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Schizophrenia (SCZ) and major depressive disorder (MDD) are complex psychiatric disorders which contribute substantially to the
global burden of disease. Both psychopathologies are heritable with some genetic overlap between them. Importantly, SCZ and
MDD have also been found to be associated with environmental risk factors. However, rather than being independent of genetic
influences, exposure to environmental risk factors may be under genetic control, known as gene-environment correlation (rGE). In
this study we investigated rGE in relation to polygenic risk scores for SCZ and MDD in adults, derived from large genome-wide
association studies, across two different British community samples: Understanding Society (USoc) and the National Child
Development Study (NCDS). We tested whether established environmental risk factors for SCZ and/or MDD are correlated with
polygenic scores in adults and whether these associations differ between the two disorders and cohorts. Findings partially
overlapped between disorders and cohorts. In NCDS, we identified a significant correlation between the genetic risk for MDD and
an indicator of low socio-economic status, but no significant findings emerged for SCZ. In USoc, we replicated associations between
indicators of low socio-economic status and the genetic propensity for MDD. In addition, we identified associations between the
genetic susceptibility for SCZ and being single or divorced. Results across both studies provide further evidence that the genetic
risk for SCZ and MDD were associated with common environmental risk factors, specifically MDD’s association with lower socio-

economic status.
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INTRODUCTION

Schizophrenia (SCZ) and major depressive disorder (MDD) are severe
psychiatric disorders with a lifetime prevalence of 0.4-0.9% [1-3]
and 16.2-19.5% [4-6], respectively. Both contribute substantially to
the global burden of disease [7]. The symptomatology of SCZ
includes negative symptoms (e.g., flat affect), positive symptoms
(e.g., hallucinations and delusions), as well as cognitive impairment
(e.g., disorganised thinking) [8]. Common MDD symptoms range
from sadness and irritability [9] to suicidal ideation [10].

According to twin and family studies, SCZ and MDD are
influenced by both environmental and heritable factors [11, 12].
Most likely, the development of these disorders involves an
intricate interplay between genetic and environmental risk factors
rather than independent effects. In this study, we investigate one
pattern of such interplay, gene-environment correlation (rGE),
using polygenic scores for SCZ and MDD (based on existing
genome-wide association study results) in two British community
samples of adults. In addition to testing whether established
environmental risk factors in adulthood are correlated with the
genetic liability for SCZ/MDD, we also investigate whether
associations differ between the two psychopathologies and the
two featured generations.

Genetic risk for SCZ and MDD

In light of the substantial heritability of both disorders which
ranges from 64 to 81% for SCZ [12-14] and 34 to 39% for MDD
[15-17] based on twin, family and adoption studies, several
molecular genetic studies set out to identify genetic variants
underlying these disorders. However, despite several genome-
wide association studies (GWAS) in very large samples, variants
that survived correction for multiple testing currently only explain
a small proportion of the heritability [18-20]. For instance, an early
analysis of the SCZ Working Group from the Psychiatric Genomics
Consortium (PGC) identified five associated variants in 9,394 cases,
whereas the first MDD PGC mega-analysis in 9,240 cases was
underpowered to detect any significant variants [21, 22] with the
current SNP heritability estimated to be ~33% for SCZ and 8.7%
for MDD [23, 24]. These findings suggest that the genetic
architecture of these disorders is likely highly polygenic with
many variants of small effect [18, 25]. Nevertheless, by summing
the individual weights of thousands of variants into polygenic risk
scores (PRS), it has become possible to quantify the genetic risk for
these psychopathologies [26-29]. That said, although PRSs have
shown promise [30, 31], a substantial proportion of the heritable
variance of these disorders remains unexplained.
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A further important point to consider is that whilst SCZ and
MDD are regarded clinically distinct psychopathologies, depres-
sive symptoms are common in individuals who experience
psychotic episodes [32] with GWAS studies of five psychiatric
disorders, including SCZ and MDD, suggesting some genetic
overlap between these psychopathologies [33, 34]. Additionally,
findings from the SCZ Working Group of the PGC [35] and the
MDD Working Group of the PGC [23], confirm a partial genetic
overlap between both disorders but also identified disorder-
specific variants.

