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Why children differ in their cognitive abilities, in-
cluding their academic achievement, is a function of
their environment and genotype, and this function
may be complex, involving gene–environment (GxE)
interaction and gene–environment (GE) covariation.
The paper by Figlio et al. (1) in PNAS on academic
achievement in reading and mathematics considers
the importance of GxE interaction in a unique state-
wide sample of twin children from Florida. GxE inter-
action can be thought of as the genetic control over
sensitivity to environmental conditions or, alterna-
tively, as the environment determining the expression
of the genotype. Several scenarios may be distin-
guished: Across different environments, the same
genes are expressed, but their absolute or relative influ-
ences vary (quantitative differences), or different genes
are expressed across different environments (qualitative
differences). Obviously, a combination of these two sce-
narios is also possible. A third alternative states that under
GxE interaction, environmental influences vary condi-
tional on a child’s genotypic value (e.g., a low or
high genotypic value for mathematical ability) (2).

As to how GxE interaction may manifest, several
theoretical models each offer their own prediction.
The diathesis-stress model predicts that genetic vul-
nerability, or diathesis, increases the likelihood of a
trait in the presence of environmental stress. It also
predicts that the heritability of the trait will be higher
for children in risk environments (3). In contrast, the
bioecological model predicts that risk environments
will mask genetic differences between children and
enriched environments will amplify genetic differ-
ences (4). In studies of human behavior, researchers
usually rely on cross-sectional designs with groups of
related or genotyped individuals exposed to different
environments to assess quantitative and qualitative
GxE interactions.

Such a cross-sectional design was employed by
Figlio et al. (1): Twin children’s academic achievement
in mathematics and reading in primary school was ob-
served under different socioeconomic status (SES) cir-
cumstances. Birth and public school records were

matched for all children in Florida from birth cohorts
from 1994–2002, resulting in a large representation of
twins from disadvantaged homes and a broad range
of social and economic circumstances. The study ex-
plicitly tested the bioecological hypothesis, also known
as the Scarr–Row interaction (5), of increased genetic
and decreased environmental variation (i.e., higher
heritability) in children from advantageous backgrounds,
but found no evidence to support this bioecological
hypothesis.

The results of the study by Figlio et al. (1) critically
depended on the analysis of reading and mathematics
data from twins and, as a comparison group, siblings.
The classical twin design estimates resemblance in
twins as a function of their zygosity. If a trait is influ-
enced by genes, the resemblance of “identical” or
monozygotic (MZ) twin pairs will be larger than that
of fraternal or dizygotic (DZ) twin pairs, who share, on
average, 50% of their segregating genes, just like non-
twin siblings (6). Information on zygosity is not avail-
able from administrative databases, and differences in
twin resemblance in the Florida study were assessed
in same-sex (SS) and opposite-sex (OS) (i.e., male-
female, female-male) twin pairs. The last group is al-
ways DZ, while the first group will be a mixture of MZ
and DZ twin pairs, and the number of OS twin pairs is
expected to be roughly equal to the number of DZ SS
twin pairs.

A critical assumption in the paper is that the
correlation between SS and OS DZ twin pairs is equal
and that responsible genes do not differ in their
expression between boys and girls. We will address
this assumption by comparing resemblances for read-
ing and mathematics achievement from a large group
of twin pairs from the Netherlands Twin Register for
whom zygosity was known (7). Correlations for OS and
SS twin pairs and, as a critical evaluation, also the SS
correlations separately for the MZ and DZ twin pairs
are presented in Fig. 1. We clearly see that correlations
for all SS twin pairs are in between the correlations for
MZ and DZ twin pairs and that the correlations for the
DZ twin pairs are very similar to the correlations for the
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OS twin pairs, demonstrating that the assumption of the method
used by Figlio et al. (1) indeed holds.

In Fig. 1, the difference in resemblance between the SS and OS
twin pairs is noticeably similar in the twin pairs from The Nether-
lands compared with the twin pairs from Florida, and the correla-
tions in Dutch DZ twin pairs are close to the Florida sibling
correlations, again validating the approach that Figlio et al. (1) took.
Here, we also note that earlier heritability estimates for cognitive
ability without information on zygosity were comparable to esti-
mates obtained from classical twin studies (8) and to estimates from
population-based studies where multiple family relationships be-
tween children were available but zygosity was unknown (9).

