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Abstract

Background Quantitative autistic traits are common, heritable, and continuously distributed across the general
human population. Patterns of autistic traits within families suggest that more complex mechanisms than simple
Mendelian inheritance—in particular, parent of origin effects—may be involved. The ideal strategy for ascertain-

ing parent of origin effects is by half-sibling analysis, where half-siblings share one, but not both, parents and each
individual belongs to a unique combination of paternal and maternal half-siblings. While this family structure is rare
in humans, many of our primate relatives, including rhesus macaques, have promiscuous breeding systems that con-
sistently produce paternal and maternal half-siblings for a given index animal. Rhesus macaques, like humans,

also exhibit pronounced variation in social functioning.

Methods Here we assessed differential paternal versus maternal inheritance of social functioning in male rhesus
macaque offspring (N=407) using ethological observations and ratings on a reverse-translated quantitative autistic
trait measurement scale. Restricted Maximum Likelihood mixed models with unbounded variance estimates were
used to estimate the variance components needed to calculate the genetic contribution of parents as the proportion
of phenotypic variance (ozp) between sons that could uniquely be attributed to their shared genetics (ozg), expressed
as ozg/azP (or the proportion of phenotypic variance attributable to genetic variance), as well as narrow sense herit-
ability (h?).

Results Genetic contributions and heritability estimates were strong and highly significant for sons who shared

a father but weak and non-significant for sons who shared a mother. Importantly, these findings were detected using
the same scores from the same sons in the same analysis, confirmed when paternal and maternal half-siblings were
analyzed separately, and observed with two methodologically distinct behavioral measures. Finally, genetic contribu-
tions were similar for full-siblings versus half-siblings that shared only a father, further supporting a selective paternal
inheritance effect.

Limitations These data are correlational by nature. A larger sample that includes female subjects, enables deeper
pedigree assessments, and supports molecular genetic analyses is warranted.
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Conclusions Rhesus macaque social functioning may be paternally, but not maternally, inherited by sons. With con-
tinued investigation, this approach may yield important insights into sex differences in autism’s genetic liability.

Keywords Autism spectrum disorder, Autistic traits, Heritability, Parent of origin effect, Primate model, Rhesus

macaque, Social functioning, Social Responsiveness Scale

Introduction

Autism spectrum disorder (ASD) is diagnosed on the
basis of two core symptom domains: persistent social
interaction and communication difficulties and the pres-
ence of restricted, repetitive behaviors [1]. ASD repre-
sents the quantitative extreme of autistic traits, which
are common and continuously distributed across the
general human population [2]. Quantitative autistic traits
are highly heritable, both in relatives of autistic probands
(i.e., the ‘Broad Autism Phenotype’) [3—6], and in mem-
bers of the general population [7-9]. This continuum
of autistic traits is thus thought to arise from additive
genetic susceptibility [10, 11].

Patterns of autistic traits within families suggest that
more complex genetic mechanisms than simple Mende-
lian inheritance—in particular, parent of origin effects—
may be involved [12]. However, these complex patterns
of inheritance remain poorly understood. This is because
discerning parent of origin effects is exceedingly difficult
in socially monogamous breeding systems where genetic
relatedness and shared (vs unshared) environments are
typically confounded (i.e., full-siblings are more likely
to share an environment than half-siblings). In theory,
some of these confounds could be addressed by using a
parent—offspring regression approach to estimate genetic
contributions to quantitative autistic traits. However, in
practice, this approach is thwarted when mothers carry-
ing ASD susceptibility genes show mild (or no) quantita-
tive autistic traits, but the sons who inherit them do [13,
14].

The ideal strategy for ascertaining parent of origin
effects would be to estimate genetic contributions to
social functioning in a population of paternal half-sib-
lings and maternal half-siblings, where paternal half-sib-
lings do not share a mother (and vice-versa) [15]. While
this experimental design is not feasible in humans, many
of our primate relatives have promiscuous breeding sys-
tems [16] which consistently produce both paternal
half-siblings and maternal half-siblings for a given index
animal. Furthermore, individual differences in social
functioning (measured by: observation of non-social
behavior and social behavior such as grooming and play
in the home corral; assessment of face recognition abil-
ity and species-typical responses to conspecific social
signals in the laboratory), as well as autistic-like trait bur-
den (measured using a reverse-translated rating scale; see

below), have been documented and extensively studied in
promiscuously breeding rhesus macaques [17-28], mak-
ing them an ideal study species for such an investigation.

