Development and Psychopathology (2022), 34, 1653-1665
do0i:10.1017/S0954579422000906

-1 CAMBRIDGE

% UNIVERSITY PRESS
Special Issue Article

Using genetic designs to identify likely causal environmental
contributions to psychopathology

Ruth Sellers!, Lucy Riglin®3, Gordon T. Harold*® and Anita Thapar®?

!Brighton & Sussex Medical School, University of Sussex, Brighton, UK, ZDivision of Psychological Medicine and Clinical Neurosciences, MRC Centre for Neuropsychiatric
Genetics and Genomics, Cardiff University, Cardiff, UK, 3Wolfson Centre for Young People’s Mental Health, Cardiff University, Cardiff, UK, *Faculty of Education,
University of Cambridge, Cambridge, UK and °School of Medicine, Child and Adolescent Psychiatry Unit, University College Dublin, Dublin, Ireland

Abstract

The multifactorial nature of psychopathology, whereby both genetic and environmental factors contribute risk, has long been established. In
this paper, we provide an update on genetically informative designs that are utilized to disentangle genetic and environmental contributions to
psychopathology. We provide a brief reminder of quantitative behavioral genetic research designs that have been used to identify potentially
causal environmental processes, accounting for genetic contributions. We also provide an overview of recent molecular genetic approaches
that utilize genome-wide association study data which are increasingly being applied to questions relevant to psychopathology research. While
genetically informative designs typically have been applied to investigate the origins of psychopathology, we highlight how these approaches
can also be used to elucidate potential causal environmental processes that contribute to developmental course and outcomes. We highlight the
need to use genetically sensitive designs that align with intervention and prevention science efforts, by considering strengths-based environ-

ments to investigate how positive environments can mitigate risk and promote children’s strengths.
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Over the last 40 years, there have been immense gains in our
knowledge of how genes and environment contribute to psychopa-
thology (Plomin, 1990; Rutter, 2004; Smoller, 2019). We have
evolved from a time when genetic risk factors were considered
to be of minimal or no importance for child development and
psychopathology (e.g., Thapar & Rutter, 2021) to an era where
it is well-recognized not only that both genes and environment
contribute in complex ways, but that their contributions are closely
inter-related (Rutter, 2015; State & Thapar, 2015). We also have
learnt that no single genetic (or environmental) risk factor on
its own explains the development of psychopathology, and that
there are many different biological and developmental routes that
lead to the same outcome; equifinality is a concept that has long
been familiar to those in developmental psychopathology
(Cicchetti & Rogosch, 1996). We also know that the same genes
or set of genetic risks, like environmental risks, can lead to very
different characteristics, behaviors and outcomes. For example,
the same genetic variants contribute risks for ADHD, ASD,
Depression, Bipolar Disorder, and Schizophrenia (Lee et al.,
2019). Pleiotropy refers to the multiple different effects of the same
gene/genetic risks, and has been found to be extensive for human
traits (Visscher & Yang, 2016). Whilst the discovery of extensive
pleiotropy for psychopathology is relatively recent, the concept
of multifinality again is well established in the field of
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developmental psychopathology (Cicchetti & Rogosch, 1996). In
short, genetic discoveries have progressed, and genetic susceptibil-
ity does not seem to operate in ways that are fundamentally differ-
ent from other types of risk and protective factors.

In this paper, we first outline how quantitative behavioral
genetic research designs can be utilized to disentangle genetic
and environmental contributions to psychopathology. Although
most research in developmental psychopathology has used tradi-
tional quantitative behavioral genetic approaches, research designs
also are now starting to incorporate molecular genetic approaches.
We therefore briefly discuss newer molecular genetic approaches
and their relevance to research in developmental psychology. As
our focus is on conceptual issues, we refer readers elsewhere for
detailed descriptions of the strengths and limitations of different
genetic designs used to identify causal environmental factors
(Davey Smith et al, 2022; Knopik et al, 2017; Smith et al,
2021). Most of these designs have been used to identify likely causal
environmental risk factors (Pingault et al., 2018) but they can also
be utilized in strengths-based research that seeks to identify pro-
tective factors and moderators that attenuate risk. Research on
these topics is highly relevant for clinical practice and
policymakers.

Research designs based on relatives: quantitative
behavioral genetic research designs

Genetic studies of child psychopathology began with research
designs that included relatives of varying degrees of familial and
genetic relatedness (State & Thapar, 2015). These comprised
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family-, twin-, twin-extensions (e.g. children of twins), adoption,
and IVF-based designs among others (Davey Smith et al., 2022;
Liu & Neiderhiser, 2017). Such studies highlighted that
between-person variation in psychopathology is explained by both
genetic and non-genetic contributions and include environmental,
measurement error and stochastic effects.

Twin studies were used to generate heritability estimates for dif-
ferent forms of psychopathology. Heritability refers to the propor-
tion of observed variation in a specific phenotype that is attributed
to genetic variation. Misconceptions of heritability remain. For
example, high heritability estimates do not mean an attribute is
predetermined: high heritability is not equivalent to immutability.
Moreover, heritability is population specific because environmen-
tal contexts can alter genetic expression, even for phenotypes that
are typically viewed as highly heritable such as height and IQ
(Sellers et al., 2019; Shanahan & Hofer, 2005; Turkheimer et al.,
2003). Last, it is also important to emphasize that heritability esti-
mates are population based statistics, and refer to genetic contri-
butions to variance within a population, rather than estimates of
genetic influences for specific individuals. Whilst heritability esti-
mates have their limitations (see Tenesa & Haley, 2013 for a full
explanation; see also Table 1), early studies using heritability esti-
mates were nevertheless important for highlighting that genetic
factors contribute to variation across different types of psychopa-
thology. In general, twin studies suggested that genetic influences
accounted for around 70-90% of total variance for neurodevelop-
mental disorders such as ASD and ADHD (Rutter, 2000; Thapar &
Rutter, 2021; Thapar, 2018) and for major mental illnesses such as
schizophrenia and bipolar disorder (Sullivan et al., 2018; Sullivan &
Geschwind, 2019). Lower heritability estimates and larger environ-
mental contributions were found for depression, anxiety, and anti-
social behavior/conduct disorder (Burt, 2009; Polderman
et al., 2015).

