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Abstract

Genome-wide association studies (GWASs) have shown that pleiotropy is widespread, with the
same genetic variants affecting multiple traits, and that complex traits are polygenic, affected by
many genetic variants with very small effect sizes. However, despite the growing number of
GWASs, the possible contribution of gene-environment correlations (rGE) to pleiotropy and
polygenicity has been mostly ignored. rGE can lead to an environmentally mediated pleiotropy, as
the same genetically influenced environment can affect multiple traits/disorders. By leading to
correlations with additional, mediated, genetic variants, this also contributes to polygenicity. This
process can be termed “gene-environment-trait correlations” (rGET). For example, both
socioeconomic status (SES) and stressful life events are genetically influenced and have been
associated with a myriad of physiological and mental health disorders, possibly leading to finding
the genetic correlates of SES and stressful life events in GWASs of disorders. Consequently, some
of the genetic associations with physiological and mental health disorders may be modified by
public policy that affects SES and the experience of stressful life events. Thus, other than shedding
light on findings from GWASs, the understanding of rGET processes may have important
implications for public health.
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Nearly two decades ago Turkheimer (2000) proposed three laws of behavior genetics, the
first being that “All human behavioral traits are heritable”. This assertion relied on family
designs, which consistently showed that the heritability of various psychological traits is
different from zero. Family designs, such as twin and adoption studies, have been the major
source of heritability estimations, taking advantage of varying degrees of relatedness to
partition phenotypic variation into genetic\heritable, shared environment, and non-shard
environment components (Plomin, DeFries, McClearn, & McGuffin, 2008). A recent meta-
analysis of all twin studies found that, on average, the heritability of traits, from
anthropometric measurements to mental disorders, is 49% (Polderman et al., 2015).
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As genetic methods became more sophisticated and less costly, genome wide association
studies (GWASs) became more prevalent. GWASs are hypothesis-free analyses that assess
associations between a phenotype of interest and a large number of common genetic
variations (hundreds of thousands to millions of single nucleotide polymorphisms; SNPs),
and they have been used to try and uncover the specific genetic markers that account for
quantitative heritability estimates. The findings from GWASs have added another level of
intricacy to our understanding of complex traits by showing that: 1) each trait is polygenic,
influenced by many genetic loci with very small effect sizes, thus necessitating very large
sample sizes to gain the statistical power needed to correctly assess the contribution of each
variation to the selected trait. This has been suggested as the fourth law of behavior genetics
(Chabris, Lee, Cesarini, Benjamin, & Laibson, 2015); and 2) many genetic variations are
pleiotropic, affecting more than just a single trait (Boyle, Li, & Pritchard, 2017).

The Various Faces of Pleiotropy

Accumulating evidence shows that genetic correlations between traits and diseases are
widespread (Bulik-Sullivan et al., 2015). In other words, shared genetic etiology between
phenotypes is common. Three different non-mutually exclusive processes have been
suggested to underlie these cross-phenotype genetic associations (Solovieff, Cotsapas, Lee,
Purcell, & Smoller, 2013): biological pleiotropy (figure 1A), where a genetic variant or gene
directly affects more than one phenotype; mediated pleiotropy (figure 1B), where the genetic
effect on one phenotype is mediated by an effect on another phenotype, meaning that
controlling for the first phenotype will decrease the association with the second; and
spurious pleiotropy (figure 1C), where a genetic variant is associated with multiple
phenotypes due to bias originating in the study’s design and/or methods. For example, due to
linkage disequilibrium, defined as the non-random correlation between genetic variants, one
genetic variant may correlate with two phenotypes, but only be causally related to one.

Notably, when mediated pleiotropy is discussed, it is usually in the context of one trait that
mediates a genetic effect on another trait, such as the association between a genetic locus on
chromosome 15 and both nicotine dependence and lung cancer (genetic variant-->nicotine
dependence-->lung cancer; e.g., Gage, Smith, Ware, Flint, & Munafd, 2016; Salinas et al.,
2017; Solovieff et al., 2013). Another form of mediated pleiotropy, that has been largely
overlooked, is environmentally mediated pleiotropy (figure 1D), where a genetic variation
influences a trait that in turn affects another trait through a mediating environment, i.e., an
individual’s surroundings (genetic variation— Strait A—environment—trait B).
Environmentally mediated pleiotropy stems from the somewhat surprising find that
environmental measures, such as parenting and characteristics of friends, are heritable
(Kendler & Baker, 2007), due to processes that have been termed “gene-environment
correlations”.

