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Abstract

The purpose of this study was to examine possible pathways by which genetic risk associated
with externalizing is transmitted in families. We used molecular data to disentangle the genetic
and environmental pathways contributing to adolescent externalizing behavior in a sample of
1,111 adolescents (50% female; 719 European and 392 African ancestry) and their parents

from the Collaborative Study on the Genetics of Alcoholism. We found evidence for genetic
nurture such that parental externalizing polygenic scores were associated with adolescent
externalizing behavior, over and above the effect of adolescents’ own externalizing polygenic
scores. Mediation analysis indicated that parental externalizing psychopathology partly explained
the effect of parental genotype on children’s externalizing behavior. We also found evidence for
evocative gene-environment correlation, whereby adolescent externalizing polygenic scores were
associated with lower parent-child communication, less parent-child closeness, and lower parental
knowledge, controlling for parental genotype. These effects were observed among participants

of European ancestry but not African ancestry, likely due to the limited predictive power of
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polygenic scores across ancestral background. These results demonstrate that in addition to genetic
transmission, genes influence offspring behavior through the influence of parental genotypes

on their children’s environmental experiences, and the role of children’s genotypes in shaping
parent-child relationships.

Keywords

adolescent externalizing; polygenic score; genetic nurture; gene-environment correlation;
parenting

Externalizing behaviors or characteristics refer to a constellation of behaviors characterized
by disinhibition and antagonism, which can manifest in a variety of psychiatric disorders,
including substance use disorders (SUDs), attention-deficit/hyperactivity disorder (ADHD),
and conduct disorder (CD; Achenbach, 1966; Lahey et al., 2008). Externalizing behavior
and disorders are common (Hamdi & lacono, 2014) and associated with substantial cost for
affected individuals, their families, and society at large (Case & Deaton, 2017; Richmond-
Rakerd et al., 2020). Evidence from twin and family studies suggests that externalizing
behaviors are strongly influenced by genetic factors, which account for approximately
50-80% of the variation in externalizing spectrum phenotypes (Barr & Dick, 2020) and
moderately influenced by environmental factors shared within families (Krueger et al.,
2002). Thus, both genetic and environmental factors are critical in the intergenerational
transmission of externalizing behaviors.

Interrogation of the specific mechanisms by which environmental factors influence
externalizing is complicated by the entangled nature of genetic and environmental
influences, as genetic and environmental influences are not independent. Such relationships
are termed gene-environment correlations (Jaffee & Price, 2007; Rutter & Silberg, 2002),
and manifest in three types: passive, evocative (reactive), and active. In passive gene-
environment correlation, genetically related parents pass on genes and also provide an
environment influenced by their shared genes, both of which may influence the child’s
behaviors. For example, parents may pass on genes that are involved in the development

of externalizing behaviors and parenting in a way that is shaped by their own externalizing
dispositions. In evocative gene-environment correlation, individuals’ genetic predispositions
evoke a response from others, such as when child’s genetically influenced characteristics
influence a parent to change their parenting practices in response to that behavior. In active
gene-environment correlation, individuals select and shape their environments based on their
genotype. For example, a child who has inherited a genetic propensity for externalizing
behavior may actively choose to be in peer groups that encourage such behaviors. Of
particular interest to the current study, passive gene-environment correlations arise when
parents directly pass down genes involved in a given trait/behavior while also creating
familial environments that are influenced by the same genetic factors and may confer
additional risk (Scarr & McCartney, 1983). Classic twin and adoption studies provide
ample evidence of gene-environment correlations (Hambrick & Tucker-Drob, 2015; Jaffee
& Price, 2007; Jang et al., 2001; Kendler & Baker, 2007; Klahr & Burt, 2014; Reuben

et al., 2016). For example, genes that are directly transmitted to the child that influence
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temperamental characteristics may also influence the home environment. Lemery-Chalfant
and colleagues (2013) found evidence for a genetically mediated association between
temperament and home environment such that children higher in effortful control also lived
in home environments that were less chaotic.

In recent years, molecular genetic approaches, in combination with advancement in gene
identification efforts, have made it possible to disentangle direct and indirect pathways

of genetic effects within families. Using measured genotype data, such as genome-wide
polygenic scores (PGS), we can disentangle the direct effect of genes transmitted to

the offspring from the indirect effects of genes on shaping the environments that may
further influence the child’s behavior. Genome-wide polygenic scores (PGS) represent an
individual’s aggregate genetic loading for a given trait/behavior using molecular genetic
data (Wray et al., 2014). This approach uses results from large discovery genome-wide
associations studies (GWAS) to calculate a personalized measure of genetic risk for
individuals in the target sample. PGS are then calculated by summing the number of
risk-enhancing alleles present across the genome, weighted by the effect size, based upon a
discovery GWAS (Bogdan et al., 2018). We can use these polygenic scores to examine the
pathways by which genetic risk is transmitted in families.