Environmental risk for SCZ and MDD

Many studies point to the important role of environmental and
psychosocial risk factors in the development of SCZ and MDD
[12, 15], with substance abuse, including alcohol consumption
[36, 371 and smoking [38, 39], perhaps being the risk factor that
research primarily focused on. Other psychosocial risk factors such
as unemployment [40-42], low socio-economic status (SES)
[43, 44] and lower educational attainment [45, 46] also appear
to be implicated in the aetiology of SCZ and MDD. Moreover,
separation/divorce emerged as a relevant psychosocial risk factor
with a bi-directional relationship in individuals with MDD. In other
words, people who are separated or divorced are more likely to
develop MDD, but individuals with MDD have also an increased
risk of experiencing marital disruption [47]. Similarly, individuals
suffering from SCZ are less likely to be married [48], with early
onset SCZ associated with worse marital outcome [49].

Gene-environment interplay

Whilst classic twin and family studies imply that genetic and
environmental influences contribute independently to the aetiol-
ogy of psychopathology, an increasing number of studies suggest
that these factors are likely intertwined through a complex
interplay [50]. One form of such gene-environment interplay
suggests that the genetic susceptibility to mental health disorders
may be associated with the exposure to environmental risk
factors, resulting in rGE [51, 52]. For instance, Maxwell et al. (2019)
tested whether 420 behavioural traits relating to lifestyle,
nutrition, psychology and personality, were associated with the
PRS for SCZ in a sub-cohort of 307,823 psychiatrically healthy
participants from the UK Biobank [53]. The study identified that
the genetic liability for SCZ was correlated with 101 out of the 420
traits, including higher odds for self-reported risk taking and
smoking [53]. Moreover, another study investigated whether the
PRS for MDD was moderated by urbanicity by utilising five
indicators of poor mental health as outcomes in 41,198 individuals
over the age of 19 years from the Norwegian HUNT study [54].
Results suggested that the PRS for MDD was higher for individuals
in urban areas compared to individuals in rural areas which
suggests possible rGE [54].

Such findings emphasise the importance of understanding
whether and how the genetic risk for psychiatric disorders is
associated with exposure to established environmental and
psychosocial risk factors in order to prevent and treat these
disorders. Where there is evidence for rGE (i.e., the effects of
environmental risk appears to be confounded by genetic risk),
interventions aimed at reducing genetically confounded environ-
mental risk factors may have little effect on the disease [55]. On
the other hand, the absence of rGE may suggest that the
investigated environmental risk factors are not confounded by
genetic risk and therefore reflect more promising prevention or
treatment targets.

The current study

Given that the specific environmental and psychosocial risk factors
for psychopathology may change over time due to cultural factors,
it is important to also consider differences between cohorts [56].
The first aim of this study is to explore the presence of rGE in
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relation to PRSs for SCZ and MDD and a number of established
environmental and psychosocial risk factors in individuals older
than 16 years in two British cohort studies, the 1958 National Child
Development Study (NCDS) and Understanding Society (USoc),
which started in 2009. This will help to better understand whether
and how genetic and environmental risk factors are associated
with each other in the general population. Secondly, we will
investigate whether associations between genetic and environ-
mental risk differ between SCZ and MDD given the incomplete
genetic overlap between these disorders. Finally, the third aim is
to consider cohort effects by comparing rGE results across two
different adult samples.

Based on theory and existing empirical research, we expect to
(1) detect significant correlations between the PRSs for SCZ/MDD
and established environmental and psychosocial risk factors, (2)
that rGE findings would differ between the two psychopatholo-
gies given the differences in heritability and limited genetic
overlap, and (3) that detected rGEs would differ across the two
cohorts with different ages due to cultural shifts in environmental
and psychosocial risks.

METHODS

Participants

Existing data were obtained from two British community cohorts with
longitudinal data, the 1958 National Child Development Study (NCDS) and
the Understanding Society Study (USoc). The NCDS study includes 17,415
unrelated individuals who were born in a specific week in March 1958 in
England, Scotland, and Wales [57, 58]. The study was augmented with
cohort members who had been born overseas in the relevant week in
March 1958 and who had moved to Great Britain at age 7, 11 or 16 years
[57, 59]. Surviving cohort members continued to be surveyed throughout
their lives. Data collection included repeated surveys of the NCDS cohort as
well as a bio-medical survey between the age of 44-45 and DNA collection
on 9,340 individuals which was carried out by qualified nurses during
2002-2004 [60, 61] (Table 1).

