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Abstract

Depression is known to be associated with a wide array of environmental factors. Such associations are due at least in part to genetic influences on both. This
issue has been little explored with preadolescent children. Measures of family chaos and parenting style at age 9 and child depressive symptoms at age 12
were completed by 3,258 twin pairs from the Twins Early Development Study and their parents. Quantitative genetic modeling was used to explore common
and unique genetic and environmental influences on both family environment and later depressive symptoms. Depressive symptoms at age 12 were
significantly heritable. Moderate genetic effects influenced parenting style and family chaos at the age of 9, indicating gene—environment correlation. There
were significant genetic correlations between family environment and depressive symptoms. There was some evidence of a Gene x Environment interaction,
with stronger genetic effects on depressive symptoms for children with more suboptimal family environment. There was an Environment x Environment
interaction, with effects of nonshared environment on depressive symptoms stronger for twins with more adverse parenting experiences. There is some
evidence for gene—environment correlation between aspects of family environment in middle childhood and subsequent depressive symptoms. This suggests
that one of the mechanisms by which genes lead to depressive symptoms may be by themselves influencing depressogenic environments.

Rates of depressive disorder increase greatly during adoles-
cence (Angold & Costello, 2001). Although full depressive
disorder is rarer in preadolescence, with a prevalence at
ages 9—12 of 1%-2% (Angold & Costello, 2001), a larger
number of preadolescent children have subthreshold depres-
sive symptoms. Such symptoms themselves may be distress-
ing and impairing in their own right. In addition, higher de-
pressive symptoms at this age significantly predict the later
development of depressive disorder in adolescence (Goodyer,
Bacon, Ban, Croudace, & Herbert, 2009; Goodyer, Herbert,
Tamplin, & Altham, 2000; Rueter, Scaramella, Wallace, &
Conger, 1999). This may reflect several mechanisms: above
average depressive symptoms in preadolescence are the start
of a gradual upward trajectory of depressive symptoms culmi-
nating in depressive disorder (Goodyer et al., 2000; Rueter
et al., 1999); prior depressive symptoms make adolescents
more vulnerable to the depressogenic effects of life events
(Goodyer et al., 2000); depressive symptoms increase the
risk of (dependent) life events, which themselves increase
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the risk of depression (Kendler, Gardner, & Prescott, 2002,
2006); and measured “depressive symptoms” mark the pre-
sence of temperament/personality traits that increase the
risk for depression, such as neuroticism and low self-esteem
(Kendler et al., 2002, 2006). It is also possible that such de-
pressive symptoms at a younger age are not on the causal
pathway for later depression but are instead markers of de-
pression vulnerability factors including genes, hormonal dys-
regulation, and neural dysfunction (Goodyer, 2008; Wilkin-
son & Goodyer, 2011). Environmental adversity may
trigger subthreshold depressive symptoms in vulnerable pre-
adolescents but lead to full depressive disorder in these same
individuals postpubertally, when social and endocrine factors
further increase depression risk (Joinson et al., 2012).

Given that preadolescent increased depressive symptoms
may be on the longitudinal etiological pathway leading to
adolescent depressive disorder, it is important to develop a
greater understanding of their development. This may advise
us as to interventions at an early age that may reduce the later
onset of depression.

The etiology of depression is highly complex and multi-
factorial, with both genetic and environmental mechanisms
(including family environment) important (Kendler et al.,
2002, 2006). Traditionally, quantitative genetic studies have
partitioned variance for phenotypes (including depression)
into genetic and environmental sources. This assumes that ge-
netic and environmental effects are independent and additive.
However, these assumptions are not necessarily correct: there
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can be a complex interplay between genetic and environ-
mental factors.

There is the phenomenon of gene—environment correlation
(rGE), whereby genes influence individual variations in ex-
posure to adverse, and/or protective, environments. Three
separate types of rGE have been described: passive, evocative/
reactive, and active (Plomin, DeFries, & Fulker, 1977). In
passive rGE, parents pass on genes and also provide an envi-
ronment, both of which influence the child’s development.
For example, depressed parents are likely to pass on depres-
sogenic genes to their children. They are also less likely to
provide high levels of warmth and emotional support and
more likely to model maladaptive thinking styles. These cor-
related genetic and environmental influences increase the risk
of depressive symptoms in the child. In evocative rGE, heri-
table traits influence the reaction of others and hence the envi-
ronment provided by others. For example, a shy child (partly
genetically influenced) may be less fun to other children,
making other children less likely to want to spend time with
him or her. This adverse environment may then lead to de-
pressive symptoms. In active ¥GE, a child’s heritable traits in-
fluence his or her choice of environment. For example, a shy
child may have reduced motivation to go out and do enjoy-
able peer activities. This reduced exposure to positive envi-
ronments may increase depressive symptoms. The presence
of significant correlation between genetic and environmental
factors can make interpretation of results difficult, because it
is difficult to distinguish whether it is the genes, the environ-
ment, or both that influence an outcome of interest.

Life events have been shown to be heritable in a wide array
of samples. Considering childhood and adolescence specifi-
cally, substantial heritability was shown in both the Cardiff
Twin Register (ages 8—17 years; Silberg et al., 1999) and
the Virginia Twin Registry (8- to 16-year-old girls; Thapar,
Harold, & McGuffin, 1998). Both studies also showed a cor-
relation between the genetic influences on life events and
those on depressive symptoms (a phenomenon described as
“genetic correlation”; Silberg et al., 1999; Thapar et al.,
1998). Thus, the same genes may influence both depressive
symptoms and the life events that increase the risk of depres-
sive symptoms. This would suggest a possible etiological
pathway for depression risk, whereby the effect of genes is
(in part) mediated by their influence on exposure to depresso-
genic environments. (Of course, reverse causation is also pos-
sible: genes may increase the risk of depressive symptoms,
and it is the depressive symptoms that themselves increase
the risk of exposure to environmental adversity.)

Genetic influences have also been demonstrated for a wide
variety of other environmental variables relevant to depres-
sion risk, including parental discipline style (Lau, Rijsdijk,
& Eley, 2006), parent—child mutuality (Deater-Deckard &
O’Connor, 2000), family environment (Plomin, Reiss, He-
therington, & Howe, 1994), parent—child bonding (Perusse,
Neale, Heath, & Eaves, 1994), sibling relationships (Pike,
McGuire, Hetherington, Reiss, & Plomin, 1996), peer rejec-
tion (Brendgen et al., 2009), and divorce (Jockin, McGue, &
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Lykken, 1996). A meta-analysis of environmental risk factors
for psychiatric disorder confirmed a pooled heritability of
27% (Kendler & Baker, 2007).

