PROCEEDINGS B

rsph.royalsocietypublishing.org

)

Research

updates

Cite this article: Madrid JE, Mandalaywala
TM, Coyne SP, Ahloy-Dallaire J, Garner JP, Barr
(S, Maestripieri D, Parker KJ. 2018 Adaptive
developmental plasticity in rhesus macaques:
the serotonin transporter gene interacts with
maternal care to affect juvenile social
behaviour. Proc. R. Soc. B 285: 20180541.
http://dx.doi.org/10.1098/rsph.2018.0541

Received: 14 March 2018
Accepted: 24 May 2018

Subject Category:
Development and physiology

Subject Areas:
behaviour, evolution, neuroscience

Keywords:
5-HTTLPR, G x E, maternal care, social play,
rhesus macaque, developmental plasticity

Authors for correspondence:
Jesus E. Madrid

e-mail: jemadrid@stanford.edu
Karen J. Parker

e-mail: kjparker@stanford.edu

Adaptive developmental plasticity in
rhesus macaques: the serotonin
transporter gene interacts with maternal
care to affect juvenile social behaviour

Jesus E. Madrid"?, Tara M. Mandalaywala*, Sean P. Coyne’, Jamie Ahloy-
Dallaire?, Joseph P. Garner?3, Christina S. Barr6, Dario Maestripieri’®
and Karen J. Parker?

INeurosciences Program, ZDepartment of Psychiatry and Behavioural Sciences, and “Department of Comparative
Medicine, Stanford University, Stanford, CA 94305, USA

4Department of Psychological and Brain Sciences, University of Massachusetts Amherst, Amherst,

MA 01003, USA

SDepartment of Psychology, Notre Dame of Maryland University, Baltimore, MD 21210, USA

®National Institute of Alcohol Abuse and Alcoholism, National Institute of Health, Bethesda, MD 20892, USA
"Department of Comparative Human Development, and Slnstitute for Mind and Biology, The University of
Chicago, Chicago, IL 60637, USA

= JEM, 0000-0002-2477-2086

Research has increasingly highlighted the role that developmental
plasticity—the ability of a particular genotype to produce variable pheno-
types in response to different early environments—plays as an adaptive
mechanism. One of the most widely studied genetic contributors to develop-
mental plasticity in humans and rhesus macaques is a serotonin transporter
gene-linked polymorphic region (5-HTTLPR), which determines transcrip-
tional efficiency of the serotonin transporter gene in vitro and modifies the
availability of synaptic serotonin in these species. A majority of studies
to date have shown that carriers of a loss-of-function variant of the
5-HTTLPR, the short (s) allele, develop a stress-reactive phenotype in
response to adverse early environments compared with long (1) allele homo-
zygotes, leading to the prevalent conceptualization of the s-allele as a
vulnerability allele. However, this framework fails to address the indepen-
dent evolution of these loss-of-function mutations in both humans and
macaques as well as the high population prevalence of s-alleles in both
species. Here we show in free-ranging rhesus macaques that s-allele carriers
benefit more from supportive early social environments than I-allele homo-
zygotes, such that s-allele carriers which receive higher levels of maternal
protection during infancy demonstrate greater social competence later in
life. These findings provide, to our knowledge, the first empirical support
for the assertion that the s-allele grants high undirected biological sensitivity
to context in primates and suggest a mechanism through which the
5-HTTLPR s-allele is maintained in primate populations.

1. Introduction

Natural selection can favour individuals that exhibit flexible responses to
environmental contexts [1]. Such plasticity is necessary to respond to social
and ecological heterogeneity, and at a species level, is often associated with
widespread ecological adaptation [2—7]. Exemplars of the relationship between
plasticity and ecological adaption include particular species of the macaque
genus (Macaca) which are known for their widespread geographical distribution
and ‘weed-like” persistence [4,8]. In these species, genetic variations which
influence serotonergic signalling pathways have been hypothesized to
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contribute to the species” adaptability to a variety of environ-
ments by increasing an individual’s sensitivity to context
during development [9,10]. However, despite their potential
adaptive value, interest in understanding the role serotoner-
gic genetic variants play in promoting developmental
plasticity has often been restricted to their association with
psychiatric pathogenicity [11-16].