The USoc study includes approximately 40,000 households from the
United Kingdom (UK) of mixed ages, including 6,000 households from the
British Household Study, which was supplemented with an Ethnic Minority
Boost Sample, and the Immigrant and Ethnic Minority Boost Sample [62-65].
Households are assessed each year through face-to-face interviews or online
questionnaires, whereby individuals over the age of 16 complete the adult
survey [63]. Adults from the USoc study received a health assessment from a
registered nurse in waves 2 and 3 (2010-2012), and DNA samples were
collected from approximately 10,000 participants [66] (Table 1).

The datasets for both cohorts include a wide range of phenotypic data
as well as genome-wide genetic data [57, 63].

Measures

Environmental risk factors. We selected the following environmental risk
factors across three different categories which are implicated in the
aetiology of SCZ or MDD: (1) Economic situation: unemployment [40-42],
financial difficulties [40] and socio-economic status (SES) [43]. We also
included additional indicators of SES, such as income, number of
bedrooms in the house, and tenure (whether home was rented or owned);
(2) Substance abuse: alcohol consumption [36, 37], and smoking [38, 39], as
well as, (3) Psychosocial factors: educational attainment [45] and marital
status [47-49] (Supplementary document 1).

Genetic data. For NCDS, we analysed genetic data collected as part of
three previous genetic studies with NCDS participants: The Wellcome Trust
Case Control Consortium (WTCCC1), the Wellcome Trust Case Control
Consortium 2 (WTCCC2), and Type 1 Diabetes Genetics Consortium
(T1DGC). Data from the WTCCC1 comprised of 1502 individuals (common
controls used for case-control comparisons) genotyped using the
Affymetrix 500k 1.2 M [67]. The WTCCC2 sample was made up of 2922
individuals (common controls) genotyped using the Illlumina 1.2 M array
[68] and data from T1DGC comprised of 2592 individuals (controls used for
case-control comparisons), genotyped on Infinium Humanhap 550k v3
chips [69]. For USoc, we used genome-wide DNA which was collected as
part of the wave 2 and 3 biomedical assessments [70]. The data comprised
of 9,961 individuals genotyped by the Wellcome Trust Sanger Institute on
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Table 1. Cohort demographics.

NCDS

Participants 17,415 unrelated individuals
Cohort start 1958

Geographic area
Ethnicity

Cohort characteristics

England, Scotland and Wales

same reference week

Genetic data ~7,000 individuals

Final cleaned genotype 5,288 individuals

study sample

Sex 2,668 (50.45%) females
2,620 (49.55%) males

Age All born in a single week in March 1958

Data waves used 6 data points at:
age 23 (1981)
age 33 (1991)
age 42 (2000)
age 46 (2004)
age 50 (2008)
age 55 (2013)

Source: [57-66, 91].

the lllumina Infinium HumanCoreExome BeadChip array with more than
250,000 genome-wide tagging SNPs in genome build 37 [71].

Quality control, imputation and post-imputation quality control. In both
cohorts, quality control (QC) was performed separately for each genetic
dataset following Coleman et al. [72] using PLINK 1.9 [73], including the
exclusion of duplicated individuals, minor allele frequencies (MAF < 1%),
SNPs or individuals with missing data (<99%), SNPs deviating from Hardy-
Weinberg-Equilibrium (p-value<1 x 10-5) and any related individuals (pi-hat
> 0.1875). Additional checks were performed for inconsistencies between
genetic and phenotype sex before pruning for linkage disequilibrium (LD)
where r* <0.2, and excluding non-autosomal and high-LD regions. We then
assessed the genetic files for population stratification (>6 SD from mean)
and removed any ancestry outliers before testing for unusual genome-wide
heterogeneity (> or <3SD from mean). Forward and reverse coded SNPs
were identified with SNPFLIP v0.0.6 [74] and any SNPs with allele frequency
mismatches between the European subsample of the 1000 Genomes
Project [75] and our data were excluded. The NCDS genetic data was lifted
from genome build B36 to B37 for WTCCC2 and T1DGC and from B35 to B37
for WTCCC1 using liftOverPlink [76]. The USoc genetic data did not require a
lift-over. Using the Michigan Imputation Server [77], the genetic data was
imputed against the 1000 Genomes Project Phase 3 v5 reference panel [75].
Post-imputation QC was performed for each individual genotype file
separately. Firstly, using bcftools [78], we filtered on posterior genotype
probability imputation confidence (GP threshold of >0.8) as well as
imputation quality (R2 > 0.8) before removing duplicate, failed, or missing
genetic variants, MAF of <5% and individuals with incomplete genotypes
(<99%). In NCDS, WTCCC1, WTCCC2, and T1DGC were combined, and any
tri-allelic sites and duplicate individuals excluded. For NCDS only, we
repeated the Principal Component Analysis on the combined LD-pruned
dataset. The top 5 and 4 principal components which explained the greatest
variance were selected as covariates for NCDS and USoc, respectively. The
final combined NCDS dataset included 5,288 individuals and 6,398,736
genetic variants. In USoc, 9,039 individuals and 5,218,682 genetic variants
passed post-imputation QC (supplementary document 3).

