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Abstract

Parent-child similarity is a function both of genetic and environmental transmission. In addition, 

genetic effects not transmitted to offspring may drive parental behavior, thereby affecting the 

rearing environment of the child. Measuring genetic proclivity directly, through polygenic risk 

scores (PRSs), provides a way to test for the effect of non-transmitted parental genotype, on 

offspring outcome, termed a “genetic nurture” effect. In other words, if and how parental genomes 

might affect their children through the environment. The current study used polygenic risk scores 

for smoking initiation, cigarettes per day, and drinks per week to predict substance use in a sample 

of 3,008 twins, assessed prospectively from age 17 to age 29, and their parents, from the 

Minnesota Center for Twin and Family Research. Mixed effects models were used to test for a 

genetic nurture effect whereby parental PRSs predict offspring tobacco and alcohol use after 

statistically adjusting for offspring’s own PRS. Parental smoking initiation PRS predicted 

offspring cigarettes per day at age 24 (β=0.103; 95% confidence interval (CI) [0.03, 0.17]) and 

alcohol use at age 17 (β=0.091; 95% CI [0.04, 0.14]) independent of shared genetics. There was 

also a suggestive independent association between the parent PRS and offspring smoking at age 17 

(β=0.096; 95% CI [0.02, 0.17]). Mediation analyses provided some evidence for environmental 

effects of parental smoking, alcohol use, and family socioeconomic status. These findings, and 

more broadly the molecular genetic method used, have implications on the identification of 

environmental effects on developmental outcomes such as substance use.
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It is widely accepted that nearly all complex traits and behaviors follow both genetic and 

environmental transmission (Polderman et al., 2015). Because of their potential to be 

modified, a primary goal of research is in determining whether, and to what extent, 

environmental factors causally influence developmental outcomes. A problem in identifying 

causal exposure effects, however, is the fact that genetic and environmental influences are 
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not independent of each other. The idea that environmental exposures are associated with 

genetic risk has been termed gene-environment correlation (rGE). There are three types of 

rGE: passive, evocative, and reactive (Jaffee & Price, 2008; Scarr & McCartney, 1983). We 

focus only on passive rGE here, which occurs when parents pass on genes to their offspring 

that influence behaviors while also fostering an environment that influences risk.

Detecting the presence of passive rGE is important for understanding the potential causal 

effect of environmental exposures on offspring outcomes (Jaffee & Price, 2012). Passive 

rGE can imply that shared genes confound the relationship between a rearing environmental 

exposure and offspring behaviors, inducing a spurious correlation between the two. In this 

case the environmental exposure is non-causal and modifying it will likely have no impact 

on outcomes. Another possibility is that while there might be some confounding by 

genotype, there is also evidence of an environmental exposure effect that is independent of 

the genes transmitted by parents. This would be consistent with a causal effect of the 

environmental exposure on offspring behaviors and would suggest that modifying this 

exposure may be a worthwhile goal in affecting outcomes. To date, much of the evidence for 

passive rGE has been provided by twin and adoption studies, by showing that environmental 

exposures are themselves heritable or through correlations between adoptive parents and 

their adopted children despite not transmitting any genes (Jaffee & Price, 2007; Kendler & 

Baker, 2007).

These methods, however, have several limitations. Adoption studies can be difficult to 

conduct with large samples while twin studies can only investigate passive rGE with 

exposures that differ within a twin pair. The effect of family-level exposures (i.e., rearing 

socioeconomic status or parental educational attainment) on offspring developmental 

outcomes would be missed using a twin design (Plomin, 2014). More recently, molecular 

genetic approaches have been used to test for passive rGE. These designs measure the 

genotype directly, testing for environmental effects on offspring outcomes through the 

parent’s genotype that is not passed to their offspring, termed a “genetic nurture” effect 

(Kong et al., 2018). For example, parents have genes that influence their risk of substance 

use, some of which will be randomly transmitted to their offspring. Other (non-transmitted) 

genes may influence some parental phenotype (environmental exposure) that in turn affects 

offspring substance use, independent of the genetic risk transmitted from parent to offspring.

While some studies have used single genes to test for passive rGE (O’Brien et al., 2013), 

polygenic risk scores may provide greater power in detecting genetic nurture effects. A 

polygenic risk score (PRS) is a weighted sum of risk alleles associated with a phenotype. 