In their seminal study, Kong and colleagues (2018) used a virtual parent design to
demonstrate that alleles that influence educational attainment, but that were not transmitted
to the offspring, nevertheless influenced offspring’s educational attainment. They termed
the effect of non-transmitted alleles on offspring outcome “genetic nurturance”. Genetic
nurture effects refer to the notion that parents’ genotypes, even those not transmitted to
their children, play a role in influencing children’s behaviors and outcomes via genetically-
influenced socio-environmental pathways (Bates et al., 2018; Kong et al., 2018). This effect
has been replicated across different measures of educational attainment in multiple samples
(Armstrong-Carter et al., 2020; Bates et al., 2018; de Zeeuw et al., 2020; Wang et al.,

2021; Willoughby et al., 2021). Subsequent studies have investigated specific environmental
factors that may explain the genetic nurture effects. For example, parental 1Q (Willoughby
et al., 2021), family socioeconomic status (Armstrong-Carter et al., 2020; Willoughby et
al., 2021), and maternal health (Armstrong-Carter et al., 2020) have been shown to mediate
the association between parental educational attainment PGS and offspring educational
outcomes.

Although a growing list of studies has examined evidence of genetic nurture influencing
academic and educational outcomes, fewer studies have sought to disentangle the genetic
and environmental influences on externalizing characteristics using PGS. Saunders and
colleagues (2021) found that a parental PGS for smoking initiation explained unique
variance in offspring frequency of tobacco and alcohol use over and above the offspring’s
own PGS, providing evidence of genetic nurturance. Further, the association between
parental PGS and offspring substance use was mediated in part by parental substance use
and family socioeconomic status. In contrast, de Zeeuw et al. (2020) found no evidence
of genetic nurture influencing ADHD, which they attributed to the consistent finding that
ADHD is not strongly influenced by the shared environment. Additionally, extant studies
of genetic nurturing effects on externalizing related phenotypes have focused on individual
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externalizing behaviors/disorders in isolation, limiting our ability to determine the extent

to which these effects similarly operate on a broad range of externalizing behaviors. This

is particularly important given evidence of cross-phenotype prediction (Saunders et al.,
2021) which may suggest that polygenic scores for individual externalizing traits capture
genetic risk for multiple externalizing phenotypes. Many behaviors and disorders across the
externalizing spectrum share an underlying genetic liability (Kendler et al., 2003; Krueger et
al., 2002; Young et al., 2000).

In the present study, we used family-based data from the ancestrally diverse Collaborative
Study on the Genetics of Alcoholism (COGA) sample to test the pathways through which
genetic risk is transmitted in families. We used PGS derived from a recent multivariate
GWAS of externalizing (Karlsson Linnér et al., 2021) to examine evidence for the role

of genetic nurture on adolescent externalizing behavior. This multivariate GWAS identified
579 conditionally independent loci associated with a latent externalizing factor. Polygenic
scores derived from the latent externalizing factor were associated with externalizing factor
scores in two independent samples and explained ~9-10% of the variance in externalizing
behaviors/problems (Karlsson Linnér et al., 2021). Figure 1 provides a conceptual model of
our study, adapted from Saunders et al. (2021), by linking parental genotype and offspring
externalizing through both direct genetic transmission and indirect effect of the parental
genotype via the environment. We tested whether there were direct and indirect effects of
parental polygenic scores on offspring externalizing in adolescence, and examined whether
aspects of the home environment mediate genetic risk for externalizing across generations.

It has been consistently demonstrated that parenting is genetically influenced, with both
parental and offspring genotype playing an important role (Avinun & Knafo, 2014; Klahr &
Burt, 2014; Wertz et al., 2019). We focused on parental externalizing psychopathology and
parenting behaviors as plausible mechanisms linking parental polygenic scores to offspring
externalizing behaviors. Investigation of the potential mediating role that parenting and
parent-child relationship plays is of particular importance given that parenting behaviors
have been consistently linked to childhood and adolescent externalizing problems (Pinquart,
2017; Rothbaum & Weisz, 1994) and are targets of efficacious interventions designed to
reduce childhood and adolescent externalizing behaviors (Tully & Hunt, 2016).

In this study, we tested three pre-registered hypotheses (https:/osf.io/ehjy3):

1. Parental externalizing PGS will be associated with offspring externalizing
behavior, after accounting for direct genetic effect (i.e., the effect of adolescent
externalizing PGS). The effect of parental externalizing PGS on offspring
externalizing behavior independent of offspring’s own PGS would provide
evidence of genetic nurture.

2. Parental externalizing PGS will be associated with parents’ own history of
externalizing psychopathology and parenting (i.e., parental involvement, parent-
child communication, parent-child closeness, and parental knowledge).

3. Parental externalizing psychopathology and parenting will partially explain
the unique association between parental externalizing PGS and adolescent
externalizing behavior.
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Participants came from the Collaborative Study on the Genetics of Alcoholism (COGA)
Prospective Study. COGA is a diverse, multi-site, multi-generational family-based study of
genetic and environmental factors for alcohol use disorders (Begleiter et al., 1995). Probands
(individuals with alcohol dependence) were ascertained through alcohol treatment programs
at seven sites in the United States. In addition, a group of non-ascertained comparison
families were recruited from the same communities. Beginning in 2004, a sample of
adolescent and young adult offspring (ages 12-22) of prior adult COGA participants were
recruited into the COGA Prospective Study (Bucholz et al., 2017) to study the development
of alcohol use disorders and related problems (Dick et al., 2014). Prospective Study
participants were interviewed at enrollment and followed up at approximately biennial
intervals. The Institutional Review Board at all sites approved this study, and written consent
(and assent for adolescents) was obtained from all participants.