Polygenic risk scores for SCZ and MDD. We used existing GWAS results
from the MDD Working Group of the PGC [23] and the SCZ Working Group
of the PGC [35] to compute polygenic risk scores (PRS) for MDD and SCZ,
respectively. However, given that NCDS was used as a control sample in
both consortia, the SCZ and MDD GWAS findings were recomputed
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98% of white background with dataset having been
later augmented with immigrants born within the

USoc

~40,000 households with over 100,000 individuals
2009

UK residences

~75% (35,920 individuals over 16 years, excluding proxy
respondents) of white British background (English, Wales,
Scottish or Northern Irish) at wave 1 with dataset having
been augmented with Ethnic Minority Boost Sample and
a further Ethnic Minority and Immigrant Boost samples

~10,000 individuals
7,384 individuals

4,281 (57.98%) females
3,103 (42.02%) males

Mixed ages
Only individuals over 16 years of age were used for this
study (mean age =52 at wave 1)

9 data points at:
approximately yearly from 2009/2010 (wave 1) until 2017/
2018 (wave 9)

without the NCDS to avoid sample overlap (for SCZ all UK cohorts except
Ireland where excluded; for MDD the NCDS, 23andMe and GenPod
samples were excluded). PRSs were computed for each individual using
the LD pruned data (r* < 0.1) at seven P-value thresholds (0.01, 0.1, 0.2, 0.3,
0.4, 0.5, and 1) using PRSice [79].

Procedure. Data from NCDS was drawn from six different time points,
ranging from 1981 (participants aged 23) until 2013 (participants aged 55).
For USoc, we used data from nine different waves, from 2009 to 2010
(including only participants who completed the adult questionnaire aged
16 to 97 years of age, mean age = 52) to 2017-2018 (participants aged 22
to 104). In order to avoid bias by including genetically unrelated
individuals from the same household we randomly selected one individual
from each family, resulting in a total of 7,384 individuals using STATA
v12.1. As this study is focusing on adults, responses from USoc participants
who were less than 16 years of age were excluded at each data wave (61
individuals were removed from wave 1 and 16 individuals from wave 2)
(supplementary document 3).

According to power analyses, the samples are sufficiently powered to
explain 0.5% of the variance using an alpha of .05, except for the variables
tenure at ages 23 and 55, employment at age 23 in NCDS, as well as for SES
at wave 8-9 in USoc (see supplementary document 2).

Data analysis

We calculated descriptive statistics, including mean and standard
deviation, for NCDS and USoc as well as each cohort’s genotyped sample
for each variable at each wave. Differences between cohort samples and
the genotyped sub-samples were identified using chi-square tests for
binary variables and independent t-tests for continuous/polytomous
variables (Supplementary document 2).

For both cohorts, we also calculated correlation matrices using pairwise
correlation coefficients to check for multicollinearity across all markers of
socio-economic status, including SES, number of bedrooms, tenure,
income, financial issues, and employment (Supplementary document 4).

We then ran linear or logistic regressions for environmental variables at
a single data wave, whereas linear and logistic mixed-effects regressions or
random effects longitudinal models were used to assess any environ-
mental measures with repeated measurements. In both cohorts, all
regression models included the principal components, age/year of data
collection and sex as covariates. To correct for multiple testing, we applied
Bonferroni correction across all variables for both disorders and both
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cohorts (p-value of 0.05 divided by the number of dependent variables
[n = 30], indicating that a p<1.67 x 10~ was required to reject the null
hypothesis). At least one p-value threshold had to meet the Bonferroni
correction for the correlation between the environmental risk factor and
the genetic susceptibility for SCZ/MDD to be significant.