Scores are computed for each individual based on single-nucleotide polymorphisms (SNPs) 

associated with phenotypes of interest, like tobacco and alcohol use, in previous large-scale 

genome wide association studies (GWAS). The current study makes use of polygenic risk 

scores for tobacco and alcohol behaviors to test for the presence of a genetic nurture effect in 

a large parent-offspring sample. We first derived polygenic scores for smoking initiation, 

cigarettes per day, and drinks per week and assessed their predictive power for all offspring 

outcomes. We then examined whether the influence of parental substance use on offspring 

substance use outcomes is due only to the genetic risk they pass (measured here by 

polygenic scores), consistent with the presence of passive rGE and a non-causal 
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environmental exposure effect on offspring outcomes, or if there was an independent effect 

of the parental polygenic scores, as a measure of genetic risk, through some form of parental 

phenotype, on offspring substance use (Figure 1). The logic follows that parents have a 

genetic risk, or proclivity, for alcohol and tobacco use, as measured here by polygenic 

scores, that affects the substance use of their children through risk genes passed directly 

from parents to offspring. In the simplest case the effect of parental polygenic scores on 

offspring substance use would be completely accounted for by the offspring’s own polygenic 

score. However, if there exists a unique contribution of parental polygenic scores to 

offspring alcohol and tobacco use, this suggests that the parent genotype influences some 

part of the environment that in turn influences offspring substance use; there is a direct and 

indirect path from parent polygenic score to offspring outcomes. The presence of a parent 

PRS effect on offspring outcome, independent of offspring’s own PRS, provides evidence 

for a genetic nurture effect and is equivalent in interpretation to finding an effect of non-

transmitted alleles on offspring outcomes (Bates et al., 2018; Kong et al., 2018). The 

supplemental material of Willoughby et al. (2019) includes a detailed comparison of the 

current method and that of partitioning transmitted and non-transmitted alleles as in Kong et 

al. (2018), showing the equivalence of the genetic nurture effects across both methods.

If parent polygenic scores are associated with offspring alcohol and tobacco use independent 

of shared genes, it may be possible to identify rearing environmental effects that are 

associated with offspring outcomes. Because offspring may model parental behavior, 

parental smoking and alcohol use are potential environmental effects to evaluate (Gilman et 

al., 2009; Rossow et al., 2016; Scherrer et al., 2012). Another environmental effect of 

interest is parent, or rearing, socioeconomic status (SES). Previous research has shown 

robust associations between rearing SES and both alcohol and tobacco use, though these 

relationships may be particularly complex (Calling et al., 2019; Gilman et al., 2003; Gilman 

et al., 2008; Wellman et al., 2016). There are also significant genetic correlations between 

education attainment, a component of SES, and measures of tobacco use, though the genetic 

covariance with alcohol use appears to be weaker (Liu et al., 2019). While rearing SES may 

not directly increase or decrease substance use risk, growing up in a higher SES home may 

influence peer group choice and access to material advantages and activities out of school 

that in turn effect smoking and alcohol use behaviors (Bradley & Corwyn, 2002). Thus, we 

explored whether parental smoking, alcohol use, and socioeconomic status mediated 

potential genetic nurture effects.

Method

Sample

The current sample included parents and offspring from the Minnesota Center for Twin and 

Family Research (MCTFR), a longitudinal study of risk for substance misuse (Iacono et al., 

1999; Keyes et al., 2009). MCTFR participants were ascertained through Minnesota state 

birth records from the birth years 1972 to 1994 and are largely representative of families in 

Minnesota at the time of recruitment (e.g., approximately 98% of the sample is Caucasian). 

The current sample is drawn from three cohorts of same-sex twin pairs assessed up to six 
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times between the ages of 11 and 29 (see Supplementary Materials for a more detailed 

description of each cohort).

For validating the derived PRSs, all individuals with genotype and phenotypic outcome data 

are included, resulting in samples sizes ranging from N=756–3,008 for offspring and 

N=2,614–2,876 for parents. Table 1 provides approximate sample sizes for each outcome. 

Of note, the sample size for cigarettes per day at age 29 is far smaller than at earlier ages 

because data on smoking was only collected from one cohort due to funding limitations at 

the time. In testing our core hypothesis of a genetic nurture effect, all offspring with 

genotype and phenotypic outcome data, as well as genotype data from at least one parent, 

are included. This results in sample sizes ranging from N=693–2,880 from N=434–1,491 

families, which are slightly smaller than those shown in Table 1 due to the availability of 

parental genotype data (18% of the offspring sample had only maternal genotype data, 5% 

had paternal genotype data, and 72% of the sample had genotype data for both mothers and 

fathers). The effects of sample attrition are minimal and are further described in the 

Supplementary Material. All studies were approved by the University of Minnesota Internal 

Review Board through the Minnesota Center for Twin and Family Research under Study 

Numbers 00001992, 8704M00020, 1305M32821, and 9109M04330, and all parents and 

offspring gave written informed consent or assent, as appropriate.