The present study made use of data from the COGA Prospective Study. We included
adolescents (aged 12-17) for whom the following apply: (1) had GWAS data available, (2)
completed the adolescent version of the Semi-Structured Assessment for the Genetics of
Alcoholism for Children (C-SSAGA; Bucholz et al., 1994; Kuperman et al., 2013) during
their baseline and first follow-up (approximately two years after the baseline) assessments,
(3) were under age 18 at their first follow-up assessment, (4) were of European or African
ancestry, as determined by genetic ancestry principal component analysis, and (5) had
genotypic data from at least one biological parent.

This strategy resulted in an analytic sample of 1,111 adolescents (50% female) from a

total of 739 nuclear families (from 443 COGA extended families). Specifically, this sample
included 719 European (EA; Mage = 12.97, SD = 1.13 at baseline assessment; 50% female)
and 392 African (AA; Myge = 13.01, SD= 1.12 at baseline assessment; 50% female)
ancestry participants. Among the EA sample, parental genomic data were available for 664
(92%) of the mothers and 466 (65%) of the fathers. Among the AA analytic sample, parental
genomic data were available for 355 (91%) of the mothers and 176 (45%) of the fathers.

This is a relatively early adolescent sample, as 47.5% of the sample was aged 12 at their
baseline assessment. The interval between adolescents’ baseline assessment and their first
follow-up assessment was, on average, 2.08 years apart (SD = .55).

Adolescents completed the C-SSAGA, a comprehensive interview that assesses
demographic and home environmental factors, as well as alcohol use and externalizing
related behaviors (Bucholz et al., 1994) at the baseline and first follow-up assessment.

Adolescent Externalizing Behaviors.—We created an externalizing behavior/disorder
composite measure based on both non-clinical and clinical indicators measured in the first
follow-up (when offspring were, on average, aged 15) C-SSAGA interview, which has
demonstrated reliability and validity (Bucholz et al., 1994; Hesselbrock et al., 1999): (1)
alcohol use, (2) marijuana use, (3) cigarette use, (4) DSM-IV clinical criterion counts
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(American Psychiatric Association, 1994) of conduct disorder (CD) criteria, and (5) DSM-
IV oppositional defiant disorder (ODD criterion counts). Rather than using the more severe
clinical-level substance use problems as sole indices of the externalizing behaviors, we
used developmentally-appropriate substance use variables to capture more variability in
externalizing behavior in our sample of young adolescents. A/cohol use was measured in the
C-SSAGA by asking individuals to rate the frequency of past-year drinking on a 12-point
scale from 1 (about 1 to 2 days a year) to 12 (every day). Non-drinkers were coded as zero.
Marijuana use was assessed by asking participants to report the number of times they used
marijuana in the last 12 months. Cigarette use was coded as 1 = past-year use, and 0 = no
cigarette use in the past year. We include DSM-IV CD and ODD symptoms because they
index externalizing behaviors and problems in youth. Descriptive statistics for externalizing
indicators are summarized in Table 1. The composite measure was created by standardizing
each indicator and averaging across the indices.

Parenting Measures.—Data on parenting behaviors came from items included in the
Home Environment section of the adolescents’ baseline C-SSAGA interview that assesses
characteristics and features of the home environment and family relationships (e.g., parent-
child), adapted into the C-SSAGA from the Home Environment Interview for Children
(Reich et al., 1988; Reich & Earls, 1982). These scales have been used in previous COGA
studies (Su et al., 2018).

Adolescents were asked to report on their relationship with the two people who play major
parent roles in their life at home. They were asked to indicate the nature of the relationships
for whom they were reporting using a freeform question, “For this part of the interview,

I’d like you to tell me the two people who play the major parent roles in your life at

home. It could be your biological mother and father, a stepmother or stepfather, or another
relative such as grandparents.” Some adolescents indicated non-biological mother (n = 63)
or non-biological father (n= 324) as their parental figures. Because our analyses incorporate
parental genotypic data from biological parents, adolescent-reported parenting behaviors
from non-biological parents as their parental figures were set to missing.

Parental Involvement.: Parental involvement was assessed using 5 questions. These
questions asked adolescents whether their mother/father figure helped them with
schoolwork, chores, fun activities, shopping, and making plans. Response options were
0 (n0) and 1 (yes). Scores were summed to create maternal and paternal involvement.
Cronbach’s alphas were .60 for maternal and .61 for paternal involvement.

Parent-Child Communication.: Parent-child communication was assessed using 3
questions. These items asked adolescents whether they and their mother/father figure talked
about news, problems/worries, and other topics such as movies, friends, or anything else.
Response options were 0 (n0) and 1 (yes). Scores were summed to create mother-child

and father-child communication. Cronbach’s alphas were .56 for mother-child and .58 for
father-child communication.