Although the initial relative-based research designs were used
to examine the familial and genetic contributions to psychopathol-
ogy, later these designs were employed to elucidate environmental
processes. One consistent observation to emerge from these tradi-
tional relative-based designs was that many environmental factors
(e.g. bullying, parenting, maltreatment) also appeared to be influ-
enced by genetic factors, a phenomenon called gene-environment
correlation (rGE: Knafo & Jaffee, 2013; Rutter, 2015; Scarr &
McCartney, 1983; see Table 2). Findings emphasized that genes
and environment not only worked together but were interdepend-
ent (Broderick & Neiderhiser, 2019; Rutter, 2007a). The observa-
tion of rGE also highlighted the possibility that some of the
associations between environmental factors and psychopathology
could be accounted for by shared genes between the parent and
child. These associations could have arisen because of so-called
“genetic confounding” (Rutter, 2007b). Genetically informed
designs thus became important for differentiating likely causal
environmental processes involved in the development of psycho-
pathology from genetic processes (Arseneault et al., 2008; Caspi
et al., 2004; Thapar & Rutter, 2019).

Unlike molecular genetic studies (see section “Molecular
genetic approaches”) that directly measure genotype, research
designs based on relatives utilize variation in genetic relatedness
between family members to estimate heritable and environmental
influences on phenotypes. Some designs are particularly suited to
disentangling genetic and environmental contributions, such as
parental genetic contributions from aspects of the rearing environ-
ment. For example adoption studies remove the confound of pas-
sive gene environment correlation (rGE) from estimates of rearing
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environment: see section on adoption study designs, and Table 2).
Other designs, such as the assisted conception design, are suited to
separating parental genetic contributions from prenatal environ-
ments for child outcomes (see Rice et al., 2018). Yet other study
designs allow estimation of the impact of offspring genetically
influenced characteristics on their environments (evocative or
active rGE; e.g., twin study). As the rationale of genetically inform-
ative research designs have been outlined in detail elsewhere (e.g.,
Harold et al,, 2017; Knopik et al., 2017; Liu & Neiderhiser, 2017;
Rutter & Thapar, 2016; Thapar & Rutter, 2015, 2019), we provide
only a brief overview of quantitative behavioral genetic research
designs that elucidate environmental processes that may inform
tractable intervention and prevention sites (see Table 1 for a sum-
mary of research designs, and their assumptions and limitations).

One of the most commonly used designs based on relatives is
the twin design. Twin designs take advantage of MZ twins sharing
100% of their segregating genes, and DZ twins sharing on average
50%. The twin design operates under the equal environments
assumption (EEA) - that environments of MZ twins are no more
similar than the environments of DZ twins. The EEA would be vio-
lated, for example, if parents of MZ twins treat their children the
same way because they expect the children to be identical (rather
than due to the actual behavior), while parents of DZ twins treat
their children differently because they expect their children to be
different since they are not genetically identical. If this assumption
is violated, MZ twin correlations could be inflated and increase
heritability estimates.

When phenotypic similarity between twins (concordance)
depends on their genetic relatedness, then genetic contributions
to the phenotype are inferred. However if phenotypic similarity
does not vary across MZ and DZ twin pairs, then shared environ-
mental factors are indicated (Harold et al., 2017; Knopik et al.,
2017; Thapar & Rutter, 2015). Twin designs can also estimate
genetic and environmental contributions between multiple con-
structs by comparing cross-twin cross-trait correlations for two
different measures across MZ and DZ twin pairs. For example,
if the correlation between ADHD and depressive symptoms is
approximately two times higher for MZ twins than DZ twins, then
their covariance is due, at least in part, to shared genetic factors
(Faraone & Larsson, 2019). Shared and nonshared environmental
contributions to covariance between constructs can also be esti-
mated by examining differences in MZ and DZ twin correlations.
The twin design has also been employed to examine associations
between environmental exposures (e.g., parenting) and outcomes
(e.g., conduct problems), decomposing covariance into genetic and
environmental components (Broderick & Neiderhiser, 2019; J. B.
Pingault et al., 2018). For example, covariation between harsh dis-
cipline/corporal punishment and child antisocial behavior has
been found to be partially accounted for by genetic factors
(Jaffee et al., 2004). Conversely, associations between maltreatment
and child antisocial behavior have been found to be largely
explained by family-wide or shared environmental factors (Jaffee
et al., 2004).

An extension of the classic twin design, Children of Twins
(CoT) studies is better suited to examining cross-generational
transmission. CoT studies take advantage of the fact that children
of MZ and DZ twins are socially cousins, but children of MZ twins
are as similar as half-siblings, sharing 25% of their segregating
genes while children of DZ twins share 12.5% like any cousin pair.
Children of MZ twins are therefore as genetically related to their
parents as they are to their twin’s sibling (i.e., their uncle/aunt; see
McAdams et al., 2014, 2018; Sellers et al., 2019; Thapar & Rutter,
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Table 1. Summary of research designs

Research design Study assumptions, strengths & limitations

Quantitative behavioral research designs

Classic Twin design Key assumptions

MZ twins share 100% of their segregating genes, whereas DZ twins share around 50%.

Heritability estimates are specific to the phenotype and population from which they were derived

Equal Environments Assumption (EEA), is the premise that MZ & DZ twin pairs share environments to the same
extent. If the experiences of MZ twins are more similar, genetic influences would be overestimated

Genetic - Environment independence (i.e., assumes no gene-environment interplay - violations may result in
inaccurate estimates)

Main strengths

Disentangle genetic and environmental factors for a trait of interest.

Estimates proportion of variance in a trait attributable to genetic variation, shared environment or non-shared
environment that includes measurement error

Powerful tool for detecting genetic effects

Studies examining environmental exposures in child- and parent-twin samples can be used to identify the
relevance of passive and non-passive (evocative or active) rGE

Extending classic twin designs to examine longitudinal processes allows the examination of active rGE

Main limitations

Unable to explicitly examine intergenerational effects.