Phenotypic Measures

Outcome measures were collected in offspring at the age 17, 24, and 29 assessments using 

either the Substance Abuse Module (Robins et al., 1987) of the Composite International 

Diagnostic Interview (Robins et al., 1988) or the Computerized Substance Use 

Questionnaire, depending on the age of the participant. Parental substance use outcomes 

were collected at their offspring’s intake assessment. The tobacco outcome variable is a 

binned measure of cigarettes per day (CPD) reported in the previous 12 months, including 

all forms of tobacco. The CPD measure is coded only for those who have reported ever 

smoking and ranges from 1 (less than one cigarette/one cigar or pipe/one pinch per day) to 6 

(2 or more packs/20 or more cigars or pipes/2 or more tins per day). In this way, we are 

interested in smoking progression among those who have ever been exposed. The current 

analysis used offspring CPD at ages 17, 24, and 29, while the parent measure of CPD is their 

lifetime maximum.

The alcohol outcome variable is a composite measure of alcohol consumption (ALC) at ages 

17, 24, and 29 in offspring and at the twin intake in parents (mean age of 42.8 years old). 

The drinking index incorporates measures of quantity, frequency, number of intoxications, 

and maximum number of drinks reported in the previous 12 months. Specifically, it consists 

of four self-report alcohol use items: frequency of alcohol use (scored from 0=never to 5=at 

least once per day), average number of drinks per drinking event (scored from 0=never drank 

to 6=30 or more), maximum number of drinks in a 24-hour period (scored from 0=never 

drank to 6=30 or more), and number of times intoxicated (scored from 0=never to 6=50 or 

more). This composite index provides a more comprehensive view of overall alcohol 

exposure than a single component measure. These measures were initially summed before 

using integrative data analysis and item response theory methods to estimate individual 
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scores on a common latent trait. Additional detail on the creation of the drinking index can 

be found in McGue et al. (2014).

Genotyping and polygenic scoring

Participants were genotyped on 527,829 single nucleotide polymorphism (SNP) markers 

using Illumina’s Human660W-Quad array (Miller et al., 2012). European genotypes were 

then imputed to Haplotype Reference Consortium (HRC) version 1 using the Michigan 

imputation server. Basic quality control steps removed variants with a minor allele frequency 

< 1%, missing genotype call rate > 5%, individuals with missingness > 1%, and then finally 

subset to approximately 1.2 million HapMap3 variants.

Polygenic risk scores were created for parents and offspring for cigarettes per day among 

ever smokers (CigDay-PRS), smoking initiation (SmkInit-PRS), and drinks per week 

(DrnkWk-PRS). Because we made no specific hypotheses regarding maternal and paternal 

genetic nurture effects we use the mean of mother and father polygenic scores as the 

parental PRS measure. Only participants of European ancestry, the vast majority of the 

overall sample, were included as this was the population used in deriving the weights from 

the GSCAN consortium (Martin et al., 2017). Weights for computing PRSs in the current 

study come from the GWAS & Sequencing Consortium of Alcohol and Nicotine use 

(GSCAN), with the MCTFR sample removed (Liu et al., 2019). Each PRS was computed 

using LDpred software, which accounts for the effects of linkage disequilibrium 

(Vilhjálmsson et al., 2015). More information about the calculation of polygenic scores is 

included in the Supplementary Material.

Covariate Measures

Base covariates include sex, age at reported use (to account for the variation in actual age at 

each target assessment), and year of birth (up to a quadratic term, to account for potential 

cohort effects). We also adjusted for the first ten genetic principal components to better 

account for possible spurious associations due to population stratification (Price et al., 

2006). In follow-up mediation analyses we added parent cigarettes per day, drinking index 

scores, and rearing socioeconomic status (SES). Parental cigarettes per day and drinking 

index scores are measured in the same way as in the offspring, while rearing SES was 

defined as the mean of maximum education attained by either parent on a 5-point scale (1= 

<High School, 2=High School, 3=Some College, 4= College, 5=Professional Degree) and 

maximum occupational status reported by either parent (coded on a 1–7 Hollingshead scale 

only for those in a full-time job and reversed so that higher scores reflect higher 

occupational status).

Statistical Analysis

Data were analyzed in R using mixed effect models with family ID as a random effect 

(intercept) to account for the correlated nature of the data. Linear mixed effects models were 

used to estimate beta coefficients (βs) for both tobacco and alcohol outcomes (Bates et al., 

2015; see the Supplemental Material for exact model specification). Because our measure of 

smoking is a binned variable, we re-ran the main CPD analyses using ordinal mixed effects 

models (Archer et al., 2018). Interpretation of results remained unchanged and are reported 
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in Supplemental Table 3. Here we treat CPD as a continuous measure using the midpoint of 

each CPD level to facilitate better comparison of effects across tobacco and alcohol use. All 

estimates are standardized, are accompanied by 95% confidence intervals (CIs). Given the 

multiple, correlated tests, we use a correction based on the effective number of tests as 

estimated using the eigenvalues of a correlation matrix of related variables (Derringer, 2018; 

Nyholt, 2004). The per-test α (0.05) is then divided by the number of effective tests, 

resulting in a significance threshold of p < 0.0058. For ease of interpretation, we report 

cross-sectional results by outcome and offspring age (age 17, 24, and 29) in the main text 

though more parsimonious repeated measures models were also fit and are reported in the 

Supplemental Tables 6 and 7. General conclusions remain unchanged across both methods 

of statistical analysis. Lastly, because the base covariates used in the current analysis differ 

from those in the discovery GWAS, we report the main results using only the same 

covariates as the discovery GWAS in Supplemental Tables 4 and 5. The results are again 

unchanged. For follow-up mediation analyses, we use a bootstrap method to estimate 

confidence intervals of indirect effects based on 500 replications.

