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Abstract

Temperament is usually considered biologically based and largely inherited, however the
environment can shape the development of temperament. Allelic variation may confer differential
sensitivity to early environment resulting in variations in temperament. Here we explore the
relationship between measures of temperament in mothers and their first-born offspring and the
role of genetic sensitivity in establishing the strength of these associations. Temperament ratings
were conducted on 3-4 month old rhesus monkeys after a 25-hour biobehavioral assessment.
Factor analysis revealed a four factor structure of temperament. Females assessed as infants have
reproduced and their offspring have also been evaluated through the standardized testing
paradigm. Canonical correlation analysis revealed statistically significant associations between
factor scores of mothers and sons, but not mothers and daughters. Further, offspring possessing the
high activity, “low risk”, alleles of the rhMAOA-LPR or rh5-HTTLPR showed statistically
significant canonical correlations, whereas those possessing other alleles did not, suggesting
differential genetic sensitivity to the normative early experience of maternal temperament.
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Introduction

Similarities in measures of temperament between mothers and offspring have traditionally
been attributed to the cross-generational consistency in rearing environments and to the
genes that are shared between mothers and offspring. Early environment plays a large role in
shaping characteristics of temperament (Capitanio, Mason, Mendoza, Del Rosso, & Raoberts,
2006; Francis & Meaney, 1999; Harlow, Dodsworth, & Harlow, 1965; Mason, 1960), and it
is likely that offspring are reared in an environment similar to that of their mother’s rearing
including similarities in the style of maternal behavior received (Champagne & Meaney,
2001; Fleming et al., 2002; Suomi, 1991). Temperament traits also show considerable
heritability (h2 ranging from .20 to .60: see Fairbanks et al., 2004; Saudino, 2005),
indicating that genetic differences are responsible for at least some proportion of individual
differences in temperament. It follows that the genes shared between mothers and offspring
increase the likelihood that they show similarities in characteristics of temperament. While
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measures of heritability focus on population-level analyses in order to establish the
contribution of genetic factors as a whole to variability in temperament, other research
investigates the role of variability in candidate genes in the development of individual
differences in temperament (Barr et al., 2003; Gershenfeld & Paul, 1998). One exciting line
of behavioral genetic research has begun to explore the way in which temperament
outcomes are influenced by genetic polymorphisms that may predispose individuals to
greater sensitivity or resiliency to environmental events (Belsky et al., 2009; Obradovic &
Boyce, 2009). In the study presented here, we compare measures of temperament in mother
and offspring rhesus monkeys (Macaca mulatta) and the role that two specific genetic
polymorphisms play in cross-generational associations of temperament.

Rhesus monkeys are largely dependent on their mother at birth and spend most of their time
in contact with or proximity to her during the first 3 months of life (Berman, 1980b). This
close relationship between mothers and offspring allows for ample exposure to the mother’s
temperament and the opportunity for the transmission of behavioral and psychological
characteristics from mother to offspring (Suomi, 1991). Investigations of adult mothers and
their infant offspring show modest correlations when assessing the same personality trait in
both the mother and her offspring (Stevenson-Hinde & Simpson, 1981). Stronger
correlations have been found between mother and offspring personality ratings across
dimensions, but the structure of this relationship is dependent on offspring sex (Stevenson-
Hinde & Simpson, 1981). Additionally, when temperament is measured at comparable ages
(both assessed in early life) in both mothers and their offspring, there are cross-generational
consistencies in patterns of behavior (Cohen, Kasen, Brook, & Hartmark, 1998; S. J. Suomi,
1987), indicating similarity in propensities to respond—temperament.

There is also a growing literature that suggests that allelic variation in genes associated with
the monoamine system contribute to differential sensitivity to the influence of environmental
events, including early social experience (Caspi et al., 2002; Karere et al., 2009). The
monoaminergic system is often the target of investigation due to its well-established
association with psychological processes (Cloninger, 1986; Higley et al., 1992; Manuck,
Flory, Ferrell, Mann, & Muldoon, 2000; Zuckerman, 1985). Two functional polymorphisms
that have been shown to moderate the effects of the environment are located in the promoter
regions of the monoamine oxidase-A gene (MAOA-LPR) and the serotonin transporter gene
(5-HTTLPR) (Newman et al., 2005; Sjoberg et al., 2007). Individuals possessing the allelic
variant that confers low functional activity for either of these genes are predisposed to
greater sensitivity to the effects of early adverse experience and the effects of this genetic
sensitivity appear to be cumulative (Kinnally et al., 2010; Reif et al., 2007). Thus far,
research has primarily investigated the role of these polymorphisms on psychological and
behavioral outcomes after major perturbations in early experience (Champoux et al., 2002;
e.g. maltreatment in humans: Kim-Cohen et al., 2006; motherless rearing in monkeys:
Newman, et al., 2005). However, less dramatic differences in environmental experience may
also result in variations in psychological and behavioral outcomes, and the effects of such
experience have the potential to be moderated by genotype. Here, we examine one aspect of
normative, non-adverse early experience by investigating the relationship between mother
and offspring temperament, including the role of genetic sensitivity to the effects of early
experience conferred by the MAOA-LPR and 5-HTTLPR in rhesus monkeys.