Most quantitative behavioral genetic studies on rGE rele-
vant to depression have used adult or adolescent samples.
Three exceptions were studies demonstrating significant
rGE for parent—child mutuality in 3-year-olds (Perusse
etal., 1994), peer acceptance/rejection in 6-year-olds (Brend-
gen et al., 2009), and family chaos in 9- to 12-year-olds (Han-
scombe, Haworth, Davis, Jaffee, & Plomin, 2010). In one fur-
ther cross-sectional study, rGE was tested separately for
negative life events and depressive symptoms in children un-
der age 11 and those age 11 and older (Rice, Harold, & Tha-
par, 2003). There were significant genetic effects on total life
events in both age groups but only in older children for behav-
ior-dependent life events. The same genetic factors were
found to influence both life events and depressive symptoms
in the older (age 11 and over) children (i.e., genetic correla-
tion). In addition, there were significant genetic effects on de-
pressive symptoms in older children only. The authors con-
cluded that this greater heritability of depressive symptoms
in older children/adolescents is partly due to the greater op-
portunity for children to select and influence their environ-
ment as they age, leading to an increase in *GEs. Although
the model fitting demonstrated that the genetic correlation
was significantly stronger for older than younger children,
the model coefficients were positive (albeit nonsignificant)
for younger children. Because the sample of younger children
was smaller, this negative finding may have been a Type 2 er-
ror in this age group. Therefore, larger studies are needed to
test whether there is such genetic correlation (i.e., the same
genetic effects influencing both environment and depressive
symptoms) in younger children.

In addition to #GE, it is possible that genetic effects mod-
erate those of environmental influences, a phenomenon la-
beled as gene—environment (G x E) interaction. This has
been demonstrated for a number of environmental variables
associated with depression in adolescence including both
life events and parenting (Eaves, Silberg, & Erkanli, 2003;
Lau & Eley, 2008). Although most studies, including those
cited above, demonstrate that genetic effects are stronger in
those with environmental adversity, one study in 6-year-old
children demonstrated opposite findings, with genetic factors
having a weaker effect on depressive symptoms in children
who had experienced greater peer rejection (Brendgen
et al., 2009). It is possible that the difference in results for
this latter study may reflect age differences in the interplay
between genetic and environmental influences on depressive
symptoms in early childhood compared with adolescence. To
date, such gene—environmental interplay has not been investi-
gated in middle childhood.

The presence of rGE may confound studies testing for G x
E interaction (Lau & Eley, 2008). It is therefore important for
such studies to take such rGE into account. A number of
methods have been proposed to do this. Early studies in-
cluded only environmental variables that the individual, and
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his or her family, cannot have influence over, thus effectively
excluding rGE (Rice, Harold, Shelton, & Thapar, 2006; Sil-
berg, Rutter, Neale, & Eaves, 2001). More recently, statistical
models have been developed that can simultaneously take
into account *GE and G x E interaction (Price & Jaffee,
2008). Studies using such approaches with adolescent twin
samples have found that when rGE was taken into account,
genetic effects were greater in individuals exposed to higher
levels of each environmental adversity (e.g., Eaves et al.,
2003; Lau and Eley, 2008).

Although genetic factors have been unequivocally shown
to increase the risk for depressive disorder, there are multiple
mechanisms by which they do so, as described above. In ad-
dition, genetic factors may operate differently at different
ages. Our study investigated the etiology of depressive symp-
toms at the age of 12 years, given that depressive symptoms at
this age may be on the developmental trajectory of depressive
disorder at adolescence. There is a substantial literature detail-
ing the associations between suboptimal family environment
in childhood and adolescent depressive symptoms (Dunn
et al., 2011; Kendler et al., 2002, 2006). We therefore mea-
sured family environment, with questionnaires rating parental
discipline, parental feelings, and family chaos. We chose
questionnaires that we have previously demonstrated to be re-
liable and moderately heritable. This family environment was
measured when children were age 9; such longitudinal anal-
ysis makes it more likely that environment causes depressive
symptoms rather than depressive symptoms causing environ-
ment. Given that family environment is heritable, "GE may
confound the environment—depression association (i.e., the
genes lead to both the environment and the depressive symp-
toms, rather than the environment causing depressive symp-
toms). Therefore, our model included rGE terms. One devel-
opmental pathway whereby genes influence depression risk
may be by causing depressogenic environments, which act as
a mediator. To try to identify this, our model therefore tested
separate rGE pathways: genetic factors specific to the environ-
ment and those shared with the environment and depressive
symptoms (genetic correlation and mediation pathway). An-
other pathway whereby genes may influence the risk of depres-
sive symptoms in childhood is by influencing individual vul-
nerability to environmental adversity, rather than directly
affecting depressive symptoms. Our model therefore also in-
cluded G x E interaction terms. Clearly, all the above processes
may occur, and results from the different associations may con-
found each other. We therefore chose a model including all
pathways (direct, *GE, and G x E interaction) so we could
find independent effects of each pathway. This is the first
such longitudinal investigation in children as young as 12.

Methods

Participants

The sample for this study was taken from the ongoing Twins
Early Development Study (TEDS; Oliver & Plomin, 2007).
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TEDS is a population-based longitudinal study of approxi-
mately 15,000 pairs of twins born in England and Wales be-
tween 1994 and 1996. The twins’ zygosity was determined
using a parent-rated measure of similarity that yielded 95%
accuracy when compared to zygosity established from
DNA markers (Price et al., 2000). Uncertainties were fol-
lowed up with DNA marker testing. The sample has been
shown to be reasonably representative of the UK population
(Kovas, Haworth, Dale, & Plomin, 2007). The project is ap-
proved by the Institute of Psychiatry Ethics Committee, and
all data were collected after obtaining informed consent.
The current sample comprised those who participated in
data collection waves at ages 9 and 12, which after medical
exclusions consisted of approximately 3,200 twin pairs and
approximately 5,600 twin pairs, respectively. Reduction of
the sample size at age 9 was a result of data collection from
just two of three cohorts. It was therefore not affected by a
representational bias often caused by attrition.