Gene-Environment Correlations (rGE)

Gene-environment correlations (Plomin, DeFries, & Loehlin, 1977; Scarr & McCartney,
1983) are passive, evocative, and active processes that create associations between an
individual’s genotype and the environment, consequently leading to nonrandom exposures to
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the environment. Passive rGE (figure 2A) can arise when two individuals share genetic
variation (e.g., family members) and one provides an environment to the other. For example,
the genes that affect parental depression can pass on to the child and affect their conduct
problems. This will create a spurious correlation between the phenotypes, that does not
depend on a causal effect of the environment (parental depression) on the child’s behavior
(conduct problems) or vice versa. Evocative rGE (figure 2B) refers to the reactions an
individual’s genetically influenced behavior can evoke from others. For example, genetic
influences on a child’s self-control may correlate with parental warmth, because children
with higher self-control may elicit higher warmth in parents. Active rGE (figure 2C) refers
to instances in which individuals choose their environment (e.g. friends, activities) based on
genetically influenced traits. Environmentally mediated pleiotropy - whereby genetic
influences on a specific trait predispose an individual to a specific environment, which in
turn affects an additional trait - can be viewed as an extension of rGE -- a gene-environment-
trait correlation.

It has been theorized that during development, as individuals gain independence and agency,
evocative and active rGE will increase (Scarr & McCartney, 1983). Put differently, it is
likely that as individuals grow older they will become more able to shape and select their
environment, so that it will be in accordance with their inherent genetic tendencies. This is
supported by studies showing that heritability estimates of various traits increase with age
(Briley & Tucker-Drob, 2013; Knafo & Plomin, 2006; Knafo, Zahn-Waxler, Van Hulle,
Robinson, & Rhee, 2008). Indeed, evocative rGE has been shown to increase during
development (Avinun & Knafo, 2014), and accordingly, a close inspection of the increase in
the heritability of cognitive ability across development revealed that the underlying
explanation was an amplification of early genetic influences, and not new genetic influences
that arise with age (Briley & Tucker-Drob, 2013). Thus evocative and active rGE, and
consequently gene-environment-trait correlations, are especially relevant during adulthood,
the developmental period that is targeted by most GWASs.

Gene-Environment-Trait Correlations (rGET) May Be Widespread

Many environmental measures, that are thought to meaningfully contribute to individual
differences in various physiological and psychological traits, have been shown to be
genetically influenced (Kendler & Baker, 2007), including parenting (which is an
environment for the child and a behavior of the parent; Avinun & Knafo, 2014),
socioeconomic status (SES; Hill et al., 2016), and stressful life events (Power et al., 2013).
For example, parenting has been associated with prosocial behavior (Carlo, Mestre, Samper,
Tur, & Armenta, 2011), callous-unemotional traits (Waller et al., 2014), self-regulation
(Eiden, Colder, Edwards, & Leonard, 2009), delinquent and antisocial behavior, and
depression (Gershoff, 2002); SES has been associated with physiological diseases such as
diabetes (Everson, Maty, Lynch, & Kaplan, 2002) and cardiovascular and respiratory
diseases (Galobardes, Lynch, & Davey Smith, 2004), and with mental health disorders, such
as depression (Everson et al., 2002) and schizophrenia (Werner, Malaspina, & Rabinowitz,
2007); stressful life events have been associated with cardiovascular diseases, diabetes,
autoimmune disorders, depression, and anxiety (Goodwin & Stein, 2004; Mersky, Topitzes,
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& Reynolds, 2013). The pervasive impact of these genetically influenced environments may
explain some of the observed genetic associations between traits and diseases.