In humans, an X-linked untranslated variable number tandem repeat (UWNTR) in the
promoter region of the gene that codes for the MAOA enzyme (MAOA-uVNTR) consists of
2-6 copies of a 30-basepair (bp) repeated sequence; alleles with 3.5 or 4 copies are
transcribed 2-10 times more efficiently (“high activity”) than those with 3 or 5 copies of the
repeat (“low activity”; Sabol, Hu, & Hamer, 1998). An 18-bp variable number tandem
repeat region orthologous to the human MAOA-uVNTR (rhMAOA-LPR) has been found in
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rhesus monkeys and consists of a 5, 6, or 7 repeat region that also confers differential
transcriptional efficiencies (5 and 6 repeats have high transcriptional activity, 7 repeat has
low activity) of the MAOA gene (Newman, et al., 2005). Monoamine oxidase A (MAOA) is
an enzyme that catalyzes the oxidation of monoaminergic neurotransmitters dopamine (DA),
norepinephrine (NE), and serotonin (5-HT) to inactive metabolites (homovanillic acid
(HVA), 3-methoxy-4-hydroxyphenylglycol (MHPG), and 5-hydroxyindoleacetic acid (5-
HIAA), respectively). Women with genotypes containing the high activity MAOA-uVNTR
variant have higher levels of HVA, MHPG, and 5-HIAA than those with the low activity
allele (Jonsson et al., 2000), suggesting that the higher activity form of the MAOA-uVNTR
produces higher concentrations of the MAOA enzyme, resulting in higher amounts of
degraded monoamine products. However, men with the high activity MAOA-uVNTR exhibit
lower HVA (Ducci et al., 2006; Jonsson, et al., 2000) and higher 5-HIAA concentrations
(Williams et al., 2003) than those with the low activity allele. These sex differences may be
the result of the location of this gene on the X chromosome (Shih, Grimsby, Chen, & Zhu,
1993). Males are hemizygous for the MAOA-uVNTR allele, having only one version that is
inherited from their mother, while females may be hetero- or homozygous. Evidence also
suggests that the MAOA gene is one of the 15% of X-linked genes that escape inactivation in
females (Carrel & Willard, 2005), therefore, females may experience a dosage difference in
gene expression based on their combination of alleles (Ducci et al., 2008).

The different versions of the MAOA-UVNTR also confer differential sensitivity to early
experiences; individuals possessing the low activity MAOA-uVNTR variant appear to be
more vulnerable to the impacts of experience, whereas individuals displaying the high
activity version are more resilient to the influence of early adversity. Individuals possessing
the high activity MAOA-uVNTR and exposed to maltreatment in childhood are less likely to
develop behaviors associated with antisocial personality disorder than those with the low
activity version who also experienced early adversity (Caspi, et al., 2002; Ducci, et al.,
2008). Additionally, of infant rhesus monkeys reared by their mother, no behavioral
differences were reported for animals possessing low- versus high-activity rhMAOA-LPR
genotypes, but only if animals were reared in complex environments; in socially
impoverished environments, those with the low activity version displayed more behaviors
reflective of anxiety (Karere, et al., 2009). These gene x environment (G x E) effects may be
dependent on timing (Huizinga et al., 2006) and context (Karere, et al., 2009; Widom &
Brzustowicz, 2006) of early adversity.

The 5-HTTLPR in humans is a 44-bp insertion/deletion polymorphism in the promoter
region of the gene that codes for the serotonin transporter, which is a protein that allows for
the reuptake of serotonin from the synapse into the presynaptic neuron (Heils et al., 1996). A
21-bp ortholog of this polymorphic region (rh5-HTTLPR) is also present in rhesus monkeys
(Lesch etal., 1997). Individuals with the insertion region are considered to have the long
version of this allele, whereas those without the insertion are characterized as possessing the
short allele. Two versions of this allele confer differences in functional activity of gene
expression: the short allele confers lower transcriptional efficiency (“low activity”) of the
serotonin transporter gene in comparison to the long allele (“high activity”; Heils, et al.,
1996). Individuals possessing the high activity version of this polymorphism have higher
levels of 5-HIAA (Williams et al., 2003), in comparison to those with the low activity
version. Similar to the MAOA-UVNTR, individuals with the form of the allele that confers
higher transcriptional efficiency appear to be less severely affected by early adversity:
individuals who have experienced childhood maltreatment and possess the low activity
allele are more likely to develop depression than those with the high activity version of the
allele (Caspi, Sugden, et al., 2003).
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Here we extend previous findings by determining the strength of the association between
mother and offspring temperament factor scores when assessed through the same testing
paradigm when both mothers and offspring were infants. In order to assess the overall
strength and structure of the relationship between mother and offspring temperament, we
used a statistical technique underutilized in personality research: canonical correlation.
Whereas correlations and multiple regressions are informative in assessing the relationship
between two variables or between a dependent variable and a set of independent variables,
canonical correlation analysis allows us to explore relationships between two sets of
variables (Fig. 1), enabling evaluation of the strength and structure of the relationship
between mother and offspring temperament factor scores. Additionally, we evaluate the role
of sensitivity conferred by offspring rhMAOA-LPR and rh5-HTTLPR genotype to the
strength of associations between mother and offspring temperament factor scores. We
hypothesize that individuals with the low activity “sensitive” versions of the rhMAOA-LPR
and rh5-HTTLPR will be more sensitive to maternal influences in their early environment
and will therefore exhibit stronger canonical correlations between mother and offspring
temperament, compared to infants possessing the high activity versions.