The present study therefore tested for differential pater-
nal versus maternal inheritance of social functioning in a
sample of male rhesus monkeys, while avoiding the con-
founds that have impeded such efforts in humans. Male
monkeys were chosen to study in our larger research pro-
gram because of ASD’s male-biased prevalence [29], and,
here, due to availability of their archived behavioral data.
To perform these analyses, we exploited methods typi-
cally employed in farm animal breeding to identify and
quantify: parent of origin effects for phenotypic traits in
offspring; parents with particularly strong genetic con-
tributions; and the degree to which parental genetic con-
tributions were evenly distributed across the population
versus concentrated in a few individuals. These methods
have distinct advantages over methods typically used in
human subjects research (including removal of the influ-
ence of genetic, environmental, epistatic, or epigenetic
confounds), but require more controlled environments
and pedigrees [15].

Because each son belonged to a group of paternal
half-siblings and to a group of maternal half-siblings, we
could estimate the genetic contributions of the father
and mother to each son’s phenotype without knowing
parental phenotypes. This had two advantages. First,
because mothers’ phenotypes were never measured, we
circumvented the confound that females (but not their
sons) show lower phenotypic expression of genetic sus-
ceptibility [13, 14]. Second, these calculations for fathers
were controlled for mothers and vice-versa, which pre-
vented any shared environmental effects of the father and
mother masquerading as genetic effects [30].

We used two statistically correlated [19], but meth-
odologically distinct, social functioning measures in this
study: (1) an ethological assessment of the frequency a
monkey is observed alone, in non-social behavior [17,
20, 23]; and (2) a rating assessment of a monkey’s quan-
titative autistic-like trait burden (the macaque Social
Responsiveness Scale-Revised [mSRS-R] score) [18, 19,
22]. (The mSRS-R was reverse-translated from a clini-
cally relevant instrument, the Social Responsiveness
Scale, which is used in humans to assess autistic traits
and to screen for ASD [31, 32]). We then used multi-
generational pedigree records to identify in our dataset
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paternal half-siblings and maternal half-siblings as fur-
ther detailed below.

Methods
Subjects and study site
Subjects were a total of N=407 male rhesus

macaques (Macaca mulatta) aged 1.17-20.7 years
(mean+SD=3.30+1.67). Subjects had been born and
reared at the California National Primate Research
Center (CNPRC) in Davis, CA. Subjects lived outdoors
in any one of the 24 half-acre (0.2 ha) field corrals. Each
corral measured 30.5 m widex61 m deepx9 m high
and contained up to 221 animals of all ages and both
sexes. Subjects were tattooed as infants and dye-marked
periodically to facilitate easy identification for hus-
bandry- and research-related procedures. Monkeys had
ad libitum access to Lixit-dispensed water. Primate labo-
ratory chow was provided twice daily, and fruit and veg-
etable supplements were provided weekly. Various toys,
swinging perches, and other forms of enrichment were
provided in each corral, along with outdoor and social
housing, thereby providing a stimulating environment.

The present investigation collated behavioral data
obtained previously from five study cohorts (referred
to below as Cohorts 1, 2, 3, 4, and 5). Subjects in these
study cohorts had been selected independent of genetic
relatedness, on the basis of the following criteria: male,
socially housed in outdoor field corrals, medically
healthy, not simultaneously enrolled in another CNPRC
project, and previously enrolled in CNPRC'’s BioBehavio-
ral Assessment Program [33] as infants.

Reproductive management and parentage confirmation
The CNPRC houses approximately 4000 rhesus mon-
keys. A center-wide reproductive management plan has
been in place for more than three decades to ensure an
outbred colony. The formation of new corrals occurs reg-
ularly, and animals from multiple corrals are often com-
bined to further prevent inbreeding. These decisions are
guided by a geneticist. It was thus critical to determine
the genetic parentage of subjects, which was accom-
plished using an established panel of microsatellite mark-
ers designed to identify maternity and paternity [34, 35].

