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Abstract

Temperament is a construct whose manifestations are quantifiable from an early
age, and whose origins have been proposed as “biological.” Our goal was to
determine whether maternal rank and infant genotype are associated with five
measures of temperament in 3- to 4-month old rhesus monkeys (Macaca mulatta), all
of whom were born and reared by their mothers in large, outdoor, half-acre cages.
Maternal rank was defined as the proportion of animals outranked by each female,
and the two genes of interest to us were monoamine oxidase and serotonin
transporter, both of which are polymorphic in their promoter regions (MAOA-LPR
and 5-HTTLPR, respectively), with one allele of each gene considered a “plasticity”
allele, conferring increased sensitivity to environmental events. Our large sample
size (n=2014-3140) enabled us to examine the effects of individual genotypes
rather than combining genotypes as is often done. Rank was positively associated
with Confident temperament, but only for animals with the 5-repeat allele for
MAOA-LPR. Rank had no other effect on temperament. In contrast, genotype had
many different effects, with 5-HTTLPR associated with behavioral inhibition, and
MAOA-LPR associated with ratings-based measures of temperament. We also
examined the joint effect of the two genotypes and found some evidence for a dose-
response: animals with the plasticity alleles for both genes were more likely to be
behaviorally inhibited. Our results suggest phenotypic differences between animals
possessing alleles for MAOA-LPR that show functional equivalence based on in vitro
tests, and our data for 5-HTTLPR revealed differences between short/short
homozygotes and long/short heterozygotes, strongly suggesting that combining
genotypes for statistical analysis should be avoided if possible. Our analysis also

provides evidence of sex differences in temperament, and, to our knowledge, the

Abbreviations: AIC, Akaike's Information Criterion; BBA, biobehavioral assessment program; Bl, behavioral inhibition; EDTA, ethylenediaminetetraacetic acid; ICC, Intraclass correlation
coefficient; LR, likelihood ratio; MAOA-LPR, monoamine oxidase-A linked polymorphic region; MCMC, Monte Carlo with Markov Chain method; SLC6A4, gene that codes for the serotonin
transporter (5-HT); SPSS, statistical package for the social sciences; 2LL, Deviance—2 *log-likelihood; 5-HTTLPR, serotonin-transporter-linked promoter region.
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1 | INTRODUCTION

Temperament is a multidimensional concept with a long history
(Capitanio, 2008; Kagan, 1994), but an overarching commonality has
been the linking of behavioral traits with some aspect of the
individual's “constitution.” That is, temperament is typically consid-
ered as having a strong biological basis (Rothbart & Derryberry, 1981).
The nature of this biological basis, however, remains unclear, though
there has been considerable interest in prenatal contributions (and
particularly stress experienced by the pregnant female) and genetics
(for reviews, see Huizink, 2012; Saudino & Wang, 2012, respectively).

In studying influences of both prenatal and genetic factors on
temperament, research with animal, and particularly primate, models
have been a useful adjunct to studies done with humans, with animal
studies providing a degree of experimental control and precision that
is often lacking in human studies. For example, in examining the role
of prenatal influences, human studies have focused either on
naturally-occurring anxiety in the pre-partum period (e.g., Vaughn
et al., 1987) or on the experience of “naturally-occurring” stressors,
such as the 9/11 World Trade Center attacks (Brand et al., 2006) or
the aftermath of Hurricane Katrina (Tees et al., 2010). Primate
studies, on the other hand, have been able to use experimental
methods to study the effects of stress in the pre-partum period. One
of the more productive paradigms has been use of an acoustic startle
stimulus, delivered at precise times during gestation (Coe et al., 2003).
This procedure has been found, for example, to increase animals'
emotional reactivity to stress (Clarke & Schneider, 1993;
Schneider, 1992; Worlein & Sackett, 1995), and there is evidence
that when, during gestation, the stimulus is experienced affects
outcomes (Rendina et al., 2016).

Primate studies have also been useful in examining the effect on
temperament of allelic variation in specific candidate genes. One of
the first genes to be examined is the gene that codes for the
serotonin transporter (SLC6A4, also known as 5-HTT), the molecule
responsible for reuptake of serotonin from the synaptic cleft
following its release. A length polymorphism in a promoter region
of this gene (5-HTTLPR) affects the transcription of the transporter
protein, with a short allele showing reduced transcriptional efficiency
compared to the long allele (Lesch et al., 1997). Animals with at least
one short allele showed greater emotionality compared to long/long
homozygotes (Champoux et al., 2002). A second gene of interest is
the X-linked monoamine oxidase-A (MAOA) gene, the protein product
of which deaminates the monoamine neurotransmitters. This gene

also has a polymorphism in its promoter region (MAOA-LPR),

only evidence of differences in temperament based on specific pathogen-free status.

We suggest several directions for future research.

behavior genetics, behavioral inhibition, monoamine oxidase-A promoter, plasticity alleles,
serotonin transporter promoter

consisting of a variable number of repeat sequences, and this
polymorphism has been related to variation in transcriptional
efficiency of the gene in both humans (Sabol et al., 1998) and rhesus
monkeys (Newman et al, 2005). The low transcriptional activity
alleles have been associated with poor affect regulation (e.g.,
depression: Fan et al., 2010). Barr (2012) provides a recent review
of this literature in primates.

Importantly, both 5-HTTLPR and MAOA-LPR often exert their
effects as moderators for experimental interventions or experiences
of some type, either pharmacological or behavioral. For both genes,
the alleles that promote reduced transcriptional efficiency were
initially considered “risk” alleles, insofar as individuals that experience
some form of adversity showed poorer behavioral outcomes if they
also had the low-transcriptional variants of the genes. The classic
result demonstrating this showed poor outcomes for maltreated
children, but those that also had the low-activity alleles were more
likely to show these poor outcomes (Caspi et al., 2002). Similarly, in
rhesus monkey infants, we (Karere et al., 2009) have shown
interactions of MAOA-LPR genotype and the rearing environment.
Growing evidence, however, suggests these genes may be viewed
more productively as “sensitivity” or “plasticity” alleles: under adverse
conditions, they typically confer greater risk for poor outcomes, but
data also suggest that under extremely beneficial conditions they
promote more positive outcomes (Belsky & Pluess, 2009; Ellis
et al., 2011; Taylor et al., 2006).

As described above, human research has often focused on
naturally-occurring events during pregnancy, while primate research
has typically focused on the use of tightly controlled experimental
paradigms to understand how prenatal exposure to stress might
impact infant temperament (although exceptions exist: Herrington
et al, 2016, showed that prenatal exposure to a matrilineal
overthrow influenced emotionality and anxiety in infant rhesus
monkeys, and Walker et al., 2018, showing that naturally-occurring
variation in maternal adiposity before pregnancy was associated with
lower Confident temperament among infant rhesus). One reason for
these different approaches may be related to sample size—studies of
naturally-occurring events in humans typically involve large sample
sizes, which is impractical at many primate facilities.

One component of social life that might influence variation in
temperament is social rank, which is an important organizing feature
of rhesus macaque social life. Recent studies with macaques have
shown that subordinate animals in small social groups can show a
variety of adverse behavioral and physiological effects (Shively, 1998;
Snyder-Mackler et al., 2016, 2019; Tamashiro et al., 2011) including
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effects on personality (Kohn et al., 2016). These consequences are
typically conceptualized as resulting from the chronic stress
associated with social subordination, some consequences of which
are likely to influence development during gestation. Rather
surprisingly, only a single paper exists to our knowledge that
examined the effects of maternal rank on offspring temperament:
Suarez-Jimenez et al. (2013) reported that infants of high-ranked
mothers showed greater affective reactivity in response to adverse
events, such as during the presence of a human intruder. This was a
relatively small study (N = 26 infants), where rank was operationalized
as high versus low/middle.

The goal of the present study was to determine whether
maternal social rank is associated with infant temperament and
whether 5-HTTLPR or MAOA-LPR contribute independently to
temperament or moderate the effects of rank. Specifically, we were
interested in whether high social rank conferred any positive
benefits, and low social rank conferred negative consequences, for
infant temperament. Because there is some evidence in the literature
that middle-ranked animals might show differences from low- and
high-ranked animals (see references and discussion in Weinstein
et al.,, 2014), we also were interested in whether the relationship
between rank and temperament might be nonlinear.

We elected to look at the effects of all of the major genotypes
for these two genes. Often, for MAOA-LPR, the low transcriptional
genotype(s) are combined (there are more than one in humans, but
only one in rhesus) as are the high transcriptional genotypes.
Similarly, for 5-HTTLPR, the heterozygotes (short/long) are often
grouped with the homozygotes (short/short) to examine the effects
of possessing at least one short allele. Groupings of this type are
common in human studies, but especially so in nonhuman primate
studies because sample sizes are typically so low, particularly in
the more rare subgroups (e.g., for 5-HTTLPR, short/short). Because
we had more than 2000 subjects in our sample, we have sufficient
statistical power to identify small-sized lower-level effects of
individual genotypes on measures of infant temperament (Arend &
Schafer, 2019). Finally, because Belsky and Beaver (2011) reported a
dose-response effect for plasticity alleles from multiple genes, and
because we had a large sample size, we also examined whether both
genes contributed to differences in temperament.