Subjects were 179 infant (92 males) rhesus monkeys (Macaca mulatta) between 90 and 125
days old (mean age = 106.96 days) at the time of the assessment (see below). Subjects
included here were the biological offspring of primiparous mothers, who themselves had
been assessed through the same testing procedure when they were infants (between 90 and
124 days old, mean age = 108.15 days). All individuals lived in socially complex half-acre
enclosures consisting of 100-150 animals of mixed age- and sex-classes of close kin, distant
kin, and non-kin at the California National Primate Research Center (CNPRC). A
commercial diet (Outdoor Monkey Lab Diet, PMI Nutrition Int’l, Brentwood, Missouri) was
provided twice daily, fruit and vegetable supplements were provided twice weekly, and
water was available ad libitum.

Subject Relocation

Five to eight mother-infant pairs at a time were captured from their half-acre enclosures, and
were separated from each other for a 25-hr period. Infants were housed in standard
laboratory cages (60cm x 65cm x 79cm, Lab Products, Inc., Maywood, NJ), with all five to
eight members of a given cohort housed in the same room throughout the 25-hr period. At
the conclusion of the 25-hour testing period, infants were reunited with their mother and
were housed together for one hour before being returned to their outdoor enclosures.

Infant Biobehavioral Assessment

All subjects were part of an ongoing biobehavioral assessment program at the CNPRC
(Capitanio, Mendoza, Mason, & Maninger, 2005; Golub, Hogrefe, Widaman, & Capitanio,
2009; Hinde & Capitanio, 2010). Over the 25-hr. testing period, behavioral data were
collected in a variety of standardized testing situations designed to assess responsiveness to
the separation and relocation, recognition memory, responses to social stimuli, contact with
novel objects, and behavioral response to graded conditions of challenge (see details in
Golub et al., 2009).

Temperament Ratings

At the conclusion of the 25-hr. testing period, technicians who performed the testing rated
each infant on 16 trait adjectives describing characteristics of temperament (see Table 3 in
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Golub, et al., 2009; Hinde & Capitanio, 2010). Infant temperament ratings were conducted
in order to obtain an overall “thumbnail” portrait of the animal’s functioning during the
entire Infant Biobehavioral Assessment period. Details of the rating procedure have been
presented (Sullivan et al. 2010). Briefly, ratings were made using a seven point Likert scale.
Agreement between independent observers (a difference of no more than 1 scale point) for
each trait was significantly greater than chance using chi-square (p<0.000001). Ratings on
each adjective were z-scored across all subjects within a given birth year. Exploratory and
confirmatory factor analyses of temperament adjective ratings for 1294 infants revealed a
four factor structure which satisfied fit statistics for exploratory and confirmatory models
(for details see Golub, et al., 2009). Factors were named for the trait adjective with the
highest positive loading: Confident (active, bold, confident, curious, playful), Gentle (calm,
curious, flexible, gentle), Vigilant (vigilant, not depressed, not tense, not timid), and Nervous
(fearful, nervous, timid, not calm, not confident) . The trait adjectives preceded by the word
“not” reflect a negative loading in the factor analysis. A composite score for each factor was
created by adding the z-scores of each trait rating adjective (or the reverse-coded z-score for
negative loadings). These scores were then standardized within each factor scale and z-
scores were created. Cronbach’s alpha (scale reliability) values ranged from 0.6 to 0.9.

Blood Collection

Genotyping

As part of the ongoing Infant Biobehavioral Assessment, four blood samples (0.5 to 1.0 ml)
were collected from infants during the 25-hour maternal separation and relocation to a novel
environment. Blood was collected via femoral venipuncture at approximately 1100 h and
1600 h on the first day of separation and at 0830 h and 0900 h on the second day of
assessment. Blood was immediately centrifuged at 4° C, and plasma was removed. The
remaining buffy coat and red blood cells were refrigerated at 4° C until DNA was isolated.