Rank ascertainment

An individual’s rank may impact social behavior in non-
human primates [36]. We therefore included subjects’
rank in the present study, and used the rank information
that most closely corresponded to each subject’s behavio-
ral data collection period (see below). CNPRC behavio-
ral management personnel assess monkey ranks in each
corral by recording aggressive and submissive interac-
tions following food provisioning. Rank is ascertained
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on an approximately monthly basis beginning when ani-
mals are 2—3 years of age. Because each corral contains
a different number of animals, rank is calculated as the
proportion of relevant animals in the group that the focal
individual outranks, such that the highest-ranked indi-
vidual has a value of 1 and the lowest-ranked individual
has a value of 0 [37]. Rank of course can impact young
animals under CNPRC'’s age threshold for ascertainment.
Rhesus macaques maintain a despotic linear hierarchy
[38], and early in life infants assume the rank of their
mothers. Thus, for all subjects too young to receive a
rank by behavioral management, we assigned the moth-
er’s rank to these subjects. In Cohort 1, all subjects were
old enough to have been assigned their own rank in the
male hierarchy, whereas in Cohorts 2-5, a subset of sub-
jects were young enough to still retain their mother’s
rank. This necessitated that we calculate the proportion
of individuals outranked slightly differently between
study cohorts to ensure the most accurate ascertainment
of a subject’s rank within them. Rank was accordingly
Z-scored within each study cohort for use in the present
study.

Behavioral observations and non-social equivalence score
calculation

Unobtrusive behavioral observations had been previously
conducted on N=376 subjects from four of the five study
cohorts (i.e., Cohorts 1, 2, 3, and 4) while they were in
their home field corrals as previously described [19, 20,
23]. For Cohorts 1, 3, and 4, observers conducted 10-min
focal samples on subjects during two observation peri-
ods per day, 4 days per week, for 2 weeks. The behavior
of individual monkeys was recorded at 30-s (Cohort 1)
or 15-s (Cohorts 3 and 4) intervals using instantaneous
sampling. For Cohort 2, we adopted a scan sampling
approach, enabling us to score multiple animals in the
same group at the same time. Each observer conducted
scan samples for a given corral during two observation
periods per day. In each observation period, scan sam-
pling was conducted at 20-min intervals, at a rate of 18
scans per day, for a total of five days. During each scan,
the subjects in each corral were identified, and observers
then recorded the behavior. The same five social behav-
iors were recorded for all study cohorts (i.e., the ethogram
was the same regardless of sampling technique): non-
social (subject is not within an arm’s reach of any other
animal and is not engaged in play), proximity (subject is
within arm’s reach of another animal), contact (subject
is touching another animal in a nonaggressive manner),
groom (subject is engaged in a dyadic interaction with
one animal inspecting the fur of another animal using
its hands and/or mouth), and play (subject is involved in
chasing, wrestling, slapping, shoving, grabbing, or biting
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accompanied by a play face [wide eyes and open mouth
without bared teeth] and/or a loose, exaggerated posture
and gait; the behavior must have been deemed nonag-
gressive to be scored). Both sampling methods estimate
the durations of behavior [39]. After completion of data
collection, the total frequency of non-social behavior was
then summarized across all of the behavior samples col-
lected for each subject. As three of the study cohorts had
been observed using instantaneous sampling methods
with varying sampling intervals (i.e., Cohorts 1, 3, and 4),
and one study cohort had been observed using scan sam-
pling methods (i.e., Cohort 2), we created a “non-social
equivalence score” by Z-scoring non-social behavior fre-
quency within each study cohort to enable comparison of
animals across different cohorts following [17].

mSRS-R ratings

mSRS-R scores had been previously obtained on N=264
subjects from three of the five study cohorts (i.e., Cohorts
3, 4, and 5). Observers rated each subject on a 36-item
original mSRS [25], which we had modified from a four-
point to a seven-point Likert scale (1=total absence of
the trait, 7=extreme manifestation of the trait) for each
item. Prior to final summary, questions written in the
infrequent direction were reverse scored such that higher
scores always indicated greater impairment. Since only
17 of the original 36 mSRS items exhibited consistent
inter-rater and test—retest reliability, we extracted and
tabulated ratings for the 17 reliable items, which form
the basis of the mSRS-R [19]. Ratings had been obtained
using the same scale across study cohorts, so the mSRS-R
ratings did not require normalization.