Classic twin model does not consider assortative mating (although it is possible to incorporate. See Horwitz et al.,
2016)

Possibility of passive rGE cannot be ruled out (effects of genes & environments within a related family cannot be
separated). Heritability estimates capture passive rGE effects.

Difficult to disentangle genetic from shared environmental effects when twins are reared together in the same
household

Children of Twins (CoT) Key assumptions
« See assumptions from classic twin design
« The same genetic influences contribute across development (i.e. in different generations), and to the same extent
across development i.e., no genes X age effects (Thapar & Rutter, 2019).
« Note that assumptions apply within an individual’s own development, but also across a given population over
time (i.e., across generations)
Main strengths
« Well-suited to examination of inter-generational transmission: opportunity to examine whether intergenerational
transmission within families is explained by genes, environments, or both
« Estimates proportion of variance in a trait attributable to genetic variation, shared environment or non-shared
environment for both parent twin, and offspring
« Can examine effects of passive rGE (not possible to estimate in classic twin design)
« Can examine different phenotypes in parent and child generations
Main limitations
Difficulties accounting for spouse of twins: as spouses/partners are not included in traditional CoT Design, results
may be biased due to assortative mating effects
Associations between parental characteristics & child outcomes may be due to reverse causation (i.e., child effects
on parents): Any child-to-parent effects will be subsumed into the parent-to-child effect estimates, and genetic
confounding will appear as passive rGE. Extended CoT designs address this limitation (Narusyte et al., 2008)
Relatively low statistical power
Less power to detect genetic effects unique to the offspring generation than for parent generation, and less power
to detect genetic effects shared between parent and child. Cannot estimate the role of environmental effects
shared by siblings in the offspring generation. Recent extension of CoT - multiple children of twins (MCot)
addresses some of these limitations (see McAdams et al., 2018).

Maternal vs. paternal exposure during Key assumptions
pregnancy « Compares maternal, paternal exposures during pregnancy & their associations with offspring outcome.
Intrauterine contribution is possible for the mother-child association but not for father-child associations
« Mothers and fathers both share 50% of genetic material with their offspring (genetic contribution shared between
parent & child is held constant).
Main strengths
« Can control for unknown and known confounders
« Disentangles intrauterine environment from residual confounding (biological intrauterine effects indicated by
stronger maternal association, compared with the paternal association, since paternal exposures would not
normally be expected to affect the intrauterine environment).
« Possible to recruit large representative samples
Main limitations
« Does not take into account assortative mating
« Limited to exposures both parents could experience in pregnancy (see Thapar & Rutter, 2019)
« Assumptions violated if confounding structure of maternal & paternal exposures differs (Stronger maternal
associations may be observed if maternal confounders are more strongly related to maternal exposure than
the paternal confounders are with the paternal exposure).

Discordant sibling Key assumptions
« Sibling comparisons assume a stable family and social context.
« Assumes that one sibling’s exposure does not influence the unexposed sibling
Main strengths
« Siblings are essentially a ‘matched’ case-control comparison, matched for many potential confounders
« Disentangles genetic from prenatal environmental risks, and well-suited for assessing postnatal exposures

(Continued)
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Table 1. (Continued)

Research design Study assumptions, strengths & limitations

« Can employ large population-based registries

Main limitations

Problems of selection bias (mothers are behaving differently in different pregnancies).

Siblings born at different times will be exposed to different family- and population-level risks

Differences between siblings may arise from another exposure. For exposures after birth, genetic differences
between siblings will also contribute.

May not be generalizable to general population

Where results suggest findings are due to confounding, we do not know whether confounding is due to genes,
environments, or both

Can be used to examine adolescent/adult exposures and outcomes but additional limitation to interpretation
includes reverse causation

Children conceived via assisted Key assumptions

reproductive technologies (ART) Compares associations between pairs of mother/fathers and children who are genetically related or unrelated.

This allows the examination of whether associations between parent & child are primarily genetically mediated,

environmentally mediated, or a combination of the two. Egg donation and gestational surrogacy allow the

examination of prenatal influences separate from genetic influences

Considered ‘adoption at conception’: see adoption study design assumptions below.

Main strengths

« Unambiguously separates genetic & intrauterine influences [e.g., Gestational surrogacy (whereby children are
genetically related to both parents but the prenatal environment is provided by a surrogate)] which is not
possible in twin or adoption studies

« Removes confound of passive rGE

Main limitations

+ Representativeness of families who have undergone IVF treatment

+ Low prevalence of some type of risk factors (e.g., maternal smoking in pregnancy)

+ Small sample sizes in some informative groups (e.g., unrelated mother- child pairs).

Parent-offspring adoption study design Key assumptions

« Compares associations between adopted children & their adoptive/rearing parents with biological parents

« Associations between biological parents and child are assumed to be due primarily to genetic influences (and
prenatal influences for biological mothers)

« Associations between adoptive parents and adoptive child assumed to be due primarily to rearing environments

Main strengths

« Disentangle inherited and prenatal exposure effects from postnatal rearing environmental effects, and well-
suited for assessing postnatal exposures

« Removes confound of passive rGE.

« Possible to examine influence of evocative inherited child effects on the rearing environment

« Can be used to test gene-environment interaction

« Well suited to examination of intergenerational genetic and environmental transmission

Main limitations

« Cannot disentangle prenatal from biological mother genetic effects

« Selective placements ensuring positive adoptive environments may limit ability to examine some postnatal risks

Molecular genetic approaches

Polygenic scores (PGS) Key assumptions
« Risk allele effect sizes are the same in the discovery and target samples
« Risk alleles included in the polygenic scores are independent
» Samples include individuals from genetically homogenous populations
Main strengths
« Useful indicator of genetic liability in samples that are not otherwise genetically informative (i.e., they do not
contain related individuals)
« Data gathered from large GWAS discovery samples can be applied to smaller target samples
Main limitations
Requires very large discovery GWAS sample sizes
Requires discovery GWAS samples of similar ethnic origin
Bias can be introduced by overlapping discovery/target samples
Does not capture all genetic variation
Typically small effect sizes
PGS derived from GWAS do not reflect gene networks that code for biological functioning. Recent extensions of
PGS include biologically informed PGS (e.g., Dass et al., 2019) and pathway PRS (e.g., O’Reilly et al., 2021)