Our five measures of temperament were obtained from the data
archive for the BioBehavioral Assessment (BBA) program at the
California National Primate Research Center (CNPRC). Four of the
measures (Confident, Gentle, Nervous, Vigilant) were obtained from
ratings conducted at the end of the 25-h assessment period and were
identified using exploratory and confirmatory factor analyses with
oblique rotations, as described by Golub et al. (2009). The fifth
measure, behavioral inhibition (Bl), was derived from focal animal
observations taken on the animals at the beginning and the end of
the 25-h period. Importantly, all five measures have been shown to
be related to behavioral and/or health outcomes assessed many
years after the initial assessments: these include diarrhea (Elfenbein
et al, 2016; Gottlieb et al, 2018), asthma (Capitanio, Miller,
et al., 2011; Chun et al., 2013), and various behavioral outcomes
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(Capitanio, 2019; Capitanio et al., 2017; Chun & Capitanio, 2016; Fox
et al., 2021; Gottlieb et al.,, 2013; Vandeleest et al., 2011). The
relationships between infant-assessed temperament and later behav-
joral and health outcomes provide evidence that the temperament
measures are in fact assessments of traits, and not simply transient
states. Moreover, because genetic variation has been related to
variation in these temperament measures (heritability estimates
ranged from 0.2 to 0.4, a range similar to that seen in human studies
[Blomquist et al., 2021; Fox et al., 2021]), it seems reasonable that

our two candidate genes of interest might influence temperament.

2 | METHOD

All procedures reported in this paper were approved by the
Institutional Animal Care and Use Committee of the University of
California, Davis, and complied with all local, state, and federal
regulations. The research also adhered to the American Society of
Primatologists' Principles for the Ethical Treatment of Non-Human

Primates.

2.1 | Open science statement
Raw data and SPSS and Stata script files to reproduce the
findings are available on the OSF: https://osf.io/untrc/?view_only=
7469c7618d5840f0a68533f57269e837

2.2 | Subjects
The initial sample comprised N = 3424 infant rhesus monkeys (mean
age = 106.6 days, range = 88-134 days; 46.2% male). This included all
animals (a) assessed in CNPRC's BBA program between 2001 and
2019; (b) born into one of 24 half-acre outdoor field corrals,
containing up to 200 animals of all ages and both sexes; (c)
socially-reared in the field corrals by their biological mothers (i.e.,
not fostered) as verified by a microsatellite panel designed to identify
maternity and paternity (Andrade et al., 2004; Kanthaswamy
et al., 2006); and (d) for whom complete rank data were available.
From this initial sample, six subsamples were drawn, one for each
of the analyses presented below. Samples 1 and 2 were drawn for the
5-HTTLPR analyses and involved eliminating animals (a) for whom
5-HTTLPR data were missing (due to failure to obtain a blood sample,
or genotyping results that were ambiguous: n=217) and (b) animals
that possessed the rare XL allele (n = 58). In addition, 13 animals were
missing data on one or more of the four temperament ratings
variables, resulting in n=3136 for Sample 1, and nine animals were
missing data for the Bl measure, resulting in n=3140 for Sample 2.
Samples 3 and 4 were drawn for the MAOA-LPR analyses.
Animals from the initial sample were eliminated if they had missing
genotype data (n=179), and if they had genotypes other than 5/-,
6/-, and 7/- for the hemizygous males, and 5/5, 6/6, and 7/7 for the
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homozygous females (recall that MAOA-LPR is X-linked) (n=1083
were eliminated). Ten animals were missing data on one or more of
our four ratings-derived measures, leaving n = 2152 for Sample 3, and
six animals were missing data for Bl, leaving n = 2156 for Sample 4.

Samples 5 and 6 were drawn for the two-gene analysis and
involved the same criteria as above for the two genes; after eliminating
animals that had valid data for both genes but were missing data on our
outcome measures, our final sample sizes were n =2014 for the two-
gene analysis of the four ratings measures (Sample 5) and n =2017 for
the two-gene analysis of Bl (Sample 6). Table 1A describes the
demographic characteristics of the six samples.

2.3 | Procedure

2.3.1 | BBA program

The BBA program at the California National Primate Research Center
comprises a series of tests conducted over a 25-h period designed to
assess various aspects of behavior and physiology (for details see
Capitanio, 2017, 2022; Golub et al., 2009). Mothers and infants were
net captured from their field corrals, separated from each other, and
delivered to holding cages in the testing room (infants) or to an area
(mothers) that was outside of sensory range of the infants. Infants,
which were always tested in cohorts of five to eight animals, arrived
at 0900 h, and were housed individually in standard-sized cages
(0.61 x0.69 x 0.81 m, Lab Products) indoors. Infants were returned to
their mothers at 1000 h the following day, where they were allowed
an hour to nurse before return to their natal cages with their mothers.
Each infant holding cage contained a stuffed furry toy duck, a towel,
and a novel object that the infants could manipulate. Infants were
provided with water ad libitum, orange-flavored drink, fresh fruit, and
commercial monkey chow. Three assessments from the BBA program

are considered in this report.

TABLE 1 Demographic characteristics

Sample 1 2

A: Demographic characteristics and analyses examined for the six subsamples

Analysis— genotype 5-HTTLPR 5-HTTLPR
Analysis— outcomes Ratings BI
Sample size 3136 3140

Age (mean and range) 106.7 (88-134)

% male 46.6% 46.6%

106.7 (88-134)

Holding cage behavior

Each animal was observed by a technician for two 5-min periods in a
predetermined random order: once approximately 15min after
relocation to the holding cage (0915 h) on Day 1 of the BBA and
again at 0700 on Day 2. An observer sat approximately 2.4 m in front
of the holding cage while avoiding eye contact with the subject. All
behaviors were scored according to the ethogram in Golub et al.
(2009), using The Observer software program (Noldus, 1991), by a
trained observer whose interobserver reliabilities exceeded 85%
agreement. Frequencies of behaviors were converted to a rate per
60s, and durations were converted to a proportion of total time
observed. Data from the larger BBA program (>1400 animals,
including animals from other rearing conditions) were treated to
exploratory and confirmatory factor analyses (Golub et al., 2009), and
two factors were identified: “Emotionality” comprised the rate of
vocalizations (barks and coos); and whether the subject displayed
lipsmacks, threats, and self-scratching behaviors; and “Activity” that
comprised the proportion of time locomoting; proportion of time an
animal was not in a hanging position on the front, sides, or top of the
cage; rate of environmental exploration; and whether or not the
animal drank, ate food, or was in a crouched posture. For each year of
BBA testing, the Day 1 and Day 2 data were summarized by z-scoring
each item, then creating the factor analysis-derived scales, which
were then re-z-scored to have a mean of zero and SD = 1. Animals
were considered behaviorally inhibited if their scores on all four
scales (Day 1 Emotionality, Day 1 Activity, Day 2 Emotionality, Day 2
Activity) were less than zero. Animals not satisfying these criteria
were considered not inhibited. More information about this measure
of Bl can be found in Capitanio (2019) and Fox et al. (2021).

Temperament ratings

At the conclusion of the 25-h assessment, the technician who
performed the testing rated the overall temperament of each animal
during the 25-h test period using a listing of 16 adjectives and a

3 4 5 6
MAOA-LPR MAOA-LPR Both Both
Ratings BI Ratings BI
2152 2156 2014 2017

106.5 (88-134) 106.5 (88-134) 106.5 (88-134) 106.5 (88-134)

B: Cluster information (numbers of dams and sires, and cluster size [i.e., number of offspring] of each) for each sample

Number of unique dams 1763 1766

Mean size and range of dam cluster  1.78 (1-9) 1.78 (1-9)
Number of unique sires 759 759

Mean size and range of sire cluster 4.13 (1-62) 4.14 (1-62)

Abbreviation: Bl, behavioral inhibition.

69.7% 69.5% 69.8% 69.7%
1421 1423 1348 1350

1.51 (1-7) 1.52 (1-7) 1.49 (1-7) 1.49 (1-7)
662 662 644 645

3.25 (1-4¢6) 3.26 (1-46) 3.13 (1-42) 3.13 (1-42)
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seven-point Likert-type scale, with “1” reflecting a total absence of
the behavior and “7” reflecting an extremely large amount of the
behavior. Exploratory and confirmatory factor analyses suggested a
four-factor structure to the data: Confident (confident, bold, active,
curious, playful), Gentle (gentle, calm, flexible, curious), Nervous
(nervous, fearful, timid, not calm, not confident), and Vigilant (vigilant,
not depressed, not tense, not timid; note, the adjectives preceded by
“not” indicate the item was reverse-scored; e.g., a high score on the
Vigilant scale indicated that animals tended to have high scores on
the individual vigilant item, and low scores on the depressed, tense,
and timid items). As with the holding cage behavior scales, factor
scores were z-scored within each assessment year. Trait definitions
and details of the factor analyses and scale construction can be found
in Golub et al. (2009).