Measures

Depressive symptoms. Depressive symptoms were rated using
the short Moods and Feelings Questionnaire at age 12
(sMFQ; Angold et al., 1995). The Strengths and Difficulties
Questionnaire (SDQ; Goodman, 1997, 2001; Goodman &
Scott, 1999) was also completed by participants in the study.
Two items in the sSMFQ (“I felt miserable or unhappy” and “I
was very restless’) were contextually identical to two items in
the SDQ (“T am often unhappy, downhearted, or tearful” and
“T am restless, I cannot stay still for long”). Thus, to prevent
repetition and reduce participant load, the two items were re-
moved from the sSMFQ and replaced with the SDQ items. In-
ternal consistency of our sMFQ composite measure (11
SMFQ items and 2 SDQ items) was high, with standardized
Cronbach a of 0.86 for child-rated sSMFQ and 0.85 for parent-
rated sSMFQ.

Environmental influences. Three aspects of the environment
related to depressive symptoms were assessed when the chil-
dren were 9 years: chaos in the family, parenting discipline
styles, and parental feelings toward their children.

The Confusion, Hubbub, and Order Scale (CHAOS) con-
sists of six items: “You can’t hear yourself think in our
home,” “It’s a real zoo in our home,” “I have a regular bed-
time routine,” “We are usually able to stay on top of things,”
“There is usually a television turned on somewhere in our
home,” and “The atmosphere in our house is calm” (Asbury,
Dunn, & Plomin, 20006). It is designed to measure the level of
routine, noise, and general environmental confusion. It is a
shortened version of the original 11-item CHAOS scale
(Matheny, Wachs, Ludwig, & Phillips, 1995). High CHAOS
scores are correlated with objective measures of high house-
hold noise, crowding, traffic patterns, and parents being less
likely to give individual children attention (Matheny et al.,
1995). The perception of family home CHAOS was rated
by children on a 3-point scale (very true, quite true, and not
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true), and the frequency was assessed over the last 3 months.
Because quantitative behavioral genetic models are based on
twin-specific phenotypes, child reports of CHAOS (which
could vary across twins in a pair) were used. We could not
use maternal reports, because they would be identical for
both twins and hence have zero intertwin variance. The
CHAOS scale has good rerest reliability and moderate inter-
nal consistency (Cronbach a = 0.58), as has already been
demonstrated on the TEDS sample used in this study, and
has been demonstrated to be moderately heritable (Han-
scombe et al., 2010; Matheny et al., 1995). We hypothesize
that high levels of such chaos (and the associated lack of pa-
rental attention) make it harder for children to develop the
ability to regulate their own affect and are therefore associated
with higher future depressive symptoms.

The parental discipline scale consisted of four items in re-
sponse to the stem “When my child misbehaves, I use the fol-
lowing methods™: “Give a smack,” ““Tell him/her off or shout at
him/her,” “Explain or reason with him/her,” and “Be firm or
calm with him/her.” Questions were derived from a valid semi-
structured interview (Deater-Deckard et al., 1998). The paren-
tal feelings scale consisted of a seven-item shorter form of the
Parental Feelings Questionnaire (Deater-Deckard, 2000): “T
feel impatient with my child,” “I feel happy about my relation-
ship with my child,” “T am amused by my child,” “I sometimes
wish my child would leave me alone for a few minutes,” “My
child makes me angry,” “I feel close to my child,” and “I feel
frustrated by my child.” Scoring of some items was reversed to
associate negative feelings with the higher value. These parent-
ing items were scored on a 3-point scale referring to how often
parents used these discipline methods/had those feelings with
no specific time frame (child: very true, quite true, not true;
parent: often, sometimes, rarely or never). The composites
were made by taking the mean, requiring that at least 50% of
the data were present. That is, the mean was drawn only if at
least half of the questions were answered. Both measures
were completed by parents (separately for each twin) and by
the twins themselves. These scales have moderate test—retest re-
liability at 1 year and internal consistency (Cronbach a: pa-
rental discipline = 0.51, parental feelings = 0.70) in the TEDS
sample used in this analysis, and there is a moderate correlation
between monozygotic (MZ) twins (Asbury, Dunn, Pike, &
Plomin, 2003; Asbury et al., 2006). Within-twin pair differ-
ences in these two questionnaires at age 4 correlates signifi-
cantly with within-pair differences in anxiety, hyperactivity,
conduct problems, prosocial behavior, and academic achieve-
ment at age 7, demonstrating some predictive validity of these
scales (Asbury et al., 2006). All original scales were normal-
ized using van der Wearden transformation (Lehmann,
1975). We hypothesize that overstrict discipline would be asso-
ciated with higher depressive symptoms in our sample (Dunn
etal., 2011). We hypothesize that lower levels of parental pos-
itive emotions toward their children would lead to greater de-
pressive symptoms in those children.

Questionnaire booklets (separate for parents and children)
were mailed to families. At the age of 9, questionnaire order
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was CHAOS, parental discipline, and parental feelings. Both
parenting scales and the CHAOS scale have been used repeat-
edly in the sample whose results are presented in this manu-
script. Therefore, the above reliability and consistency figures
from previous papers refer to this study sample.

Statistical analysis

Environmental variables. Five measures of environment were
used: parent and child-rated parental feelings and discipline,
and child-rated CHAOS. Our plan was to carry out separate
analyses for parent-rated and child-rated questionnaires. If
similar significant results are found across raters, then they
are less likely to be due to chance or confounding by factors
that influence how one individual rates questionnaires. Paren-
tal ratings of a child’s environment will be less confounded
by the child’s current emotional state than ratings by the
child. To reduce multiple testing and make analysis more par-
simonious, we used principal components analysis of the five
questionnaires to try to generate a smaller set of environment
measures. (The aim was to reduce the number of measures,
rather than test the factor structure of the questionnaires.
Therefore principal components analysis was just performed
on the total scores for each of the five questionnaires, rather
than all individual questionnaire items.) If there was a high cor-
relation between parent and child ratings (making it more ap-
propriate to use a combined measure), then parent/child ratings
would load onto the same principal components. The “direct
oblimin rotation” was used in the analyses to allow principal
components to correlate. Principal components analysis was
performed using R (R Development Core Team, 2010).