Data processing and statistical analyses

We first collated all available data for each subject. As
noted above, measures that differed in the observation
or calculation method between study cohorts (namely
non-social behavior score and rank) were Z-scored
within cohort prior to analysis, whereas measures that
employed the same ascertainment method across study
cohorts (namely mSRS-R score and variables such as age)
were not Z-scored. A small number of subjects had been
studied twice (i.e., they had been members of two differ-
ent study cohorts). For these animals, we uniformly dis-
carded their earliest data and retained their most recent
data for analysis here.

We then used CNPRC’s multigenerational pedigree
records to identify the father and mother for each sub-
ject. These data included a small number of full-sibling
pairs. For our initial analyses, we uniformly discarded
the youngest animal of the full-sibling pair to enable
retention of one animal (the eldest) for the half-sibling
analyses. Using the same pedigree data, we measured
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the inbreeding coefficient (F) for 40 random offspring as
well as both of their parents. We also estimated the coef-
ficient of relatedness (r) between each of these animals
with every other animal included in this subset. While F
is defined in terms of the probability of identity in state of
different pairs of alleles, r measures the probability that
alleles drawn at random from the same locus in each of
two subjects will be identical by descent [40, 41]. Differ-
ences between sires and dams in these measures were
tested by Mann—Whitney.

For the two behavior measures (i.e., the non-social
equivalence score and mSRS-R score) we then generated
two new datasets, and calculated the number of paternal
half-siblings and the number of maternal half-siblings
for each subject independently for each measure. Sub-
jects with no paternal and no maternal half-siblings were
then removed in each dataset. Thus, in each dataset each
subject had at least one maternal or paternal half-sibling,
and no full-siblings [42, 43].

Restricted Maximum Likelihood (REML) mixed mod-
els with unbounded variance estimates were used to esti-
mate the variance components needed to calculate the
genetic contribution of parents as the proportion of phe-
notypic variance (6%p) between sons that could uniquely
be attributed to their shared genetics (ng), expressed as
ng/czp (or the proportion of phenotypic variance attrib-
utable to genetic variance), and narrow sense heritability
(h?) following [15]. The individual genetic contribution
of a parent is given as Best Linear Unbiased Predictors
(BLUPs), generated in the same mixed models [15].

Different genetic scenarios have different dynamic
ranges and expected values for GZg/Gzp [15]. For instance,
ng/czp in half-siblings given unimprinted autosomal
effects has a maximal value of 25%, but imprinted genes
(which are selectively silenced when inherited from the
mother or father) increase GZg/Gzp for one parent and
decrease them for the other. Furthermore, variance esti-
mates for mothers and fathers can be tested against each
other. Thus, ng/czp captures more information than a
traditional estimate of narrow-sense heritability (h?),
despite the two measures being mathematically related
[44, 45]. Absolute values of h* are influenced by a wide
range of effects, which combined with its strict defini-
tion in terms of purely additive haplotypic gametic con-
tribution, limit interpretation. By focusing on additive
genetic variance, and gametic potential, h® essentially
assumes that allele—allele interactions (e.g., dominance),
gene—gene (e.g., epistatic) interactions, and gene—envi-
ronment interactions (e.g., phenotypic plasticity) are not
contributing to estimates of genetic variance. However,
this is rarely the case, and so dominance and epistatic
effects tend to inflate h%, whereas phenotypic plasticity
can inflate or deflate it, depending on study design [42,
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43]. Furthermore, h? does not imply genetic determinism
[42]: for example, h? is often far higher than concordance
rates [43], and often exceeds its theoretical limit of 1.
Accordingly, we primarily present the results as 6°,/a”,
which is broader but more meaningful in interpretation,
has distinct meanings within its dynamic range, and can-
not exceed its theoretical limits.