Results

Descriptive Statistics

Descriptive statistics for phenotypic outcomes are given in Table 1. As expected due to 

secular changes in tobacco use, offspring smokers at all ages report fewer cigarettes per day 

than smoking parents (because we do not have a continuous measure of cigarettes per day 

for all offspring, we used the midpoint of each CPD level when computing the means and 

standard deviations). Mean drinking index scores increase from age 17 to age 24 before 

falling slightly at age 29, reaching a level comparable with what parents report. Correlations 

among polygenic scores and outcomes in parents and offspring are included in the 

Supplemental Figure 1. We additionally note that there is no evidence of genetic assortative 

mating based on the polygenic scores as derived here (Supplemental Figure 2).

Associations between PRSs and outcomes

Beginning with the tobacco outcome of cigarettes per day, we tested the predictive accuracy 

of all three polygenic risk scores at offspring ages 17, 24, and 29 (Table 2). As expected, 

CigDay-PRS predicts offspring CPD at all ages, though interestingly, SmkInit-PRS has the 

strongest predictive effect for offspring CPD across age. There is evidence of a small, but 

positive, predictive effect of DrnkWk-PRS on the CPD outcomes at age 17. The effect of 

DrnkWk-PRS at age 24 and age 29 is negligible as evidenced by a confidence interval that 

crosses zero. Supplemental Table 1 additionally includes p-values and variance explained by 

each PRS across age for both parents and offspring.

Similar analysis for the alcohol outcome of drinking index scores is shown in Table 3. As 

expected, DrnkWk polygenic scores predict drinking index scores at all ages. Similar to 

tobacco, SmkInit polygenic scores have the strongest predictive effect for offspring drinking, 

though this effect declines across age. There is a near zero effect of CigDay-PRS on alcohol 

outcomes at all ages as evidenced by confidence intervals that include zero. Supplemental 
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Table 2 additionally includes p-values and variance explained by each PRS across age for 

both parents and offspring.

Genetic nurture effects through parental PRSs

Parental polygenic risk scores alone predict offspring outcomes following similar patterns of 

own PRS prediction. Parent CigDay and SmkInit-PRSs predict offspring smoking at all 

ages, while parent DrnkWk and SmkInit-PRSs predict alcohol use. The effect of parental 

SmkInit-PRS on outcomes is stronger than for the other parent polygenic scores. After 

controlling for offspring’s own polygenic scores, parental SmkInit-PRS remains a significant 

predictor of offspring’s CPD outcomes at age 24 (Table 2; β=0.103, 95% CI [0.03, 0.17], 

p=.004). There is some evidence for an effect at age 17 (β=0.095, 95% CI [0.02, 0.17], 

p=.013) but it is not significant based on our more stringent p-value cut-off of 0.0058 to 

account for multiple testing.

Parental SmkInit-PRS no longer has an effect at age 29 (β=0.029, 95% CI [−0.08, 0.14], 

p=.58). There is no evidence of an independent predictive effect of parental DrnkWk scores 

on offspring CPD after controlling for offspring’s own PRS. While the parental CigDay-PRS 

effect increases in magnitude over development from β=0.033 at age 17 to β=0.097 at age 

29, the small offspring sample size at age 29 results in wide confidence intervals overlapping 

zero. Full results for CPD are shown in Table 2. Results from similar analyses treating CPD 

as a binned (ordinal) outcome variable are shown in Supplemental Table 3.

For offspring alcohol outcomes, after controlling for offspring’s own polygenic scores, 

parental SmkInit polygenic scores predict offspring’s alcohol use at age 17 (β=0.091, 95% 

CI [0.04, 0.14], p=.001) but no longer have an effect at ages 24 and 29 (β=0.047, 95% CI 

[−0.01, 0.11], p=.13, and β=0.051, 95% CI [−0.01, 0.11], p=.09, respectively). There is no 

evidence of an independent predictive effect of parental DrnkWk or CigDay scores after 

controlling for offspring’s own PRS. Full results for alcohol use are shown in Table 3.

Results from repeated measures models are shown in Supplemental Tables 6 and 7. The 

pattern of the results is generally consistent with cross-sectional models suggesting an effect 

of parental SmkInit-PRS, after controlling for offspring’s own PRS, for offspring cigarettes 

per day (β=0.084, 95% CI [0.04, 0.13], p=.002) and alcohol use (β=0.065, 95% CI [0.03, 

0.10], p=.0004). There is no evidence, however, that the strength of the identified genetic 

nurture effects changes significantly across offspring age, though we may be underpowered 

to detect such an interaction effect should one exist.