Mendelian Randomization Key assumptions
« Genetic proxies are strongly associated with the exposure
» No unmeasured confounders of the association between genetic proxies and the outcomes
+ Genetic variants are associated with the outcome only via the exposure
Main strengths
+ Minimal confounding and rules out reverse causation to strengthen causal inference
Main limitations
« Dependent on large discovery GWAS sample sizes to provide strong genetic proxies
« Less powered to detect associations in the presence of horizontal pleiotropy

For further details regarding assumptions, strengths and limitations of quantitative behavioral research designs, see Thapar and Rice (2020), Thapar and Rutter (2019), Rutter and Thapar (2016),
and Knopik et al. (2017). See also Davey Smith et al. (2022) and Smith et al. (2021).
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Term Definition

Passive gene-environment
correlation (rGE)

Where parents and children are genetically related, parents’ genes (which are shared with their offspring) may be
correlated with the environment they provide, confounding associations between family and child level variables.

Specific environments may be markers of parental genetic risk rather than a causal environmental process.

Evocative gene-environment
correlation (rGE)

Genetically influenced characteristics in a child may evoke particular responses from others. The field of intervention
research, suggests specific environmental processes can be identified and made ‘resilient’ to child-driven effects.

Active gene-environment
correlation (rGE)

A child actively selects environments that are correlated with their genetically influenced characteristics.

Gene-environment interaction
(G X E)
risks.

Environmental contexts and processes may modify the manifestation of genetic liability.
+ The ‘diathesis-stress’ model: psychopathology results from inherited risk that occurs under particular environmental

« Differential susceptibility: an individual is differentially susceptible to high levels of both positive and negative

environments

For more information regarding these processes see: Ge et al. (1996); Jaffee and Price (2008); Jaffee and Price (2012); Knafo and Jaffee (2013); Knopik et al. (2017); Luthar and Brown (2007); Price

and Jaffee (2008); Reiss et al. (2013); Scarr and McCartney (1983).

2015). Thus, the CoT design provides the opportunity to examine
whether intergenerational transmission within families is
explained by genetic factors, environment factors, or both (see
D’Onofrio et al., 2007; Thapar & Rutter, 2015). A limitation of
the CoT design, however, is that is does not take into account
the possibility that associations between parent and child charac-
teristics may be due to reverse causation (i.e., child effects on
parents). The Extended Children of twins (ECOT) addresses this
limitation (Narusyte et al., 2008). Comparing the results from
child- and parent-twin samples can also be useful in identifying
the relevance of passive and non-passive *GE for phenotypes.
Using this approach Neiderhiser and colleagues’ (2004, 2007)
found evidence that different types of rGE may operate for differ-
ent mothering constructs (e.g., passive rGE indicated for mother’s
positivity and monitoring, and nonpassive rGE indicated for
mother’s negativity: Neiderhiser et al., 2004). However, this
approach can only be suggestive of the types of rGE correlation that
are present. Other designs are needed before drawing robust
conclusions.

Other research designs have been used to examine prenatal risk
factors; for example, the comparison of maternal and paternal
exposure during pregnancy and associations with offspring
psychopathology has been used as a method to examine intrauter-
ine effects, separate from genetic or household-level confounders
(Thapar & Rutter, 2015, 2019). Associations are examined between
maternal and paternal exposures during pregnancy and offspring
outcomes. If an association between exposure and child outcome is
causal (via intrauterine effects), a stronger association would be
found for maternal exposure relative to paternal exposure, as only
the mother provides the intrauterine environment. If associations
are observed between paternal exposure and child outcomes, this
increased risk is assumed to be due to (genetic and/or environmen-
tal) confounding. Limitations to this design include the fact that it
is confined to exposures that both parents could experience in
pregnancy (see Thapar & Rutter, 2019). The discordant sibling
design also is useful for disentangling genetic from prenatal envi-
ronmental risks by examining the relationship between prenatal
exposures and offspring outcomes where siblings have been differ-
entially exposed (i.e., discordant for a specific exposure). Maternal
genetic contribution is held constant (genetic factors are held con-
stant at the level of mother-child genetic relationships: full siblings
share 50% of their genes with their mother), but intrauterine envi-
ronment can vary across pregnancy. For example, studies of

https://doi.org/10.1017/5S0954579422000906 Published online by Cambridge University Press

siblings discordant for exposure to maternal smoking during preg-
nancy suggest that associations between maternal smoking during
pregnancy and offspring ADHD may be due to early unmeasured
confounding, rather than direct effects (Gustavson et al., 2017;
Obel et al.,, 2011; Rice et al., 2018). Limitations of this research
design include the fact that where associations are explained by
confounding, it is not clear whether confounding is due to genes,
shared environment, or both. There are also problems with selec-
tion bias as mothers are behaving differently in different pregnan-
cies. For example, the samples include a group of mothers who are
able to stop smoking during pregnancy but another group that has
not. In addition, siblings born at different times will be exposed to
different family- and population-level risks (see Thapar &
Rutter, 2019).

Children who have been conceived using assisted reproductive
technologies (ART; Thapar et al., 2007) also provide an opportu-
nity to examine associations between parents and children who dif-
fer in genetic relatedness to one or both of their rearing parents
(“adoption at conception”; Harold et al., 2012). This allows the
examination of whether associations between parents and children
are primarily genetically mediated, environmentally mediated, or a
combination of the two. Egg donation and gestational surrogacy
allow the examination of prenatal influences separate from genetic
influences (see: Thapar et al., 2009; Thapar & Rutter, 2019). This
research design is particularly informative for partitioning genetic
and intrauterine influences, which is not possible in twin or adop-
tion studies. ART designs have provided further evidence that
smoking during pregnancy is not causally associated with child
ADHD (Rice et al., 2018; Thapar & Rice, 2021; Thapar et al., 2009).