Genotyping

Genotyping was performed on buffy coats obtained from a blood sample
drawn on the animals at 1100 h on Day 1. One ml whole blood was
obtained via femoral venipuncture using manual restraint. Blood was
collected in an un-heparinized syringe and was immediately transferred to
two % ml tubes containing ethylenediaminetetraacetic acid (EDTA) as an
anti-coagulant. One tube was spun in a refrigerated centrifuge (4°C) at
1277 g for 10 min, after which the plasma was removed. The remaining
buffy coat was refrigerated for later genotyping. The multiplex methods
for genotyping have been described in Karere et al. (2012); the same
methods were used across years. MAOA-LPR alleles were classified
according to repeat number of 5 (240 base pairs), 6 (258 bp), and
7 (276 bp) (small numbers of animals had other repeat numbers; they are
not considered here). As the MAOA gene resides on the X-chromosome,
males are hemizygous and females can be homo- or heterozygous. But
because of X-inactivation, it is unclear which allele is being expressed in
any given cell of a heterozygote, so those animals were dropped as
described above, leaving 5/-, 6/-, and 7/- allele male hemizygotes, and
5/5, 6/6, and 7/7 homozygous females (Below, we also refer to the
MAOA-LPR genotypes for both males and females as the 5-repeat,
6-repeat, and 7-repeat genotypes, respectively). Two alleles were found
in the serotonin transporter promoter (5-HTTLPR), consisting of 402 bp
(long allele) and 381 bp (short allele), resulting in three genotypes: L/L,
L/S, and S/S (the small number of animals with an XL allele were dropped
as described above). Table 2 shows the genotype distribution for each
sample.

2.3.2 | Rank

Rank data were obtained from CNPRC's Behavioral Management unit.
Data are collected approximately monthly on animals in each corral.
The staff conducts observations after throwing several handfuls of
sunflower seeds into the corral to bring the animals to the front of the
corral. While the monkeys forage, observers monitored the group for
aggressive and submissive interactions as the monkeys compete for the
limited resource, recording wins and losses. Monkeys were ranked

higher if they threatened, displaced, chased, or attacked another
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TABLE 2 Genotype distribution

Sample 1 2 3 4 5 6
Sample size 3136 3140 2152 2156 2014 2017
5-HTTLPR: S/S 172 171 = = 100 100
5-HTTLPR: S/L 1096 1095 - - 690 688
5-HTTLPR: L/L 1868 1874 - = 1224 1229
MAOALPR: 5/-,5/5 - - 654 660 605 610
MAOALPR: 6/-, 6/6 = = 622 620 582 581
MAOALPR: 7/-,7/7 - - 876 876 827 826

Note: Genotype frequencies for the four subsamples.

monkey; monkeys were ranked lower if they surrendered resources or
their location, or showed submissive behaviors like fear grimacing, or
moving out of proximity of another monkey. Subjects were ranked
separately by sex, with the alpha male and alpha female ranked as 1.
Because young monkeys often share the dominance rank of their
mother before puberty (Bernstein & Williams, 1983), the observers do
not rank subjects younger than 1-year old; consequently, we used
maternal rank in our analyses. For each mother, rank data were

converted to the proportion of animals outranked by using the formula:

Proportion outranked =
(number of females ranked minus the rank of the specific animal)
/(number of females ranked minus 1).

Using this formula, the alpha animals had values of 1.0, and the
lowest-ranked females had a value of 0.0. In any given year, the
specific hierarchies used to determine maternal rank were chosen to
be within £1 month of the infants' BBA test date. Maternal ranks are
extremely stable in our colony; for cages in which ranks are unstable
(due, e.g., to a matrilineal overthrow, a new group formation, or a
cage in which Behavioral Management staff are aware of social
instabilities), no BBA testing would be conducted on animals from
that cage that year.

Assessing whether there is a nonlinear influence of rank involved
adding a quadratic term (rank?) to the analyses. Because proportions
have the unusual characteristic whereby a squared value is less than
the original value, we added the constant 1 to each animal's rank
proportion. The only impact of this transformation is to change the
intercept term for the models. The quadratic term was created by

squaring the now-transformed rank variable.

3 | DATA ANALYSIS

3.1 | Overview of the cross-classified multilevel
linear and logistic analysis

We built a series of multilevel models in which infant rhesus monkeys

(level-1 units) were nested in dam (level-2a units) and cross-classified
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by sire (level 2b-units). The units are said to be cross-classified
because infant rhesus monkeys nested in a given dam are not
necessarily subclassified by the same sire (i.e., infants from the same
dam may have a different sire or vice versa). Cross-classified
multilevel, rather than single-level, modeling was chosen because
evidence suggests that our measures of temperament are heritable,
and we wanted to disentangle the variance due to between-infant
differences from the variance due to the principal genetic relation-
ships, parentage. Table 1B shows the numbers of unique dams and
sires in each of the samples, as well as the mean number (and range)
of offspring per parent.

Specifically, we built a series of cross-classified multilevel linear
models to predict the four ratings-derived, continuous measures of
temperament (Sommet & Morselli, 2021). For these analyses, we
used the MIXED procedure in IBM SPSS, version 26 (we used
maximum likelihood to estimate parameters). Moreover, we built a
series of cross-classified multilevel logistic models to predict the
behavior-derived binary measure of Bl (Sommet & Morselli, 2017).
For these analyses, we used the xtmixed command in Stata 16.1 (we
used maximum likelihood to estimate parameters, except for the
more complex two-gene analysis for we used Monte Carlo with
Markov Chain [MCMC] method; see Dunn et al., 2015). For the
results presented below, we provide measures of effect sizes for the
logistic models only (i.e., odds ratios), inasmuch as there does not yet
appear to be unbiased methods of calculating effect sizes for

multilevel linear regression models (LaHuis et al., 2014).

3.2 | Analytical strategy

3.2.1 | Preliminary step

For each outcome, we first examined null models (i.e., with no
predictors) and calculated the intraclass correlation coefficients
(ICCs), which reflect the proportion of total variance in the outcome
measures due to between-cluster differences (i.e., the sire cluster on
the one hand and the dam cluster on the other hand). Some authors
have suggested that an ICC below 0.05 indicates so little between-
cluster variation that multilevel models are unnecessary (Heck
et al, 2014), but this perspective is not universally shared
(Huang, 2018; Musca et al., 2011).

3.2.2 | Single-gene analysis

Next, we ran a series of four nested cross-classified multilevel models
(one series for the 5-HTTLPR genotype and one series for the MAOA-
LPR genotype) and compared model fits. We performed a likelihood
ratio (LR) test to compare each pair of models; the LR test is
calculated as the difference between deviance (-2xthe log-
likelihood [-2LL]) for successive models, and the difference is
distributed as chi-square with df equal to the number of parameters
added to the previous model. Table S16 provides the deviance for

each model and each analysis and also includes Akaike's Information
Criterion (AIC) for readers more interested in an information-
theoretic approach. We note that both the LR test and the AIC
approach (utilizing the common two-point difference in AIC for
identifying models: Burnham et al., 2011) pointed to the same final
models in every case.

Model 1

The first cross-classified multilevel model (M1) included five
covariates that were not especially of interest, but were included
because prior analyses had indicated they might explain variance in
one or more of our outcome measures. These measures included sex
(coded -0.5 for females and +0.5 for males), firstborn (-0.5 for
animals that were not the firstborn live offspring, +0.5 if they were
the firstborn), and two continuous measures of age and weight at
BBA testing, both of which were grand-mean centered before
analysis. We also included specific pathogen-free (SPF) status. SPF
animals live in identical circumstances as do non-SPF animals, but
such animals had progenitors that were nursery-reared, as that was
the method used to derive SPF animals at our facility. We coded SPF
status as 0.5 if the animals were “conventionally” reared, that is, not
free of specific pathogens such as B-virus, simian T-lymphotropic
virus, and so forth, and +0.5 if they were raised in cages free of those
pathogens (see Yee et al., 2016). Below are the regression equations
for the cross-classified multilevel linear (Equation 1) and logistic

(Equation 1) models.

Yik = Booo + B1oo * Sexiy + Baoo * Firstborny + Bsoo * Ageji

+ Baoo
x Weight;y + Bsoo x SPF_Statusj + vi + uj + ejy,

(1)

where Yj is the continuous temperament rating, vy represents the
level-2a residuals (k=1, 2, ... | dams), u; represents the level-2b
residuals (j=1, 2, ..., k sires), and ej; represents the level-1 residuals
(i=1, 2,
coefficients, B,oo designates the nt level-1 predictor, Boqo designates

.., h infant rhesus monkeys). As for the regression

the n™ level-2a predictor, Bgo, designate the n™ level-2b predictor

(for a similar nomenclature, see Hox et al., 2017).