Parent-Child Closeness.: Parent-child closeness was assessed using 2 questions.
Adolescents were asked how well they got along with their mother/father figure most of
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the time, and the response options ranged from 1 (poor) to 4 (excellent). The second item
asked how close participants felt to their father/mother figure, and response options ranged
from 1 (not at all close) to 3 (very close). Scores were standardized and averaged across the
two items to create variables indexing mother-child and father-child closeness. Cronbach’s
alphas were .63 for mother-child and .69 father-child closeness.

Parental Knowledge.: Parental knowledge was assessed via participants’ responses to three
questions (how much their parent figures know about their plans, their interests, and where
and with whom they spend time when not at home) adapted from Chassin et al. (1993), and
included as part of the C-SSAGA. Responses were rated on a 4-point scale from 1 (a/ways)
to 4 (rarely). Items were reversed coded and averaged, and higher scores indicated higher
parental knowledge. Cronbach’s alpha was .70.

Parental Externalizing Disorder Composite.—Data on parental history of
externalizing related disorders came from parents’ SSAGA interviews (Bucholz et al.,

1994; Hesselbrock et al., 1999) from earlier phases of the COGA study. Among the EA
analytic sample, parental SSAGA data were available for 666 (93%) of the mothers (age

at last assessment, M= 33.72 years, SD = 7.05) and 511 (71%) of the fathers (age at last
assessment, M= 36.33 years, SD = 7.39). Among the AA analytic sample, parental SSAGA
data were available for 355 (91%) of the mothers (age at last assessment, M = 32.00 years,
SD=6.76) and 184 (47%) of the fathers (age at last assessment, M = 33.72 years, SD =
7.90).

The parental externalizing-disorder composite was created based on lifetime DSM-IV
(American Psychiatric Association, 1994) alcohol dependence and abuse criteria, antisocial
personality disorder criteria, and drug (cocaine, marijuana, sedatives, stimulants, opiates,
and other substances) dependence and abuse criteria. Criterion counts were obtained from
the SSAGA interviews (Bucholz et al., 1994; Hesselbrock et al., 1999). For participants for
whom multiple assessments were available, data from the interview in which they endorsed
the greatest number of alcohol dependence criterion counts were used. Bivariate correlations
between externalizing indicators ranged between .54 and .84. Component scores from a
principal component analysis were extracted to index externalizing disorders. The first
principal component accounted for 68% of the common variance among the externalizing
disorder variables with the following loadings: alcohol dependence, 0.86; alcohol abuse,
0.86; antisocial behavior, 0.80; drug dependence, 0.82; drug abuse, 0.79 (detailed in
Salvatore et al., 2015).

Genotyping and Externalizing Polygenic Scores.—Participants’ DNA samples were
genotyped using the Illumina Human1M array (lllumina, San Diego, CA), the lllumina
Human OmniExpress 12V1 array (lllumina), the Illumina 2.5M array (lllumina) or the
Smokescreen genotyping array (Biorealm LLC, Walnut, CA; Baurley et al., 2016). Samples
were imputed to 1000 Genomes using the cosmopolitan reference panel (Phase 3) using
SHAPEIT2 (Delaneau et al., 2013) and Minimac3 (Das et al., 2016) within each array.
Variants with non-A/T or C/G alleles, missing rates <5%, minor allele frequencies >3%, and
Hardy-Weinberg equilibrium p-values >0.0001 were used for imputation. Imputed variants
with information scores <0.30, missing rate >25%, minor allele frequency <1%, or Hardy-
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Weinberg equilibrium (p < 1075) were excluded from analysis. A full description of data
processing, quality control, and imputation is available elsewhere (Lai et al., 2019; Lai et al.,
2022).

To avoid population stratification (Cardon & Palmer, 2003), we conducted our analyses
separately by ancestry group. Genetic ancestry principal components were computed from
genetic variants using Eigenstrat (Price et al., 2006). These principal components reflect
continuous variation in allele frequencies, which represent ancestral differences. Individuals
were assigned an ancestry classification (European, African, or Other) based on the first
two principal components (Lai et al., 2019). Our analyses included participants of European
(EA) and African (AA) ancestry, the two largest groups in COGA.

Genetic risk for externalizing problems was assessed by constructing polygenic scores
(PGS), which are aggregate measures of the number of risk alleles individuals carry,
weighted by effect sizes from GWAS summary statistics. We used summary statistics from
discovery GWAS to construct genome-wide polygenic scores using PRS-CS (Ge et al.,
2019). This approach employs a Bayesian regression and continuous shrinkage method

to correct for the non-independence among nearby SNPs in the genome (i.e., linkage
disequilibrium or LD).

For EA participants, we calculated externalizing polygenic scores using estimates from the
recent multivariate genomic analysis results of externalizing behaviors/ problems (including
alcohol problems, ADHD, lifetime cannabis use, age of first sexual intercourse, number of
sexual partners, general risk tolerance, and lifetime smoking initiation) with an effective
sample size of ~1.5 million individuals of European ancestry, from the international
Externalizing Consortium (Karlsson Linnér et al., 2021).