Genomic DNA was isolated using a Qiagen DNeasy Tissue kit (Valencia, CA) or a modified
salting out method (Miller, Dykes, & Polesky, 1988). MAOA and 5-HTT length polymorphic
region genotyping was performed on an ABI 377 DNA Analyzer using a fluorescent
technology (Applied Biosystems, ABI, Foster City, CA). The MAOA primers (forward, 5’
CAG AAA CAT GAG CAC AAA CG 3" and reverse, 5 TAC GAG GTG TCG TCC AAG
TT 3') were designed from the published sequence of the rhesus MAOA-LPR (GenBank
Accession number AJ544234), as were the rh5-HTTLPR primers (GenBank Accession
number AF285761). Each 15 pl reaction contained 1.5 uL of DNA, 0.5 uL of each primer
(labeled forward primer for rhMAOA-LPR, labeled reverse primer for rh5-HTTLPR), 1.5 uL
1X polymerase chain reaction (PCR) buffer and 0.9 uL MgCI2, 0.3 uL dNTP and 0.1 uL of
MasterAmp Tag DNA polymerase. PCR was performed on a GeneAmp 9700 thermal cycler
(Perkins Elmer, Foster City, CA) with the following profile; 1) initial denaturation for 5 min
at 95° C, 2) 35 cycles of 94° C at 1 min, 55° C at 1 min and 72° C at 1 min, and 3) a final
primer extension at 72° C for 10 min. Genotypes were determined using STRand software
with respect to the GeneScan 350 ROX size-standard. Allelic sizes and identity were
confirmed by direct sequencing on an ABI 377 DNA Analyzer using BigDye Terminator
Sequencing chemistry v3.1 (ABI) as described elsewhere (Lyons et al., 2004). Genotypes
were determined based on previous reports of putative activity of gene expression. For
rhMAOA-LPR, 5 or 6-repeat hemizygous males, 5/6 heterozygous females, and 5/5 and 6/6
homozygous females were categorized as “high activity”; 5/7 and 6/7 heterozygous females
were categorized as “heterozygous activity”; and 7-repeat hemizygous males or 7/7
homozygous females were considered “low activity” (Newman et al., 2005). For 5-HTTLPR,
those homozygous for the long version (I/l) were categorized as “high activity” and those
homozygous for the short version (s/s) or heterozygous (I/s) were considered “low activity”.
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Data Analysis

Results

Analyses of variance were conducted to assess differences in offspring temperament factor
scores. One-way ANOVAs were conducted for offspring sex. Separate two-way ANOVAS
were conducted for males and females to account for differences in the presence of
heterozygosity in the rhMAOA-LPR activity in females, but not males. For females, 2 x 3
ANOVA:s included rh5-HTTLPR (high and low activity) and rhMAOA-LPR (high,
heterozygous, and low activity) functional genotypes. For males, 2 x 2 ANOVAs were
conducted that included rh5-HTTLPR (high and low activity) and rhMAOA-LPR (high and
low activity) functional genotypes.

Bivariate correlations were conducted to compare the same temperament factors between
mothers and offspring. The significance of the difference between correlations was
computed as described in Blalock (1972). Due to the naturally complex relationship between
temperament factors, intercorrelations were assessed through the multivariate technique of
canonical correlation analysis (CCA). CCA is similar to multiple regression (Fig. 1A),
although it differs in that there are several variables on each side of the equation, rather than
just a single predicted dependent variable (Fig. 1B; (Tabachnick & Fidell, 2000). In
canonical correlation, each set of variables (e.g., mothers’ four temperament scores,
obtained when they were infants) is combined to produce a synthetic variable that has the
highest correlation with a synthetic variable on the other side of the equation (e.g., infants’
four temperament scores). There are as many of these canonical functions as there are
variables in the smaller of the two variable sets, with the first function providing the
strongest correlation between variable sets and each remaining orthogonal function
partitioning the remaining residual variance. The statistical significance of the full canonical
model evaluates the variance shared between all canonical functions. The canonical
correlation coefficients (Rc) are the Pearson r relationships between two synthetic variables
for each function, but due to standardized weights in linear equations can only range from 0
to 1, and can therefore be interpreted in a manner analogous to the multiple R in regression
(Sherry & Henson, 2005). The squared canonical correlation (Rc2) represents the proportion
of variance shared by the two synthetic variables. Therefore, only functions that explain a
reasonable amount of variance are interpreted, here the cut-off was 15%. The individual
contributions of variables (in this case, temperament factor scores) to the synthetic variable,
taking into consideration shared variance between variables, can be interpreted in a way
analogous to the use of beta weights in multiple regression. Here, canonical correlations
were performed between the set of four infant temperament factor scores predicted by the
set of their mothers’ four infant temperament factor scores in order to evaluate the shared
relationship between the two variable sets.

Effects of genotypes and sex on temperament factor scores

Males’ and females’ temperament factor scores did not differ (p > .05). For males, 2 x 2
ANOVA:Ss by genotype (rhMAOA-LPR x rh5-HTTLPR) revealed no statistically significant
differences in temperament factor scores (p > .05). For females, 2 x 3 ANOVA for genotype
revealed a main effect of rhMAOA-LPR for only the Nervous temperament factor, F(5, 81) =
2.359, p =.047: females with the low activity version of the rhMAOA-LPR had scores on the
nervous factor that were higher than those with either high or high/low activity. Genotype x
genotype interactions were not statistically significant for this temperament factor, nor were
main effects or genotype x genotype interactions for the other three temperament factors
scores (p > .05).
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Similarity in temperament scores between mothers and offspring

Offspring temperament factor scores were correlated with those scores of their mother for
three of the four temperament factors (Table 1): scores on Confident, Vigilant, and Gentle
were significantly correlated between mothers and offspring, while scores on Nervous were
not. When correlations were calculated separately for mothers with their male offspring and
mothers with their female offspring, within factor correlations were statistically significant
for the Confident, Vigilant, and Gentle factors for mothers and offspring of either sex (Table
2). Correlation coefficients for mother and sons did not differ significantly from those
between mothers and daughters (p > .05). As can be seen in Tables 1 and 2, there were also
statistically significant between-factor correlation coefficients for mothers and offspring.

