curve with matching ge-
notype, we Sanger sequenced ten percent of the samples to
validate and confirm the genotype (Applied Biosystems
Genetic Analyzer, DNA Analysis Facility at Yale University).
Multiple alignments of the resulting DNA sequences were
performed using Geneious (Version 6.0.6).

Statistical Analysis

Statistical analysis was performed using the statistical soft-
ware program R (www.r-projectorg version 332 last
accessed March 22, 2019). We tested for population adher-
ence to Hardy—Weinberg equilibrium using the “HWAlltests”
function in the HardyWeinberg package in R (https://cran.r-
project.org/web/packages/HardyWeinberg/index.html;  last
accessed March 22, 2019). To test for HTR1A genotype effects
on personality, we ran general linear models using the Im
function in the Ime4 package in R (https://cran.r-project.
org/web/packages/Ime4/index.html; last accessed March 22,
2019) . Sex, genotype, rank, and all two-way interactions were
included as fixed effects and age and relatedness coefficient
were entered as covariates. Relatedness coefficients were used
to correct for the degree of relatedness of each individual to
all other individuals in the colony. Relatedness coefficients
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were extracted from pedigree data using the kinship2 package
in R (https://cran.r-projectorg/package=kinship2; last
accessed March 22, 2019). Given that we correct all our mod-
els for relatedness, all means reported are estimated marginal
means corrected for the effect of relatedness. Model selection
was done using the Akaike Information Criterion (AIC).
Diagnostic plots (residuals vs. leverage and QQ plots),
Shapiro—Wilk tests, and variance inflation factors were used
to confirm the assumptions of linear models. The Levene’s
test was used to assess the homogeneity of variances assump-
tion of linear models. When any of the assumptions were not
met, we used square root or log transformations of our var-
iables. Given that the chimpanzee personality dimensions are
different from human personality dimensions and therefore
the expected associations between genotype and personality
may vary between studies, we use an exploratory approach
that includes testing all ten personality dimensions (PCA
components) and all 40 personality adjectives and 14 behav-
ioral variables. Four behavioral variables were not individually
tested for genotype effect, as the behaviors were rare and only
observed in a small proportion of individuals (fear grimace
N =5, solicit N=19, intervene N = 6, and flee N = 2). Group
was not added as a random effect, as not all genotype-rank
combinations were present in all subgroups (see supplemen-
tary table S8, Supplementary Material online). Our study is
therefore limited in that we cannot fully rule out a potential
confound between group and genotype-rank effects.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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