For AA participants, an ancestry-matched GWAS similar to the one utilized in those of
European ancestries is currently unavailable. Thus, we derived the PGS based on the weights
from the discovery GWAS of European ancestry individuals (Karlsson Linnér et al., 2021).
We recognize the limitation of this approach, particularly in view of prior evidence that

PGS are most predictive when individuals in the discovery GWAS and the target sample are
matched on ancestral background (Martin et al., 2017; Peterson et al., 2019); the Discussion
section further elaborates on these issues.

To account for population stratification, we regressed each polygenic score on the first
10 genetic ancestry principal components (PC1-PC10) and saved the residualized PGS.
Analyses were conducted separately by ancestry. We used standardized, residualized
polygenic scores in subsequent analyses.

Analytic Strategy

We first calculated parental externalizing polygenic scores, parental externalizing disorder
composite, and parenting related measures as the mean of mother and father on a given
variable. In instances where information was only available for one parent, the available
score was used. We employed this “midparent” approach for two reasons: (1) to make
maximal use of the available data in order to maximize the sample size, and (2) because we
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made no specific hypotheses regarding maternal versus paternal genetic nurture effects. This
strategy is also consistent with other prior studies of genetic nurturance (e.g., Saunders et al.,
2021; Willoughby et al., 2021).

We used linear regression analyses to examine the associations between parental
externalizing polygenic score and adolescent externalizing polygenic score in predicting
adolescent externalizing behavior. We also used linear regression models to test the
associations between parental externalizing polygenic score and adolescent externalizing
polygenic score in predicting parental externalizing and parenting measures (i.e., parental
involvement, parent-child communication, parent-child closeness, and parental knowledge).
Analyses were conducted separately for each parenting measure. Covariates included
adolescent age and sex. These association analyses were conducted in Mplus version 8.3
(Muthén & Muthén, 1998-2017) with the CLUSTER command, which accounts for the
nesting of individuals within families.

We next examined the possible pathways through which parental externalizing polygenic
scores may be associated with adolescent externalizing behavior, controlling for adolescent
externalizing polygenic scores. Covariates included adolescent age and sex. We conducted
mediation analyses using the mediation package (Tingley et al., 2020) for R (R
Development Core Team, 2019) with clustered standard errors at the family level.

These mediation analyses tested the extent to which the association between parental
externalizing polygenic score and adolescent externalizing behavior is explained by parental
externalizing psychopathology and parenting measures (i.e., parental involvement, parent-
child communication, parent-child closeness, and parental knowledge). Each potential
mediator was tested in a separate model. Confidence intervals for indirect effects were
calculated via the bootstrap method based on 5000 replications.

We conducted all analyses separately by ancestry to minimize the issue of population
stratification. In view of our pre-registered hypotheses, we used a p-value threshold of p<
.05 for inference criteria.

Table 2 presents the descriptive statistics and zero-order correlations between the study
variables for each ancestry group, separately.

In the EA sample, parental EXT PGS was corelated with their own externalizing behavior,
adolescent externalizing behavior, and parent-child closeness, but not with other aspects of
parenting. Adolescent EXT PGS was correlated with their own externalizing behavior, and
negatively correlated with all aspects of parenting except parental involvement (i.e., higher
externalizing genetic risk was associated with less parent-child communication, closeness,
and knowledge). Parental externalizing behavior was correlated with lower parent-child
closeness and lower parental knowledge. Adolescent externalizing behavior was correlated
negatively with all parenting measures.

In the AA sample, parental EXT PGS was correlated with their own externalizing behavior,
but was not correlated with adolescents’ externalizing behavior. Adolescent EXT PGS was
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not correlated with any parenting measure. Parental EXT PGS was correlated with lower
parent-child closeness, but not other aspects of parenting. Adolescent externalizing behavior
was correlated with lower parental involvement, lower parent-child closeness, and lower
parental knowledge.

Analyses of genetic nurture effect

To examine genetic nurture effects, we present the results from the model testing the

effect of adolescent EXT PGS on externalizing behavior without the inclusion of parental
genotype, which would lead genetic nurture effects to be assumed in the estimate of
adolescent EXT PGS if it existed. We then fit models that included both adolescent EXT
PGS and parental EXT PGS, which tests the effect of parental EXT PGS that uniquely
predicts their children’s externalizing behavior in a way that is not explained by adolescent’s
own EXT PGS. A unique effect from parental EXT PGS in the combined model would
provide evidence of genetic nurture. Table 3 summarizes the results from these analyses for
each ancestry group, separately.

Among EA participants, adolescent EXT PGS predicted the adolescent’s externalizing
behavior (B = .23, [95% CI .15, .31]) and accounted for 5% of the variance after we
controlled adolescent sex and age. In the combined model, parental EXT PGS added
incremental A2 to adolescent EXT PGS in predicting adolescent externalizing behavior,
raising total variance accounted for in outcome to 6%. Parental EXT PGS was associated
with adolescent externalizing behavior (p = .09, [95% CI .01, .17], over and above
adolescent’s own EXT PGS (B = .18, [95% CI .09, .26]. These results indicate that parental
EXT PGS uniquely predicted their children’s externalizing behavior beyond the variance
associated with adolescents’ own EXT PGS, providing evidence for genetic nurture.