Logit (Pijk) = Bogo + B1go X Sex,-jk + Bogo X Firstborn,-,»k
+ B3oo x Ageji + Baoo (1)
X Weight;jk + Bsgg % SPF_Status,-jk + Wt U,

where Py represents the probability that the animal is behaviorally
inhibited.

Model 2

The second model (M2) added the main effects of rank and genotype.
Rank, defined above as proportion of animals out-ranked, with one
added, was grand-mean centered. Genotype was treated as a
three-category variable and broken down into two dummies: For
the analysis of 5-HTTLPR, we used the L/L genotype as the reference
category, whereas for the MAOA-LPR analysis, we used the 7/7 (or
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for males, 7/-) genotype as the reference category. Individual
contrasts for either gene were examined only if the omnibus test
for that gene was statistically significant. Below are the regression
equations for the cross-classified multilevel linear (Equation 2) and
logistic (Equation 2) models.

Yik = Booo + Bioo X M1y + Bsoo * Rankiy
+ Bygg X Dummy_l,;k + Bygg X Dummy_2,~,~k + vty (2)

+ ej,

where Bjoo X M1j; represents a vector of the predictor variables used
in M1.
Logit (Pjx) = Booo *+ Bioo X M1j + Bsoo * Rankj

’
+B7go X Dummy_l,-jk + Bygo X Dummy_Z;jk + Vi + Uj. (2 )

Model 3

The third model (M3) included the M2 variables plus the two first-
order interaction terms between rank and genotype, which were
constructed by multiplying the rank and each of the dummy-coded
genotype variables. Below are the regression equations for the cross-
classified multilevel linear (Equation 3) and logistic (Equation 3')
models.

Yik = Booo + Bioo X M2 + Bgoo * Rankjy x Dummy_ZL;x

+Bggo X Rank,ik X Dummy_2,-,-k + Vi + Ut e,
()

where Bjoo X M2j; represents a vector of the predictor variables used
in M2.

Logit (Pj) = Booo *+ Bioo X M2j + Bgoo % Rankj
x Dummy_ZL (3"
+Bggg X Rank,jk X Dummy_2,~jk + vt .

Model 4

The final model (M4) included the M3 variables as well as a quadratic
term for rank and the quadratic interaction terms, which were
constructed by multiplying rank? and each of the dummy-coded
genotype variables. Below are the regression equations for the cross-
classified multilevel linear (Equation 4) and logistic (Equation 4')
models.

_ 2 2
Yik = Booo + Bioo X M3y + Bi1go * Rankij + B1aoo x Ranki

xDummy_1;; + Bggg % Rank%k x Dummy_2; + vi + u; + ejj,
&)

where Bjoo X M2j represents a vector of the predictor variables used
in M3.

Logit (Pjx) = Booo + Bioo X M3y + Bi1oo X Rankd,
+ B0 X Rankﬁk

xDummy_1ji + Byog % Rank%k x Dummy_2j + Vi + u;.
(4
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3.2.3 | Follow-up two-gene analysis

For the follow-up two-gene analyses, the same analytic strategy was
followed: M1 comprised the five covariates; M2 added to Model 1
the rank main effect, and the two dummy variables for 5-HTTLPR and
the two dummies for MAOA-LPR; M3 added to Model 2 the
interactions between rank and 5-HTTLPR, rank and MAOA-LPR, and
the interaction between the two genotypes. However, we did not
test for a quadratic effect since we found no evidence of such an
effect in our single-gene analyses; moreover, our model-building did
not include the rank x5-HTTLPR x MAOA-LPR interaction because
we did not think that our sample size would allow us to estimate such

complex second-order two-gene interactions.

4 | RESULTS

41 | ICCs

Inspection of the null models indicated that parentage had an impact
on all of our outcome measures, as indicated by ICCs, which are
presented in Table 3. Values ranged from 0.048 to 0.161 for dams
and 0.072 to 0.129 for sires.

4.2 | Single-gene analysis
421 | Analysis 1: Influence of rank and 5-HTTLPR
genotype on temperament ratings

Summary
We found no evidence that rank or 5-HTTLPR genotype was

associated with the four ratings-derived temperament measures.

TABLE 3 Intraclass correlations coefficients

Confident Gentle Nervous Vigilant BI
Sample 1 1 1 1 2
Dams 0.112 0.140 0.111 0.117 0.065
Sires 0.109 0.087 0.072 0.095 0.093
Sample 3 3 3 3 4
Dams 0.151 0.157 0.124 0.131 0.052
Sires 0.124 0.095 0.075 0.112 0.100
Sample 5 5 5 5 6
Dams 0.140 0.161 0.120 0.143 0.048
Sires 0.129 0.100 0.084 0.121 0.104

Note: Intraclass correlations for dams and sires. The number of the sample
from which the ICCs were calculated is indicated.

Abbreviations: Bl, behavioral inhibition; ICCs, intraclass correlation
coefficients.
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TABLE 4 Analysis 1, 5-HTTLPR, and temperament rating

Confident (Model 1)

Gentle (Model 1)

Nervous (Model 1)

Vigilant (Model 1)

B 95% ClI B 95% Cl
Intercept -0.09"* (-0.14, -0.04) -0.11 (-0.17, -0.06)
Sex -0.14 (-0.21, -0.07) 0.1%* (0.03, 0.17)
Age (in days) 0 (0, 0) 0 (-0.01, 0)
Weight (in kg) 0.2 (-0.05, 0.45) -0.1 (-0.35, 0.15)
Firstborn 0.07 (-0.01, 0.16) 0.04 (-0.04, 0.12)
SPF status -0.17 (-0.27, -0.08) -0.14** (-0.23, -0.05)
Variance parameters
Var (level 1) 0.77 (0.72, 0.83) 0.78 (0.72, 0.84)
Var (dam D) 0.12' (0.08, 0.17) 0.14° (0.1, 0.19)
Var (sire ID) 0.1 (0.07, 0.14) 0.08" (0.06, 0.12)

B
0.01

-0.07"

0
-0.13
-0.04

0.16™"

0.78
0.1
0.06

95% Cl
(-0.04, 0.05)
(-0.14, 0)
(0,0
(-0.37, 0.11)
(-0.12, 0.04)
(0.07, 0.24)

(0.73, 0.84)
(0.06, 0.15)
(0.04, 0.1)

B
-0.09
-0.1""
0
-0.21
0.09"**
-0.19°

0.85
0.13'
0.09

95% ClI
(-0.15, -0.04)
(-0.17, -0.03)
(-0.01, 0)
(-0.47, 0.05)
(0.01, 0.18)
(-0.28, -0.09)

(0.79, 0.91)
(0.09, 0.18)
(0.06, 0.13)

Note: Coefficient estimates and 95% confidence intervals (Cls) from the cross-classified multilevel models (best models) testing the influence of rank and

5-HTTLPR genotype on the temperament ratings.
*p<0.001; "p<0.01; p<0.05; "p<0.10.

Model fits

For all measures, M1, which included only the covariates, fit the data
better than the null model (Confident: x?(5)=33.10, p <0.001;
Gentle: x2(5)=21.39, p<0.001; Nervous: x(5)=19.47, p=0.002;
Vigilant: x%(5)=35.76, p <0.001). M2, which added the rank and
genotype main effects did not fit the data better than M1 (all
ps >0.400). Similarly, M3, which added the rank by genotype
interactions, and M4, which added the quadratic rank term and
interactions did not provide better fits (M3: all p >0.463; M4: all
p >0.309). Table 4 presents the best models, and Tables S1-54

present the full results of all models.

Best model

Inspection of M1 for the four measures showed that females had
higher scores for Confident, Nervous, and Vigilant, and lower scores
for Gentle compared to males. SPF animals had higher values for
Nervous, and lower values for Confident, Gentle, and Vigilant. Finally,

firstborn animals had higher scores for Vigilant.

4.2.2 | Analysis 2: Influence of rank and 5-HTTLPR
genotype on Bl

Summary
We found evidence that the 5-HTTLPR genotype, but not rank, was

associated with BI.

Model fits

M1, which included only the covariates, fit the data better than the
null model, x2(5)= 17.94, p =0.003. M2, which added the rank and
genotype main effects, fit the data better than did M1, x*(3) = 8.03,
p =0.046. M3, which added the rank by genotype interactions, and
M4, which added the quadratic rank term and interactions did not

TABLE 5 Analysis 2, 5-HTTLPR, and behavioral inhibition

Model 2

B 95% Cl
Intercept -1.39° (-1.56, -1.22)
Sex 0.26"* (0.07, 0.45)
Age (in days) 0 (-0.01, 0.01)
Weight (in kg) -0.03 (-0.68, 0.62)
Firstborn -0.13 (-0.36, 0.09)
SPF status 0.32"" (0.09, 0.54)
Rank 0.22 (-0.11, 0.55)
S/S versus L/S & L/L -0.54 " (-1.02, -0.05)
L/S versus S/S & L/L 0.06 (-0.14, 0.26)
Variance parameters
Var (dam ID) 0.26 (0.09, 0.73)
Var (sire ID) 0.32 (0.18, 0.58)

Note: Coefficient estimates and 95% confidence intervals (Cls) for cross-
classified multilevel logistic models (best model) testing the influence of
rank and 5-HTTLPR genotype on behavioral inhibition.

