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ABSTRACT
Social interactions among individuals are ubiquitous both in animals and in plants, and in natural as

well as domestic populations. These interactions affect both the direction and the magnitude of responses
to selection and are a key factor in evolutionary success of species and in the design of breeding schemes
in agriculture. At present, however, very little is known of the contribution of social effects to heritable
variance in trait values. Here we present estimates of the direct and social genetic variance in growth rate,
feed intake, back fat thickness, and muscle depth in a population of 14,032 domestic pigs with known
pedigree. Results show that social effects contribute the vast majority of heritable variance in growth rate
and feed intake in this population. Total heritable variance expressed relative to phenotypic variance was
71% for growth rate and 70% for feed intake. These values clearly exceed the usual range of heritability
for those traits. Back fat thickness and muscle depth showed no heritable variance due to social effects.
Our results suggest that genetic improvement in agriculture can be substantially advanced by redirecting
breeding schemes, so as to capture heritable variance due to social effects.

SOCIAL interactions among individuals are ubiqui-
tous both in animals and in plants, and in natural

as well as domestic populations. These interactions af-
fect both the direction and the magnitude of responses
to artificial and natural selection (e.g., Wilham 1963;
Hamilton 1964; Griffing 1967; Wade 1977; Frank
1998; Wolf et al. 1998). Social interactions, therefore,
are a key factor in the design of artificial breeding pro-
grams in domestic species (Denison et al. 2003; Muir
2005) and for the outcome of evolutionary processes
in natural populations (e.g., Hamilton 1964; Queller
1992; Frank 1998; Keller 1999; Clutton-Brock 2002).

In agriculture, reduction of competitive behaviors is
critical for improving animal well-being and productiv-
ity in confined high-intensity rearing conditions (Craig
and Muir 1996; Kestemont et al. 2003; Muir 2005).
Both theoretical and empirical work has shown that
the relatedness among interacting individuals and the
distribution of selection pressure over the individual
and group levels are key factors for response to selection
(Griffing 1967, 1976; Craig and Muir 1996; Muir 1996;
Bijma et al. 2007a). In evolutionary biology, the debate
centers on the evolution of social behaviors such as
altruism and cooperation and whether these can be
explained by interactions among relatives and selection
acting at multiple levels (Hamilton 1964; Michod

1982; Wade 1978, 1985; Frank 1998; Wolf et al. 1998;
Keller 1999).

In evolutionary biology, numerous theoretical models
have been proposed for understanding the consequences
of social interactions, and seemingly different models
often appear to be equivalent formulations of the same
process (Keller 1999; Lehmann and Keller 2006;
Lehmann et al. 2007). There is an urgent need, however,
for modeling approaches that can be applied empiri-
cally, so as to bring theory and observation into closer
contact (Leimar and Hammerstein 2006, Lehmann
et al. 2007). Quantitative genetics has a strong tradition
of combining theory and application (Falconer and
Mackay 1996; Lynch and Walsh 1998). In particular,
the so-called animal model, combined with maximum-
likelihood methodology, has proven to be a power-
ful and flexible tool for genetic analysis of complex
traits in real populations (Patterson and Thompson
1971; Henderson 1975; Sorenson and Kennedy 1986;
Lynch and Walsh 1998 and references therein; Kruuk
2004).

Muir and Schinkel (2002) extended the animal
model to analyze socially affected traits. Subsequent
work, however, suggested that genetic parameters of
social effects are difficult to estimate (Arango et al.
2005; Van Vleck and Cassady 2005; Van Vleck et al.
2007). Those studies presented results from different
statistical models, often with nonsignificant and un-
expected results, and did not clarify the implications of
observed results for genetic theory and response to
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Abstract

Assessing the impact of the social environment on health and disease is challenging. As

social effects are in part determined by the genetic makeup of social partners, they can be

studied from associations between genotypes of one individual and phenotype of another

(social genetic effects, SGE, also called indirect genetic effects). For the first time we quanti-

fied the contribution of SGE to more than 100 organismal phenotypes and genome-wide

gene expression measured in laboratory mice. We find that genetic variation in cage mates

(i.e. SGE) contributes to variation in organismal and molecular measures related to anxiety,

wound healing, immune function, and body weight. Social genetic effects explained up to

29% of phenotypic variance, and for several traits their contribution exceeded that of direct

genetic effects (effects of an individual’s genotypes on its own phenotype). Importantly, we

show that ignoring SGE can severely bias estimates of direct genetic effects (heritability).