SES as an Environment Mediating rGET

The above prediction is supported by a GWAS of SES, as assessed by the social deprivation
index, which showed that it is genetically correlated with numerous traits such as coronary
artery disease, systolic and diastolic blood pressure, smoking, obesity, depression, and
schizophrenia (Hill et al., 2016). The genetic effects on SES likely originate in a genetically
influenced phenotype such as intelligence (Hill et al., 2018) and/or self-control (Beaver,
Wright, DeL.isi, & Vaughn, 2008). In other words, there is a possible rGET, where cognitive
ability and/or self-control affect SES, which in turn affects various disorders, traits, and
behaviors (Figure 3A). Accordingly, cognitive ability has been shown to genetically
correlate with several of the phenotypes that were shown to correlate with SES, including
vascular-metabolic diseases and psychiatric disorders (Hagenaars et al., 2016).

Educational attainment, assessed as the number of completed schooling years, has been used
in GWAS:s as a proxy for cognitive ability and intelligence, because it can be easily
measured and it can be obtained for very large samples, the most recent being 1.1 million
individuals (Lee et al., 2018). As mentioned above, a large samples is an advantage due to
the polygenic nature of these traits. As more individuals are included, the likelier it is that
most of the common genetic variation relevant to the trait will be correctly estimated. Indeed
the large sample improved the findings, and currently an educational attainment polygenic
score can explain 11% of the variance in educational attainment (Lee et al., 2018).
Consequently, the educational attainment polygenic score is considered to be one of the
most powerful polygenic scores in psychology, and it has been widely used in research,
demonstrating associations between the genetic influences on educational attainment and
other phenotypes, such as longevity of parents (Marioni et al., 2016), schizophrenia (both
positive and negative associations were found; Bansal et al., 2018), and cardiovascular
diseases (Hagenaars et al., 2016). When these associations are examined in light of both the
phenotypic (Shavers, 2007) and genetic (Krapohl & Plomin, 2016) links between
educational attainment and SES, they are rather unsurprising.

Corporal Punishment as an Environment Mediating rGET

Another example of a possible environment that mediates rGET is parental use of corporal
punishment (figure 3B). The use of corporal punishment by parents has been associated with
depression, aggression, delinquent and antisocial behavior, and alcohol abuse in children
(Gershoff, 2002), and studies have shown that it is affected by children’s genetically
influenced tendencies, i.e., that evocative rGE processes are at play (Avinun, Davidov,
Mankuta, & Knafo-Noam, 2018; Jaffee et al., 2004). Specifically, parents may use corporal
punishment more with aggressive children (Jaffee et al., 2004). Consequently, genetic
variants linked to aggression may be found in GWASSs of phenotypes that have been
associated with corporal punishment, such as depression and alcohol abuse, and contribute
to the genetic correlations between these phenotypes. Corporal punishment is relatively
prevalent in the US and across Europe (Keyes et al., 2015; Schneider, MacKenzie,
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Waldfogel, & Brooks-Gunn, 2015), but laws against it have been proven useful (Durrant,
2000). As a result, it is possible that genetic correlations between psychiatric diseases will
diminish once additional countries adopt and enforce corporal punishment bans.

rGET May Contribute to the General Psychopathology Factor

The co-occurrence, or comorbidity, of mental disorders is prevalent. About 40% of the
individuals with one class of disorders (e.g., mood, anxiety, substance abuse) are likely to be
diagnosed with another (Merikangas et al., 2010; Newman, Moffitt, Caspi, & Silva, 1998).
These correlations between the various mental disorders were explained by higher order
latent factors, including externalizing, internalizing and thought disorders, which also
correlated, leading researchers to find a general psychopathology factor (Kotov et al., 2017).
This shared variance across disorders, which is thought to mark the risk of an individual for
developing psychopathologies, has been termed the p factor (Caspi et al., 2014).
Interestingly, genetic correlations also emerged between the various psychiatric disorders
(Selzam, Coleman, Caspi, Moffitt, & Plomin, 2018), indicating that they share a genetic
etiology. Mediated pleiotropy was raised by Selzam and colleagues (2018) as a possible
explanation for the genetic correlations between psychopathologies: “An alternative
explanation is mediated pleiotropy, in which comorbidity occurs because DNA variants
increase risk for one disorder, and then this disorder causes other disorders in turn” (p. 7).
However, another possible mediation is through the environment, for example, through
stressful life events. Similarly to the p factor, stressful life events have also been associated
with internalizing, externalizing, and thought disorders (Carr, Martins, Stingel, Lemgruber,
& Juruena, 2013). Consequently, the genetic variants that affect stressful life events could
contribute to the genetic variance shared between psychopathologies.