Twin model fitting. Information obtained from MZ and dizy-
gotic (DZ) twins can be used to partition variance/covariance
of traits into sources of genetic and environmental variation.
MZ twins are 100% genetically identical, whereas DZ twins
share on average 50% of their segregating alleles. The classi-
cal quantitative genetic twin model thus estimates the additive
genetic component (A) as twice the difference between MZ
and DZ correlations, and the shared-environmental (C) com-
ponent is calculated as the difference between the MZ corre-
lation and A. Because MZ twins are 100% genetically identical
and share 100% C, the extent to which they do not correlate for
a given trait has to be due to unique (nonshared) environmental
influences (E). This estimate also includes measurement error.
Detailed descriptions of twin designs and the related issues are
discussed elsewhere (e.g., Plomin, DeFries, McClearn, &
McGuffin, 2008; Rijsdijk & Sham, 2002).

The most comprehensive evaluation of genetic and envi-
ronmental influences can be achieved with structural equation
model fitting using maximum likelihood. All our analyses
were executed in R (R Development Core Team, 2010),
and model fitting was achieved using OpenMx, one of R’s
packages (Boker et al., in press).

We used separate bivariate Cholesky decomposition models
that calculated influences on both depressive symptoms (trait)
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Figure 1. Extended Gene x Environment model to allow for gene—environ-
ment correlation (rGE). This path diagram is a simplification of a full model
representing only the genetic component of that model; shared-environ-
mental and unique environmental parts are not shown. M, moderator (mea-
sured environmental variable); T, trait (depressive symptoms); A, common
additive genetic component (genetic component that influences both the
measured environmental variable and depressive symptoms); A,, unique ad-
ditive genetic component (genetic component that influences depressive
symptoms but not the measured environmental variable); ay, rGE specific
to the moderator; ac, *GE common to the moderator and depressive symp-
toms; By, gene—environment interaction common to the moderator and de-
pressive symptoms; ay, genetic effect unique to the depressive symptoms;
Bxu, gene—environment interaction unique to the depressive symptoms.

and each measured environmental variable (moderators). These
models allowed us to calculate accurate parameters in the pre-
sence of both G x E interaction and rGE (Purcell, 2002). Fig-
ure 1 provides an illustration of these models. First, each model
partitioned the genetic influence on the variance of depressive
symptoms into that which was common with measured envi-
ronment (and thus represents genetic correlation, a.) and that
which was unique (ay). In addition, the model partitioned ge-
netic influence on the variance of measured environment (rGE)
into that which was common to depressive symptoms (again
a.) and that which was unique to environment (ay;). Second,
the models allowed us to calculate whether the moderators in-
fluenced the relationship between genetic factors and depres-
sive symptoms (G x E interaction). This could be separated
into G x E interaction in the presence of rGE (i.e., when it is
on the shared path, with the same genes that influence environ-
ment also moderating response to that environment, 3,.) and G

X E interaction independent of #GE (on the unique path, [3,y).
Third, although Figure 1 represents just the genetic parameters
within the model, all parameters were similarly calculated for
shared (C) and nonshared (E) environmental factors. All pa-
rameters are presented for each model, with 95% confidence in-
tervals. Where the confidence interval does not include 0, this
suggests that the association represented by that parameter is
unlikely to be due to chance.

We used a univariate heterogeneity model to test each of
our variables for quantitative sex differences (is the magni-
tude of genetic influence different for boys and girls?) and
qualitative sex differences (do the same genes affect both
sexes?). The heterogeneity model is a univariate Cholesky
model, which estimates A, C, and E separately for boys and
girls and calculates a genetic correlation between opposite-
sex DZ twins. If there was no evidence of quantitative or qual-
itative sex differences, the plan was for results for both gen-
ders to be combined, to maximize statistical power.

Results

Sample

Table 1 presents questionnaire scale scores and the number of
twin pairs from whom data were available. Mean scores for
parent- and child-rated SMFQ were, respectively, 1.80 and
3.35, both considerably lower than the recommended cutoff
for likely depression of 8.0 (Angold et al., 1995). Ninety-
four percent of the baseline sample were White European
and 47% were male.

Questionnaire psychometrics and principal components
analysis

The proportion of questionnaires with all items completed
ranged from 94% to 99%. Internal consistency of question-
naires was moderate. For parental feelings, the Cronbach as

Table 1. Descriptive statistics of untransformed scales and final composites

Age Rater Variable Mean SD Skew Kurtosis N (MZ) N (DZ)
9 Parent Parental feelings 3.36 2.08 0.65 0.81
Parental discipline 2.39 1.21 0.46 —0.05
Parenting PC 0.00 0.84 0.17 0.09 1,204 2,054
Child Parental feelings 4.34 2.27 0.43 0.10
Parental discipline 3.20 1.58 0.39 —0.17
Parenting PC 0.00 0.87 0.08 —0.07 1,158 1,977
CHAOS 4.46 2.32 0.42 —0.13
CHAOS PC 0.00 1.00 0.07 —0.14 1,113 1,878
12 Parent sMFQ 1.80 2.82 2.94 11.97
sMFQ* 0.00 0.87 0.69 -0.29 2,011 3,549
Child sMFQ 335 3.90 1.94 4.38
sMFQ* 0.00 0.93 0.36 -0.39 2,009 3,562

Note: The scales that were used in the final gene—environment model are in bold. MZ, monozygotic twin pairs, DZ, dizygotic twin pairs; PC, principal com-
ponent; CHAOS, Confusion, Hubbub, and Order Scale; sSMFQ, Mood and Feelings Questionnaire, Short Form; N, number of twin pairs with no missing values.

“van der Wearden transformed.
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were 0.67 (parent rated) and 0.63 (child rated). For parental dis-
cipline, the as were 0.44 (parent rated) and 0.41 (child rated).

The scree plot from the principal components analysis of
the five environmental questionnaire composites suggested
a three or four principal component solution would be most
appropriate. As there was no significant difference in fit be-
tween the three and four principal component solutions, a
three principal component solution was chosen, because it
gave greater parsimony. The CHAOS composite loaded
highly (0.83) onto the first principal component (named
“child-rated CHAOS”), the second principal component con-
sisted of the parent-rated discipline and the feelings subscales
(0.76 and 0.81, respectively, principal component named
“parent-rated parenting”’), and the child-rated discipline and
feelings subscales loaded onto the third principal component
(0.71 and 0.88, respectively, principal component named
“child-rated parenting”).