To assess if any significant findings could have been caused by clinical
cases, we conducted sensitivity analyses: (1) In NCDS, significant MDD
findings were re-run after removing individuals with depression (n = 1397).
These individuals answered ‘yes’ to the question from the wave 9
questionnaire asking whether they had suffered from depression since the
last interview [80]; (2) In USoc, any statistically significant finding for MDD
were re-calculated after removing individuals who reported that they
received treatment for psychiatric problems (n = 111). In addition, we also
removed individuals with a clinical diagnosis of depression (n = 448). As no
clinical diagnosis or information on symptoms for SCZ were available in
USoc, we were not able to conduct the sensitivity analysis in that sample.

Moreover, we performed interaction analyses between independent
variables and MDD symptoms for each cohort by using the resulting Wald
Chi-squared test statistics to understand if the resulting beta coefficients
from the regressions and the sensitivity analyses are statistically different
from each other.

All analyses were run in STATA v12.1 [81].

RESULTS

Descriptive statistics

We did not detect any statistically significant differences between
the whole NCDS cohort and our genotyped target sample for all

environmental measures. In USoc, results indicate that there were
some statistically significant differences between the complete
USoc sample and the genotype sample, whereby individuals in
the genotyped sub-sample were less likely to be married at wave
1 and had a lower number of bedrooms at all waves. Our
community cohorts were under-powered for tenure at age 23 and
55 and employment at age 23 in NCDS, as well as SES at wave 8
and 9 in USoc (see supplementary document 2).

rGE findings in NCDS

None of the selected environmental risk factors hypothesised to be
associated with the genetic liability to SCZ reached statistical
significance after correction for multiple testing in the NCDS cohort.
However, the genetic liability for MDD was significant for low SES,
low number of bedrooms, rented accommodation, and smoking
(but only low number of bedrooms and tenure survived correction
for multiple testing). Sensitivity analyses indicated that associations
were not confounded by clinical cases after excluding participants
with depression (see Table 2 and supplementary document 4).

rGE findings in USoc

In USoc, the genetic propensity for SCZ was associated with being
single or divorced, financial difficulties, as well as unemployment
(but only marital status survived correction for multiple testing).
The PRS for MDD was associated with low SES, being single or
divorced, unemployment, low number of bedrooms, finance

Table 2. NCDS results.
Environment SCz
Threshold Beta
SES 0.01 0
(5 Professional
4 Managerial
3 Skilled
2 Partly-skilled
1 Unskilled)
0.5 0.02
1 0.02
Number of Rooms 0.01 0
(continuous)
0.5 —0.01
1 —0.01
Marital status 0.01 0.06
(0 =in relationship, 1 = not in relationship)
0.5 0.02
1 0.02
Smoking 0.01 0.06
(0=no, 1=yes)
0.5 0.12
1 0.12
Employment 0.01 0.08
(0 = Employed, 1 = Unemployed)
0.5 0.08
1 0.07
Tenure 0.01 0.01
(0 =owns, 1 =rents)
0.5 0
0.01

MDD
95% Cl P-value Beta 95% ClI P-value
—0.03-0.02 9.04E-01 —0.02 —0.04-0.00 6.29E-02
—0.01-0.04 1.89E-01 —0.02 —0.04-0.00 8.95E-02
—0.01-0.04 1.77E-01 —0.02 —0.04-0.00 1.11E-01
—0.03-0.02 6.99E-01 —0.03 —0.04-—0.01 8.93E-03*
—0.03-0.01 3.66E-01 —0.03 —0.05-—0.01 1.51E-03**
—0.03-0.01 3.92E-01 —0.03 —0.05-—0.01 1.84E-03*
—0.01-0.13 8.36E-02 —0.01 —0.08-0.05 6.89E-01
—0.04-0.09 4.70E-01 —0.02 —0.09-0.04 4.29E-01
—0.04-0.09 491E-01 —0.02 —0.08-0.04 4.77E-01
—0.14-0.27 5.52E-01 0.21 0.02-0.40 3.06E-02*
—0.07-0.32 2.11E-01 0.24 0.05-0.42 1.20E-02*
—0.07-0.32 2.07E-01 0.23 0.05-0.42 1.45E-02*
—0.02-0.18 1.22E-01 0.08 —0.01-0.18 8.92E-02
—0.01-0.18 8.86E-02 0.05 —0.04-0.15 2.78E-01
—0.02-0.17 1.33E-01 0.04 —0.05-0.14 3.59E-01
—0.11-0.13 8.39E-01 0.1 —0.01-0.20 8.24E-02
—0.11-0.11 9.62E-01 0.16 0.05-0.27 3.33E-03*
—0.10-0.12 9.07E-01 0.15 0.04-0.26 6.04E-03*