We then tested whether parental substance use or rearing SES mediate the relationship 

between parental SmkInit polygenic scores and offspring outcomes. Mediation analysis is 

often hindered by low power, so we run these analyses only in the repeated measures models 

for each offspring outcome. Parental SmkInit-PRSs significantly predicted their own 

outcomes (potential mediators) of cigarettes per day (β=0.216, 95% CI [0.18, 0.25]), 

drinking index scores (β=0.092, 95% CI [0.06, 0.13]), and socioeconomic status (β=−0.143, 

95% CI [−0.18, −0.10]). All potential mediators were associated with both offspring 

smoking and drinking outcomes, with the exception of rearing SES and offspring drinking 

index scores, and parental alcohol use and offspring cigarettes per day. All standardized 
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coefficients and mediation plots are shown in Supplemental Figure 3. We tested the 

significance for each indirect effect using bootstrapping with 500 replications (95% 

confidence intervals were computed by determining the indirect effects at the 2.5th and 

97.5th percentiles), shown in Supplemental Table 8. While indirect effects were relatively 

small in magnitude there was some evidence for parental alcohol use mediating the 

relationship between parental SmkInit-PRS and offspring drinking index scores (indirect 

effect = 0.018 95% CI [0.016, 0.019]), parental (rearing) SES mediating the relationship 

between parental SmkInit-PRS and offspring smoking (indirect effect = 0.023 95% CI 

[0.019, 0.026]), and parental tobacco use mediating the relationship between parental 

SmkInit-PRS and both offspring tobacco and alcohol use outcomes (indirect effect = 0.040 

95% CI [0.034, 0.045] and indirect effect = 0.023 95% CI [0.019, 0.027], respectively).

Discussion

Using molecular genetic methods, we have provided evidence of a genetic nurture effect for 

offspring alcohol use in late adolescence and tobacco use in early adulthood. This 

methodology can separate environmental influences on outcomes from shared genetic 

transmission, allowing us to disentangle the potentially confounded relationship between 

rearing environmental exposures and offspring outcome. Our results show that there is an 

association between parental genotype and offspring smoking and alcohol use in early 

development independent of the genetic risk that is transmitted. This unique effect of 

parental genes must operate through the environment, through form of parental phenotype, 

to influence offspring behaviors. We found that the relationship between parental genotype 

and offspring substance use is potentially mediated by rearing socioeconomic status, as well 

as parent’s own substance use.

Overall, a common pattern that appears is the strong predictive effect of SmkInit polygenic 

scores for both tobacco and alcohol outcomes across age and generation, relative to other 

polygenic scores. In most cases, the SmkInit-PRS effect on drinking index scores is larger 

than that of the DrnkWk-PRS. We believe there are two possible explanations for this that 

are not mutually exclusive. One, the effect of SmkInit-PRSs is strongest because of greater 

precision, owing to a much larger sample size and number of detected variants in the 

original GSCAN GWAS (Liu et al., 2019). The GWAS of smoking initiation (SmkInit) 

included N=1,232,091 participants and identified 378 associated variants compared to 

N=337,334 participants and 55 variants for CigDay and N=941,280 participants and 99 

associated variants for DrnkWk. Consistent with this idea, in the current sample we find that 

the variance in offspring CPD explained ranged from 2.3%−3.0% for CigDay-PRS, 0.1%

−0.5% for DrnkWk-PRS, and 2.9%−3.7% for SmkInit-PRS (Nakagawa et al., 2017). We 

find a similar pattern for variance explained in offspring drinking index scores by CigDay-

PRS, R2=0.1%−0.3%, DrnkWk-PRS, R2=0.8%−1.6%, and SmkInit-PRS, R2=1.4%−1.7%. It 

may be the case that as sample sizes continue to increase and a greater number of genetic 

variants are identified, the polygenic scores for CigDay and DrnkWk will reach a predictive 

accuracy closer to that of smoking initiation. A second possible explanation is that what the 

SmkInit-PRSs are capturing is simply a better predictor of both tobacco and alcohol use, and 

that this is unique to smoking initiation. The genetic correlations between SmkInit and 

CigDay is r=0.33 and between SmkInit and DrnkWk is r=0.34 (Liu et al., 2019), so it may 
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be that each polygenic score is indexing somewhat different genetic risk. In this case, even 

with increasing sample sizes and identified variants, SmkInit-PRSs will continue to have the 

strongest predictive accuracy for tobacco and alcohol outcomes.