One such serotonergic variant, particularly well-studied in
humans and rhesus macaques (Macaca mulatta), is the serotonin
transporter gene (SLC6A4). Expression of SLC6A4 can be
modulated by a polymorphic region (5-HTTLPR) located
upstream of the SLC6A4 promotor region [17,18]. In vitro
studies of the ‘long” (I) and ‘short’ (s) alleles of the
5-HTTLPR, named after differences in their number of repeti-
tive elements, have shown that the s-allele results in reduced
expression of SLC6A4. This reduction in transcriptional activity
associated with the s-allele of the 5-HTTLPR, in turn, results in
decreased serotonin reuptake relative to the I-allele [19]. Pheno-
typically, rhesus macaque carriers of the s-allele show
increased behavioural and endocrine stress-reactivity [20-23],
social vigilance [24], receipt of social aggression [25], displays
of submissive signals [26] and social isolation [27].

The s-allele of the 5-HTTLPR has also garnered attention
for its environmentally dependent effects on behavioural
phenotypes in rhesus monkeys. Across studies, developmen-
tal exposure to early life stressors (e.g. abusive parenting or
maternal deprivation) magnifies the behavioural and neuro-
endocrine response to subsequent stressors, increases
aggression and decreases social play of s-allele carrier, rela-
tive to l-allele homozygous, rhesus monkeys [19,20,22,28].
This observed gene-by-environment interaction (GxE),
along with corresponding GxE interactions found in
humans between our functionally analogous 5-HTTLPR
and stress-mediated increases in psychiatric susceptibility,
has led to the popular conceptualization of the Il-allele as
granting ‘protection’ from, and the s-allele as granting “vul-
nerability” to, adverse early social environments [9,17,29-32].

The prevailing framework, which posits that the s-allele
of the 5-HTTLPR is deleterious, has generated valuable
insight into genetic contributors to psychiatric pathogenesis
[30]. However, the framework does not address why such a
universally deleterious mutation would have independently
evolved in macaques and humans and have been maintained
at high prevalence across populations in both primate species
(reported allelic frequency ranges between 15-39% and 34—
80% in rhesus macaque and human populations, respect-
ively) [17,33,34]. Furthermore, in human populations with
lower frequencies of the s-allele, we observe a loss-of-function
single nucleotide polymorphism on the Il-allele which lowers
the transcriptional efficiency to that of the s-allele [35-38].
The high prevalence of the s-allele in primate species has
led investigators to hypothesize that genetic variations
which influence the transcriptional efficiency of SLC6A4
may confer an advantage in certain social contexts, at differ-
ent developmental time points, or during different periods in
life history [11-13,16,18,27,39-42].

One particular hypothesis, based on the observed envir-
onmentally dependent effects of the s-allele, argues that the
s-allele has pleiotropic effects which ultimately maximize
an s-carrier’'s developmental plasticity and that the
5-HTTLPR gene should, therefore, be re-conceptualized as a
‘plasticity’ rather than a ‘vulnerability’ gene [11,12,15,16].
This differential susceptibility hypothesis postulates that the
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to context, and therefore, carriers experience heightened
susceptibility to environmental input. Thus, not only
should s-allele carriers exhibit stress-reactive phenotypes
when exposed to adverse social environments during devel-
opment, as has been observed, but s-allele carriers should
also benefit the most from supportive social environments
during development [5,11,12,14,43].

Although there is evidence supporting the differential
susceptibility hypothesis for other proposed ‘plasticity
genes’ in humans, to our knowledge to date, no research
has tested whether s-allele carriers of the 5-HTTLPR similarly
display heightened developmental plasticity in response to
high-investing social environments during development in
non-human primates [44—-46]. Here we address this impor-
tant gap in scientific knowledge. Specifically, given the
demonstrated value of high-quality maternal care to infant
social development in primates [47-50], we used naturally
occurring variation in maternal behaviour in a free-ranging
population of rhesus macaques to test whether infants that
are s-allele carriers of the 5-HTTLPR show increased sensi-
tivity to high-investing social environments [49,51]. In
accordance with the differential susceptibility hypothesis
and based on documented GxE effects on social play in
response to maternal deprivation [28], we predicted that
social play in juvenile s-allele carriers (i.e. individuals of 1/s
or s/s genotypes) would be most influenced by indices of
high-quality mother—infant attachment. We selected social
play as our outcome measure for three key reasons: (i) it is
an age-appropriate measure of social competence, requiring
the proper display and interpretation of signals to announce
non-aggressive intentions [52-54]; (ii) it positively predicts
the formation of a primate’s affiliative social networks [55—
58]; and (iii) it is predictive of longitudinally stable social
bonds which are important for cooperation, survival and repro-
ductive success [59-62].