Canonical Correlations

Canonical correlation using the mothers’ four temperament factor scores as predictors of
their infants’ four temperament factor scores revealed a statistically significant full model,
Wilks’s L =.786, F(16, 520.00) = 2.66, p < .001 (Table 3, row 1). Because Wilks’s A
represents the variance unexplained by the model, 1 — A yields the full model effect size in
an r2 metric. Thus, for the set of four canonical functions, the r2 type effect size was .214,
which is the proportion of variance shared between variable sets across all functions. The
analysis revealed four functions with canonical correlations of .170, .032, .021, and .001 for
each successive function; only Function 1 was considered noteworthy, contributing 17% of
the variance. Table 4 (row 1) represents the standardized canonical function coefficients and
structure coefficients for Function 1.

For Function 1, the relevant criterion (offspring) variables were Vigilant, Confident, and
Gentle, with Nervous making a secondary contribution to the synthetic criterion variable
(Table 4a, row 1). This conclusion was supported by the large structure coefficients. These
temperament factors also tended to have larger canonical function coefficients. A slight
exception included the Confident and Nervous factors, which had relatively small function
coefficients but large structure coefficients. This indicates multicollinearity with the other
criterion variables. Furthermore, all of these variables’ structure coefficients had the same
sign, indicating that they were all positively related. Regarding the predictor (mother’s)
variable set in Function 1 (Table 4b, row 1), Gentle scores were also the primary
contributors to the synthetic predictor variable, with Confident, Vigilant, and Nervous
making secondary contributions after effects of multicollinearity were taken into
consideration. Because the structure coefficients for all of the mothers’ temperament factor
scores were negative, they were all positively related to the offspring temperament factors.
Figure 2 presents scatterplots of mother and offspring temperament factor scores that were
primary contributors to Function 1.

When analyses were conducted separately for male and female offspring, the full model
across all functions was statistically significant for the relationship between temperament
factor scores in males and their mothers, Wilks’s A = .617, F (16, 256.26) = 2.75, p < .001
(Table 3, row 2), but not for females and their mothers, Wilks’s A = .761, F(16, 238.93) =
1.39, p = .146 (Table 3, row 3). The effect size for males was 38.3% and for females was
23.9%, which was similar to that of the full sample (21.4%). The analyses for males yielded
four functions with squared canonicals of .282, .127, .014, and .001 for each successive
function. Given the r2 effects for each function, only the first function was considered
significant in the context of this study, explaining 28.2% of the variance. Table 4a (row 2)
presents the standardized canonical function coefficients and structure coefficients of
Function 1 for males. The relevant criterion variables were Gentle, Vigilant, and Confident,
with a secondary contribution from the Nervous factor. However, the Confident factor had a
small function coefficient but large structure coefficients, indicating multicollinearity with
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the other criterion variables so was no longer considered a primary contributor. This
function was predicted largely by the mothers’ Confident scores, with a secondary
contribution by mothers” Gentle scores (Table 4b, row 2). Mothers’ scores on the Vigilant
factor also appeared to contribute to the predictor synthetic variable, however this variable
also has a small function coefficient, so does not provide considerable additional variance to
the model.

Canonical Correlations by Offspring Genotype

Canonical correlation analyses with mothers’ four temperament factors as predictors of the
four temperament factors for offspring were found to be statistically significant for offspring
with the high activity versions of rhMAOA-LPR or rh5-HTTLPR, but not for offspring with
low activity alleles (Table 3, rows 6 and 8). For offspring with high activity rhMAOA-LPR
alleles the full model canonical correlation explains 44.9% (1 — A) of the variance between
mother and offspring temperament factor scores. The first function contributed 26.9% of the
variance for offspring with the high activity rhMAOA-LPR. For offspring with the high
activity versions of the rhMAOA-LPR the relevant criterion variables were Gentle, Vigilant,
and Confident, with a secondary contribution from the Nervous factor. However, the
Confident factor had a small function coefficient but large structure coefficients, indicating
multicollinearity with the other criterion variables so was not considered to be a primary
contributor. The first function was largely predicted by mothers’ Confident and Gentle
scores (Table 4b, row 6). The results for offspring possessing the low activity rhMAOA-LPR
and heterozygous for the rhMAOA-LPR should be interpreted with caution, as sample sizes
for these groups are at the lower end of the 5 to 10 subjects per variable ratio recommended
by Thompson (1990) based on Monte Carlo replication calculations. Further, the effect sizes
(1 — ) for individuals possessing different version of the rhMAOA-LPR were relatively
similar, with 45% of variance explained for offspring heterozygous or with the high activity
allele and 39% accounted for in offspring with the low activity version (Table 3).