Among AA participants, adolescent EXT PGS was not associated with adolescent
externalizing behavior. In the combined model, neither parental EXT PGS nor adolescent
EXT PGS was associated with adolescent externalizing behavior.

Associations between parental and adolescent polygenic scores with parental
externalizing behavior and parenting

Table 4 summarizes the associations of parental EXT PGS and adolescent EXT PGS with
parental externalizing behavior and parenting, separately by ancestry.

We first tested associations between parental EXT PGS and parents’ own externalizing
behavior and aspects of parenting. Among EA participants, parental EXT PGS was
associated with their own externalizing behavior. Higher parental EXT PGS also predicted
lower parent-child closeness, providing evidence of gene-environment correlation. We
next tested the associations between adolescent EXT PGS with parental externalizing
behavior and aspects of parenting, adjusting for parental EXT PGS. Adolescent EXT PGS
uniquely predicted parental externalizing behavior over and above the effect of parental
EXT PGS, suggesting that the child’s genotype further influences externalizing behavior
in the parent. Higher adolescent EXT PGS was also associated with poorer parent-child
communication, lower parent-child closeness, and lower parental knowledge. There was
no evidence of associations between parental EXT PGS and parenting measures after
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controlling for adolescent EXT PGS. These results provide evidence for evocative gene-
environment correlation, whereby the child’s genotype influences parent-child relationship
characteristics.

Among AA participants, parental EXT PGS was not associated with their own externalizing
behavior. Parental EXT PGS was associated with lower parent-child closeness, but it was not
associated with other aspects of parenting. The effect of parental EXT PGS on parent-child
closeness remained significant after controlling for adolescent EXT PGS. Adolescent EXT
PGS was not associated with any aspects of parenting examined.

Analyses of genetic nurture effect through parental externalizing and parenting

We next tested whether the association between parental EXT PGS and adolescent
externalizing behavior was mediated by parental externalizing psychopathology and aspects
of parenting. Mediators were tested in separate models. Table 5 summarizes the models
testing whether indirect effects of parental EXT PGS (i.e., genetic nurture effects)

are mediated via parental externalizing or parenting measures. Among EA participants,
there was evidence that parental EXT PGS had an indirect genetic effect on adolescent
externalizing behavior through parental externalizing behavior. This indirect effect remained
significant after correcting the multiple tests using a 10% false discovery rate (Benjamini

& Hochberg, 1995). Parental externalizing accounted for 68% of the variance in the unique
association between parental EXT PGS and adolescent externalizing behavior, controlling
for the effect of adolescent EXT PGS. There was no evidence that parental EXT PGS

had indirect effects on adolescent externalizing behavior through any aspects of parenting
examined.

Among AA participants, since there was no evidence of genetic nurture effect, we did
not proceed in testing whether parental externalizing behavior and parenting mediated the
association between parental EXT PGS and adolescent externalizing behavior.

Discussion

The conventional interpretation of genetic risk is that it is passed from parents to

children through direct genetic transmission. However, intergenerational transmission of
externalizing behavior could reflect both direct and indirect genetic influences. Parents

can pass risk-increasing genetic variants to their children, but parental genotypes may also
influence children’s outcomes by impacting the rearing environments they provide (Jaffee
& Price, 2007; Kendler & Baker, 2007; Rutter & Silberg, 2002). Leveraging genome-wide
association data and using molecular genetic data from parents and offspring, we tested the
extent to which parental genotypes influence adolescent externalizing behavior through the
environment.

In European ancestry families, we found evidence consistent with our hypothesis that
parents’ genotypes, both transmitted and non-transmitted to offspring, are associated with
adolescent externalizing behavior. By incorporating parental genotypes and child genotypes
into models predicting adolescent externalizing behavior, our results show that parental
externalizing polygenic scores were uniquely associated with adolescent externalizing
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behavior, above and beyond the effect of adolescent externalizing polygenic scores. This
indicates that genetic associations with externalizing behavior reflect both direct and indirect
genetic influences. The association between parental externalizing polygenic score and
adolescent externalizing behavior, independent of the genetic risk that is directly transmitted,
provides evidence for genetic nurture. Our results add to the growing evidence highlighting
the importance of both direct and indirect genetic effects (Bates et al., 2018; Kong et

al., 2018; Saunders et al., 2021; Wang et al., 2021). The fact that parental externalizing
polygenic scores predicted adolescent externalizing behavior over and above the effect of
the adolescent’s externalizing polygenic scores suggests that some environmental factors
associated with parental externalizing polygenic loading influence adolescent externalizing
behavior.