Parental polygenic risk scores predict offspring outcomes in a similar way as offspring’s 

own PRS (i.e., parental CigDay and SmkInit-PRS predict offspring cigarettes per day and 

parental SmkInit and DrnkWk-PRS predict offspring alcohol outcomes). While the effect 

size of parent polygenic scores vary by offspring age (e.g., a declining effect of parental 

SmkInit-PRS and increasing effect of parental CigDay and DrinkWk-PRSs on offspring 

CPD from ages 17 to 29), all confidence intervals are overlapping suggesting the effect of 

parental PRS on offspring substance use remains relatively stable over offspring 

development, following a similar pattern of the effect of offspring’s own PRS.

Finally, our main hypothesis of genetic nurture effects was partially supported. We found 

evidence for a genetic nurture effect of parental SmkInit-PRS on offspring CPD at age 24 

and offspring drinking index scores at age 17 suggesting that some environmental factor 

(e.g. parent phenotype) associated with parental SmkInit polygenic scores influences 

offspring outcomes in late adolescence and early adulthood independent of shared genes. 

The size of the parental SmkInit-PRS on offspring CPD, after controlling for offspring PRS, 

effect is about 57% the size of offspring own SmkInit-PRS at age 24. The effect of parental 

SmkInit-PRS on offspring drinking at age 17 is approximately 78% of the size of offspring’s 

own SmkInit-PRS effect. These findings support the presence of passive rGE and an effect 

of some parenting phenotype, influenced by the genetic risk variants associated with 

smoking initiation, on offspring substance use and are consistent with prior work in adopted 

families that provides evidence for environmental mediation of parental smoking on adopted 

offspring use (Keyes et al., 2008; Samek et al., 2014). There was also a trend for an 

independent effect of parental CigDay-PRS and DrnkWk-PRS (in the opposite direction) on 

offspring CPD as evidenced by an increasing effect size over offspring age after accounting 

for offspring’s own scores. The reduced offspring CPD sample size at age 29, however, 

results in wide confidence intervals making it difficult to determine whether these are real 

effects. Results were generally consistent across cross-sectional and longitudinal models, 

and were robust to the inclusion of different base covariates.

While longitudinal models did not show a significant interaction between parental SmkInit-

PRS and offspring age for either outcome, we do see a general decline in the magnitude of 

the independent prediction of parental SmkInit-PRS as offspring reach adulthood (age 29) in 

cross sectional models. Presumably, the influence of the rearing, parental environment on 

substance use would be strongest while offspring live in the home and would diminish once 

they leave. In other words, at younger ages when offspring either live in the home with 

parents or are frequently present in the home as is common during college years, it may be 

that the offspring are more influenced by the environment that parents model or create. After 

this age, when offspring are more likely to live on their own, this environmental effect would 

diminish such that offspring substance use is driven in larger part by shared genetic factors 

or environmental influences they themselves control. This would be largely consistent with 

prior research that shows that genetic factors explain an increasing amount of variance in 
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tobacco and alcohol use over adolescence and young adulthood, almost mirroring a decline 

in the variance explained by shared environmental factors (Kendler et al., 2008).

Given the evidence supporting some genetic nurture effects for both substances, we explored 

whether rearing SES and/or parental substance use explained, at least in part, the 

relationship between parental SmkInit-PRS and offspring outcomes. While the size of the 

indirect effects was relatively small, we found some evidence for potential environmental 

mediation of genetic nurture effects through parental SES and substance use. This is 

generally consistent with the literature that has attempted to identify causal influences on 

substance use (Gilman et al., 2009; Slutske et al., 2008). We note that parental SES is 

negatively correlated with both alcohol and tobacco use (r=−0.06 and r=−0.13, respectively), 

while parental alcohol and tobacco use are positively correlated with each other (r=0.22) in 

the current sample. Given the relatively small mediation effects, combined with our sample 

size, we did not further investigate the possible joint and independent effects among the 

mediators. Replication of our main results as well as more in-depth mediation analysis is a 

prime avenue for further research.

Why we find a genetic nurture effect for parental SmkInit-PRS on both tobacco and alcohol 

use, and not for CigDay and DrnkWk scores, may be for similar reasons as to why own 

SmkInit-PRSs have the strongest predictive effect for all outcomes. As mentioned above, 

one reason may be greater precision in parental SmkInit polygenic scores due to the larger 

discovery sample size. A second possibility is that there is something unique about parental 

SmkInit-PRSs not captured by the other scores. Smoking initiation PRSs differ from the 

CigDay and DrnkWk scores in that they index the genetic risk for smoking exposure rather 

than progression or consumption measures of substance use. It may be the case that the 

genetic variants associated with smoking initiation influence parental phenotypes, like 

attained educational and occupational status and own substance use, to a greater extent than 

those associated with progression, like cigarettes per day and drinks per week. Indeed, the 

correlations between parental PRSs and their own educational attainment are r=−0.13 for 

SmkInitPRS, r=−0.06 for CigDayPRS, and r=0.03 for DrnkWkPRS. These correlations are 

consistent with prior research showing an inverse relationship between smoking initiation 

and educational attainment (r=−0.27) but no relationship between smoking progression and 

educational outcomes in those who have already initiated (r=−0.05; McCaffery et al., 2008). 