For offspring with high activity rh5-HTTLPR alleles the full model canonical correlation
explained 34.8% (1 — ) of the variance between mother and offspring temperament factor
scores. This effect was significant (p = .001), unlike the effect for offspring with the low
activity alleles (16.7%). For the high activity animals, the first function contributed 22.4% of
the variance for offspring with the high activity rh5-HTTLPR. For these offspring, their
temperament factor scores on the Vigilant and Confident factors provided considerable
contribution to the criterion variable for Function 1, with Gentle factor scores providing
secondary contributions (Table 4a, row 7). Both the Confident and Gentle factors had
relatively small structure coefficients, however, indicating that they share variance with
Vigilant temperament factor scores, so they were not considered primary contributors to the
criterion variable. For Function 1, mothers’ scores on the Confident and Vigilant factors
provided primary contribution to the predictor variable, with scores on the Gentle and
Nervous factors providing secondary contributions. For this canonical correlation, the
structure coefficients for mother’s scores on the Gentle factor were small, indicating that
after variance among mothers’ temperament factors is accounted for, mothers’ Gentle factor
scores did not contribute considerably to the solution (Table 4b, row 7). Furthermore,
mothers’ Nervous factor scores were negatively associated with the other factors, indicated
by the difference in structure coefficient signs between the Nervous and other factors. We
were not able to conduct genotype x genotype or sex X genotype x genotype canonical
correlations, due to small cell sizes for more rare genotypes and their combination.

Discussion

Mothers’ temperament factor scores were positively correlated with those of their offspring
for the Confident, Vigilant, and Gentle factors. When assessing the combined effects of
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mothers’ four infant temperament factor scores as predictors of their offspring’s four infant
temperament factor scores through the dimension reduction technique of canonical
correlation, there were statistically significant associations between the temperament factor
scores of mothers with their sons, but not for mothers and their daughters. Genotypes of
alleles associated with differential sensitivity to early experience also played a role in the
intergenerational relationships in temperament: offspring with the high activity version of
either the rhMAOA-LPR or the rh5-HTTLPR (previously categorized as “low risk’”) had
temperament factor scores that were significantly predicted by their mothers’ infant
temperament factor scores, while offspring with other alleles (low activity or heterozygous)
did not.

This study supports previous findings of similarity in temperament between mothers and
offspring. Results reveal cross-generational consistencies in temperament factor scores with
correlation coefficients in the range of those previously reported (Cohen et al., 1998;
Stevenson-Hinde and Simpson, 1981). Our results extend those studies, however, by
demonstrating that when considered together, temperament factor scores of mothers
predicted temperament factor scores of sons, but not daughters, with 14% more variance
explained for sons compared to daughters. Sons’ Gentle and Vigilant temperament scores
were predicted most strongly by their mother’s Confident scores. This indicates that mothers
who, as infants, responded to a novel challenge in an active, unrestrained, curious, and
playful manner had infant sons who responded to the same challenge with a calm, easy-
going curiosity (Gentle) and with a relaxed, attentive (Vigilant) approach. This
correspondence in temperament between mothers and sons may be related to the life-history
of males. Male rhesus macaques emigrate from their natal group (Pusey & Packer, 1986)
and attain rank in a new social group based partially on personality characteristics, whereas
female rhesus monkeys remain in their natal troop and inherit rank from their mother
(Berman, 1980a; Walters & Seyfarth, 1986). Therefore, the temperament of sons may be
more sensitive to maternal influence earlier in life, in preparation for dispersal. The results
presented here are in line with our previous studies that have revealed sex differences in the
association between maternal indicators of environmental condition and offspring
temperament, which has suggested that sons may be more responsive to maternal signals
early in life (Sullivan, Hinde, Mendoza, & Capitanio, 2011).