The lack of evidence for a bioecological GxE interaction is an
important finding, as it is in contrast to a large meta-analysis of
genotype×SES interaction on academic achievement and intelligence
concluding that the effect existed in the United States, but not in
European and Australian countries, and that it was even reversed in
The Netherlands (10). As stated by Figlio et al. (table 1 of ref. 1), in the
data from Florida twin pairs, the GxE interaction also was uniformly
signed in the reversed direction, although not always significant. Their
findings thus not only provide no evidence for the bioecologicalmodel
but even point to the opposite (i.e., the diathesis-stress model), as the
genetic variance was significantly smaller in children from a higher SES
background for several of the academic achievement measures. On
the other hand, the environmental variance was significantly larger in
children from a higher SES background for most measures. As may be
seen in the study by Figlio et al. (SI appendix of ref. 1), this pattern of
lower genetic and higher environmental variance under high SES cir-
cumstances was consistent across all alternative SES measures and
proportions of MZ twin pairs in the SS group. This implies that their
results are more comparable to what has been found for GxE interac-
tion in The Netherlands than to the previous US findings.

One explanation for the dissimilar interaction results in the
earlier studies conducted in the United States and other Western
countries concerned the differences in socioeconomic inequality.

Variation in social and economic circumstances is larger in the
United States, with higher income inequality (11), child poverty
rates (12), and differences in educational opportunities (13). Figlio
et al. (1) clearly failed to replicate earlier US studies in their large US
sample, indicating either that GxE interaction US studies have been
underpowered (false-positive results) or that even within a country,
the phenomenon may not be universal and may depend on state.

In the study by Figlio et al. (1), maternal education is the main
index for environmental (dis)advantage. There is substantial resem-
blance in academic achievement between parents and offspring,
which is mainly due to genetic inheritance (e.g., ref. 14). Thus, the
reason for an association between SES and academic achievement,
as again confirmed by the strong association between maternal ed-
ucation and children’s mathematics and reading scores (table 2 of
ref. 1), is likely genetically mediated, representing a form of GE co-
variation (i.e., children with “favorable” genotypes tend to grow up
in favorable environments). To take such GE covariation into ac-
count, the statistical GxE interaction model used by Figlio et al. (1)
included a main effect of SES on academic measures; as such, the
genotype × SES interaction effect only moderated the variance in
academic achievement that is independent from SES (14, 15).

Figlio et al. (1) discuss exciting options for future research,
when insight into GxE interaction might be enhanced with molec-
ular genetic data. The idea is that if SES interacts with academic
achievement, then the influence of genetic variants that have
been established as causal genetic variants for academic achieve-
ment will differ across socioeconomic backgrounds. Figlio et al. (1)
write that it may take some time before sample sizes of genome-
wide association (GWA) studies are large enough to test this hy-
pothesis at the measured genotype level. This would be the case
when limiting to robustly associated genetic variants, so-called
genome-wide associated hits, but, nowadays, polygenic scores
(PGSs), which include the information from all genetic variants,
already provide a realistic research opportunity. Sample sizes of
the GWA studies on which the PGSs are based have increased

Fig. 1. Intraclass correlations (ICCs) and their 95%confidence intervals formathematics and reading achievement inDutch twinpairs across the samegrades
(3–8) as reported by Figlio et al. (1). ICCs for same-sex (SS) male (SS-M), SS female (SS-F), and opposite-sex (OS) twin pairs (A) and ICCs for monozygotic (MZ)
male (MZ-M), dizygotic (DZ) male (DZ-M), MZ female (MZ-F), DZ female (DZ-F), and OS twin pairs (B) are given. For each ICC, the number of twin pairs is
between 100 and 300.
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tremendously, resulting in a growing predictive power of PGSs.
The PGSs based on the most recent GWA study for academic
attainment explained over 3% of differences between individuals
(16, 17). A GxE interaction in PGS analyses would be reflected in a
difference in magnitude of explained variance between socioeco-
nomic backgrounds. For the bioecological model of GxE, the PGS
is expected to explain more variance in academic achievement in
children from high SES backgrounds. A recent study saw no evi-
dence of an interaction between PGS and family SES on educa-
tional achievement or on general cognitive ability (17).

GxE interaction studies on academic achievement have not
only focused on the home environment but also on aspects of the
school environment. For example, heritability of academic achieve-
ment did not depend on education type (e.g., Montessori) (18), but
the effect of genes on reading ability differed across levels of

teacher quality (19). GxE interaction is complex, and it is important
to gather evidence from multiple environments, samples, and re-
search designs, especially when a next step in educational research
involves developing personalized education policies to enhance
children’s performance at school. Knowledge on the existence of
genotype × SES interaction for academic achievement is important
as it means that by targeting children’s social and economic circum-
stances, the realization of their genetic potential can be facilitated
irrespective of family background.
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