Finally, the adoption study design provides an opportunity to
disentangle heritable from postnatal effects on phenotypes, but this
design cannot disentangle heritable and prenatal environmental
effects on phenotypes (see Thapar & Rutter, 2019; Thapar &
Rutter, 2015). It is an especially powerful design for identifying
the contributions of the rearing environment on child outcomes.
Where adopted children are placed with genetically unrelated
adoptive parents at birth, associations between adopted children
and their adoptive/rearing parents are attributed to environmental
processes (unconfounded by shared genetic factors between parent
and child, i.e., passive rGE; e.g., Leve et al., 2019; Rhea et al., 2013).
Conversely, similarities between adopted children and their bio-
logical parents are attributed to shared genes (and, specific to birth
mother: intrauterine influences). Evocative rGE can also be tested
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by examining associations between genetically influenced child
characteristics and responses from others. Thus, the adoption
design provides insights into how children’s genetically influenced
behaviors can evoke specific behaviors in genetically unrelated
rearing (adoptive) parents. For example, work using this design
suggests that adoptive parents’ hostile parenting have an environ-
mentally mediated impact on child behavioral problems. At the
same time, children’s early impulsivity/activation (ADHD-like fea-
tures) may elicit more hostile parenting (evocative rGE) (Sellers
et al., 2020) that in turn contributes to later ADHD symptoms
(Harold et al., 2013). The adoption design can also be employed
to test for gene-environment interactions (G X E): testing whether
environmental factors can modify the expression of genetically
influenced risks or propensities (see Rutter, 2012). Adoption stud-
ies have shown, for example, that the effects of specific aspects of
parenting on toddler behavior may vary as a function of genetic
risk (as indicated by birth parent risk: Ganiban et al.,, 2021; Leve
et al., 2009).

Overall, research designs that include relatives who differ with
regard to genetic relatedness addresses several core processes that
are not discernable in non-genetically informed studies: (1) asso-
ciations between environmental processes and child psychopathol-
ogy may be partially explained by common genetic factors shared
between parents and children rather than solely through environ-
mental effects (passive rGE); (2) children may evoke specific
responses from those in their environment due to their own genetic
propensities (evocative rGE); and (3) inherited aspects of the child
may interact with their environment such that the effects on child
outcomes are not the same for all children (gene-environment
interaction, G X E: see Table 2). Genetically informative designs
such as adoption studies, twin and CoT studies, can also be used
to examine selection effects due to genetic propensities (active rGE,
see Rutter, 2007a). For example, evidence suggests that active rGE
may, at least in part, explain selection of a deviant peer group
(TenEyck & Barnes, 2015; Vitaro et al., 2021), as well as prosocial
leadership (see Knafo-Noam et al., 2018). In designs that remove
the confound of genetic contributions, findings provide a better
understanding of malleable environmental factors that could be
targeted to reduce adverse outcomes for children (see Harold &
Sellers, 2018).

Molecular genetic approaches

In the 21st Century, we have witnessed the advent of a different and
direct approach to investigating genetic contributions to psycho-
pathology: large-scale molecular genetic studies of psychopathol-
ogy that have led to an increasing number of genetic discoveries
at the level of DNA variation. Here, scientists have sought to iden-
tify genetic contributions directly, rather than indirectly via an
average measure of genetic sharing between different relatives
(State & Thapar, 2015). These genome-wide association studies
(GWAYS) studies test for association between multiple genetic
markers-DNA variation- and psychopathology, mainly with
case-control designs but also testing for association with trait mea-
sures. Tens of thousands to millions of DNA variants (Verlouw
et al,, 2021) across every chromosome are tested. This results in
a very large multiple testing burden, which is why GWAS need
to be very large and include tens to hundreds of thousands of par-
ticipants to identify genomic variants that withstand appropriate
correction for this testing and that are genome-wide statistically
significant. There are many different types of DNA variation,
although most (99.9%) of our genomes do not show variation
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between different individuals. Gene discovery studies have exam-
ined DNA variation that is common (>1% frequency in the pop-
ulation; single nucleotide polymorphisms -SNPs) and rare genetic
variants (<1% frequency). Rare genetic variants include deletions
and duplications of DNA stretches (copy number variants; CNVs)
and variation in DNA sequence within protein-coding regions of
genes (exome sequencing studies) (see State & Thapar, 2015).
More recent studies are moving to sequencing variation across
non-coding regions too (whole genome sequencing). These studies
have shown that multiple gene variants contribute to risk of
psychopathology. Thousands of common gene variants of small
effect size and rare gene variants of larger effect size (e.g., odds
ratios of 3-50) (Singh et al., 2022) appear to be especially important
for risk of neurodevelopmental disorders [e.g., intellectual disabil-
ity (Vissers et al., 2016); ASD (Thapar & Rutter, 2021), ADHD
(Thapar, 2018), Tourette’s syndrome (Huang et al., 2017) and
schizophrenia (Rees et al., 2015; Singh et al., 2022; Trubetskoy
et al, 2022)], although not exclusively to these conditions.
However, these discoveries on which variants are associated with
psychopathology do not in themselves tell us which genes and pro-
teins are involved or explain the underlying biology or the mech-
anisms that lead to psychopathology. They represent only the first
and distal step towards many more investigations. While the spe-
cifics of gene discovery and subsequent biological investigations
may not interest most in the field of developmental psychopathol-
ogy, some of these discoveries are currently being utilized to exam-
ine practice-relevant questions and processes relevant to
psychopathology. We will discuss these newer molecular genetic
approaches in brief and how they are relevant to research in devel-
opmental psychopathology.