Thus SGE may be an important source of “missing heritability” in studies of complex traits in

human populations. In summary, our study uncovers an important contribution of the social

environment to phenotypic variation, sets the basis for using SGE to dissect social effects,

and identifies an opportunity to improve studies of direct genetic effects.

Author Summary

Daily interactions between individuals can influence their health both in positive and neg-
ative ways. Often the mechanisms mediating social effects are unknown, so current
approaches to study social effects are limited to a few phenotypes for which the mediating
mechanisms are known a priori or suspected. Here we propose to leverage the fact that
most traits are genetically controlled to investigate the influence of the social environ-
ment. To do so, we study associations between genotypes of one individual and phenotype
of another individual (social genetic effects, SGE, also called indirect genetic effects).
Importantly, SGE can be studied even when the traits that mediate the influence of the
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Humans tend to form social relationships with others who re-
semble them. Whether this sorting of like with like arises from
historical patterns of migration, meso-level social structures in
modern society, or individual-level selection of similar peers
remains unsettled. Recent research has evaluated the possibility
that unobserved genotypes may play an important role in the
creation of homophilous relationships. We extend this work by
using data from 5,500 adolescents from the National Longitudinal
Study of Adolescent to Adult Health (Add Health) to examine
genetic similarities among pairs of friends. Although there is some
evidence that friends have correlated genotypes, both at the
whole-genome level as well as at trait-associated loci (via poly-
genic scores), further analysis suggests that meso-level forces,
such as school assignment, are a principal source of genetic
similarity between friends. We also observe apparent social–
genetic effects in which polygenic scores of an individual’s friends
and schoolmates predict the individual’s own educational attain-
ment. In contrast, an individual’s height is unassociated with the
height genetics of peers.

GWAS | polygenic score | social–genetic effect | educational attainment |
BMI

The degree to which genetics are implicated in the formation
and consequences of social relationships is of growing in-

terest to the new field of sociogenomics (1, 2). Analysis of
spousal genotypes suggests that spouses are more genetically
similar to one another compared with random pairs of individ-
uals in the population (3–9). The degree of this genetic “homog-
amy” is modest. In previous analyses, we estimated that genetic
homogamy was about one-third the magnitude of educational
homogamy (3), even when specifically examining education-
associated genotypes (8). However, even modest genetic homog-
amy can have implications for statistical and medical genetic
models of inheritance and social models of spousal effects (10–12).
Marriage is not the only social grouping to evidence genetic

selection. Adult friends are, on average, more genetically similar
than random pairs from the population (13). Genetic similarity
among friendship networks is important for at least two reasons.
First, social networks can influence mating markets, so genetic
similarity among friends may be one source of genetic similarity
among spouses. Second, there may exist social–genetic effects—
the effects of alter’s genotype on ego’s phenotype (1, 14, 15)—
which would further suggest that social sorting on genotype may
have consequences for the distribution of phenotypes in a pop-
ulation beyond its effect on subsequent generations through
assortative mating.
Adolescence is a critical developmental period in which pat-

terns of health behaviors and overall mental health established

during this phase continue through the life course (16) and may
affect socioeconomic attainment (17, 18). Moreover, it is also a
time of heightened salience for peer networks and influence (19–
22). For these reasons, in the present study, we characterize
genetic homophily within adolescent social networks in the
United States. Specifically, we analyze data from the National
Longitudinal Study of Adolescent to Adult Health (Add Health)
(23). Add Health surveyed 90,118 US adolescents aged 12–18 in
1994–1995 using a school-based sampling frame. As part of the
survey, students were asked to list the names of their friends.
Responses were collated within schools to identify social ties
between individuals and their friends (24). Of the adolescents
surveyed, 20,745 were enrolled in a longitudinal study that in-
cluded in-home interviews with the adolescents and their parents
and that followed the adolescents prospectively across four
waves of interviews spanning 14 y. At the most recent interview
in 2008, ∼12,000 Add Health participants provided DNA for
genotyping and genome-wide single-nucleotide polymorphism
(SNP) data were assayed. We linked these genetic data with
social network information from the original school-based

Significance

Our study reported significant findings of a “social genome” that
can be quantified and studied to understand human health and
behavior. In a national sample of more than 5,000 American
adolescents, we found evidence of social forces that act to make
friends and schoolmates more genetically similar to one another
compared with random pairs of unrelated individuals. This subtle
genetic similarity was observed across the entire genome and at
sets of genomic locations linked with specific traits—educational
attainment and body mass index—a phenomenon we term
“social–genetic correlation.” We also find evidence of a “social–
genetic effect” such that the genetics of a person’s friends and
schoolmates influenced their own education, even after ac-
counting for the person’s own genetics.
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Human health and diseases are influenced by genes and environments [1]. Recent advances in
measures of genetic influences have led to calls for parallel advancements in methods to mea-
sure environments [2,3]. The article by Baud et al. [4] in the January 2017 issue suggests one
provocative path forward: measure the genomes of proximate individuals.