A critical advantage of this approach is that potential
confounding environmental effects can be included in
the model, and the variance components representing
the half-sibling group (i.e., father or mother), are esti-
mated after these confounds are taken into account (i.e.,
they are the estimate of the unique variance that cannot
be explained by other terms in the model [30]). All mixed
models included rank, age, and number of males in the
social group to control for these potential influences on
social behavior. Father and mother were included as ran-
dom effects to calculate variance components. Further-
more, because each subject (son) belonged to a unique
combination of paternal half-sibling group and maternal-
half-sibling group, calculating father and mother variance
components in the same model eliminated any possibility
that shared environmental effects inflated our variance
component estimates. Thus, if the son’s social behav-
ior was driven by a shared environmental effect, mother
would have no unique explanatory variance once father
was taken into account, and vice-versa [46]. The power
of this approach is that shared environmental confounds
are controlled for universally and agnostically even if we
do not know what they are [30, 46]. To test whether the
variance components attributed to father and mother dif-
fered (and, hence, ultimately the ng/ o%p and h? attributed
to each), we used an F-test of the variance components
with their respective degrees of freedom. The variance
of GZg/Gzp was calculated and used to calculate a Z-score
and associated P value following [15]. Given the rela-
tionship between the ng/czp and h? h? shares the same
Z-score and P value.

Best practice in linear (and mixed) model design is to
stress-test the models to detect potential confounding
effects (i.e., “orthogonality checks” or “sensitivity analy-
sis” [46, 47]). In this case, we wanted to ensure the vari-
ance attributed to fathers and mothers in the analysis
above held up when paternal and maternal half-sibling
groups were analyzed separately. For these secondary
analyses, the datasets for each social behavior meas-
ure were further subdivided and trimmed into datasets
where every subject had at least one paternal half-sibling,
or at least one maternal half-sibling, respectively. The
same mixed models as described above were used, but
now with only father or mother included. Processing of
the variance components to ng/czp, h% and their tests
was performed as described above.
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In the non-social equivalence score and mSRS-
R datasets, 11 (4.0%) and 7 (3.6%) of the subjects,
respectively, were not raised by their birth mother
(e.g., because of kidnapping), yielding a total of N=12
unique animals. To ensure that these subjects were not
introducing an artefact, we repeated the analyses above
excluding these individuals. Doing so did not change
the results. We therefore present the analyses from the
full data sets, especially as doing so is the conservative
biological and statistical approach (i.e., retaining these
subjects should, if anything, reduce the impact of envi-
ronmental confounds on the final results).

Finally, given the apparent selective genetic contri-
bution from fathers but not mothers, we generated a
trimmed dataset for full-siblings. Full-siblings are rare
given the rhesus monkey’s promiscuous breeding sys-
tem. Nevertheless, we were able to analyze full-sibling
data for one of our measures: the non-social equiva-
lence score (N=24). The same mixed models were
used to generate variance components, ¢°,/c%, and
h% We did not have enough full-sibling pairs to calcu-
late meaningful tests for the ng/()‘2p, but we could test
the variance component estimates against those from
the half-sibling data. These F-tests enabled us to test
whether full-siblings differed in the magnitude of their
variance components (and hence O‘Zg/ 0’p) from paternal
and maternal half-siblings.

ng/Gzp, h% and variance components are popula-
tion-level summaries, and are not readily visualized.
Therefore, for visualization purposes we calculated
the predicted genetic contribution of each father and
mother (also referred to as the “breeding value”) as the
BLUP, which is given as the deviation from the popula-
tion average.

Mixed models were performed in JMP 15 Pro for
Windows. Further calculations of ¢?,/0%, significance
tests of ng/GZP, and calculation of h?, involved several
further steps [15] and were performed in Excel.