Second, we found evidence for gene-environment correlation. Consistent with our
hypothesis, parental externalizing polygenic score was associated with specific parenting/
parent-child relationship characteristics that have been linked to adolescent externalizing
behavior. Specifically, parents’ polygenic loading for externalizing was associated with less
parent-child closeness in both European and African ancestry families. However, parental
externalizing polygenic score was not associated with other aspects of parenting examined.
Because we had genetic data from both parents and adolescents, we conducted additional
analyses examining whether different forms of gene-environment correlation operate in the
family at the same time. By including both parental and adolescent externalizing polygenic
scores in a combined model in predicting parenting, we found a pattern of results consistent
with evocative gene-environment correlation. In European ancestry families, controlling for
parental externalizing polygenic scores, higher adolescent externalizing polygenic scores
were associated with poorer parent-child communication, less parent-child closeness, and
lower parental knowledge. Twin studies have repeatedly shown the presence of evocative
effects on parenting in adolescence (Klahr & Burt, 2014; Marceau et al., 2013; McGue et
al., 2005; Neiderhiser et al., 2007; Neiderhiser et al., 2004), and longitudinal studies of
children compellingly demonstrate the influence of child behavior on parenting across time
(Lansford et al., 2018). Our results support evocative gene-environment correlations between
adolescents’ genetic predisposition and parenting, highlighting the role of children’s
genotypes in shaping parenting and features of parent-child relationship in adolescence.

Third, in European ancestry families, we found evidence consistent with our hypothesis

that parental externalizing psychopathology mediated the association between parental
externalizing polygenic score and adolescent externalizing behavior, after accounting for
adolescent externalizing polygenic score. Family and adoption studies have shown that
parental externalizing behaviors represent both genetic and environmental risk for offspring
(Kendler et al., 2015; Kendler et al., 2012; Keyes et al., 2008). Using parental and adolescent
polygenic scores, we built on prior evidence from latent genetic studies to show that genetic
nurture effects on adolescent externalizing behavior, while relatively small in magnitude, are
explained, in part, by parents’ own externalizing behavior. This demonstrates that parental
externalizing represents a form of environmental risk for children. Our result suggests that
environmental interventions that focus on treating externalizing related disorders in parents,
and promotion of recovery, may help reduce intergenerational transmission of genetic risk
for externalizing behavior.
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We did not find evidence for potential environmental mediation of genetic nurture effects
for adolescent externalizing behavior through the other parenting characteristics studied
here (parental involvement, parent-child communication, parent-child closeness, parental
knowledge). This was partly driven by the fact that there was generally no association
between parental externalizing polygenic scores and the parenting variables examined (with
the exception of parent-child closeness). The lack of association between parental genotype
and parenting could partly reflect that our parenting measures were adolescent-report data.
Thus, our measures of the parenting/parent-child relationship tapped adolescent perceptions
of parenting, which may explain why they were more strongly correlated with the child’s
own genotype. Moreover, prior evidence that parenting mediates the indirect genetic effects
on child behavior comes measures of parenting earlier in development (Armstrong-Carter et
al., 2020; Wertz et al., 2020). It is possible that genetic nurture processes via parenting might
be more salient at earlier stages of development. Identifying other psychosocial factors

and processes that may serve as the mediating pathways of indirect genetic risk is clearly
needed.

For the most part, we did not find evidence for genetic nurture or associations between
polygenic loading for externalizing or parenting in our participants of African ancestry.

It is important to note that these null effects are most likely attributable to the limited
predictive power of polygenic scores derived from European ancestry individuals in samples
of non-European ancestry individuals that arises due to different LD patterns and/or possible
different causal effects (Martin et al., 2019). A challenge with incorporating genetic risk
scores into developmental and biomedical studies is that creating polygenic scores in diverse
populations is not straightforward (Wang, Tsuo, Kanai, Neale, & Martin, 2022). Populations
of non-European ancestry, particularly those of African ancestry, have been historically
excluded from GWAS across fields (Popejoy & Fullerton, 2016), and this lack of diversity in
genomic research limits our ability to create valid polygenic scores in follow-up studies with
diverse samples. Rather than limiting our analyses to focus on participants of European
ancestry, we used GWAS results from European ancestry discovery samples to create
polygenic scores for the African ancestry sample in our study. Although this approach

is more inclusive, we recognize that it is not ideal because the mismatch in ancestry
between the discovery and target samples make the polygenic scores less accurate and

less predictive, creating difficulties in interpreting null findings associated with polygenic
scores. However, we believe it is a scientific and ethical imperative to include individuals

of African ancestry in genetic research as the exclusion of historically underrepresented
individuals from health research has the potential to further perpetuate health disparities
(Davis, 2021). Predictive power of polygenic scores in non-European ancestry groups

will improve as large-scale GWAS in diverse populations becomes available. Additionally,
because we conducted analyses separately by ancestry group to accommodate the inclusion
of polygenic scores, our study is not informative about how socioenvironmental factors

may operate differently across the ancestry groups, and it does not provide information

on any ethnic-racial differences in externalizing behaviors or parenting. Clearly, concerted
efforts to have adequate representation of diversity in genetic research is important, and
efforts are underway to increase the diversity of participants in genetic research (Hindorff

et al., 2018), such as the All of Us Research Program. There are also various new
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methods under development (e.g., Liang et al., 2022; Ruan et al., 2022) to account for
population allele frequency and LD pattern differences across populations to improve cross-
ancestry portability of genetic risk information. While these new methodological approaches
are likely to help improve accuracy and generalizability of polygenic scores in diverse
populations, prioritizing diversity in genetic research is key in fundamentally addressing the
problems and ensuring that all racial/ethnic groups benefit from advances related to genetic
findings in an equitable manner (Martin et al., 2019).