Taken together, this suggests that the genetic variants that influence smoking initiation 

influence own substance use and attained SES to a greater extent than the variants 

influencing substance use/progression (i.e., CigDay and DrnkWk) which may explain, in 

part, why we found a genetic nurture effect of parental SmkInit-PRS and not for CigDay or 

DrnkWk scores. This does not necessarily rule out the possibility that the effect only for 

smoking initiation is also due to the imprecision of DrnkWk and CigDay polygenic scores.

While the current study uses weights from the largest GWAS of alcohol and tobacco 

phenotypes to derive the polygenic scores, these scores only explain a small portion of 

variance in each outcome. The variance explained in tobacco and alcohol use by each 

polygenic score is somewhat smaller than what was reported in the original GWAS (Liu et 

al., 2019), in part likely due to our using somewhat different outcome phenotypes. As we 

continue to increase GWAS sample sizes and are able to explain more of the variance in 
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tobacco and alcohol use behaviors we will have an increased ability to identify genetic 

nurture effects. This will also help to clarify whether the small, but highly statistically 

significant effect of smoking initiation polygenic scores in all models is due to enhanced 

precision, or something unique about these scores.

A second limitation in the interpretation of the current results is that the causal mechanisms 

by which environmental factors influence offspring early tobacco and alcohol use are 

difficult to fully explain. We attempted to explore three possible environmental mediators, 

parental alcohol and tobacco use and rearing SES, though we caution that these results may 

be underpowered and require independent replication. We also did not test the joint and 

independent effects of each mediator (i.e., does parental smoking have an effect independent 

of parental alcohol use?). Lastly, though importantly, the mediating effects identified were of 

small magnitude, implying that these environmental factors may not have large effects on 

offspring substance use after controlling for shared genetics. Nevertheless, they remain 

potential targets for further study.

Other limitations include the lack of diverse sample. The current sample was restricted to 

those of European ancestry, which is the same population from which the polygenic score 

weights were derived, so these results may not generalize to non-European samples. The 

ancestrally homogenous sample along with statistical adjustment for the first 10 genetic 

principal components in all models, however, provides for (possibly incomplete) control of 

confounding due to population structure. In other words, it is possible that lingering 

population structure, not entirely controlled for by the genetic homogeneity and principal 

component correction, could confound the relationship between parental genotype and 

offspring outcome. Additionally, we used only one measure each for tobacco and alcohol 

outcomes. It would be of interest whether the genetic nurture effects seen for cigarettes per 

day and drinking index scores remain for other measures of use and abuse. It may be that 

there is evidence for genetic nurture effects only for certain types, or severities, of substance 

use behavior rather than a broader tobacco and alcohol effect. It would be of interest whether 

the genetic nurture effects are substance specific or if they index externalizing behaviors 

more broadly. Lastly, the vastly reduced CPD sample size at age 29 limits our ability to 

identify the possible genetic nurture effect of parental CigDay polygenic scores. While there 

is trend for an increasing effect over offspring age, the confidence intervals at age 29 

preclude us from identifying an independent genetic effect.

To conclude, molecular genetic methods are becoming increasingly useful tools for testing a 

variety of genetic and environmental effects. These may include exploring how the strength 

of genetic effects change across time, environmental mediation of genetic effects over the 

lifespan, gene-by-environment interactions, and reciprocal sibling effects. Here we showed 

how summary statistics from large genome-wide associations, coupled with a genetically 

informative sample, provide insights on the relationship between shared environmental 

factors (socioeconomic status and parent substance use) and offspring alcohol and tobacco 

use. Better understanding causal relationships in observational data, as we have attempted to 

do here, provides the foundation for identifying, selecting, and characterizing interventions 

to reduce negative developmental outcomes, like substance use. As we continue to increase 
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GWAS sample sizes and better understand the effect of genetic variation, the better we will 

be able to elucidate the causal structure between genes, environment, and outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Example of passive gene-environment correlation where parental genotype can confound the 

relationship between a rearing environmental exposure and offspring substance use.

Note. Solid lines represent substance use risk genes that are passed directly from parent to 

offspring. Dashed lines represent an indirect effect of the parental risk genes on offspring 

substance use, through a parent phenotype, that is independent of shared genetics.

Saunders et al. Page 15

Dev Psychol. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Saunders et al. Page 16

Table 1.

Descriptive statistics for each outcome, split by age and generation. Sample sizes include all participants with 

phenotypic outcome and genotype data.