The parent—child correlation coefficient for rating of par-
enting was 0.41. This was reflected in the principal compo-
nents analysis in which parent-rated and child-rated parenting
loaded onto separate principal components. The parent—child
correlation coefficient for rating of depressive symptoms was
0.41. This supported our separate analysis for child/parent-
rated measures.

Attrition

Eighty percent of participants who provided data on environ-
ment at 9 years also provided data on depressive symptoms at
12. There were no significant differences in measured baseline
environment data between those who stayed in and those who
dropped out of the study (all Cohen d < 0.07, all t < 1.4, all
p > .15). Attrition was not related to ethnicity (p = .8). Boys
had greater attrition (22%) than girls (18%), a difference that
was small but statistically significant (x> = 18, p < .0005).

Phenotypic analyses

The correlations between depressive symptoms and each of
the environmental measures are presented in Table 2. All cor-

Table 2. Phenotypic correlations between environment
measures and depressive symptoms

Parent-Rated MFQ

s N I N

Child-Rated MFQ

Moderator

P. O. Wilkinson et al.

relations were modest but statistically significant. Correlations
were stronger for within-rater than for cross-rater analyses.

Genetic analyses

Table 3 provides the intraclass correlations for MZ and DZ
twins on our principal components derived from our ques-
tionnaires. The results of the univariate heterogeneity model
indicated no significant qualitative or quantitative sex differ-
ences (i.e., there was no difference in the magnitude of ge-
netic influence between sexes, and no evidence that different
genes affect both sexes; this does not mean that depressive
symptoms nor environments were the same between sexes,
just that genetic effects did not differ between sexes; results
available from corresponding author on request). Therefore,
results from male and female twins were combined for all
analyses. In addition, the lack of different effects between
sexes rendered it unnecessary to further explore the differen-
tial attrition of males and females.

Correlations were higher between MZ than DZ twins for
all measures, suggesting all measures were under some ge-
netic influence. All twin—twin correlations were lower for
child-rated measures than the same parent-rated measure,
suggesting a greater influence of nonshared environment on
child-rated measurement. Table 4 provides parameter esti-
mates (with 95% confidence intervals) for genetic, shared-
environmental, and nonshared environmental components,
taking into account #GE and G x E interaction.

Additive genetic influences. All environmental variables, as
rated by both parents and twins, at age 9 were significantly
heritable (ay; pathways, representing unique effects of genes
on environmental variables, in Table 4 were significant). This
indicates rGE. Depressive symptoms at age 12 were heritable
(ay estimates in Table 4). Of particular note, there were corre-
lations between the genetic influences on parent-rated parent-
ing at age 9 and parent-reported child depressive symptoms at
age 12, and between the genetic influences on child-rated
CHAOS at age 9 and child-reported depressive symptoms
at age 12 (ac estimates). However, although these genetic
correlation analyses for other combinations of raters of envi-

Table 3. Intraclass twin correlations of environment
measures and depressive symptoms

Parent-rated

parenting 25 (.21-28) 2608 .19 (.16-.23) 2,607
Child-rated
parenting A5 ((12-.19) 2570 .22 (.18-26) 2,572

Child-rated CHAOS .20 (.16—.24) 2510 .28 (.24-.32) 2,512

Variable MZ Dz
Parent-rated parenting .94 (.94-.95) 76 (.(74-.78)
Child-rated parenting .60 (.56-.63) 45 (.41-48)
Child-rated CHAOS .66 (.63—.69) .52 (.49-.56)
Parent-rated SMFQ 12 (.69-.74) 46 (.43-.48)
Child-rated sSMFQ 49 (.46-.53) .30 (.27-.33)

Note: The 95% confidence intervals are in parentheses. MFQ, Mood and
Feelings Questionnaire; N, number of twin pairs with no missing values;
CHAOS, Confusion, Hubbub, and Order Scale.

https://doi.org/10.1017/50954579412000922 Published online by Cambridge University Press

Note: The 95% confidence intervals are in parentheses. MZ, monozygotic
twin pairs, DZ, dizygotic twin pairs; CHAOS, Confusion, Hubbub, and
Order Scale; sSMFQ, Mood and Feelings Questionnaire, Short Form.
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Table 4. Parameter estimates (95% confidence intervals) of additive genetic, common environment, and unique
environment components
Measure of
Depressive
Measure of Environment Symptoms
Additive Genetic Parameters am ac ay Bxc Bxu
Parent-rated parenting Parent-rated sSMFQ .50 (.48-.53) .18 (.13-24) .62 (.57-.67) .04 (—.03-.09) .02 (—.03-.07)
Child-rated SMFQ .50 (.48-.53) .07 (.00-.14) .61 (.52—.67) .10 (.04-.17) .01 (—=.07-.09)
Child-rated parenting Parent-rated SMFQ .41 (.31-.48) .00 (.00-.09) .65 (.60-.70) .02 (—.08-.11) .02 (—.03-.07)
Child-rated SMFQ .41 (.32-.49) .04 (.00-.18) .60 (.53-.65) .07 (—.04-.15) .05 (—.01-.10)
Child-rated CHAOS Parent-rated SMFQ .51 (.42-.58) .05 (.00-.14) .65 (.60-.70) .01 (—.08-.11) .06 (.01-.11)
Child-rated SMFQ .50 (.42-.58) .22 (.09-.35) .56 (.45-.58) .08 (—.08-.16) .01 (—.08-.08)
Shared Environment Parameters M cc cu By Byu
Parent-rated parenting Parent-rated SMFQ .63 (.60-.66) .10 (.05-.15) .32 (.22-.40) —.01 (—.06-.05) .08 (—.02-.16)
Child-rated SMFQ .63 (.60-.66) .16 (.10-.21) .19 (.00-34) —.05 (—.10-.01) .04 (—.17-.18)
Child-rated parenting Parent-rated SMFQ .51 (45-.57) .22 (.14-.27) .25 (.08-.35) .01 (—.06-.08) .06 (—.06-.14)
Child-rated sSMFQ .51 (45-.56) .28 (.19-.35) .00 (.00-26) —.05 (—.11-.02) .00 (—.13-.13)
Child-rated CHAOS Parent-rated SMFQ .63 (.57-.69) .21 (.14-.28) .24 (.00-.34) .04 (—.04-.09) .02 (—.10-.14)
Child-rated SMFQ .63 (.58-.69) .21 (.12-30) .16(.00-33) —.03 (—.09-.05) .08 (—.16-.17)
Nonshared Environment Parameters em ec ey Bze Bzu
Parent-rated parenting Parent-rated SMFQ .20 (.19-.20) .05 (.03-.08) .43 (42-45) —.01 (—.05-.02) .07 (.04-.09)
Child-rated SMFQ .20 (.19-.20) .03 (.00-.07) .65 (.63—-.68) —.04 (—.08-.01) .03 (.00-.06)
Child-rated parenting Parent-rated SMFQ .56 (.54-.59) .00 (.00-.02) .44 (42-46) —.01 (—.04-.03) .02 (.00-.05)
Child-rated SMFQ .56 (.54-.58) .04 (.00-.08) .65 (.62-.68) .01 (—.04-.05) .04 (.01-.07)
Child-rated CHAOS Parent-rated SMFQ .59 (.56-.61) .02 (.00-.05) .44 (.42-46) —.02 (—.05-.01) .00 (—.02-.02)
Child-rated sMFQ .59 (.56-.61) .01 (.00-.05) .66 (.63-.69) —.01 (—.05-.04) .03 (.00-.06)