Polygenic risk scores

Although the main objective of GWAS is to discover genetic var-
iants for specific characteristics or traits including psychopa-
thology, as with studies based on relatives, GWAS findings
have also been used to test genetic as well as environmental con-
tributions psychopathology. One approach has involved gener-
ating a composite measure of common gene variants known as
polygenic scores (PGS). A “discovery” GWAS, which must be
large, is used to identify nominally associated common gene
variants (thousands of single nucleotide polymorphism:
SNPs). The PGS are then calculated in an independent “target”
sample by summing these “risk” or “protective” alleles and their
effect sizes obtained from the discovery data set. These scores
can be calculated for every individual in the independent gen-
otyped “target” sample and their summed effects (PGS) provide
a direct indicator of individual genetic propensity for the trait or
disorder in question (Bogdan et al., 2018; Murray et al., 2021).
PGS can be generated from a “discovery” GWAS that can
include measures of any trait or categorically defined character-
istic (e.g. height, blood pressure, neuroticism, diabetes, depres-
sion, reported maltreatment). PGS have been generated for
multiple physical health conditions, different types of psycho-
pathology, traits such as height, and environmental measures
among many other measured characteristics. As PGS are a
sum of common variants (alleles; single nucleotide polymor-
phisms-SNPs) that are nominally associated with the character-
istic in question, they include alleles that are not genome-wide
significant or causal. PGS are being used increasingly in the field
of developmental psychopathology because they provide a use-
ful indicator of genetic propensity/liability in populations and
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samples that are not otherwise genetically informative (i.e., they
do not contain related individuals).

Asis true for other research designs (see Table 1), the use of PGS
does have limitations. First, they provide a weak indicator of
genetic predisposition/liability and explain only a small proportion
of variance in psychopathology (e.g. 4% variance of ADHD, 11% in
schizophrenia) and only a fraction of twin heritability. Although
they become more powerful when GWAS are larger, they are still
weak predictors on their own currently and do not capture all rel-
evant genetic variation for any given phenotype. Second, as we
might expect from relative-based study findings, PGS do not show
specificity because of extensive pleiotropy for different mental
health conditions. For example, schizophrenia PGS not only pre-
dict schizophrenia but also are associated with depression, anxiety
and bipolar disorder. This pattern of findings likely reflects the
well-reported genetic overlap between different psychopatholo-
gies. New methods are being developed to differentiate shared
and specific genetic variance across multiple psychopathologies
(e.g., genomic structural equation modeling: Grotzinger et al.,
2019; Peyre et al,, 2021). To some extent, this pattern may also
reflect symptom overlap between current diagnostic categories.
Third, PGS do not replicate well in samples that differ from the
original discovery sample. The biggest source of difference here
is ancestry. It is a serious concern in the field of genetics that nearly
all the largest GWAS have been generated using people of
European ancestry. PGS derived from these GWAS do not consis-
tently generalize to people of other ancestries. This has led to calls
for many more genetic studies of ethnically diverse populations.
Without use of more diverse samples, the likely future beneficial
impacts of genetic discoveries on healthcare, will lead to further
social and healthcare inequities. Nevertheless, provided these lim-
itations are understood, PGS can provide a useful indicator of
genetic susceptibility. In addition, there is growing interest as to
whether and when to combine PGS with family history and
social/environmental measures to inform practice. For example,
by combining these sources of data, practitioners could be helped
in selecting the most appropriate intervention for individual chil-
dren and families (Murray et al., 2021). Multiple recent research
studies also have shown that many social environmental measures
are associated with PGS for psychopathology, in keeping with find-
ings of gene-environment correlation from previous relative-based
studies. For example, maltreatment and bullying victimization
have been found to be associated with ADHD and depression
PGS (Schoeler et al., 2019; Warrier et al., 2021). If parents have also
been genotyped it is possible to test associations with parent PGS,
allowing for the fact that parent-child PGS are correlated (i.e., con-
trolling for passive rGE). Relatedly, one study observed that a num-
ber of prenatal environmental exposures (e.g., maternal smoking in
pregnancy) were associated with maternal ADHD PGS (Leppert
et al., 2019).

A separate question is whether PGS be used to test gene-envi-
ronment interaction. The previous approach commonly used for
identifying candidate genes (i.e., picking DNA variants in genes
thought to be involved) has been shown to be flawed. False posi-
tives are easily generated. As already mentioned, with millions of
DNA variants, sample sizes need to be enormous to identify
genome-wide significant variants - the chances of a false positive
are too high otherwise (Thompson, 1991; Zammit et al., 2010).
While testing candidate gene variant X environment was popular,
because of non-replications such findings are now regarded with
suspicion. A more recent approach is using PGS to test G X E.
Whilst PGS are more robust than candidate gene variants,
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challenges remain. First, we have to take account of rGE before
testing interactions as G X E effects can be observed in error if
rGE is present but not taken into account (Rutter et al., 2006).
Second, there are no biologically plausible reasons for testing
PGS X environment interactions because they are a sum of differ-
ent genetic variants for multifactorial, complex phenotypes
(Murray et al., 2021; Zammit et al., 2010): PGS are derived from
genome wide inquiry, taking a composite score of genes based
on the extent to which genes are correlated with a specific pheno-
type (Zhang & Belsky, 2022). Third, multiple testing increases the
potential for false positives when investigating a large number of
environmental factors. Also, environmental exposures need to
be assessed using high-quality measures and at developmentally
appropriate times. Whilst G X E is intuitively attractive and found
to be important for plants and animals raised in experimental con-
ditions, even for physical health conditions where E and G are
much better documented than for psychopathology, identifying
G X E remains fraught with challenges. Whilst new methods are
being developed to explore G X E using genomic data (e.g,
Genome-wide by environment interaction studies, GWEIS; see
Aschard et al., 2012), such an approach has a number of limita-
tions: existing GWEIS may have reduced power to detect such
effects as most large genotyped samples have limited environmen-
tal measures (Uher & Zwicker, 2017). Furthermore, they take a
SNP-by-SNP approach to G X E (Assary et al., 2018; Uher &
Zwicker, 2017). Finally, psychopathology is influenced by multiple
risk (and protective) factors each of which has probabilistic effects
where genetic variants have distal influences on outcomes. Thus,
caution is warranted. Nevertheless, it will be interesting to see if
it becomes possible to test biologically plausible interactions as
the field moves forward.