*p<0.001.; "p<0.01; p<0.05; p<0.10.

provide better fits (M3: p =0.994; M4: p=0.331). Table 5 presents

the best model, and Table S5 presents the full results of all models.

Best model

Inspection of M2 showed that the omnibus test for genotype was
marginally significant, x%(5)=5.82, p=0.054. Specifically, animals
with the S/S genotype were 1.72 times less likely to be Bl (a 42%
lower odds) compared to animals with the L/S or L/L genotypes
(B=-0.54, Z=-2.17, p=0.030, OR=0.58; Figure 1). In addition,
males and SPF animals were more likely to be BI.
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4.2.3 | Analysis 3: Influence of rank and MAOA-LPR
genotype on temperament ratings

Summary
We found evidence that the MAOA-LPR genotype was associated with
the four ratings-derived temperament measures. We additionally found
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FIGURE 1 Analysis 2. Probability of being behaviorally inhibited
as a function of the 5-HTTLPR genotype (S/S vs. L/S vs. L/L). Error
bars represent 95% confidence intervals; the estimates come from
the best model (M2)

TABLE 6 Analysis 3, MAOA-LPR, and temperament ratings

Confident (Model 3)

Gentle (Model 2)
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evidence that the MAOA-LPR genotype interacted with rank for

Confident temperament.

Model fits (Confident)

For Confident temperament, M1, which included only the covari-
ates, fit the data better than the null model, x3(5) = 34.75, p < 0.001.
M2, which added the rank and genotype main effects, fit the data
better than did M1, x2(3) =13.743, p = 0.003. M3, which added the
rank by genotype interactions, fit the data better than did M2,
x2(2) = 7.14, p = 0.028. M4, which added the quadratic rank term
and interactions did not provide better fit (p=0.760). Table 6
presents the final models, and Table Sé presents the full results of
all models.

Model fits (Gentle, Nervous, and Vigilant)

For Gentle, Nervous, and Vigilant temperament, M1, which
included only the covariates, fit the data better than the null
model, x25(5) >11.231, p<0.047. M2, which added the rank and
the genotype and rank main effects, had a significantly better fit
than did M1 (Gentle: x?3)=10.29, p=0.016;
x2(3)=11.34, p=0.010; Vigilant: x%(3)=12.98, p=0.005). M3,
which added the rank by genotype interactions, and M4, which

Nervous:

added the quadratic rank term and interactions did not
provide better fits (M3: ps>0.467; M4: ps>0.550). Table 6
presents the best models, and Tables S7-5S9 present the full results

of all models.

Nervous (Model 2) Vigilant (Model 2)

B 95% ClI B
Intercept 0.03 (-0.05, 0.11) -0.02
Sex -0.19’ (-0.28, -0.09) 009"
Age (in days) 0 (0, 0) 0
Weight (in kg) 0.37 (0.08, 0.66) 0.04
Firstborn 0.07 (-0.03, 0.17) 0.02
SPF status -0.21 (-0.32, -0.1) -0.15**
Rank -0.17 (-0.41, 0.06) -0.03
5/5 or 5/- versus others -0.12 (-0.22, -0.01) -0.15**
6/6 or 6/- versus others -0.2° (-0.3, -0.09) -0.14"
Rank x dummy 1 047 (0.11, 0.82) -
Rank x dummy 2 0.09 (-0.27, 0.44) -
Variance parameters
Var (level 1) 0.74 (0.67, 0.82) 0.75
Var (dam ID) 0.15 (0.09, 0.24) 0.15
Var (sire ID) 0.11 (0.08, 0.17) 0.08

95% Cl B 95% Cl B 95% Cl
(0.1, 0.06) -007 " (-0.15,0.01)  0.01 (-0.07, 0.1)
(0, 0.19) -008 (-0.17,0.01) -0.14**  (-0.24, -0.05)
(-0.01, 0) 0 (-0.01, 0) 0 (-0.01, 0)
(-0.25,0.34)  -0.2 (-0.49,0.08) -0.02 (-0.33, 0.28)
(-0.08, 0.12] 0 (-0.1, 0.1) 0.06 (-0.04, 0.16)
(-0.25,-0.04) 0.8 (0.08,0.28)  -0.22° (-0.33, -0.11)
(-0.18, 0.13) 0 (-0.15,0.15)  0.06 (-0.1, 0.22)
(-0.25, -0.05)  0.13 (0.03,0.23) -0.41  (-0.22, -0.01)
(-0.24,-003)  0.16** (0.06,026)  -0.19° (0.3, -0.08)
(0.68, 0.83) 0.75 (0.68, 0.83) 0.83 (0.75, 0.92)
(0.1, 0.23) 0.1 (0.06, 0.18) 0.13 (0.07, 0.23)
(0.05, 0.14) 0.06 (0.03, 0.11) 01 (0.07, 0.16)

Note: Coefficient estimates and 95% confidence intervals (Cls) for cross-classified multilevel models (best models) testing the influence of rank and

MAOA-LPR genotype on the temperament ratings.
*p<0.001,; "p<0.01; p<0.05; p<0.10.
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Best model (Confident)

For Confident temperament, the omnibus tests for genotype and the
genotype by rank interaction were both significant (genotype: F(2,
1974.63) = 6.93, p =0.001; genotype by rank: F(2, 1981.24) = 3.59,
p =0.028). The genotype main effect showed that animals with the
“sensitivity” genotype (7/- males and 7/7 females) were significantly
more likely to show a Confident temperament; this was indicated by
significant and negative coefficients for the two dummy variables
contrasting animals with the 5-repeat allele versus all others
(B=-0.12, p=0.027) and animals with the 6-repeat allele versus all
others (B=-0.20, p<0.001) (Figure 2). Genotype moderated the
effect of rank on Confident temperament, however, as indicated by a
significant interaction of rank and the 5-repeat dummy measure
(B=0.47, p=0.010)—animals that were of higher rank were more
likely to demonstrate a Confident temperament compared to animals
of lower rank, but only if they had the 5-repeat alleles. Rank was not

influential on Confident temperament for animals with the 6- or 7-
repeat alleles (Figure 3). Finally, animals were more likely to be
Confident if they weighed more at time of BBA testing, were female,

and were conventionally (i.e., not SPF) reared.

Best models (Gentle, Nervous, and Vigilant)

For the three measures, inspection of M2 showed that the omnibus
tests for the genotype variable were significant: Gentle (F(2,
1986.86) = 5.19, p=0.006), Nervous (F(2, 1938.82) = 5.77, p =0.003),
Vigilant (F(2, 1934.26)=6.30, p=0.002). For each measure, both
dummy variables for MAOA-LPR were significant: Gentle: 5-repeat
(B=-0.15, p=0.004), 6-repeat (B=-0.14, p=0.010);
5-repeat (B=0.13, p=0.010), 6-repeat (B=0.16, p=0.002); Vigilant
5-repeat (B=-0.11, p = 0.039), 6-repeat (B = -0.19, p < 0.001). Because
both dummies were significant for each measure, and had identical

Nervous:

signs, these results suggest that it was members of the reference group,
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FIGURE 2 Analysis 3. Temperament ratings as a function of the MAOA-LPR genotype (5/5 or 5/- vs. 6/6 or 6/- vs. 7/7 or 7/-). Error bars
represent 95% confidence intervals; the estimates come from the best models (for Confident: M3; for the other ratings: M2)

O5/5 or5/- ©6/6 or6/- m7/7 or7/-

0.3

0.2

©
o

o

confidence score (Z-score)

-1SD M
Rank

FIGURE 3 Analysis 3. Confidence score as a
function of rank and the MAOA-LPR genotype
(5-repeat vs. 6-repeat vs. 7-repeat). Error bars
represent 95% confident intervals; the estimates
come from the best model (M3)

+1 SD



CAPITANIO ET AL

namely the 7/- males and 7/7 females, that were more likely to be
Gentle and Vigilant, and less likely to be Nervous (Figure 2). Gentle
temperament was also associated with being male and conventionally-
reared, Nervous temperament was related to being SPF-reared, and
females and conventionally-reared animals showed higher values for
Vigilant temperament.

424 | Analysis 4: Influence of rank and MAOA-LPR
genotype on BI

Summary
We found no evidence that rank or MAOA-LPR genotype were

associated with BlI.

Model fits

M1, which included only the covariates, fit the data better than the null,
x4(5) = 20.360, p = 0.001, but the later models did not provide a better
fit (M2: p=0.107, M3: p =0.327; M4: p =0.108). Table 7 presents the

final model, and Table S10 present the full results of all models.

Best model
Inspection of M1 showed that the odds of being behaviorally

inhibited were higher for males and for SPF-reared animals.