Note that this statistical approach is essentially equiva-
lent to an “Animal Model” [30] with a pedigree cut at the
parental level. The main advantage of the “Animal Model”
is its ability to extract additional information from com-
plex pedigrees by comparing individuals with different
relatedness in multiple layers of the pedigree. This advan-
tage, however, is minimal here, as we are only comparing
siblings, and almost all are half-siblings. Moreover, the
cost of implementing the “Animal Model” here is sub-
stantial, as it necessitates a range of requirements and
assumptions (e.g., a balanced mixture of half- and full-
siblings) that cannot be met by this data set, and carries a
risk of false negatives due to confounding variables [30].
We therefore chose to adopt the well-established and
simpler statistical approach described above.
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Results

Differences between the F values among the dams and
among the sires were not statistically significant (Mann—
Whitney test, U=552, Z=0.88053, P>0.05). Average
pairwise relatedness (r) among dams and among sires
were also not significantly different (Mann—Whitney test,
U=575.5, Z=—-0.01841, P>0.05). The average pairwise
relatedness among all parents was low, 0.016, consistent
with values expected for sixth-degree relatives. Average
relatedness estimates of dam-offspring and sire-offspring
pairs also did not significantly differ (Mann—Whitney
test, U=2901, Z=0.19901, P> 0.05), indicating that her-
itability estimates are unlikely to be influenced by dif-
ferences in inbreeding and relatedness levels from the
parents and/or unequal levels of relatedness between the
offspring and their dams and sires.

The main analysis included paternal and mater-
nal half-siblings of each son so that variance com-
ponents for fathers were controlled for shared
environmental effects with mothers and vice-versa.
For non-social equivalence score, when fathers and
mothers were analyzed together (N=274 half-sib-
lings), paternal genetic contribution was strong (ng/
0%p=19.4%; Z=2.88; P=0.0040) and highly heritable
(h?>+SD=0.777 +0.270); whereas maternal genetic con-
tribution was weak and not significantly heritable (ng/
0’p=7.8%; Z=0.386; P=0.6997; h>=0.312+0.808)
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(Fig. 1a). This difference in genetic contribution
between fathers and mothers was highly significant
(Fp3688=2.854; P<0.0001), and is evidenced by the
BLUPs for fathers versus mothers (Fig. 2a).

We then used “sensitivity analysis’, which is a formal
process to rule out false discovery due to subject selection
or model design in human medical research [47], thereby
‘stress-testing’ this result. Thus, we calculated variance
components treating the subsets of paternal and mater-
nal half-siblings separately. For non-social equivalence
score, when paternal half-siblings were considered sepa-
rately (N=258), paternal genetic contribution remained
significant and highly heritable (0°,/0%=19.9%; Z=2.96;
P=0.0031; h?+ SD=0.795 + 0.269); whereas when mater-
nal half-siblings were considered separately (N=73),
maternal genetic contribution remained non-significant
(0°y/0*p=17.3%; Z=1.08; P=0.2788; h*=0.694+0.641),
confirming a selective paternal effect. Furthermore, for
non-social equivalence score, we assessed a small set of
full-siblings (N=24). The maximum expected ¢°,/c’
for full-siblings is 50%. This combined parental genetic
contribution was 0%,/0%=25.2% (h*=0.503+0.553)
(Fig. 1b), which was significantly different from the esti-
mates for mothers (Fy; 535=4.145; P<0.0001), but not sig-
nificantly different from those for fathers (F;; g3=1.452;
P=0.1644), consistent with a lack of maternal effect and
a selective paternal effect.

omou|on|onen
N Y RO

Maternal
half-sibling groups:
Max 0%,/0%, = 25%

Paternal
half-sibling groups:
Max 0%,/0%, = 25%

Maternal
genetic contribution:
02,/0% =7.8%

Paternal genetic
contribution:
02%,/0% =19.4%

Non-social behavior
Half-siblings, N=274

Full-sibling groups:
Max 0%,/0%, = 50%

Combined parental
genetic contribution:
02,/0% = 25.2%

Non-social behavior
Full-siblings, N=24

Maternal
half-sibling groups:
Max 0%,/0%, = 25%

Paternal
half-sibling groups:
Max 0%,/0%, = 25%

Maternal
genetic contribution:
0%,/0% =8.1%

Paternal genetic
contribution:
02,/0% = 25.5%

Autistic-like traits (mSRS-R)
Half-siblings, N=194

Fig. 1 Pedigrees depict the three types of sibling groups and parental genetic contributions to sons'social functioning. Paternal and maternal
genetic contribution was estimated as ozg/ozp, or the proportion of phenotypic variance attributable to genetic variance. Sons are depicted