In support of the differential susceptibility hypothesis, we
found a GxE interaction whereby rhesus macaque s-allele
carriers which experienced enhanced maternal protection
during the first 12 weeks of life, exhibited the highest levels
of social play at 2 years of age. L-allele homozygotes, by con-
trast, were comparatively insensitive to the effects of their
early maternal environment. We also found a sex-specific
GXE interaction whereby male rhesus macaque s-allele car-
riers which engaged in more safe-base exploration, an
indicator of secure maternal attachment [63-66], similarly
exhibited higher levels of social play at 2 years of age. To
our knowledge, this is the first report in rhesus macaques
to demonstrate that the s-allele, widely considered to be a
deleterious genetic variant, instead confers developmental
plasticity which responds to early nurturing social environ-
ments. Moreover, these
observational evidence that increased developmental plasticity
in s-carriers of the 5-HTTLPR produces a potentially adaptive
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response, and by extension, provide functional insight into
robust maintenance of the s-allele in primate populations.

2. Methods
(a) Subjects and study site

This study was conducted on Cayo Santiago, a 15ha island
located 1km off the eastern coast of Puerto Rico. The study
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site and monkey population are managed by the Caribbean Pri-
mate Research Centre (CPRC). During the study period, the
population consisted of approximately 1200 free-ranging, daily-
provisioned, rhesus macaques (Macaca mulatta) of Indian origin
and robust genetic health [67,68]. For ease and reliability of
identification, all monkeys are captured and tattooed with a
unique alphanumeric identifier at 1 year of age. Subjects were
the first n = 46 macaque infants (1 = 24 males, n = 22 females)
born to different mothers between August and September 2011
in two of the nine naturally formed and human-habituated
social groups (groups R and S). This research protocol was
approved by the Institutional Animal Care and Use Committees
at the University of Puerto Rico, Stanford University and The
University of Chicago. All procedures complied with both the
National Institute of Health policies on the care and use of ani-
mals, and the legal requirements of Puerto Rico and the United
States. On-site animal welfare standards and practices were
ensured by the veterinarian and managerial staff at CPRC.

(b) Behavioural observations

Longitudinal behavioural data were collected from subjects
during two different developmental stages. Observations were
initiated at birth and continued throughout the first 12 weeks
of life (August—December 2011). Subjects were again observed
as juveniles for approximately 20 weeks when they were approxi-
mately 2 years of age (June—November 2013). All observations
were collected between 07.00 h and 14.30 h, the order in which
subjects were followed was randomized weekly, and obser-
vations were counterbalanced biweekly between morning and
afternoon observation blocks in order to avoid circadian behav-
ioural biases. Observers were at all times blind to the subject’s
genotype.

During the first 12 weeks of life, each infant was observed for
two 30 min periods per week using continuous focal sampling
methods [69]. Each observation period was recorded with a
handheld video camera (Kodak PlaySport Z3) for subsequent
coding. As previously described, the final infant behavioural
dataset consisted of 542 h of recorded observation time [70].
Interobserver reliability greater than Cohen’s k= 0.9 for occur-
rences of maternal interactions was reached before coding of
the videos was initiated. Mother—infant interactions were
coded by all observers using automatic time-stamp functions in
Microsort EXceL. Once imported, MICROSOFT AccEss was used to
calculate frequencies of mother—infant interactions which were
subsequently converted into hourly rates per subject. Coded be-
havioural interactions have been described in detail elsewhere
[71-73]; a summary ethogram is included here (see the electronic
supplementary material, S1).

Between the average age of 21.4 + 0.6 (s.d.) and 26.6 + 0.7
(s.d.) months, the same subjects (now juveniles) were observed
and handheld devices (Psion Workabout™) loaded with ‘behav-
iour” software for event recording (Syscan International Inc.,
Montreal, Quebec) were used. Each subject was observed for
one 30 min period per week using continuous focal sampling
methods [69]. The final juvenile behavioural dataset consisted
of 497h of observational data [74]. For the present study,
counts of social play were extracted as was the total time
observed which ranged from 9 to 11.5 h per subject. Any instance
of rough-and-tumble as well as non-aggressive (silent) wrestling
and chasing, characterized by the use of a ‘play face’, was
recorded as social play [53,71].