Which genetically influenced traits can affect stressful life events?

The individual selects environments, makes choices, and evokes responses that correspond
with his/her genetic tendencies (i.e., active and evocative rGE). Personality and socially
undesirable traits may affect our experience of stressful life events. Indeed, personality has
been found to partly mediate the genetic effects on stressful life events (Kandler, Bleidorn,
Riemann, Angleitner, & Spinath, 2012). Personality can influence stressful life events by
affecting an individual’s proactivity, risk seeking, openness to experience, and social circle.
As personality has been shown to correlate with the p factor (Caspi et al., 2014), the
following rGET is possible: genetic influences on personality affect the experience of
stressful life events, which in turn affects multiple mental disorders, contributing to a shared
variance between these disorders, i.e., the p factor (genetic influences on personality —
personality — stressful life events — various mental disorders). Notably, mediated
pleiotropy (i.e., one phenotype to another) and rGET are not mutually exclusive, and both
may contribute to the observed association between personality and the p factor.

Stressful life events can also arise due to traits that evoke negative responses from the
environment. For instance, as a consequence of weight-related stigma, obese and overweight
individuals suffer from bullying, teasing, and shaming (Puhl & Latner, 2007). In accordance
with the high heritability of obesity (Haberstick et al., 2010), an evocative rGE has been
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shown, where a genetic risk for high body mass index (BMI) predicted higher early life
stress (Avinun & Hariri, 2019). Notably, obesity has been associated with various conditions
including insulin resistance and type-2 diabetes (Kahn, Hull, & Utzschneider, 2006),
cardiovascular diseases (Twig et al., 2016), and internalizing, externalizing and thought
disorders (Ter Bogt et al., 2006). This suggest the possibility of an rGET in which genetic
influences on BMI — BMI — early life stress — various mental disorders/p factor.
Relatedly, Avinun and Hariri (2019) also showed that the genetic risk for higher BMI
predicted higher depressive symptoms via elevated levels of early life stress. Thus,
interventions that aim to reduce weight-related stigma may be able to attenuate the
association between BMI and mental and physical health, and consequently also mitigate the
genetic correlations between them.

The Studied Population

Distinguishing between mediated pleiotropy and rGET highlights the possible role of the
environment in “spreading” genetic influences. As the above examples imply, genetic
association may differ based on the culture, norms and context of the studied population.
Family studies have shown that heritability estimations can change between populations,
depending on whether the environment suppresses or nurtures the individual’s genetic
tendencies (e.g., Boardman, 2009; Tucker-Drob & Bates, 2016), a gene-environment
interaction. Yet, not only the magnitude of the heritability can change between populations,
but also the genetic variants involved. For example, building on the BMI and bullying
example above, in a society with no bias toward obese individuals, the genetic links between
depression and obesity may be much smaller. Put differently, if the environment mediates
some genetic influences and GWASs detect these indirect effects, then the specific genetic
associations found in each GWAS and the magnitude of these associations will be
population-dependent. This can affect replication attempts and hinder our etiological
understanding of phenotypes.

The Complexity of Human Behavior

Family studies that enabled the partitioning of the phenotypic variance into genetic and
environmental influences created the illusion that the two can be easily separated. However,
as Turkheimer (2000) mentioned in his seminal paper on the three laws of behavior genetics:
“Everything is interactive”. From the moment of conception genetic variants interact with
other genetic variants and with the environment, so that main effects of specific genetic
variations are highly unlikely. Gene-environment correlations, gene-environment-trait
correlations, and gene-environment interactions, should be a constant reminder that genetic
and environmental effects are intertwined.