Note: Where 95% does not include zero, figures are presented in bold. rGE, Gene—Environment correlation; SMFQ, Short Mood and Feelings Questionnaire;
CHAQOS, Confusion, Hubbub, and Order Scale; ay, rGE specific to the moderator (measured environmental variable); ac, "GE common to the moderator and
depressive symptoms; ay, genetic effect specific to the trait; Bx., Gene x Environment interaction common to the moderator and depressive symptoms; Bx,, Gene
x Environment interaction specific to depressive symptoms; where the respective ¢ and e replace a, common environment and nonshared environment replace

additive genetic; By, genetic interaction terms; By, shared environment interaction terms; 3z, nonshared environment interaction terms.

ronment/depression symptoms were positive, these coeffi-
cients were not statistically significant.

There was limited evidence for G x E interaction. Genetic
effects (common to both measured parenting styles and de-
pressive symptoms) on child-rated depressive symptoms
were stronger in children with poorer parent-rated parenting.
Genetic effects (unique to depressive symptoms) on parent-
rated depressive symptoms were stronger in children with
higher child-rated CHAOS. Again, other G x E interaction
with different rater combinations were not statistically signif-
icant.

Shared environmental influences. Shared environment influ-
ences contributed significantly to the variance of all three
environmental variables (Cy estimates, Table 4). In addition,
there were correlations between shared environmental influ-
ences on all measured environmental variables and depres-
sive symptoms (C.). Shared environmental influences spe-
cific to depressive symptoms (i.e., that did not influence the
measured environmental variable in the model) were only
found for child- and parent-reported parenting with parent-re-
ported depressive symptoms. There were no significant inter-
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actions between measured environmental variables and un-
measured shared environment.

Nonshared environmental influences. As with shared envi-
ronment, nonshared environment for twins contributed sig-
nificantly to the variance for all environmental variables
(em estimates, Table 4). For all three environmental vari-
ables there were nonshared environment influences that
were specific to depressive symptoms (i.e., that did not in-
fluence the measured environmental variable included in
the model).

Finally, there were significant interactions between the
specific measured environments of both parent- and child-
rated parenting and the broad nonshared environment that is
specific to depressive symptoms (i.e., does not influence
the measured environment). Thus, at less optimal levels of
parenting, the relative influence of nonshared environment
was stronger on depressive symptoms. This can be seen gra-
phically in Figure 2. However, this was only found when
the same rater scored both depressive symptoms and parent-
ing, and was nonsignificant (albeit positive) for cross-rater
analyses.
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Figure 2. Relative influences of additive genetic, shared environmental, and nonshared environmental factors on depressive symptoms at the age
of 12 and at different levels of suboptimal parenting at the age of 9, on the unique paths (i.e., environmental factors that influence depressive
symptoms but not parenting). Parenting scores are van der Wearden transformed principal components. Higher scores represent more suboptimal
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Discussion

This paper set out to investigate gene—environment and envi-
ronment—environment interplay in the relationship between
parenting style and family chaos at age 9 and depressive
symptoms at age 12. By using bivariate statistical modeling,
we were able to simultaneously test for *GE and G x E inter-
action, controlling for the confounding effects of each, and
test whether common or unique factors influenced home
environment and depressive symptoms.

This is the first such longitudinal study to investigate
gene—environment interplay in depressive symptoms in mid-
dle childhood. The longitudinal design, with family environ-
ment measured when the twins were 9 years of age and de-
pressive symptoms when they were 12, made it less likely
that current depressive symptoms would confound reporting
of environment. (It is still possible that child or parent depres-
sive symptoms at age 9, which would be correlated with child
depressive symptoms at age 12, could cause environment at
age 9.) In addition, we used both parental and child reports
of environmental adversity and child depressive symptoms
to demonstrate whether significant effects would be seen
across all rater combinations.

First, all the environmental factors we measured were cor-
related with depressive symptoms, consistent with substantial
past research, which has demonstrated that early family envi-
ronment is associated with later depressive symptoms (Kend-
ler et al., 2002, 2006). Second, depressive symptoms at the
age of 12 were significantly heritable, in models taking into
account gene—environment interplay for a range of family
environment measures. Thus, this heritability of depressive
symptoms is not confounded by GE (the environment, not
the depression, being heritable).