4.3 | Two-gene analysis

4.3.1 | Analysis 5: Influence of rank, MAOA-LPR,
and 5-HTTLPR genotypes on temperament ratings

Summary
When both genes were considered together as potential

influences on the four rating-derived temperament measures,

TABLE 7 Analysis 4, MAOA-LPR, and behavioral inhibition

Model 1

B 95% ClI
Intercept -1.51 (-1.72, -1.3)
Sex 0.45** (0.19, 0.71)
Age (in days) 0 (-0.01, 0.01)
Weight (in kg) -0.06 (-0.83, 0.72)
Firstborn -0.13 (-0.4, 0.15)
SPF status 0.32 (0.06, 0.59)
Variance parameters
Var (dam ID) 0.2 (0.03, 1.26)
Var (sire ID) 0.38 (0.19, 0.78)

Note: Coefficient estimates and 95% confidence intervals (Cls) for cross-
classified multilevel logistic model (best model) testing the influence of
rank and MAOA-LPR genotype on behavioral inhibition.

*p<0.001.,; "p<0.01; p<0.05; "p<0.10.
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MAOA-LPR genotype main effects, but not effects of rank
or 5-HTTLPR (or any interactions) were found for Confident
and Gentle temperament; no genotype or rank effects
(or interactions) were evident for Nervous and Vigilant

temperament.

Model fits

For all four measures, M1, which included only the covariates, fit
the data better than the null model, x25(5) >11.995, ps < 0.035. M2,
which added the rank and genotype main effects, fit better than M1
for Confident, x2(5)=11.49, p=0.042, and Gentle x*(5)=11.15,
p =0.048, but not Vigilant, x3(5)=11.01, p=0.051, and Nervous,
x2(5) = 10.60, p =0.061). M3, which added the rank by genotype
interactions, did not fit the data better than M2. Table 8 presents
the final models, and Tables S11-514 present the full results of all

models.

Best models

For Confident and Gentle, M2 was the best fit model, and the
omnibus tests indicated that the significant effects were attribut-
able to MAOA-LPR genotype: Confident (F(2, 1832.007)=5.71,
p=0.003); Gentle (F(2, 1855.537)=4.16, p=0.016). Omnibus
tests for 5-HTTLPR were both
p=0.996, and Gentle: p=0.296), and there was no evidence of

nonsignificant (Confident:

a rank effect. For Confident, only the variable contrasting the
6/- and 6/6 genotype with the others was significant (B =-0.19,
p =0.001); the 5/- and 5/5 genotype dummy variable also had a
negative coefficient, but was nonsignificant (p = 0.068), indicating
that it was the 6/- and 6/6 animals that had low values for
Confidence compared to animals with other genotypes. By
contrast, for Gentle temperament, both MAOA-LPR dummy
variables were significant with negative coefficients (5/- and 5/5
vs. others: B=-0.14, p =0.011; 6/- and 6/6 vs. others: B=-0.13,
p =0.021), suggesting that the reference group, those with 7/- and
7/7 genotypes, showed greater Gentle temperament, as was
found in Analysis 3. Significant covariates in the models suggested
that animals that weighed more at BBA testing, females, and
conventionally-reared (not SPF) animals were more likely to be
Confident. Similarly, conventionally-reared animals were also
more likely to show Gentle temperament.

As indicated above, for Nervous and Vigilant, the model
with covariates alone (M1) was significant. SPF animals
were significantly more likely to be Nervous, and females
and conventionally-reared animals were more likely to be

Vigilant.

4.3.2 | Analysis 6: Influence of rank, MAOA-LPR,
and 5-HTTLPR genotypes on BI

Summary
For BI, we found evidence of a genotype by genotype interaction, as
well as an interaction of rank by 5-HTTLPR genotype.



CAPITANIO ET AL

12 Of 19 AMERICAN JOURNAL OF
4LWI | ) DAG PRIMATOLOGY

TABLE 8 Analysis 5, both genes, and temperament ratings

Confident (Model 2) Gentle (Model 2) Nervous (Model 1) Vigilant (Model 1)

B 95% ClI B 95% Cl B 95% ClI B 95% Cl
Intercept 0.02 (-0.07,0.11) -0.03 (-0.12, 0.06) 0 (-0.06, 0.06) -0.08** (-0.15, -0.01)
Sex -0.19 (-0.28, -0.09) 0.09 (0,0.19) -0.07 (-0.16,0.03) -0.16"* (-0.26, -0.06)
Age (in days) 0 (0, 0) 0 (-0.01, 0) 0 (-0.01, 0) 0 (-0.01, 0)
Weight (in kg) 0.35"**  (0.04, 0.65) 0.09 (-0.22, 0.39) -0.22 (-0.51,0.08) -0.08 (-0.4, 0.23)
Firstborn 0.08 (-0.03, 0.18) 0.03 (-0.07, 0.14) -0.02 (-0.12, 0.08) 0.07 (-0.04, 0.17)
SPF status -0.22° (-0.33, -0.11) -0.16*" (-0.27, -0.05) 0.19 (0.09, 0.3) -0.24 (-0.36, -0.12)
Rank -0.02 (-0.18, 0.14) -0.04 (-0.2,0.12) - - - -
S/S versus L/S & L/L -0.01 (-0.22,0.2) -0.13 (-0.34, 0.07) - - - -
L/S versus S/S & L/L 0 (-0.1, 0.09) 0.03 (-0.07, 0.12) - - - -
5/5 or 5/- versus others -0.1"* (-0.21, 0.01) -0.14*** (-0.25, -0.03) - - - -
6/6 or 6/- versus others -0.19%* (-0.3, -0.08) -0.13" (-0.24, -0.02) - - - -
Variance parameters
Var (level 1) 0.76 (0.68, 0.84) 0.75 (0.68, 0.83) 0.77 (0.69, 0.85) 0.81 (0.73, 0.9)
Var (dam ID) 0.15 (0.09, 0.24) 0.16 (0.1, 0.24) 0.1 (0.05, 0.19) 0.16 (0.1, 0.26)
Var (sir ID) 0.11 (0,0.17) 0.09 (0, 0.15) 0.07 (0.04, 0.13) 0.12 (0.08, 0.18)

Note: Coefficient estimates and 95% confidence intervals (Cls) for cross-classified multilevel models (best models) testing the influence of rank, HTTLPR

genotype, and MAOA-LPR genotype on the temperament ratings.
*p<0.001,; "p<0.01; p<0.05; p<0.10.

Model fits

M1, which included only the covariates, fit the data better than the
null model (x4(5) = 52.69, p < 0.001), and M2 and M3 both had better
model fits than the preceding models (M2: x*(5) = 37.56, p < 0.001;
M3: x2(8) = 24.30, p = 0.002). Table 9 presents the final model, and

Table S15 presents results for all models.

Best model

Inspection of M3 revealed a genotype interaction of the S/S
5-HTTLPR genotype with both MAOA-LPR genotypes (S/S * 5/5 or
5/-: mean=-2.16, p=0.011; S/S * 6/6 or 6/-: mean=-1.58,
p = 0.020), suggesting the effect was with the 7/7 and 7/- MAOA-
LPR genotype: animals with an S/S genotype for 5-HTTLPR and who
also had the 7/7 or 7/- genotype for MAOA-LPR were more likely
to be behaviorally inhibited. We also found a barely-significant
interaction of the S/S genotype for 5-HTTLPR and rank (mean =
1.98, p = 0.049), suggesting that for animals with the S/S genotype,
animals of higher rank were more likely, and animals of lower rank
were less likely, to be behaviorally inhibited. We note, however,
that the omnibus test for the MAOA-LPR/5-HTTLPR genotype
interaction was not significant (x3(4) = 6.27, p = 0.180), nor was the
omnibus test for the interaction of 5-HTTLPR by rank (x3(2) = 3.03,
p =0.219); consequently, we present these results with caution.
Finally, as we found in Analyses 2 and 4, the odds of being
behaviorally inhibited were higher for males and for SPF-reared

animals.

5 | DISCUSSION

Our results indicate that infant genotype influences measures of
temperament in infant rhesus monkeys, but that maternal rank had
limited influence. We found no evidence of nonlinear effects of rank,
but did find evidence that, for MAOA-LPR, the two alleles with similar
transcriptional efficiency had different phenotypic outcomes. Finally,
we found limited evidence that the two genes of interest to us in this
study had combined effects on our measure of BI.