by small blue squares, fathers by large blue squares, and mothers by large orange circles. a Non-social behavior for paternal and maternal
half-siblings. b Non-social behavior for full-siblings. ¢ Quantitative autistic-like traits for paternal and maternal half-siblings. Of the N =24 full-siblings
in panel b, the eldest in each pair is included in the half-sibling analysis in panel a. Of the N=274 half-siblings in panel a, N=175 are included

in the analysis in panel c. Similarly, of the N=194 half-siblings in panel ¢, N=175 are included in the analysis in panel a. A selective paternal

transmission effect was found for both social functioning measures



Garner et al. Molecular Autism (2023) 14:25

a) 0.8

@ Mothers
& Fathers

0.6 -
0.4 -
0.2 -
0.0 -
_02 -

0.4 -

Genetic contribution to sons'
mean non-social equivalence score

-0.6 1

-0.8
Half-sibling group

Page 7 of 10

b) 15
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Fig. 2 Parental genetic contributions to sons'non-social behavior and quantitative autistic-like trait variation. The genetic contribution to sons'

a non-social scores and b mSRS-R scores is estimated as the BLUP for each parent. Each symbol represents the mean deviation of the sons

within a half-sibling group descended from an individual parent, plotted on the x-axis in an arbitrary order. The wider range of these values

in fathers (blue) versus mothers (orange) is highly significant for each behavior measure and leads to the greater ozg/ozP and h? estimates

reported in the text. Sample sizes for a were N=89 fathers and N=237 mothers and for b were N=69 fathers and N=171 mothers. Non-social
behavior was measured using slightly different sampling methods between cohorts and was accordingly Z-scored within each cohort to produce
the "non-social equivalence score” shown here, whereas mSRS-R scores were measured with the same scale across cohorts and thus did not require

transformation

Finally, we performed the same main and second-
ary analyses for the mSRS-R score, which showed the
same pattern: When fathers and mothers were analyzed
together (N=194 half-siblings), paternal genetic contri-
bution was strong (¢%,/0%p=25.5%; Z=3.08; P=0.0021)
and highly heritable (h?+SD=1.020+0.331); whereas
maternal genetic contribution was weak and not sig-
nificantly heritable (¢%,/0%=8.1%; Z=0.314; P=0.7583;
h?=0.323+1.030) (Fig. 1c). Again, this difference in
genetic contribution between fathers and mothers was
highly significant (F,,s=3.898; P<0.0001), and is evi-
denced by the BLUPs (Fig. 2b). Similarly, when pater-
nal half-siblings were considered separately (N=180),
paternal genetic contribution remained significant (ng/
0’p=23.5%; Z=2.84; P=0.0045 h>=0.940+0.331);
whereas when maternal half-siblings were consid-
ered separately (N=45), maternal genetic contribu-
tion remained non-significant (ng/02P=0.6%; 7=0.027;
P=0.9782; h?=0.023 +0.835).

Discussion

Using two methodologically distinct measures of social
functioning (i.e., ethological social behavior observations;
ratings on a reverse-translated quantitative autistic trait
measurement scale), we observed the same consistent

and highly significant inheritance pattern in male rhe-
sus monkeys. Specifically, paternal genetic contributions
were strong for sons who shared a father, whereas mater-
nal genetic contributions were weak and nonsignificant
for sons who shared a mother. This difference between
paternal and maternal genetic contributions was highly
significant. Corresponding paternal and maternal herit-
ability estimates followed the same pattern. Importantly,
these findings were detected using the same scores from
the same sons in the same analysis; confirmed when
paternal and maternal half-siblings were analyzed sepa-
rately; and observed in both behavioral measures. Finally,
full-siblings showed significantly higher ng/czp and her-
itability than maternal half-siblings, but full-siblings did
not differ from paternal half-siblings, further suggesting
a paternal effect.