Notably, there are additional levels of complexity. For example, the environment can
moderate rGE. Child aggressive behavior may evoke the use of corporal punishment by
parents, but whether or not it will do so depends on context, such as culture (Avinun et al.,
2018). Genetic correlations between phenotypes can also be moderated by the environment
((rG)XE; Wedow et al., 2018). The genetic correlation (rG) between educational attainment
and smoking has been shown to change based on year of birth (Wedow et al., 2018).
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Notably, even though the term “environment” in rGE is usually used to describe the social
environment, genes may also affect environments such as the gut microbiome (Kurilshikov,
Wijmenga, Fu, & Zhernakova, 2017) and the hostility of mosquitoes (Fernandez-Grandon,
Gezan, Armour, Pickett, & Logan, 2015), which in turn may also affect susceptibility to
diseases. Additionally, the environment can also affect gene expression through epigenetic
processes (i.e., biological changes that can affect gene expression without changes to the
DNA sequence), such as méthylation (Avinun & Knafo-Noam, 2014). All of these create
challenges for the estimation of genetic influences and for the correct identification of the
directly involved genetic variants. The statistical methods that attempt to deal with these
challenges have been discussed elsewhere (e.g., Avinun & Knafo-Noam, 2014; Gage et al.,
2016; Hackinger & Zeggini, 2017; Pingault et al., 2018; Salinas et al., 2017).

Conclusions

Because measured phenotypes are the result of an intricate web of genetic and
environmental influences, results from GWASs include both direct and indirect genetic
effects and the distinction between genetic and environmental becomes blurred. As the
sample sizes of GWASs increase and with it the power to identify single nucleotide
polymorphisms (SNPs) with miniscule effect sizes, the detection of SNPs that relate to rGET
processes becomes more likely. Identifying rGET can have at least four important
implications: 1) advance our understanding of the etiology of phenotypes; 2) partly explain
the prevalence of pleiotropy and polygenicity; 3) shed light on the context in which certain
genetic associations are more likely to replicate; and 4) highlight specific environments as
potential targets for interventions that can have broad effects on public health.
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A. Biological pleiotropy
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Figure 1. Types of pleiotropy.
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B. Mediated pleiotropy

Ge?eFlc » [ Phenotype
variation A
"
Phenotype
B

D. Environmentally mediated pleiotropy/
Gene-environment-trait correlation (rGET)

Genetic

variation Phenotype
A

Phenotype ),
B

Biological pleiotropy (A), where a genetic variant or gene directly affects more than one
phenotype; mediated pleiotropy (B), where the genetic effect on one phenotype is mediated
by an effect on another phenotype; spurious pleiotropy (C), where a genetic variant is
associated with multiple phenotypes due to bias originating in the study’s design and/or
methods; environmentally mediated pleiotropy/gene-environment-trait correlation (D),
where a genetically influenced phenotype shapes an environment that in turn affects an

additional phenotype.

Note. Dashed double arrows depict correlations, while one directional arrows depict causal

pathways.
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A. Passive rGE
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B. Evocative rGE
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Figure 2. Types of gene-environment correlations (r GE).
Passive rGE (A), occurs when two individuals share genetic variation (e.g., family members)

and one provides an environment to the other; evocative rGE (B), occurs when an
individual’s genetically influenced behavior evokes certain responses from others; and active
rGE (C), occurs when individuals choose their environment (e.g. friends, activities) based on

genetically influenced traits.
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C. Active rGE

Choice B

Individual A
genetic
variation X

Individual A

phenotype

Note. Dashed double arrows depict correlations, while one directional arrows depict causal
pathways. Adapted from (Avinun & Knafo-Noam, 2017)
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A. Socioeconomic status as a mediator of rGET B. Parental use of corporal punishment as a mediator of rGET

Genetic effects on Genetic effects on
cognitive ability aggression
Cognitive ability
Socioeconomic Parental corporal
status

punishment

Blood pressure Alcohol abuse Delinquency
3 N #

Figure 3. Gene-Environment-Trait correlation, theoretical examples.
Note. The associations between the various outcomes, the first phenotype and the genetic

influences on the first phenotype are not shown, to make the figure easier to follow. Dashed
double arrows depict genetic correlations, while one directional arrows depict causal
pathways.
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