“Social genetic effects” (SGEs, Baud et al. [4]) arise when an organism’s phenotype is influ-
enced by the genetic makeup of that organism’s social environment. To put it another way,
SGEs occur when the genotype of organism A influences the phenotype of organism B [5,6]
(Fig 1). Previous SGE research focused on related individuals, especially mothers and offspring
[7]. Recent work has explored SGEs in unrelated individuals, with a focus on a narrow range
of phenotypes, e.g., sexual display behaviors [8] and body size [9]. The study by Baud et al. [4]
suggests SGEs are more pervasive. To the extent results obtained from cage-dwelling mice gen-
eralize to free-living humans, findings suggest social genotypes are important environmental
parameters.

The present study

Baud et al. conducted experiments with cage-dwelling mice to examine the effects of genetic
composition of animals’ social environments on psychosocial and physiological phenotypes.
Two separate designs evaluated these SGEs. The first design paired inbred C57BL/6J (B6) and
DBA/2J (D2) mice as cage-mates under varying social genetic conditions: genetically homoge-
nous (B6/B6 or D2/D2) and genetically heterogeneous (B6/D2). Analysis compared psychoso-
cial and physiological phenotypes between strains and across social genetic conditions.
Alongside phenotypic differences between strains, phenotypes also varied depending on social
genetic conditions. Differences were primarily found in psychosocial phenotypes—measures
of stress and anxiety—but also in wound healing. Pathway analysis of blood gene expression
corroborated phenotypic evidence; SGEs on phenotype were reflected in SGEs on patterns of
gene expression.

In the second design, the authors examined a large outbred mouse population (n> 2,000)
in which mice were housed 3–6 to a cage. Using a combination of directly measured genetic
data and pedigree information, analysis decomposed variance into direct genetic effects (the
effects of a mouse’s own genes) and SGEs. This analysis identified SGEs for more than one
third of 117 psychological and physiologic phenotypes at the p< 0.05 threshold. SGEs
accounted for as much as 29% of phenotypic variance but in general were more modest (5%
on average among those traits with p< 0.05 SGE).
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1) quantify the impact of SGE on an outcome of interest

2) understand how SGE arise

Key questions for SGE research



Approach taken by others

Domingue et al. 2018; Kong et al. 2018, Bates et al. 2018,…

• in cohort 1: estimate the !𝛽 for phenotype A

• in cohort 2: calculate PRS for social partners (friends or 

parents) and correlate with phenotype A’ of focal individuals

Only looking at SGE mediated by phenotype A



7

𝑦$ = 𝑋$𝑏 + 𝑎*,$ + 𝑒*,$ + 𝑊$𝑐 + 𝑍$𝑎0 + 𝑍$𝑒0

Aggregate DGE Aggregate SGEPhenotype of interest

http://github.com/limix/SGE 

Advantages:
• makes no assumption as to the traits of social partners mediating SGE
• no prior knowledge required & no PRS required so can be used on any

phenotype of interest

Approach I propose: SGE GREML



• SGE between cage mates affect a broad range of phenotypes including

anxiety, immune system activation, body weight, lung function, blood

biochemistry (e.g. LDL levels), and rate of wound healing

• SGE can be substantial: up to 29% of variance in lymphocytes proportions

and SGE > DGE for 8 / 100 phenotypes

• correlation between DGE and SGE acting on the same phenotype is

generally positive

• failing to account for SGE leads to biased estimates of DGE heritability

Results in mice

Baud et al., Genetic variation in the social environment contributes to health and disease, PLOS Genetics (2017); 



170 DGE GWAS:
118 DGE loci (FDR < 10%)

170 SGE GWAS:
21 SGE loci (FDR < 10%)

10+

Once step further: SGE GWAS to understand how SGE arise

Baud et al., bioRxiv (2019); http://github.com/limix/SGE