Our results should be interpreted within the context of the following limitations. First,
COGA is a high-risk sample, with individuals from extended families enriched for

alcohol use disorders. Findings may not be generalizable to other samples recruited

and ascertained with different risk profiles. Second, measures of parenting/parent-child
relationship were reported from the adolescent’s perspective. It is possible that adolescents’
externalizing behavior or their genotype impacted their perception of parent-child
relationship characteristics (Kendler & Baker, 2007), and these parenting measures may not
objectively reflect parental behavior. Capturing parenting as a multidimensional construct
with multi-informant data is an important next step. Third, assessments of parental
externalizing disorders occurred years prior to the adolescent interview. Thus, they represent
parents’ lifetime assessments of externalizing psychopathology, rather than externalizing
behavior measured contemporaneously with adolescent reports. Fourth, at present, the
amount of variance accounted for by polygenic score for the externalizing phenotype
remains modest. In addition, in our genetic nurturance analyses, the mediating effect via
parental externalizing psychopathology was of small magnitude, though comparable to the
genetic nurturance analyses for substance use phenotypes reported in Saunders et al. (2021).
Future studies should explore and identify other possible environmental mediators of genetic
nurture effects. Finally, our results are observational in nature and should not be interpreted
as causal pathways.

The present study adds to the literature by demonstrating that parental genetic
predispositions toward externalizing influence adolescent externalizing behavior not

only through direct genetic transmission but also via genetic nurturance. Our findings
illustrate that parental externalizing polygenic scores uniquely predicted their adolescent’s
externalizing behavior beyond the variance explained by children’s own externalizing
polygenic scores. In addition, parental externalizing psychopathology partly explained the
relationship between parental externalizing polygenic score and adolescent externalizing
behavior. This supports the idea that parental externalizing psychopathology represents

both genetic and environmental risk. Our results also indicate associations between
adolescent genotype and self-reported parenting, providing some evidence for evocative
gene-environment correlation. Results of the present study underscore the complex interplay
between genes and environments in contributing to intergenerational risk for externalizing
behavior. Genetic and environmental influences should be considered together to understand
parent and child behavior in the development of psychopathology.
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Parental EXT PGS

Parental Externalizing/

Child EXT PGS :
Parenting

Adolescent A
Externalizing Behavior

Figure 1.
Conceptual model, adapted from Saunders et al. (2021), linking parental genotype and

adolescent externalizing behavior. Solid lines represent direct genetic transmission. Dashed
lines represent indirect effect of parental genotype on adolescent externalizing behavior
through parental externalizing and parenting.
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Table 1.

Descriptive statistics for adolescent externalizing indicators

Indicators Mean SD
Alcohol use .88 1.81
Marijuana use 12.38  57.49
Cigarette use? 8.6% -
Conduct disorder criterion count .65 1.20
Oppositional defiant disorder criterion count .92 1.53

Note. Abbreviations: SD = standard deviation.

a . . .
For binary variable, proportion of response category = 1 were reported.

Page 22

Alcohol use was measured by asking individuals to report the frequency of past-year use on a 12-point scale. Non-drinkers were coded as zero.
Marijuana use was assessed by asking participants to report the number of times they used marijuana in the last 12 months. Cigarette use was coded
as 1 = past-year use, and 0 = no cigarette use in the past year.
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Table 3.

Associations between adolescent and parental externalizing polygenic scores in predicting adolescent
externalizing behavior in the European and African ancestry samples

Adolescent PGS alone  Adolescent and Parental PGS combined model

Adolescent PGS Parental PGS
B [95% CI] B [95% CI] B [95% CI]
European Ancestry .23 [.15, .31] .18 [.09, .26] .09 [.01,.17]
African Ancestry .00 [-.09, .09] -.01 [-.12, .09] .02 [-.12, .16]

Page 24

Note. PGS = Externalizing polygenic score. All PGS residualized on first 10 genetic ancestry principal components. Standardized coefficients
along with 95% confidence interval are shown. Adolescent and parental PGS combined model indicates that both adolescent and parental PGS

were included in the same model. All models controlled for adolescent sex and adolescent age.

Bold indicates p< .05
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Table 5.

Indirect effects of parental EXT PGS mediated through parental externalizing and parenting measures,
controlling for adolescent EXT PGS in the European ancestry sample

Mediator B [95% CI]  proportion mediated
Parental Externalizing .06 [.03, .11] 68%
Parental Involvement -.00 [-.01,.01] -

Parent-child Communication .00  [-.01,.01] -
Parent-child Closeness .01 [-.02,.03] -
Parental Knowledge -.00 [-.03,.03] -

Note. EXT PGS = externalizing polygenic score. Standardized coefficients along with 95% confidence interval for indirect effects are shown.
Mediators were tested in separate models as potential mediators linking parental EXT PGS and adolescent externalizing, controlling for adolescent
EXT PGS.

Bold coefficient indicates p < .05
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