In rhesus macaques, juvenile dominance rank is maternally
inherited, and on Cayo Santiago these adult dominance ranks,
based on results of agonistic encounters and displacements
between individuals, are recorded in a database maintained by
the CPRC staff. Additionally, during the first 12 weeks of life
of our subjects, we collected ad libitum data on the outcome of

dyadic agonistic interactions between mothers of our subjects n

to confirm dominance hierarchies [69]. As has been previously
described, the dyadic interaction data were placed into a
winner-loser matrix and used to equally distribute the mothers
into high, middle or low ranking categories, separately for each
of the two social groups [70,75]. Maternal rank was then used
as a statistical blocking factor in our analysis to control for any
effect of dominance status on social play.

(c) Genotyping

During the yearly ‘trapping season’ (here, January—February
2012), infant subjects and their mothers were captured using
standard CPRC protocols. Mothers and infants were separated
and blood samples from the femoral vein of unanaesthetized
infants were collected in tubes coated with ethylenediamine-
tetraacetic acid (EDTA), processed, stored in —80°C and
shipped for genotyping. The genotyping protocol has been
detailed elsewhere [17,19,22,76,77]. We were unable to genotype
n =4 subjects and their data were thus excluded from further
analyses. Because of the paucity of rhesus macaques with homo-
zygous s/s genotypes, and as is standard in similar behavioural
genetic studies, we grouped individuals that carried at least one
copy of the s-allele of the 5-HTTLPR [78,79].

(d) Statistical analyses

All data were analysed in JMP 13 Pro and SAS 9.4 for WiNDows
(SAS Institute Inc, Cary, NC). In order to simplify the mother—
infant interaction data for analysis, we first performed a principal
components analysis (PCA) with varimax rotation. Following
best practice for PCA [80,81], the raw data were normalized by
using their correlation matrix for the PCA. The initial solution
gave five principal components (PCs) with eigenvalues greater
than 1 (PCs with eigenvalues less than 1 should be rejected),
but the scree plot suggested that a three-PC solution might be
optimal. We calculated both solutions. The three-PC solution
yielded biologically meaningful PCs in line with previous litera-
ture [47,49,63,71-73,82], whereas the five-PC solution yielded
similar results to the three-PC solution, but the additional PCs
loaded only one or two behaviours (indicating poor data
reduction). We, therefore, adopted the three-PC solution and
calculated PC scores for each individual for further analysis.

As the behavioural data were expressed as counts, social play
was analysed as a restricted maximum-likelihood Poisson
regression [83]. To control for differing observation times, total
observation time was used as an offset in the model. Dispersion
was estimated and corrected by the model. We first predicted
social play, using a Poisson regression blocked for date of
birth and maternal rank, and tested for sex (male or female),
5-HTTLPR genotype (1/1 versus s/s or 1/s), the sex-by-genotype
interaction and their interactions with each of the three PCs.
The resulting model showed evidence of over specification.
Following best practice for linear models, we, therefore, simplified
to a final model which only included statistically significant and
hypothesis-driven interactions with maternal components (i.e.
we retained genotype-by-PC interactions, but excluded non-
significant genotype-by-sex-by-PC and sex-by-PC interactions)
[80]. The final model showed no evidence of over specification.
The model was tested with type III likelihood ratios. Post hoc con-
trasts and custom tests were performed, and Bonferroni corrected.

3. Results

(a) 5-HTTLPR genotyping
The distribution of 5-HTTLPR genotypes in our n = 42 sub-
jects was as follows: males—1/1=12, 1/s =9, s/s=2 and

L¥S08L07 :S8T § 20 Y 20id  biorbuiysiigndfranosiesorqdsi



females—1/1=38, 1/s =11, s/s=0 (see the electronic sup-
plementary material, S2). In concurrence with previous
reports [18,27,33,84], the frequency of the s-allele in our
sample was 0.29. It did not deviate from Hardy-Weinberg
equilibrium (xX*=1.17, p > .05).