These population-level interpretations are supported
by the BLUPs for mothers versus fathers. Fathers show
a much greater range of BLUPs than mothers for the
same sons, which directly leads to differences in ng/crzp.
Thus, because the same sons are considered, the pheno-
typic variance to be explained (i.e., %) is the same for
mothers and fathers, but the greater spread in BLUPs for
fathers leads to a greater genetic variance (i.e., crzg). Fur-
thermore, both fathers and mothers show a unimodal
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spread in BLUPs, consistent with a polygenic mechanism.
If only one or two genes were contributing to this vari-
ability, then we would expect to see a clumped distribu-
tion of BLUPs. A further important consequence of these
findings is that if the lower ng observed in mothers was
simply due to there being more mothers than fathers in
the analysis, then the range of BLUPs would have to be
equal to or greater than that for fathers. However, the
narrower range of BLUPs found in mothers rules out this
possibility.

In humans, there is evidence that quantitative autis-
tic traits might be selectively inherited from the father
[12], but this cannot be disentangled from the possibil-
ity that mothers “mask” their own transmission of autis-
tic traits to sons because of lower phenotypic expression
of genetic susceptibility [13, 14]. Because maternal phe-
notypes were not measured directly here, our findings
cannot be due to this phenomenon. Indeed, our analytic
strategy was explicitly designed to circumvent this con-
found in a manner uniquely possible in macaque, and
not in human, populations. Thus, these collective find-
ings suggest that social functioning is paternally but not
maternally inherited by sons.

Gene-by-environment interactions and incomplete
penetrance lower ng/ o?p from the theoretical maximum,
which makes inferring the mode of genetic transmis-
sion here difficult. Nevertheless, the observation that
maternal genetic contribution is negligible and signifi-
cantly lower than paternal genetic contribution (at least
for sons), cannot be explained unless Y-linked genes or
maternally-silenced autosomal genes are involved. How-
ever, the fact that the paternal genetic contribution is
less than the maximal theoretical value than would be
predicted by Y-linked (100%), or a paternally-inherited
imprinted (50%), effects, argues for a complex blend of
causal factors, which remain to be identified.

Limitations

This study had limitations that warrant comment. First,
it is important to acknowledge that animal models are
approximations that enable study of human phenomena;
spending more time alone and having a higher autistic-
like trait burden is not the same as having ASD. Thus,
how well these monkey findings ultimately generalize
to humans, particularly in light of species differences in
life history strategies, remains to be determined. Sec-
ond, paternal half-siblings can be born in the same year,
whereas maternal half-siblings are almost always born
in different years. There thus may be systematic dif-
ferences in the temporal structure of paternal versus
maternal half-sibling sets which might affect heritability
estimates. Third, behavioral measures were not available
from parents to further validate these findings. However,
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if postnatal parent—offspring social interactions were
responsible for phenotypic similarities between half-
siblings, then we would observe the exact opposite pat-
tern of results, because rhesus monkey fathers engage in
little if any parental care [48], whereas rhesus monkey
mothers interact closely with their offspring and have a
direct impact on their social status [38]. Fourth, these
data are correlational by nature, and a larger sample that
enables deeper, multigenerational pedigree assessments
combined with genetic and epigenetic analyses is now
needed. Indeed, this is likely to be a promising avenue for
future research, as a recent study using exome sequenc-
ing in rhesus monkeys reported preliminary evidence of
an association between social phenotypes and specific
DNA sequence variants implicated in ASD [28]. Fifth,
our full-sibling dataset was small, in keeping with the
promiscuous nature of this species, and did not accom-
modate mSRS-R score assessment. Sixth, our study did
not include daughters. Indeed, our research to date has
focused on male monkeys due to ASD’s male-biased
prevalence [29], the fact that significantly more scientific
information was available from male ASD research par-
ticipants for modeling in monkeys patients’ behavioral
symptoms [49], and given females show lower pheno-
typic expression of genetic susceptibility in the general
population [7].

Conclusions

This study reports that social functioning is paternally
but not maternally inherited by sons in a primate species
closely related to humans. ng/GZP were roughly similar
between full-siblings and half-siblings that only shared a
father, providing intriguing support for a paternal origin
effect, consistent with [50]. The unimodal distribution
of BLUPs suggests that these effects are polygenic and/
or epigenetic. Further research is now required to bet-
ter understand this phenomenon, and with inclusion of
daughters, this approach may allow us to investigate in a
monkey model causal factors that contribute to sex dif-
ferences in autism’s genetic liability.
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