Third, genetic factors (within the children) were signifi-
cantly associated with both parenting and family chaos,
across all raters: ¥GE. This is consistent with much prior re-
search demonstrating that measures of family environment
are strongly heritable in adolescents and adults (Deater-Deck-
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ard & O’Connor, 2000; Lau et al., 2006; Perusse et al., 1994,
Plomin, 1994). Multiple mechanisms of »GE may operate
here. Parents share on average half of their genes with their
children. These genes may influence their own parenting style
and the degree of chaos there is in the house (passive rGE). In
addition, children’s genes may influence their behavior, and
this may influence how their parents act toward them, how
they feel toward them, and the degree of chaos there is in
the house (evocative rGE). It is unlikely that active rGE pro-
cesses operate here (children do not actively choose which
family they live in or the parenting style their parents use).
Fourth, we found a significant genetic correlation with de-
pressive symptoms for two of our three environmental mea-
sures: overlapping genetic factors influenced depressive
symptoms at age 12, and parent-rated parenting and child-
rated family chaos at age 9. This supports prior findings
from cross-sectional data in adolescents (Lau & Eley, 2008;
Rice et al., 2003). This is the first study to demonstrate this
effect using longitudinal data spanning middle to late child-
hood. There are several possible explanations. (a) Depresso-
genic genes in parents may lead to them being overstrict/
less positive with their children and less able to provide an or-
dered household; and these genes are inherited by their child,
leading to higher depressive symptoms (passive rGE). (b)
Emotionality is moderately heritable, is stable over time,
and influences depressive symptoms (Roberts & DelVecchio,
2000; Tackett, Waldman, Van Hulle, & Lahey, 2011). A child
with higher emotionality at age 9 (with associated depressive
symptoms) may evoke more negative parenting or family
chaos; in addition, this emotionality is likely to lead to a
higher risk of depressive symptoms at the age of 12 (evocative
rGE). (c) There may be an indirect pathway, whereby genes
influence parenting and family chaos (and not depressive
symptoms), but this (heritable) suboptimal family environ-
ment leads to depressive symptoms. Although it is possible
all three mechanisms operate, our study was not able to disen-
tangle these putative pathways. It is also important to be cau-
tious about these findings, because they were not found
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across all rater combinations; in particular, they were only
seen when the same person rated both environment and de-
pressive symptoms. Correlation coefficients were positive
for these analyses for all combinations, providing some sup-
port for the positive findings. A larger sample size is needed
to establish the reliability of this finding.

Fifth, we found some evidence for G x E interaction, with
stronger genetic effects on depressive symptoms for children
who experienced family chaos or poor parenting. This sug-
gests that children are more vulnerable to depressive symp-
toms if they have the combination of vulnerability genes
and suboptimal family environment. This is consistent with
prior quantitative genetic findings in older adolescents and
with molecular genetic findings that adults with specific ge-
notypes are more vulnerable to the depressogenic effects of
environmental adversity (Bradley et al., 2008; Karg, Burme-
ister, Shedden, & Sen, 2011; Lau & Eley, 2008). However,
this interaction was found in some combinations of raters
only, and may have been a chance finding. We should there-
fore be cautious about interpreting these results. These results
do suggest it would be useful to test whether such a G X E in-
teraction occurs in children in larger samples. If replicated,
this would suggest that children’s genes influence their emo-
tional reaction to family environment at age 9. To date, a G X
E interaction has not been found at such a young age. How-
ever, if larger studies fail to replicate this finding, this would
suggest that genes do not influence the susceptibility to envi-
ronmental adversity of 9-year-old children or that genes sim-
ply do not influence the susceptibility to the family environ-
ments that have been measured. It could be possible that
genes could influence susceptibility to nonfamily environ-
ment; therefore, it would be ideal if such a study would mea-
sure both family and extrafamilial environments.

It is interesting that a prior quantitative genetic study in-
vestigating G x E interaction in 6-year-old children found a
negative G x E interaction (i.e., genetic factors having a
weaker effect on depressive symptoms in children who had
experienced greater peer rejection; Brendgen et al., 2009).
The authors’ interpretation of that finding was that at such a
young age, there is little variability in how children react to
and cope with peer rejection, and hence there is little oppor-
tunity for genes to influence such reactions. This is in contrast
to teenagers, in whom genetic factors may contribute to such
behavior and hence variability in emotional reaction. In
younger children, the effect of social adversity may be so
strong that genetic factors become less relevant in contribut-
ing to depressive symptoms. Our findings suggest that there
may be a genetic contribution to the variation in vulnerability
to familial suboptimal environment at the age of 9. However,
our study is not able to answer whether this is due to variabil-
ity in response and coping styles at the age of 9 or to the de-
velopment of depressive symptoms over the subsequent 3
years. Replication in a larger sample is needed, with measure-
ment of potential coping styles and depressive symptoms over
multiple time points to help establish when and how genes may
influence susceptibility to environmental adversity.
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Environment—environment interplay

Only two facets of environment (family chaos and parenting)
were directly measured in this study. However, a very large
number of facets of the environment operate in the etiology
of depressive symptoms. Our design allowed us to estimate
the influence of unmeasured environmental variables, both
those shared and those not shared between co-twins.

Both our measures of home environment had significant
proportions of their variance accounted for by both shared
(Cnm) and nonshared (Ey;) environmental factors. This is not
a novel finding. However, what is a more novel finding is
that shared environmental factors influencing measured vari-
ables of home environment at age 9 also influenced depres-
sive symptoms at age 12 (C, was significant for all measured
environmental variables). Almost all shared-environment in-
fluencing depressive symptoms also influenced the measured
environmental variables. Note that it is imperative to recog-
nize the distinction between the terms shared environment
and environments that are shared. The former relates to the
experience of the environment that makes two members of
the family similar, whereas the latter indicates whether the
environments themselves are the same or different. Thus, one
of the reasons whereby co-twins were similar in depressive
symptoms at 12 may be because of shared family environment
already present at age 9. These environments could have ex-
isted long before age 9 and continue up until age 12; therefore,
this could indicate a cumulative effect of the environmental ad-
versity. We did not find consistent evidence of shared environ-
ment specific to depressive symptoms. Conversely, there was a
strong specific influence on depressive symptoms from non-
shared environment, but only a weak common influence on
both measured environmental variables and depressive symp-
toms. Such a pattern is not surprising: The measured family
environmental variables are likely to be a component of shared
environment (i.e., living in the same family home).