(b) Principal components analysis data reduction

The PCA reduced maternal interaction measures to orthog-
onal dimensions that were consistent with previous
research [47,49,71-73,82]. Rates of groom, retrieve, restrain,
mother follow infant, contact initiate by the mother, and
suckle positively loaded onto principal component 1 (PC1),
which we labelled ‘maternal protectiveness’, and explained
23% of the variance in the data. Rates of proximity initiate
by the infant, contact initiate by the infant, proximity break
by the infant, infant follow mother, proximity break by the
mother, contact break by the mother and proximity initiate
by the mother all positively loaded onto principal component
2 (PC2), which we labelled ‘safe-base exploration’, and
explained 19% of the variance in the data. Rates of abuse,
both active and passive reject, and contact initiate by the
infant positively loaded onto principal component 3 (PC3),
along with negative loadings of proximity break by the
mother, proximity initiate by the mother and suckle. We
labelled PC3 ‘maternal rejection’, and it explained 14% of
the variance in the original data. The resulting loading is
summarized in table 1.

(<) Gene-by-environment interaction

The interaction between 5-HTTLPR genotype and maternal
protectiveness was significant (likelihood ratio (LR) =
4.46; p = 0.0347). Post hoc tests revealed that s-allele carriers
which received higher levels of maternal protection during
infancy exhibited greater social play at 2 years of age (LR
x* = 12.88; p = 0.0003; figure 1). L-allele homozygote subjects
showed no significant effect from maternal protection (LR
x> =1.08; p = 0.2997; figure 1).

A three-way interaction between 5-HTTLPR genotype,
safe-base exploration and sex was also highly significant
(LR ¥*=9.13; p=0.0025; figure 2a). Post hoc tests
demonstrated that male s-allele carriers which engaged in
greater safe-base exploration during infancy exhibited greater
social play at 2 years of age (LR x*=20.41; p < 0.0001).
Conversely, 1-allele homozygote males which were observed
conducting greater safe-base exploration during infancy
exhibited decreased social play at 2 years of age (LR x* = 9.479;
p = 0.0021). Females, regardless of genotype, showed no sig-
nificant effect of safe-base exploration (l-allele homozygotes:
LR x* = 0.0449; p = 0.8322) (s-allele carriers: LR x* = 0.0123;
p = 0.9116) (figure 2b).

While there was no GxE interaction between 5-HTTLPR
genotype and maternal rejection, we found a significant
sex-by-environment interaction between infant sex and
maternal rejection (LR x* = 4.33; p = 0.0375), whereby the
relationship between early maternal rejection and juvenile
social play differed significantly between male and female
infants. However, in post hoc tests, neither sex showed a sig-
nificant relationship on their own even before Bonferroni
correction. The relationships between early maternal rejection
and juvenile social play may have been particularly difficult
to detect in this dataset: unlike for the other PCs, maternal

rejection had a highly skewed distribution with only three
individuals experiencing high levels of rejection.

4. Discussion

In this study, we found that rhesus macaque carriers of the
risk-associated s-allele for the 5-HTTLPR gene engaged in
social play as juveniles at higher frequencies if they had
also experienced high levels of maternal protection as infants
(figure 1). The fact that behavioural phenotypes of juveniles
differ based on the quality of early maternal care in s-allele
carriers, and that these carriers can show lower or higher
levels of social play than l-allele homozygotes depending
on early maternal care, provides evidence that the s-allele
confers to its carriers a higher degree of developmental plas-
ticity. This finding supports the interpretation provided
by the differential susceptibility hypothesis whereby the
s-allele increases the environmental sensitivity of the carrier
during development and that under certain circumstances
may actually confer benefits to its carriers. Safe-base explora-
tion, an indicator of secure maternal attachment and which is
suggested by fluid changes in mother—infant proximity and
contact [63,64], provided an added opportunity for us to
assess the interaction between differing quality of maternal
environment and variants of the 5-HTTLPR gene. We
found that male rhesus macaque carriers for the s-allele for
the 5-HTTLPR which had demonstrated higher scores in
safe-base exploration as infants also played at higher frequencies
as juveniles (figure 2a).