We found it surprising that sons exhibited temperament characteristics that were associated
with those of their mothers, but daughters did not. These results may have emerged due to
the greater methodological control in comparison to previous studies. This study represents
data from a large sample for a longitudinal cross-generational study in nonhuman primates,
and unlike previous studies of nonhuman primate temperament, each subject was only
represented once in an effort to maximize subject independence. The data collection
methodology also differed considerably from previous studies: temperament factor scores
were collected in infancy in both offspring and mothers and through a standardized
assessment that was consistent across generations. Further, subjects were separated from
their mother at the time of assessment; therefore infant behavior was not directly influenced
by their mother’s behavior during the testing period and observed responses reflect those of
the individual, rather than combined features of the mother-offspring dyad. Due to this
maternal separation and relocation to a novel environment, temperament factor scores were
reflective of patterns of responding during a situation of challenge, which presumably served
to accentuate individual differences in temperament. Finally, it is also possible that
daughters exhibit social dimensions of personality that are associated with characteristics of
their mother, but that were not assessed here, rather than responsivity to novelty, which may
be particularly important for sons. Future studies should assess similarity in mother-daughter
temperament and personality from infancy into adulthood using standardized methodologies
to test both mothers and their daughters at comparable stages of development.
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Counter to our hypotheses, we found that individuals possessing the high activity versions of
the rhMAOA-LPR or rh5-HTTLPR had temperament factor scores that were significantly
associated with those of their mother. There were no statistically significant canonical
correlations for those possessing the low activity version of either promoter polymorphism
or females heterozygous for the rhMAOA-LPR. However, these results may have been due
to limitations of sample size for the less common rhMAOA-LPR alleles; females
heterozygous for rhMAOA-LPR displayed low, but statistically non-significant Wilks’s A
values that were nearly identical to those of individuals with the more common high activity
alleles. For individuals heterozygous for rhMAOA-LPR or possessing the high activity
alleles, Wilks’s A values were slightly higher than for those for individuals with the low
activity versions. This indicates that a larger proportion of the variance was explained by the
models for those heterozygous or with high activity rnMAOA-LPR alleles, however analyses
were only significant for those with the high activity version due to sample size. Due to this
limitation, associations should be examined in future studies with larger sample sizes. For
individuals possessing the high activity version of the rh5-HTTLPR, canonical correlations
explained 34.8% of the variance in temperament factor scores, which was over twice that of
individuals with the low activity version.

For those offspring possessing the high activity rhMAOA-LPR, maternal scores on the
temperament factors Gentle and Confident positively and most strongly predicted scores of
the Gentle and Vigilant factors. This was similar to the pattern for males (regardless of
genotype), except for an additional contribution of the maternal Gentle factor. This was
likely due to the inclusion of female offspring to the model, as the largest zero-order
correlation between mothers and daughters was on the Gentle factor. For offspring
possessing the high activity rh5-HTTLPR, maternal scores on the Confident and Vigilant
factors most strongly predicted offspring’s Vigilant factor scores. These results are in
support of previous studies investigating mother-offspring dyadic interactions
contemporaneously. Mothers high in a factor similar to a combination of the Confident and
Vigilant factors described here (Confident in Stevenson-Hinde & Simpson, 1981) show
increased rates of rejection of sons (Stevenson-Hinde & Simpson, 1981), which are
positively associated with increased rates of offspring exploration and curiosity (Simpson,
1985), components of the Gentle factors described here. Further, mothers high in a factor
similar to our Gentle factor (reversed Excitability factor in Stevenson-Hinde & Simpson,
1981) showed fewer restrictive behaviors toward offspring which are associated with
increased offspring curiosity and decreased cautiousness (Fairbanks & McGuire, 1988),
daughters who are rated as higher in gentleness, and sons rated as higher in a factor similar
to the Vigilant and Confident factors combined (Stevenson-Hinde & Simpson, 1981). Our
results extend these findings by suggesting that mothers’ temperament, as assessed in
infancy, influences adult maternal behavior, thereby shaping offspring temperament. The
temperament ratings reported here reflect patterns of responding (Mendoza & Mason, 1989)
that are likely consistent from infancy into adulthood (Caspi, Harrington, et al., 2003; Deal,
Halverson Jr., Havill, & Martin, 2005; Suomi, 1987). Maternal personality is reflected in
maternal behavior (Clark, Kochanska, & Ready, 2000; Elgar, Mills, McGrath, Waschbusch,
& Brownridge, 2007; for review see Kagan & Snidman, 1999; Stevenson-Hinde & Simpson,
1981) which plays a large role in shaping offspring temperament (Olson, Bates, Sandy, &
Schilling, 2002; Rosenblum & Paully, 1984; Stevenson-Hinde & Simpson, 1981). In
addition to maternal contributions to offspring temperament, infants may encounter other
environmental factors that contribute to variability in temperament, including the availability
of resources and the larger social environment of the group (for review see Clarke &
Boinski, 1995). However, in the captive colony examined here these factors remain largely
consistent across generations. Therefore, environmental consistencies may account for
similarities in measures of temperament between mothers and offspring, but they fail to
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explain differences in associations between mothers and offspring based on offspring sex
and genotype.

While these results were not the consequence of main effects or interactions of sex and
genotype, mother-offspring associations in temperament ratings may have been due to
increased interactions between mothers and offspring. Males with high concentrations of 5-
HIAA (associated with the high activity versions of both the rhMAOA-LPR and rh5-
HTTLPR) spend more time in affiliative social interactions than those with low
concentrations of 5-HIAA (Mehlman et al., 1995). This may influence the quality and
quantity of maternal interactions and increase the opportunity for the inter-generational
transmission of temperament. Moreover, associations reported here may be the result of
genetic similarity between mothers and sons beyond the genotypes tested here.