5.1 | Influence of maternal rank on infant
temperament

While many studies have examined the role of maternal rank on
infant-mother interactions and infant development (e.g., Arlet
et al., 2019; Lee, 1984; I. Tanaka, 1989; Tartabini et al., 1980), very
little is known about how rank might affect temperament in infant
nonhuman primates. The principal exception is a study published by
Suarez-Jimenez et al. (2013), who contrasted infants of high/alpha
rank (n=8) with those who were low/middle ranked (n=18). All
animals lived in small social groups (1 adult male, 6-8 females plus
offspring). Suarez-Jimenez et al. (2013) showed that infants of high-
ranked mothers were more affectively reactive in a human intruder
test at around 3 months of age, and spent more time away from

mothers in the home cage when animals were 4-5 months of age.
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TABLE 9 Analysis 6, both genes, and behavioral inhibition

Model 3

B 95% ClI
Intercept -1.66" (-1.35, -2.02)
Sex 0.49* (0.78, 0.21)
Age (in days) 0 (0.01, -0.01)
Weight (in kg) -0.03 (0.84, -0.89)
Firstborn -0.13 (0.17, -0.43)
SPF status 0.34"** (0.64, 0.05)
Rank -0.14 (0.65, -0.93)
S/S versus L/S & L/L (dummy A1) 0.56 (1.58, -0.54)
L/S versus S/S & L/L (dummy A2) 0.07 (0.51, -0.35)
5/5 or 5/- versus others (dummy B1) -0.04 (0.36, -0.43)
6/6 or 6/- versus others (dummy B2) 0.3"%** (0.7, -0.09)
Rank x dummy A1 =217 (-0.25, -4.39)
Rank x dummy A2 -1.58"** (-0.06, -3.14)
Rank x dummy B1 0 (0.63, -0.66)
Rank x dummy B2 -0.15 (0.48, -0.79)
Dummy A1 x dummy B1 1.98%* (4.55, -0.38)
Dummy A1 x dummy B2 -0.21 (0.72, -1.15)
Dummy A2 x dummy B1 0.72%*** (1.83, -0.36)
Dummy A2 x dummy B2 0.36 (1.4, -0.7)
Variance parameters
Var (dam ID) 0.3 (0.04, 0.96)
Var (sire ID) 0.45 (0.13, 0.87)

Note: Coefficient estimates and 95% Cls for cross-classified multilevel
logistic model (best model) testing the influence of rank, HTTLPR
genotype, and MAOA-LPR genotype on behavioral inhibition.

*p<0.001.; p<0.01; p<0.05; p<0.10.

The authors suggest (p. 72) “that a more engaged or exuberant
temperament may be associated with high maternal dominance and a
more reserved or inhibited temperament may be associated with
lower dominance rank.” Our results show a somewhat different
picture, with higher rank being associated with Confident tempera-
ment (a construct similar to the description offered by Suarez-
Jimenez et al., 2013 [p. 70] for their results), but only for animals with
particular genotypes. Moreover, our two-gene analysis (Analysis 6) of
Bl showed an effect of rank, but only for S/S animals, and the effect
was opposite to that suggested by Suarez-Jimenez et al. (2013). It's
possible that differences in the social conditions, operationalization
of rank, measurement of temperament, and/or sampling issues
contributed to the different results.

The principal effect of rank (in the sense that our model fit and
omnibus tests were all significant) found in our analyses was in
Analysis 3, and it was an interaction with MAOA-LPR genotype; it
was not a main effect. Specifically, rank was positively associated
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with Confident temperament, but only for animals with a 5/5 or
5/- MAOA-LPR genotype. This was unexpected; functionally (based
on in vitro work), the 5- and 6-repeat alleles for this gene have been
found to have similarly high transcriptional efficiency, compared to
the 7-repeat allele (Newman et al., 2005), yet in the present study,
the interaction of rank with the 5-repeat genotypes was significant
(p=0.010) and the interaction with the 6-repeat genotypes was
clearly not (p=0.642). We are aware of no study of nonhuman
primates in which behavioral or physiological differences have been
found between animals possessing different high-activity alleles. It is
becoming increasingly clear, however, that the relationship between
MAOA-LPR genotype and phenotypic outcomes are more complex
than originally thought. For example, attempts to replicate the classic
study by Caspi's group (Caspi et al, 2002) that showed that
maltreated children with the low activity variant were more likely
to develop conduct disorder than were their peers with the high
activity alleles, have not always been successful (Haberstick
et al., 2005; Young et al., 2006). In addition, when in vivo methods
have been used to determine functionality of the MAOA-LPR alleles,
the low- and high-activity variants have sometimes not been found to
differ (Jones et al., 2020; Shumay et al., 2012). Finally, evidence is
accumulating that methylation of the MAOA promoter may play a
greater role in some outcomes than genotype itself (Shumay
et al., 2012; Ziegler et al., 2016). Perhaps the 5-repeat and
6-repeat alleles for MAOA-LPR in rhesus monkeys provide different
opportunities for methylation. Clearly, more work is needed to
understand the relationship between MAOA genotype and functional
activity, and the discrepancies between in vitro and in vivo measures
of functionality. Nevertheless, our large sample size (Table 2 indicates
that, for Analysis 3, we had n =654 animals in our sample with the
5-repeat genotype) suggests that this is not a sampling issue and may

provide the basis for further investigation.

5.2 | Influence of genotype on infant temperament
Infant genotype was associated with all measures of temperament.
Interestingly, genotype for 5-HTTLPR was related to Bl, whereas
variation in MAOA-LPR predicted the rating-derived measures of
temperament. We discuss each set of results in turn.

5.2.1 | 5-HTTLPR

Analysis 2 indicated that monkeys with the S/S genotype (n=171)
were significantly less likely to be classified as behaviorally inhibited
compared to animals with the L/S or L/L genotypes. This result
contrasts with that found by Bethea et al. (2004) for infant and
juvenile rhesus monkeys—in a free play situation in a novel
environment, S/S animals showed reduced activity compared to the
other genotypes, but showed more affective behavior (fear grimaces
and lipsmacks) when challenged. Recall that our definition of BI
included scores below the mean for activity and emotionality at the
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beginning and end of testing. The differences may be due to sample
size (Bethea et al., 2004 had n= 15 animals with the S/S genotype),
age (animals in our study were younger than many of the animals in
the Bethea et al., 2004, study), and/or testing conditions. Our results
also differ from a second study, involving n=173 young rhesus
monkeys (n=13 animals with S/S) that showed no relationship
between genotype and a measure of Bl from a human intruder test
(Rogers et al., 2008). For humans, a review by Clauss et al. (2015)
reports mixed results for whether S/S genotype is associated with BI.
While there is a good consensus that 5-HTTLPR in human and
nonhuman primates can interact with adverse or beneficial outcomes
to influence Bl-associated measures, our study supports the idea
that, with sufficient sample size, there is a main effect of this
genotype on BI.

One result worth noting in this analysis was that the other
5-HTTLPR dummy variable, which coded for L/S genotype versus
other genotypes, was not a significant predictor of BIl. This is
important because studies often combine animals with S/S and L/S
genotypes and contrast them with L/L animals. This is done because
of the relative scarcity of the S/S genotype typically resulting in very
small cell sizes. Our analysis does not support this practice, at least
for the measure of Bl—the S/S animals (n = 171) were different from
the other genotypes, and despite the larger sample size for L/S
animals (n = 1095), the L/S versus others contrast was not significant.
We have seen in other studies, however, that for some measures, the
L/S animals resemble the L/L animals, and for other measures, even
within the same study, the L/S animals are statistically intermediate
between L/L and S/S animals (Sorenson et al., 2013). We suggest that
combining these two genotypes be done with extreme caution, and
urge oversampling, if possible, of the S/S genotype to keep the three

groups distinct.

522 | MAOA-LPR

Analysis 3 revealed that MAOA-LPR was significantly associated with
all four ratings-derived measures of temperament: Model 2 was the
final model for Gentle, Nervous, and Vigilant, and Model 3 was the
final model for Confident (Model 3 showed a significant interaction
between rank and the 5-repeat genotype, which was discussed
above; here we focus on the main effects of MAOA-LPR). For each of
the four measures, both dummy variables coding for this genotype
were significant and of the same sign, suggesting that it was the
reference category, the 7/7 females and 7/- males, that drove this
result. Specifically, animals with the 7-repeat allele(s) were more
likely to show Confident, Gentle, and Vigilant temperament, and were
less likely to be Nervous.

The fact that this genotype was influential for all four measures
of temperament suggests that there may be a common, underlying
factor to all four measures that is being influenced by the gene. In
fact, there is substantial shared variance among these four measures:
correlation coefficients in the full BBA sample (n = 5005) range from
0.513 to 0.744 in absolute value, with Nervous correlating negatively

with the other three measures, all of which correlate positively with
each other. During the original exploratory and confirmatory factor
analyses of the rating data (Golub et al., 2009), an oblique rotation
was used, permitting the derived factors to correlate (we note that
human temperament factors are also correlated: Beekman
et al., 2015). Our rationale for this analysis of measures in the
affective domain paralleled that used in the understanding of
intellectual development in humans in the cognitive domain, namely,
that development proceeds by differentiating existing competences
into more specific characteristics (e.g., Garrett, 1946). In some of our
analyses, all four traits have been important contributors to a
phenomenon (e.g., diarrhea: Gottlieb et al., 2018) suggesting, as in the
present case, that some single overarching factor is being tapped
into. In many other analyses, however, only single temperament
factors show significant relationships to a phenomenon (e.g., Nervous
temperament and pairing success: Capitanio et al., 2017; Vigilant
temperament and asthma-related outcomes: Capitanio, Miller,
et al, 2011), indicating that, by 3-4 months of age, some
differentiation of the single overarching factor had proceeded
sufficiently to permit the unique variance associated with a specific
trait to become associated with some later behavioral or health
measures. Our current results suggest that the 7-repeat allele of
MAOA-LPR is influential for the overarching factor, whose qualities
remain unknown at this time, but likely reflect a broader characteris-

tic such as affective reactivity.