While maladaptive GXE interactions in rhesus macaques
have been widely reported between the s-allele and adverse
rearing environments, to our knowledge this is the first
report of GxE interactions between the s-allele and maternal
care as an example of potentially adaptive developmental
plasticity in rhesus macaques. Similar to the present study,
prior interventional and observational studies in humans
have reported GxE interactions that confer adaptive value
for other genes traditionally thought to confer risk for psy-
chiatric illness [45-47]. Our study expands this body of
literature, which supports the differential susceptibility
hypothesis for several widely interpreted ‘deleterious” alleles,
to include the s-allele for the 5-HTTLPR in non-human
primate populations [10-12,14-16,39,46,85].

Besides the differential susceptibility hypothesis, two
other hypotheses address the evolution of the polymorphic
5-HTTLPR region. The balancing selection hypothesis posits
that the stress-reactive phenotypes of s-allele carriers are in
itself adaptive; the prevalence of the s-allele is justified by
competitive social contexts in which the hypervigilant, obser-
vant and aggressive behavioural profile of s-carriers is
adaptive [13,40,86]. Evidence supporting this hypothesis
shows an association between polymorphic variation in sero-
tonergic pathway genes and interspecific levels of social
aggression across macaque species [9,42,87]. By contrast, the
life-history modification hypothesis posits that the s- and I-
alleles confer temporally shifted mating strategies. Thus,
despite yielding proportionally similar reproductive output,
genotypic variations in the 5-HTTLPR region are associated
with both the age at which rhesus macaque males disperse
from their natal groups and the age at which males are maxi-
mally reproductive [41,88]. Similarly, subordinate s-allele
carrier rhesus macaque females—female members of the
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Figure 1. Maternal protectiveness influences juvenile social competence in a genotype-dependent manner. Infant genotype and levels of maternal protection
experienced during the first 12 weeks of life interact to influence levels of social play exhibited at 2 years of age (LR x* = 4.46; p = 0.0347). Short-allele carriers
of the 5-HTTLPR (i.e. I/s and s/s individuals; blue circles) which experienced higher levels of maternal protection during infancy exhibited greater social play as
juveniles (LR x”= 12.88; p = 0.0003). L-allele homozygotes of the 5-HTTLPR (i.e. I/ individuals; orange circles) did not show a significant effect from maternal
protection (LR x* = 1.08; p = 0.2997). The data points of the two s/s individuals are indicated with diamonds. The y-axis values (counts of social play per 10 h)
are corrected for factors in the model equivalent to a least-squares line and are thus plotted as the expected value for each data point, plus the Pearson residual.

Table 1. Factor loadings of principal component analysis (PCA) for mother—infant interactions. (Italicized if |loading factor| > 0.3, per best practices in PCA
[80,81].)

behaviours PC1 maternal protectiveness P(2 safe-base exploration PC3 maternal rejection
active reject 0012261 0.065555 0.847651
passive reject 0034178 0446231 0693137
festrain 10773081 0067077 —0.104231
retrieve 0.907778 0100208 —0.001903
abuse —0.164731 © 0.096278 0.574033
groom 0658985 —0.096778 0012701
contact-initiate, mother 10.905545 009202 —0.077655
contact-break, mother 0.09065 0.860042 0.214926
proximity-initiate, mother 0128144 066149 —0.398625
proximity-break, mother —0.108265 0.569013 —0.568879
mother follow infant 0.814658 0057434 —0.044038
suckle 0.568331 —0.156121 —0.355401
contact-initiate, infant © 0.030418 0517165 0318753
contact-break, infant 0.449584 0.142584 0.158238
proximity-initiate, infant — 0215658 0601128 1 0.019315
proximity-break, infant 0.045577 0.440268 0.051163
infant follow mother 0083051 0822879 0202861

species do not disperse and instead form core matrilines
within their natal group—experienced delayed sexual matu-
ration relative to l-allele homozygous females [89].
Although genetic inquiries into the evolution of the SLC6A4
gene support the differential susceptibility hypothesis [18],
the differential susceptibility, balancing selection and life-