Note: * significant, ** significant after correcting for multiple testing, Not all thresholds have been included (0.1, 0.2, 0.4, 0.4 have been omitted). For MDD
tenure, thresholds 0.01 was significant but are not displayed in this table, NCDS1958 National Child Developmental Study, SCZ Schizophrenia, MDD Major
Depressive Disorder, SES socioeconomic status, Beta Beta coefficient, C/ Confidence Interval.
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Table 3. USoc results.
Environment sCz

Threshold Beta
SES 0.01 —0.02
(5 Professional
4 Managerial
3 Skilled
2 Partly-skilled
1 Unskilled)

0.5 —0.02

1 —0.02
Number of Rooms 0.01 —0.02
(continuous)

0.5 —0.02

1 —0.02
Marital status 0.01 0.08
(0 =married, 1 = single/divorced)

0.5 0.09

1 0.09
Income 0.01 —0.02
(Grouped into 50 sub-groups)

0.5 —0.02

1 —0.02
Alcohol consumption 0.01 0
(0 = not drinking, 1-7 = drinking days per week)

0.5 —0.01

1 —0.01
Employment 0.01 0.16
(0 =employed, 1 = unemployed)

0.5 0.15

1 0.15
Tenure 0.01 0.05
(0 =owns, 1 =rents)

0.5 0.02

1 0.01
Finance Issues 0.01 0.12
(0 =no issues, 1 =issues)

0.5 0.14

1 0.14
Education 0.01 0
(0 = A-level or above, 1 = GCSE or below)

0.5 —0.05

—0.05

MDD

95%ClI P-value Beta 95%Cl P-value
—0.05-0.01 1.45E-01 —0.03 —0.06to —0.00  2.62E-02*
—0.05-0.01 2.25E-01 —0.01 —0.04-0.02 4.94E-01
—0.05-0.01 2.70E-01 —0.01 —0.04-0.02 4.17E-01
—0.04-0.01 1.72E-01 —0.04 —0.07-—-0.02 4.36E-04**
—0.04-0.00 8.94E-02 —0.03 —0.05-—0.00 3.46E-02*
—0.04-0.00 9.69E-02 —0.03 —0.05-—-0.00 2.74E-02*
0.02-0.13 5.42E-03* 0.08 0.03-0.14 2.38E-03*
0.04-0.15 1.13E-03** 0.01 —0.04-0.07 6.00E-01
0.03-0.15 1.63E-03**  0.02 —0.04-0.07 5.18E-01
—0.04-0.00  1.08E-01 —003  —0.05--0.01 6.72E-04**
—0.04-0.00 7.76E-02 —0.02 —0.04-—0.00 4.75E-02*
—0.04-0.00 6.57E-02 —0.02 —0.04-—0.00 4.31E-02*
—0.02-003  9.56E-01 0.01 —0.01-0.04 3.29E-01
—0.03-0.02 5.80E-01 0 —0.03-0.02 7.07E-01
—0.03-0.02 6.42E-01 —0.01 —0.03-0.02 6.25E-01
0.04-0.27 7.81E-03* 0.2 0.09-0.32 5.50E-04**
0.03-0.26 1.18E-02* 0.21 0.09-0.32 3.98E-04**
0.04-0.27 8.50E-03* 0.2 0.09-0.31 5.61E-04**
—0.17-028  6.48E-01 0.13 —0.10-0.37 2.51E-01
—0.22-0.25 8.86E-01 0.1 —0.14-0.33 4.15E-01
—0.22-0.25 9.01E-01 0.09 —0.14-0.32 4.29E-01
0.03-0.20 7.99E-03* 0.24 0.16-0.33 2.91E-08**
0.05-0.22 2.29E-03* 0.23 0.14-0.32 1.52E-07**
0.05-0.22 1.90E-03* 0.23 0.15-0.32 1.36E-07**
—0.36-0.37 9.94E-01 0.2 —0.17-0.57 2.96E-01
—0.42-0.32 7.88E-01 0.09 —0.27-0.46 6.18E-01
—0.42-0.32 7.90E-01 0.1 —0.27-0.46 6.03E-01