“Genetic nurture” and Mendelian randomization

To identify environmental contributions using genomic data, two
designs have emerged as potentially relevant to the field of devel-
opmental psychopathology: a mother-father-child trio design to
examine nurture using genomic data (“genetic nurture”) and
Mendelian Randomization. The parent-child trio design assesses
the effects of parents’ non-transmitted (and as transmitted) alleles
on their offspring to differentiate direct (inherited) and indirect
(phenotypically mediated) parental impacts. As non-transmitted
genetic variants are free from genetic confounding that arises from
genetic variants shared between parents and offspring (akin to
removing confound of passive rGE: Wang et al., 2021), non-trans-
mitted alleles are assumed to be mediated by the parent’s pheno-
type (“genetic nurture”) and thus index environmental
contributions (Kong et al., 2018). Using PGS, this approach has
provided evidence that the intergenerational transmission of edu-
cational attainment includes both inherited and environmental
components (Kong et al.,, 2018; Wang et al., 2021). Such designs
have yet to be widely utilized in psychopathology research,
although recent work has provided evidence that ADHD cross-
generational transmission is mainly attributable to inherited alleles
rather than genetic nurture (Martin et al., 2022; Pingault et al,,
2021; de Zeeuw et al., 2020).

Mendelian randomization (MR) is a different method that uti-
lizes genetic variants as instrumental variables - proxies for an
exposure (e.g., measured trait or environmental exposure). MR
tests whether an exposure causes an outcome (vertical pleiotropy),
accounting for pleiotropic effects (e.g., the same genetic factors
influencing both the exposure and the outcome; horizontal
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pleiotropy) (Hemani et al., 2018). Based on certain assumptions,
MR is analogous to a randomized controlled trial (RCT) in that
genetic variants (SNPs, single nucleotide variants) are randomly
assigned at conception and thus differ regarding the exposure they
are selected as being associated with, but not with confounders, and
are therefore comparable to groups within an RCT. One common
type of MR method is a two-sample MR that utilizes summary
SNP-exposure and SNP-outcome data from different GWAS
(Hemani et al., 2018). MR has been invaluable in some areas of
medicine but is challenging to apply to psychopathology because
high polygenicity, and overlapping biology place limitations on
identifying strong instruments (Martin et al., 2019). Also, many
of the key assumptions are easily violated (e.g., due to rGE).
Thus, findings using MR methods should be interpreted with cau-
tion unless they converge across many different study designs.

Several studies have now used MR to investigate potentially
causal effects of environmental factors on mental health
(Pingault et al., 2017). For example, one MR study found genetic
liability to years of education and body mass index to be associated
with a decreased and increased likelihood of depression respec-
tively and did not find strong evidence of a causal association
for coronary artery disease (Wray et al., 2018). MR studies have
also added to evidence supporting (active) rGE, such as work sug-
gesting genetic liability to schizophrenia may have a causal effect
on living in more densely populated areas (Colodro-Conde et al.,
2018). Finally, MR has been utilized to examine causal relation-
ships between different psychopathologies, for example, suggesting
that ADHD may have a causal impact on depression (Riglin et al.,
2021). Limitations of MR include that the use of samples of unre-
lated individuals can result in biased results because of uncon-
trolled confounding from familial effects. Samples of related
individuals such as siblings or parent-offspring trios can be used
to control for such effects (Brumpton et al, 2020; Smith &
Hemani, 2014).

Applying strength-based approaches to genetically
informative designs

Both relative-based and molecular genetic research designs have
highlighted the complex interplay between genetics and environ-
mental exposure and the challenges of disentangling these, espe-
cially using traditional observational data. Genetic designs were
originally used to examine the contribution of genetic and environ-
mental influences to the origins of psychopathology. However, dif-
ferent social and genetic factors may contribute to the
developmental course, accompanying comorbidities and outcomes
of psychopathology compared to those that contribute to its origins
(e.g., Pingault et al., 2015) (Figure 1). While genetic designs have
traditionally been used to focus on risk factors that contribute to
the origins of psychopathology, for those seeing children and
young people with psychopathology, the key question is: can we
help optimize outcomes by modifying family and social contexts?
If so, what aspects should we focus on?

Considering neurodevelopmental difficulties as an example,
whilst psychopathologies such as ADHD, ASD and schizophrenia
appear to be highly heritable, their developmental course and out-
comes (e.g. mental wellbeing, physical health, anxiety and depres-
sion, gainful employment) may be influenced by different genes
and environmental factors as well as moderated or shaped by social
and family environments (Figure 1). Indeed, those with neurode-
velopmental disorders such as ADHD are at heightened risk of
later mental health problems including depression (Jaffee et al,
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2002, Rice et al., 2019). Such comorbid mental health problems fur-
ther impair functioning in those with a neurodevelopmental con-
dition, yet currently there is very little evidence to guide families,
practitioners and educators as to whether modifying family, educa-
tional and social environments could help protect against the
development of common mental health problems (e.g., depression,
anxiety) in this high-risk group.

Most previous genetically informative research has primarily
focused on a deficit-based approach, being employed to identify
likely causal environmental risks. For example, ADHD/ADHD
genetic liability is known to elicit more hostile family relationships,
and parents of children with ADHD or ASD are more likely to
experience parenting stress, marital stress, and separation (Ben-
Naim et al., 2019; Kousgaard et al., 2018). Previous genetically
informative studies have shown evocative effects from birth parent
characteristics (birth-mother ADHD) through offspring early
impulsivity and activation on maternal and paternal hostile behav-
iors (Harold et al., 2013; Sellers et al, 2020), which in turn was asso-
ciated with developmental course of ADHD, as well as conduct
problems (Sellers et al., 2020). Whilst a deficit model can help with
addressing questions about need, deficit models do not necessarily
tell us about what interventions would work (see Sellers et al.,
2019), and strength-based approaches also need to be considered.

Strength-based approaches consider positive assets, behaviors,
or strengths within the individual, family and/or community that
may support positive outcomes, and is linked to the concept of
resilience, which is a developmentally dynamic perspective
whereby specific environments/characteristics can reduce back-
ground risk. A strengths-based approach aligns more closely to
preventive interventions which focus on enhancing positive rear-
ing environments to prevent or mitigate negative child outcomes.
As such, applying strength-based approaches to genetically
informative study designs could help provide insights into positive
environments that may mitigate risk, with findings of particular
importance and relevance for clinical practice and policy. Whilst
it is possible to incorporate and consider processes that emphasize
strengths, there is currently limited examination of the role of pos-
itive aspects of family processes (and broader environmental fac-
tors) for developmental outcomes including mental health and
related aspects of functioning.