We found a significant interaction between parenting at
age 9 (as reported by parents or children) and broad non-
shared environment that is specific to depressive symptoms
(i.e., does not influence the measured environment) on de-
pressive symptoms at age 12. This suggests that if children ex-
perience less optimal parenting, they are more vulnerable to
the depressogenic effects of aspects of their environment
that are not shared with their twin. Because the three main do-
mains of a child’s environment are family, school, and peers,
and because twins share many components of family environ-
ment, nonshared environment may in the large part be mea-
suring peer relationships and school. One possible conclusion
from this is that it is the combination of both family and
school/peer adversity that leads to depressive symptoms,
and conversely that children who experience more positive
parenting are more robust to difficulties with their peers or
at school. However, it must be stressed that these conclusions
are speculative, because this study did not specifically mea-
sure nonfamily environmental variables. It is also possible
that these are chance findings; because this was not an a priori
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hypothesis, such results were only significant when the same
rater measured environment and depressive symptoms and
confidence interval lower limits were close to zero.

Even though the precise environments cannot be deline-
ated from this study, a finding of an Environment x Environ-
ment interaction would be consistent with findings from as far
back as the 1970s that there is a nonlinear relationship be-
tween environmental adversities and depression risk, with
multiple adversities having a much greater effect on depres-
sion than the sum of their parts (Brown & Harris, 1978; Rut-
ter, 1985). Despite this evidence, a lot of epidemiological re-
search investigating environmental risk factors for depression
uses an additive approach, summing adversities, an approach
that has been recently criticized (Dunn et al., 2011). Our find-
ings suggest that more complex multiplicative approaches,
whereby the effects of combinations of risk factors are con-
sidered, may be more appropriate.

Limitations

Our study just measured depressive symptoms, not clinically
significant depressive disorder. However, depression is likely
to be a continually distributed quantitative trait, with an arbi-
trary cutoff (Plomin, Haworth, & Davis, 2009; Wilkinson,
2010). It is likely that the greatly reduced power from a di-
chotomous clinical diagnosis would outweigh any advan-
tages from the greater accuracy of such a diagnosis compared
to a continuous rating scale. Depression itself is relatively rare
in this age group, yet depressive symptoms have been demon-
strated to be a risk factor for subsequent depression, making
this a valid end point for this sample (Goodyer et al., 2000,
2009; Rueter et al., 1999).

We did not measure depressive symptoms at the age of
9. Controlling for depressive symptoms at the time of envi-
ronmental assessment would have allowed us to control for
any effects of symptoms on rating of environment data. A
longitudinal design with a 3-year interval reduced, but did
not eliminate, this potential confounder. Future data collec-
tions on TEDS, including concurrent measures of depressive
symptoms and environmental experiences, will allow us to
test this in later adolescence.

Some findings were robust across all combinations of
raters: genetic effects on parenting and chaos, genetic effects
on depressive symptoms, and shared environmental factors
influence on parenting and chaos at age 9 and also depressive
symptoms at age 12. Significant cross-rater results would
therefore not be confounded by the same person rating both
environment and depressive symptoms. However, some of
our other findings were only statistically significant for
some environment—depressive symptom rater combinations.
‘We cannot therefore be confident that these are robust results,
and they may simply be Type 1 errors. They may also be
caused by bias and may reflect the response tendency of indi-
viduals (e.g., an individual is likely to rate all questionnaires
with high scores, even over a 3-year period). They may also
be Type 2 errors, given the positive but nonsignificant coef-
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ficients. Although such complex modeling is needed to
take account of both rGE and G x E interaction, even larger
samples are needed to clearly demonstrate such genetic—envi-
ronmental correlations.

Our measures of environment have been shown to have
only moderate internal consistency and reliability in our
(and other) samples. Some caution is therefore needed in in-
terpreting results based on these questionnaires.

Future directions for translating research on rGE into
intervention

This study has demonstrated, using multiple combinations of
raters, that parenting styles and family chaos when a child is
age 9 are likely to be influenced by a child’s genes (rGE); that
these aspects of the family environment when the child is 9
are associated with depressive symptoms when those children
are age 12; and that depressive symptoms at the age of 12 are
significantly heritable. Shared environmental factors influ-
enced parenting and chaos at age 9 and also depressive symp-
toms at age 12, suggesting a cumulative effect of these envi-
ronmental factors. It is also possible that the same genetic
factors influence both parenting and family chaos at age 9
and depressive symptoms at age 12; therefore, these environ-
mental measures may partly mediate the effects of genes on
risk for depressive symptoms. Given the strong association
between depressive symptoms at age 12 and later major de-
pressive disorder, it is possible that these aspects of the
home environment are associated with subsequent onset of
depressive disorder. Our study has demonstrated more robust
evidence that genetic factors operate on the risk of childhood
depressive symptoms by influencing the risk of depresso-
genic environment (#GE) than that they do so by influencing
susceptibility to suboptimal family environment (an alterna-
tive pathway of G x E interaction).

Genetic studies have long demonstrated that genetic fac-
tors are partly responsible for the risk of depression. One re-
sponse to this is to state that we cannot prevent the genetic
causes of depression because the gene sequence is not alter-
able. However, another approach is to establish the mecha-
nisms by which genes cause depression and, if possible, inter-
vene on intermediate steps of the genes to depression
pathway. We know that the etiological pathway for depres-
sion is complex, with long-lasting effects of childhood envi-
ronmental adversity (Dunn et al., 2011; Kendler et al., 2002,
2006). Our study has suggested that suboptimal parenting and
family chaos at the age of 9 increase the risk of later depres-
sive symptoms (and hence depressive disorder at later ages).
If we intervene to improve family environment at this age, we
may reduce depression risk. In doing so, we would partially
mitigate the effects of “depression genes.”

Further research is necessary. First, simultaneous model-
ing of ¥GE and G x E interaction, although necessary, re-
quires a very large sample size to have adequate power.
The newness of this technology makes sample size estima-
tion difficult. This paper has suggested that a sample size of
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3,000 is inadequate, especially in a younger sample where
there is less variance of depressive symptoms. A larger
study would clarify whether the same genes are likely to in-
fluence both environment and depressive symptoms and
home environment. A larger sample is certainly needed to
test for the role of G x E interaction. We also need to test
this in samples of older adolescents, to test the effects on de-
pressive disorder. We are following up the TEDS sample so
shall be able to investigate the genetic relationships between
environment at age 9 and depressive symptoms through
adolescence. We hope that this follow-up study will have
greater statistical power, given the greater variance in de-
pressive symptoms at older ages.

We also need to test whether intervention to improve fam-
ily environment does reduce risk of later depressive symp-
toms and ideally reduce risk of later depressive disorder
over long-term follow-up. Much recent research has demon-
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