N Female (%) M SD

Cigarettes per day (among smokers)

 Offspring (at age 17) 1,423 46% 6.95 9.69

 Offspring (at age 24) 1,671 41% 8.38 10.31

 Offspring (at age 29) 756 38% 8.62 10.80

 Parents (maximum lifetime) 2,614 53% 15.49 15.46

Drinking index

 Offspring (at age 17) 3,008 53% 1.08 1.00

 Offspring (at age 24) 2,249 54% 2.02 0.75

 Offspring (at age 29) 2,309 53% 1.72 0.73

 Parents (at twin intake; mean age 42.8 years) 2,876 55% 1.76 0.70

Note: M = mean; SD = standard deviation; mean values for cigarettes per day are computed by assigning the midpoint of each level as we do not 
have a continuous measure of cigarettes per day available at each age.
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Table 2.

Association between own and parental polygenic scores and offspring cigarettes per day.

Parental PRS model

Offspring PRS Alone Offspring PRS Parent PRS

β (95% CI) β (95% CI) β (95% CI)

CigDay polygenic scores

 Age 17 0.154*
(0.098, 0.210)

0.134*
(0.060, 0.207)

0.033
(−0.046, 0.112)

 Age 24 0.169*
(0.118, 0.220)

0.143*
(0.077, 0.209)

0.047
(−0.022, 0.116)

 Age 29 0.141*
(0.062, 0.220)

0.101
(−0.005, 0.207)

0.097
(−0.014, 0.207)

SmkInit polygenic scores

 Age 17 0.169*
(0.112, 0.225)

0.118
(0.046, 0.190)

0.095
(0.019, 0.170)

 Age 24 0.181*
(0.130, 0.231)

0.129*
(0.063, 0.196)

0.103*
(0.033, 0.172)

 Age 29 0.187*
(0.111, 0.264)

0.177*
(0.078, 0.276)

0.029
(−0.077, 0.136)

DrnkWk polygenic scores

 Age 17 0.071
(0.015, 0.127)

0.093
(0.020, 0.165)

−0.032
(−0.110, 0.045)

 Age 24 0.034
(−0.018, 0.085)

0.043
(−0.025, 0.111)

−0.021
(−0.092, 0.050)

 Age 29 0.063
(−0.016, 0.142)

0.110
(0.008, 0.212)

−0.088
(−0.197, 0.021)

Note. All models adjust for the covariates of sex, age at assessment, year of birth (up to a quadratic term), and the first 10 genetic principal 
components. All polygenic scores were scaled to have a mean of 0 and standard deviation of 1 prior to analysis. PRS = polygenic risk score; β = 
standardized beta coefficient; CI = confidence interval. Parent PRS is defined as the mean of mother and father polygenic scores. Parental PRS 
model indicates that both offspring and parent PRS are included (i.e., the parent PRS coefficient is the association with offspring outcome with 
inclusion of offspring’s own PRS). Asterisks denote p-values surviving correction for the number of effective tests (p < 0.0058).
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Table 3.

Association between own and parental polygenic scores and offspring drinking index scores.

Parental PRS model

Offspring PRS Alone Offspring PRS Parent PRS

β (95% CI) β (95% CI) β (95% CI)

CigDay polygenic scores

 Age 17 0.033
(−0.006, 0.072)

0.008
(−0.040, 0.057)

0.043
(−0.012, 0.097)

 Age 24 0.034
(−0.011, 0.079)

0.027
(−0.032, 0.086)

0.015
(−0.049, 0.079)

 Age 29 0.053
(0.008, 0.097)

0.071
(0.012, 0.130)

−0.023
(−0.086, 0.039)

SmkInit polygenic scores

 Age 17 0.117*
(0.079, 0.155)

0.075*
(0.028, 0.123)

0.091*
(0.037, 0.144)

 Age 24 0.125*
(0.081, 0.170)

0.109*
(0.052, 0.166)

0.047
(−0.014, 0.108)

 Age 29 0.113*
(0.069, 0.157)

0.100*
(0.043, 0.156)

0.051
(−0.009, 0.110)

DrnkWk polygenic scores

 Age 17 0.088*
(0.050, 0.126)

0.089*
(0.039, 0.135)

0.004
(−0.050, 0.058)

 Age 24 0.101*
(0.057, 0.145)

0.100*
(0.043, 0.158)

0.009
(−0.053, 0.071)

 Age 29 0.127*
(0.083, 0.171)

0.140*
(0.083, 0.198)

−0.014
(−0.074, 0.047)

Note. All models adjust for the covariates of sex, age at assessment, year of birth (up to a quadratic term), and the first 10 genetic principal 
components. All polygenic scores were scaled to have a mean of 0 and standard deviation of 1 prior to analysis. PRS = polygenic risk score; β = 
standardized beta coefficient; CI = confidence interval. Parent PRS is defined as the mean of mother and father polygenic scores. Parental PRS 
model indicates that both offspring and parent PRS are included (i.e., the parent PRS coefficient is the association with offspring outcome with 
inclusion of offspring’s own PRS). Asterisks denote p-values surviving correction for the number of effective tests (p < 0.0058).
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