Here, we report that individuals possessing the high activity versions of the rhMAOA-LPR
and rh5-HTTLPR exhibit temperament traits that were significantly predicted by their
mother’s infant temperament factor scores. This indicates that individuals with the “low
risk” forms of these alleles, especially the rh5-HTTLPR, may be more sensitive to the early
experience of their mother’s personality, resulting in increased associations between mother
and offspring temperament. Conversely, it is possible that those with the low-activity, “high
risk” versions of these alleles may be more sensitive to influences beyond the mother,
resulting in temperament characteristics that are not as closely associated with those of their
mother. Perhaps concepts of genetic vulnerability should be construed as sensitivity to
different environmental cues (Ellis, Boyce, Belsky, Bakermans-Kranenburg, & van
Ijzendoorn, 2011), rather than differential sensitivity to a single construct of “early
experience”. For the most part, the early-life environments of mothers and offspring are
largely similar and predictable. We propose that under normative conditions, those with
“low risk” forms of these alleles will develop temperament traits in conjunction with those
of their mother and these characteristics may allow the offspring to respond appropriately to
normative demands of the environment. The “low risk” alleles associated with inter-
generational stability should allow for adaptive advantages under consistent and predictable
situations. And in fact, the high activity, “low risk”, alleles of both the rhMAOA-LPR and
rh5-HTTLPR are more common than the “high risk” forms (Heils, et al., 1996; Sabol, et al.,
1998; Wendland et al., 2006). In contrast, under extreme environmental conditions,
individuals possessing the “high risk”, “sensitive” versions, whose temperament is not
contingent upon that of the prior generation, may exhibit increased flexibility in their
responses to extreme adversity or opportunity. Therefore, the high and low activity versions
of these alleles may confer differential advantages that result in tradeoffs under different
environmental conditions.

Taken together, our data suggest that males, and animals of either sex that possess the high
activity versions of genes associated with plasticity, receive temperament factor ratings in
response to novelty that are predicted by those of their mother. This variability in
temperament may provide differential consequences throughout the lives of males,
particularly during dispersal. Male emigration from their natal troop is, arguably, one of the
most dangerous experiences that a monkey will encounter (Dittus, 1977). It is a time of
unpredictable experiences which often results in injury, mortality, and loss of social status.
Males that disperse earlier are more likely to survive than those who disperse later (Berard,
1993, 1999) and those possessing the low activity version of the rh5-HTTLPR disperse
earlier than those with the high activity version (Trefilov, Berard, Krawczak, & Schmidtke,
2000). The flexibility conferred by the low activity versions of these alleles (and low
concentrations of 5-HIAA; Mehlman, et al., 1995) may be advantageous to survival under
situations of challenge. However, males with the high activity forms of these alleles exhibit
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increased social competence, which may result in increased opportunities upon immigration
to a new troop.

These results may help explain the inconsistencies and difficulty in replication of previous
studies. Like many other studies, we did not show differences in temperament factor scores
based on infant sex or genotype (rhMAOA-LPR or rh5-HTTLPR)--except for females
heterozygous for the rhMAOA-LPR who received lower ratings on the Nervous factor than
females homozygous for the low activity version (these subjects are most often eliminated
from analyses). We did, however, observe differential sensitivities based on sex x
environment and genotype x environment interactions. These results emerged when
comparing temperament in mothers and offspring, rather than mean-Ilevel differences in
temperament scores. In this way, we were able to assess subtle differences in sensitivity to
early experience that is within the normative range.

Finally, we acknowledge some limitations of our study and interpretation. Although our
sample size is large for a nonhuman primate study of this kind, the canonical analyses for
rhMAOA-LPR involved cell sizes that are close to the lower limit suggested for this
statistical procedure (5 to 10 subjects per variable: Thompson, 1990, 1991). Additionally,
cell sizes for rhMAOA-LPR genotypes were considerably uneven, likely resulting in non-
significant results despite moderate effect sizes for groups with the less common alleles.
Consequently, we urge caution in interpretation of these results. Furthermore, we reiterate
that all of our mothers were primiparous; while the greater homogeneity of our sample may
somewhat mitigate the first concern about cell size, it does limit the generalizability of our
results. There is some evidence in the literature, for example, that primiparous mothers are
more protective and less rejecting of offspring than are multiparous mothers (Brown &
Dixson, 2000; Mitchell & Brandt, 1973; Schino, D’ Amato, & Troisi, 1995; Seay, 1964). It is
possible that the relationships that we found between mothers and sons, and between
mothers and offspring of both sexes that possess the high activity versions of these genes,
may be attenuated in later-born offspring. Finally, we acknowledge that fathers may also be
contributors to intergenerational similarity in temperament. Because fathers contribute no
paternal care in this species, their contribution is largely genetic (or epigenetic).
Unfortunately, because males tend to reproduce at later ages than do females, we have a
smaller sample of temperament-assessed fathers at this point in time; such an analysis is
planned for the future, however.
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Scatterplots of mother and offspring temperament factor scores for primary contributors to
whole sample canonical correlation analyses (males: o, dashed line; females: <, solid line).
(A) Mothers’ Gentle factor scores with offspring Vigilant factor scores, (B) Mothers’ Gentle
factor score with offspring Gentle factor scores. **p > .01.
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