Whilst the study of protective/promotive processes for children
with neurodevelopmental difficulties is in its infancy, there is some
evidence for the role of specific social- and family-level systems
(Dvorsky & Langberg, 2016). For example, social support and
acceptance has been found to buffer against negative outcomes
including poor academic attainment and co-occurring depression
symptoms among children with ADHD (Dvorsky & Langberg,
2016). Positive parenting may also promote more positive out-
comes (Dvorsky & Langberg, 2016). However, few studies have
examined the complex interplay between biological and environ-
mental processes when examining strengths-based processes.
There is a need for future research to consider strengths-based
approaches using behavioral genetic research designs, to disentan-
gle genetic and environmental processes to support intervention
and prevention science efforts.

Genetically informative designs, such as the adoption design,
provide an especially powerful design for testing environmental
mediators and moderators of children’s early behaviors and out-
comes because adoptive parents are genetically unrelated to their
offspring. It therefore becomes possible to test environmental
mechanisms independent of parents’ genotype. A small number
of studies have utilized genetically informative designs to examine


https://doi.org/10.1017/S0954579422000906

Development and Psychopathology

1661

17

Y

ADHD

Persistence, social & mental
health outcomes (e.g., gainful
employment, depression)

Figure 1. Genetic and environmental influences
on the origins and development of later psycho-
pathology and outcomes.

the role of positive rearing environments. For example, CoT stud-
ies suggest that parent-child relationship quality is associated with
positive self-worth and fewer internalizing problems (see Jami
et al,, 2021). Using a longitudinal adoption-at-birth design, posi-
tive parenting (e.g., positive parent-child relationships, warmth
parenting, and positive reinforcement) has also been associated
with fewer externalizing problems (see Jami et al., 2021). This sug-
gests that positive rearing environments may provide important
targets for intervention and prevention.

Genetically informative designs have also been used to examine
whether positive rearing environments may modify risk. Using a
home-reared and adopted away co-sibling design of individuals
at high risk for major depression, a study found that those reared
in adoptive homes (selected for high-quality rearing environ-
ments) had significantly reduced risk for major depression com-
pared to individuals raised in their home environment (Kendler
etal., 2020). This protective effect was no longer evident if an adop-
tive parent had major depressive disorder. This suggests that pos-
itive rearing environments can mitigate risk for major depression.

Using a longitudinal adoption-at-birth design, evidence sug-
gests that structured guidance provided a buffering effect on tod-
dler behavior problems in those at high genetic risk, but did not
help those at low genetic risk. Conversely, positive reinforcement
benefited children regardless of genetic risk (Leve et al., 2009). This
specificity could help to inform interventions. Other genetically
informative designs have examined the role of parenting as a mod-
erator of genetic risk. For example, a twin study suggested that
other aspects of parenting (parental warmth/rewarding parenting)
may moderate the relationship between genetic risk and the devel-
opmental of callous/unemotional traits (Henry et al., 2018). This
suggests that warm and rewarding parents may mitigate risk.

Parent-offspring designs (including adopted and biological
children) suggested that warmth in the mother-child relationship
moderated the association between harsh parenting and child
externalizing problems, such that the association between harsh
parenting and child externalizing problems was stronger in the
context of low maternal warmth, and weaker in the context of high
maternal warmth. This pattern of association was observed
whether or not the mother and child were genetically related, this
ruling out passive rGE. This suggests that maternal warmth may
modify risk of externalizing problems in children exposed to harsh
parenting (Deater-Deckard et al., 2006).

Most genetically sensitive study designs have been used to iden-
tify likely causal environmental risk factors, and impacts of risks on
child outcomes, making it more challenging to translate such find-
ings in prevention and intervention contexts (Sellers et al., 2019).
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However, genetically informative designs can be used to examine
protective factors that could help improve child psychopathology
outcomes, by addressing processes that are not discernable in non-
genetically informed studies: for example, considering rGE proc-
esses, and G X E. Genetically informative research designs can
be utilized in strengths-based research to investigate how positive
environments can mitigate risk (or promote child strengths), thus
provide a better understanding of modifiable environmental fac-
tors that could inform recommendations for prevention and inter-
vention targets, as well as address research gaps to help inform
practice and policy, and ultimately reduce adverse outcomes for
children. Positive measures of family life (e.g., supportive interpar-
ental and parent-child relationships) as well as across other con-
texts (e.g. schools) therefore need to be examined in genetically
informative designs in the future to understand potentially envi-
ronmental contributions to the developmental course of different
mental health and functional outcomes.

Conclusion

The modern researcher is faced with a growing range of genetically
informative designs available to address important questions in the
field of developmental psychopathology. Many of these designs
whilst first developed to identify genetic contributions, provide
powerful approaches for examining environmental factors that
contribute to psychopathology. There are many excellent examples
of how quantitative behavioral genetics approaches have been used
to test and identify prenatal, family, and social factors that contrib-
ute to the risk of psychopathology, independent of genotype.
However, most of this research has focused on the origins of
psychopathology, not necessarily on developmental course and
outcomes. Moreover, as the predominant focus has been on a defi-
cit approach, interventions, clinical practice, and policy that focus
on supporting positive rearing environments often lack good qual-
ity evidence (Leve et al,, 2010). It is crucial to align research to
intervention and prevention science efforts more closely by consid-
ering strength-based environments, and how these positive envi-
ronments can mitigate risk (or promote child strengths) (Sellers
et al,, 2019). Although there is a wide array of different genetic
designs, each has different strengths and limitations (Davey
Smith et al., 2022) and these are not always appreciated. Going for-
ward, it will be important to select the design that is most appro-
priate for the question and to seek replication and convergence of
findings across different study designs. Robust evidence that offers
complement and replication across study designs is crucial for
interventions and policies to be effective.
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