history modification hypotheses are not necessarily mutually
exclusive and may represent three different simultaneous
levels of stabilizing selection. For example, the hypervigilant
and aggressive behavioural profile of the s-carriers, selected
for in the balancing selection hypothesis, could conceivably
result from predictive environmental programming during
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Figure 2. Safe-base exploration influences juvenile social competence in a sex and genotype-dependent manner. Infant genotype, sex and levels of safe-base explora-
tion experienced during the first 12 weeks of life interact to influence levels of social play exhibited at 2 years of age (LR x* = 9.13; p = 0.0025). (a) Male s-allele
carriers of the 5-HTTLPR (i.e. I/s and s/s individuals; blue circles) which experienced higher levels of materal protection during infancy exhibited greater social play as
juveniles (LR x*= 9.13; p < 0.0001). Male I-allele homozygotes of the 5-HTTLPR (i.e. I/l individuals; orange circles) similarly displayed a relationship with safe-base
exploration. However, it was in the opposite direction to male s-allele carriers whereby I-allele homozygote males which displayed higher levels of safe-base explora-
tion during infancy exhibited decreased social play during juvenility (LR x*= 9.479; p = 0.0021). (b) No effect of genotype or infant safe-base exploration on social
play during juvenility was discerned for females (s-allele carriers as blue circles: LR x* = 0.0123; p = 0.9116) (I-allele homozygotes as orange circles: LR x* =
0.0449; p = 0.8322). The data points of the two s/s individuals are indicated with diamonds. In (a,b), y-axis values (counts of social play per 10 h) are corrected for
factors in the model equivalent to a least-squares line and are thus plotted as the expected value for each data point, plus the Pearson residual.

development and thus in reality be a form of informational
adaptive developmental plasticity [10].

Additionally, with safe-base exploration, we also report
sex-dependent influences whereby infant females of either
genotype were insensitive to differences in early life environ-
ment (figure 2b).
sex-dependent interactions is that, as the species” dispersing
sex, males may be more influenced by developmental differ-
ences in safe-base exploration which in itself incorporates
[41]. Another
additional explanation is that there are known sex-differences

One possible explanation for this

behavioural indicators of independence

in the developmental trajectories of rates of social play in
rhesus macaques, with males engaging in social play at
much higher rates and at earlier ages than females [90,91].
It is conceivable that in female rhesus macaques social play
may not be the most sensitive measure by which to test for
the presence of developmental plasticity. In humans, s-allele
carrier mothers self-report higher perceived attachment
with their own infants if they self-report having themselves
received better maternal care during childhood [92]. Given
known female-bias in attraction toward infants in macaque
species [93], future studies will need to address whether
maternal care received during infancy by female rhesus
monkey s-allele carriers influences their own maternal care
as adults.

Finally, we report that male rhesus macaques of the 5-
HTTLPR 1/1 genotype who demonstrated higher scores in
safe-base exploration as infants, engaged in lower frequencies
of social play as juveniles (figure 24). This unexpected G xE

interaction is contrary to the prevailing notion of the l-allele
as resistant to environmental influences [9,17], and instead
suggests that the l-allele may likewise confer individuals
responsiveness to different environmental contexts and may
do so in an opposing manner to that of the s-allele. Future
studies are needed to investigate this possibility.

We note that our study is not without limitations. We
have interpreted higher rates of social play as an adaptive
response, but there are costs associated with it. For example,
research on wild macaques has shown that while higher rates
of social play do confer benefits such as better acquisition of
motor skills, social play can impose energetic costs to the
individual and result in decreased body growth [94].
Additionally, although early social play demonstrates a
long-lasting relationship with the development of social
skills and relationships critical to survival [52,53,55—
57,59,60,62,95], the association between social play and later
reproductive success has not been established in primates.
Follow-up research is, therefore, necessary to determine the
relationship between social play during primate juvenility
and adult reproductive fitness [95], as has been shown in
other mammalian species [61,96]. Finally, although we
report a GxE interaction between the s-allele of 5-HTTLPR
and maternal care in rhesus macaques which influences
social play, follow-up studies need to determine the general-
izability of this effect by investigating other cognitive and
neuroendocrine measures during juvenility.

To conclude, this study demonstrates GXE interactions
between early maternal care and 5-HTTLPR genotype of the
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infant which influences later social competence in rhesus maca-
ques. These findings provide, to our knowledge, the first
empirical evidence supporting the hypothesis that the s-allele
of 5-HTTLPR grants developmental plasticity which can
respond to high-investing early environments. Not only do
these findings help dispel the popular conceptualization of the
s-allele as invariantly deleterious, they provide a framework
through which to further understand developmental plasticity
in behaviour and its role in adapting to heterogeneous
environmental conditions [97].
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