Note: * = significant, ** = significant after correcting for multiple testing, Not all thresholds have been included (0.1, 0.2, 0.4, 0.4 have been omitted), USoc
Understanding Society, SCZ Schizophrenia, MDD Major Depressive Disorder, SES socioeconomic status, Beta Beta coefficient, CI Confidence Interval.

issues and low income, of which all but marital status and low SES
survived correction for multiple testing. We were unable to run a
sensitivity analysis for the SCZ finding due to the lack of
information on SCZ cases in USoc. However, according to
sensitivity analyses for MDD none of our statistically significant
findings were confounded by individuals with depression or those
who received psychiatric treatment. (Table 3 and supplementary
document 4).

DISCUSSION
The first aim of this study was to investigate whether the genetic
vulnerability for SCZ and MDD, measured with PRSs from existing
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large genome-wide association studies, was associated with
established environmental and psychosocial risk factors in
individuals over the age of 16 across two British community
samples.

rGE results for SCZ

Our finding shows that the genetic risk for SCZ is associated with a
reduced likelihood of being married. This association may reflect
evocative rGE [82] whereby the genetic propensity for SCZ evokes
negative reactions in others which then leads to relationship
problems. However, all significant SCZ findings emerged in USoc
only and without information on SCZ cases or symptoms, we were
not able to exclude the alternative explanation that the detected
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associations reflect indirect effects of SCZ symptoms, including
psychotic episodes, hallucinations and cognitive disabilities with
detrimental consequences in work and family.

rGE results for MDD

We identified significant associations between the genetic risk for
MDD and several indicators of low SES, including unemployment,
low income, financial difficulties as well as rented accommodation
and low number of bedrooms. Although it is important to
highlight that the result for SES did not survive correction for
multiple testing. Further, our environmental correlation matrices
suggest that several indicators of low SES are correlated with each
other in both cohorts. Previous studies indicate that a lower SES is
associated with a range of mental health disorders, including
depressive symptoms [83, 84]. Specifically, measures of SES, such
as low income and unemployment, were predicting antidepres-
sant treatment responses in more than 2500 patients with MDD
who participated in the Sequenced Treatment Alternatives to
Relieve Depression (STAR*D) clinical trial [85]. Therefore, it is
possible that individuals with the genetic susceptibility for MDD
are more likely to experience subclinical symptoms of psycho-
pathology which may prevent them from securing work or
advancing in their careers. This in turn could contribute to
difficulties purchasing a home as observed in NCDS in the current
study. Consequently, some of these environmental associations
may reflect intermediate phenotypes of subclinical disease as
opposed to a causal pathway to depression itself, or most likely a
combination of both. While we cannot test the causality of these
findings, our sensitivity analyses showed that these association
were not confounded by clinical cases in either cohort. Hence, it is
also plausible that the correlated risk factors reflect at least
partially genetic confounding through active rGE which occurs
when individuals select themselves into environments based on
their genetic susceptibility [82]. In other words, the genetic risk for
MDD may be mediating through low SES into which individuals
selected themselves into.

Differences in rGE results between SCZ and MDD

The second objective of our study was to investigate whether rGEs
differ between SCZ and MDD. Our study confirmed that there was
only one significant finding for SCZ and five for MDD, with none of
these associations matching between the two psychopathologies.
If the detected correlations are indeed due to genetic confound-
ing, then such differences could be explained by the incomplete
genetic overlap between the two psychopathologies.

Differences in rGE results between cohorts

Our third goal was to identify whether associations between the
two community samples differ. Interestingly, we found significant
differences in rGE results between the two studies. Firstly, for SCZ,
we only obtained one significant finding in USoc but not in NCDS.
One possible explanation for this outcome is that investigating
psychopathologies, such as SCZ, with a low base rate will result in
less powerful PRS predications in the general population [86].
Consequently, replicating the same results across different
community cohorts of different sizes may be more challenging.
Secondly, MDD findings in USoc and NCDS did not match
completely for environments which were available in both
cohorts. For instance, the correlation between the genetic liability
to MDD and unemployment was only found in USoc but not in
NCDS. On the other hand, the PRS for MDD was associated with
house ownership in NCDS but not in USoc. It is possible that
differences within and between the two community cohorts could
be attributed to either cohort or age effects, whereby differential
exposures to particular environmental risk factors are not just
unique to that cohort population but also to the participants who
enter the study at different ages [56, 87]. For instance, all
individuals in NCDS were born in 1958 versus a mixed age group
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in USoc. Therefore, future research should explore whether there
is a fundamental discrepancy between possible rGE findings at
different developmental stages, such as adolescence, early and
late adulthood.