5.2.3 | 5-HTTLPR and MAOA-LPR

Following Belsky and Beaver (2011), we examined the potential joint
influence of the two genes to determine if there was an additive
effect for individuals with the two “plasticity” alleles - S/S for
5-HTTLPR and 7/7 or 7/- for MAOA-LPR. We found no evidence for
the ratings-derived measures, but our analysis of Bl provided some
support for the idea. Model 3, which included main effects of genes
and rank as well as the first-order interactions, was the best fitting
model. But we found that, despite a nonsignificant omnibus test, the
coefficients for the two-way interactions of S/S with the 5-repeat
and the 6-repeat alleles were significant: animals with the S/S
genotype for 5-HTTLPR and who also possessed the 7/7 or
7/- genotype for MAOA-LPR were more likely to be behaviorally
inhibited. We view this result with some caution. Recall that Analysis
2 showed that 5-HTTLPR influenced BI, such that animals with the
S/S genotype were less likely to be behaviorally inhibited. Analysis 4,
focusing on MAOA-LPR and BI, showed no significant effects of
genotype. The two-gene analysis, however, suggested that, in the
presence of the MAOA-LPR plasticity genotype, the effect of the S/S
genotype reverses: animals with the S/S genotype now are more
likely to be behaviorally inhibited. Our concern over this result
derives from the small sample size; despite an overall sample size of
n = 2017 for this analysis, there are only 28 animals that possess both
the S/S and the 7-repeat genotypes, only eight of which are
behaviorally inhibited. The rate of Bl among the 28 animals
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(8/28 = 0.286) is higher than, but not significantly different from, the
rate for the overall sample (454/2017 = 0.225). Nevertheless, this is a
uniquely large data set for such an analysis, and so we conclude, with
caution, that this analysis provides some support for the idea of joint
influence of two plasticity genes, and Belsky and Beaver's (2011)

thesis.
5.3 | Influence of covariates on infant
temperament

For every analysis, five covariates were included that prior research
had suggested might influence temperament. Of the five, sex and SPF
status appeared to be consistently related, across the various

analyses, to temperament.

531 | Sex

We found that males were more likely to show Gentle temperament
and to be behaviorally inhibited, whereas females were more likely to
be Confident, Nervous, and Vigilant. Gender differences in studies of
human personality are common (Costa et al., 2001). For example,
females typically show higher levels of Neuroticism than males;
elsewhere (Capitanio, Mendoza, et al., 2011), we have argued that
Nervous temperament is very similar to the human Neuroticism
factor, and our current study shows a parallel sex difference in that
measure. In contrast, while we found that males were more likely to
be behaviorally inhibited than females, the literature shows a very
mixed picture: In humans, gender differences in Bl/shyness are rare
in young children, but become more evident in later childhood, where
girls show a higher prevalence compared to boys (Doey et al., 2014;
see also Assari, 2020). In contrast, in rats, males show more inhibition
than females (Ray & Hansen, 2004), and Kalin and Shelton (1998)
report no sex differences in freezing in response to a human intruder
(their measure of Bl) in rhesus monkeys a year of age and under.
We also found that females had higher values for Confident and
Vigilant temperament, and lower levels of Gentle temperament.
Confident, also known as Bold, temperament, is a commonly found
dimension of animal temperament (Gosling, 2001), generally reflect-
ing assertiveness. Vigilant temperament is a somewhat unique
dimension, focusing on calm, watchful, wariness (i.e., animals score
high on the individual item vigilant, and low on the items depressed,
tense, timid), and is an important part of a composite measure that is
associated with increased risk for hyperresponsive airways, a
component of asthma (Capitanio, Miller, et al., 2011; Chun
et al., 2013), and persisting affective responses during challenge
(Chun & Capitanio, 2016). For Gentle temperament, evidence is
accumulating that this dimension reflects a coping style, with high
scores reflecting reactive coping, and lower scores reflecting
proactive coping (see Koolhaas et al., 1999). For example, when
older, animals scoring higher on this factor show more silent bared-

teeth displays and withdrawal in their natal field corrals (Beisner &
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McCowan, 2014) and when relocated indoors have a higher risk of
developing motor stereotypies (Gottlieb et al., 2013).

Unfortunately, there is a dearth of information in the literature
about sex differences in temperament of young animals in nonhuman
primates, with two exceptions, one of which is the research into Bl
described above. The other exception involves a pair of studies that
used a Neonatal Behavioral Assessment Scale. One the one hand,
Coe et al. (2010), showed a sex difference at 2 weeks of age in “State
Control;” female rhesus monkeys were more reactive than males.
Using the same instrument with a much larger sample (n=1056),
however, Paukner et al. (2020) found that sex was not a significant
predictor of temperament at 7 days of age, nor of the change across
the first month of life. Our study, then, with its large sample size of
infants reared under relatively naturalistic conditions, suggests new
directions to be explored for understanding sex differences in

temperament.

5.3.2 | SPF status

At our facility, SPF animals were derived by removing infants born
into our half-acre field corrals, typically on the day of birth. Animals
were relocated to an indoor nursery, where they were individually
housed in incubators until 3 weeks of age, at which point they were
given visual access to an infant of the same age with whom they were
subsequently paired at 5 weeks of age. Animals then were formed
into larger and larger groups, ultimately being relocated with other
SPF animals into a field corral. Once an SPF corral was formed,
offspring remained with their mothers (but were tested repeatedly to
insure their pathogen-free status). We are aware of only two
comparisons between SPF and non-SPF animals, and they revealed
a number of immunological differences (Oxford et al., 2015), as well
as reduced mortality for SPF animals (T. Tanaka et al, 2013)
compared to non-SPF animals. Elsewhere, however, we have
reported results that are relevant for this discussion. Kinnally et al.
(2018) reported that infant monkeys that were born and reared for
their first 3-4 months of life in the field corrals, differed depending
on whether their fathers, grandfathers, and/or great-grandfathers
were nursery-reared (interestingly, there were no effects due to
female progenitors). Among the results reported was that infants
with a male progenitor that was nursery-reared had significantly
higher levels of Nervous temperament. Most of the n =340 animals
from the Kinnally et al. (2018) study were part of the current study,
so it is no surprise that our analyses, with nearly 10 times the number
of subjects, confirmed that SPF animals also had higher levels of
Nervous temperament. SPF animals also were likely to be rated
lower for Confident, Gentle, and Vigilant temperament, but had
higher values for Bl. Together, these data suggest that SPF monkeys,
derived via nursery-rearing, differ from conventionally reared animals
in multiple ways. The mechanism behind this is unclear. It is possible,
for example, that the nursery-rearing experience of the male
progenitors left some epigenetic marks on their gametes that

influenced brain and behavioral development. Alternatively, it's
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possible that these outcomes reflect a natural process of
development among animals that are free of multiple endemic
viruses, with attendant alterations in immune functioning.
Understanding the mechanism remains an important direction for

future research.

5.4 | Summary and conclusions

Our goal was to determine if maternal rank and infant genotype
influenced temperament in infant rhesus monkeys. We found no
evidence of a main effect of rank; rather rank was associated with
Confident temperament only for those infants with the 5-repeat
genotype for MAOA-LPR. Several results were found suggesting
genetic influences: animals with the S/S genotype for 5-HTTLPR were
less likely to be behaviorally inhibited, unless they also possessed the
7-repeat genotype for MAOA-LPR, in which case they were more
likely to be inhibited. Importantly, we found two situations in which
supposedly functionally-identical genotypes for MAOA-LPR (based on
in vitro assessments of functionality: Newman et al., 2005) differed
phenotypically—the aforementioned interaction for Confident tem-
perament between rank and the 5-repeat allele, and the finding in
Analysis 5 that the animals with the 6-repeat allele for MAOA-LPR
were more likely to be low in Confident temperament. In addition,
while we found some influence of the S/S genotype on BI, we found
no effects of the L/S genotype. Together, these results do not
support the combining of the 5-repeat and 6-repeat genotypes for
MAOA-LPR, nor the combining of the S/S and L/S genotypes for
5-HTTLPR. Our analysis also provides some of the first evidence of
sex differences in temperament of infant monkeys, and, to our
knowledge, the only evidence of differences in temperament based
on SPF status. Finally, our analysis provides some support for the idea
of a “dose-response” effect of plasticity alleles, as suggested by
Belsky and Beaver (2011). The large sample sizes of our analyses
provide confidence in our results, and our findings suggest several
directions to explore in future research.
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