Strengths and limitations

Our study has several strengths, such as inclusion of various
environmental risk factors and consideration of two different
psychopathologies in two established and well characterised
cohort studies. However, our findings should take into account a
number of limitations. First, we did not have information on SCZ
cases or symptoms in the USoc dataset to assess whether there
was confounding by clinical cases. Second, according to our
power analysis some of the tested associations were under-
powered. Third, the USoc subsamples with genetic data differed
from the original cohort samples in respect to marital status at
wave 1 and number of bedrooms at all waves. Therefore, the
current findings may not generalise to the original cohorts.
Fourthly, it is also important to highlight that the applied PRSs
have been derived from associations in datasets that did not
account for the influence of environmental factors. In other words,
it is not clear to what degree the applied PRSs reflect associated
environment risk. Hence, the specificity of our rGE results between
SCZ and MDD need to be considered with this caveat in mind.
Finally, not all selected environmental measures were available
across both cohorts. Thus, the comparison between NCDS and
USoc should be considered exploratory.

Implications

Whilst rGE may mirror the pleiotropic effects of genes on the
environment and the disease process, which subsequently would
render environmental interventions ineffective, it is important to
put the findings into context [82]. Although a high PRS indicates
an increased risk for SCZ or MDD, they are in no way deterministic
and should not be interpreted as such. PRSs explain only a small
portion of the phenotypic variance and the field will need to
overcome substantial challenges before these can be implemen-
ted in a clinical setting [88]. Moreover, our study was conducted in
two British community cohorts and utilised GWAS findings from
participants of mostly European ancestry from high income
countries [23, 35]. Therefore, the predictive power of the PRS will
be higher in individuals from these populations and cannot be
generalised to other populations [89]. Furthermore, although our
study suggests that the correlations between known environ-
mental risk factors in adults and the genetic liability for SCZ and
MDD could be at least partially genetically confounded, it does not
preclude the possibility that these adverse environmental
exposures can also have causal effects on the progression of the
two psychopathologies [90]. Our study does not aim to fully
explain the complex interplay between genes and environments
and our findings do not suggest that subsequent targets or
interventions for SCZ or MDD will be completely unsuccessful.
Environmental risk factors, such as financial problems, are
incredibly complex and the result of a myriad of factors, including
genetic and non-genetic influences. Thus, more research is
needed to disentangle this complex interplay in adults, such as
using cohorts with intergenerational data to help assess the type
of rGE present between environmental risk factors and the genetic
risk to SCZ and MDD.

CONCLUSION

According to analyses of two British cohorts, the genetic
propensities for MDD in individuals from the general population
was associated with various markers of socio-economic as well as
social adversity. This suggests that rGE may contribute to the
aetiology of MDD whereby individuals may select themselves into
adverse environments which are correlated with their genetic
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predisposition. Furthermore, findings suggest that environmental
risk factors that are associated with a genetic risk for psycho-
pathology are largely disorder specific, in that SCZ was more
strongly associated with psychosocial risk including being
divorced/separated, whereas MDD was more correlated with
indicators of low SES. Finally, detected rGEs differed between
cohorts suggesting that the influence of genetic risk on
environmental risk factors may change over time due to societal
changes. In sum, our study provides further evidence that
environmental and psychosocial risk factors for psychiatric
disorders are influenced by the genetic risk for these disorders.
Previously identified risk factors for SCZ and MDD may not
necessarily have a causal function but mediate a genetic
susceptibility to these disorders. More research is needed to
disentangle the true causality between environmental risk factors
and the genetic susceptibility to SCZ and MDD. For instance, using
cohorts with genotypes from multiple generations, such as
parental genotypes in addition to the individual's genotypes,
would allow for the identification of the specific type of rGE for
these psychopathologies.
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