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Abstract

The efficacy of interventions might be underestimated or even go undetected
as a main effect when it is hidden in gene-by-environment (G × E) inter-
actions. This review moves beyond the problems thwarting correlational
G × E research to propose genetic differential susceptibility experiments.
G × E experiments can test the bright side as well as the dark side of the
moderating role of genotypes traditionally considered to represent vulner-
ability to negative conditions. The differential susceptibility model predicts
that carriers of these risk genotypes profit most from interventions changing
the environment for the better. The evolutionary background of G × E and
differential susceptibility is discussed, and statistical methods for the analy-
sis of differential susceptibility (versus diathesis stress) are reviewed. Then,
based on results from 22 randomized G × E experiments, meta-analytic ev-
idence for the differential susceptibility model is presented. Intervention
effects are much stronger in the susceptible genotypes than in the nonsus-
ceptible genotypes. The final sections suggest possibilities to broaden the
G component in the G × E equation by including genetic pathways, and to
broaden the E component by including methylation level and gene expres-
sion as promising ways to probe the concept of the environment more deeply
and address the perennial issue of what works for whom.
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INTRODUCTION

In the seminal Dunedin study, Caspi, Moffitt, and collaborators found a widely cited interaction
between the serotonin transporter (5-HTT ) gene and childhood maltreatment experiences ele-
vating the risk for depression (Caspi et al. 2003). Individuals with one or two short alleles in the
promoter region of the 5-HTT gene showed more depressive symptoms, diagnosable depression,
and suicidality when they had experienced stressful life events than did individuals homozygous
for the long allele. The groundbreaking nature of this study is perhaps the best explanation for the
mixed blessing of what happened afterward: The Dunedin results were for years at the center of
both equivocal replication efforts and unrelenting criticism. This case study, which we continue
below, illustrates critical issues in research design and statistical analysis that have plagued research
on gene-by-environment (G × E) interactions.
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In one of the critical reviews of the research based on the original Caspi et al. (2003) study,
Munafò and colleagues (2009) found no evidence of a significant interaction effect, which they
attributed partly to the absence of any main effect for the serotonin transporter linked polymorphic
region (5-HTTLPR) polymorphism on depression. They argued that in the absence of a genetic
main effect, the interaction effect size must also be zero, because if the environmental effect is
increased for a specific genotype, there must be a main effect of the gene as well (Munafò et al.
2009, p. 216). This line of reasoning reflects the diathesis-stress or cumulative-risk model; the
limited, one-sided nature of this model is discussed below.

Echoing the Munafò et al. (2009) perspective, Risch et al. (2009) also considered established
genetic main effects a necessary condition for exploring G × E effects. A significant G × E effect in
the absence of a main effect would be improbable, as this would require a reversal in the direction
of the association between depression and life events, with the risk of depression increasing with
the number of life events among those with the short (ss or sl ) 5-HTT genotype and decreasing with
the number of life events among those with the long (ll ) genotype (Risch et al. 2009, p. 2469). The
effects of the two genotypes would then cancel each other out. This scenario is indeed one of the
possibilities, but not the only one. Environmental effects can be absent for one genotype but present
for the other genotype, with good outcomes under favorable conditions and bad outcomes under
unfavorable conditions—“for better and for worse,” as proposed by the differential susceptibility
model. In that case, significant G × E effects are found in the absence of a genetic main effect
(the two directions within one genotype cancel each other out). In a similar vein, we argue that
the efficacy of interventions might go undetected as a main effect when it is hidden in G × E
interactions.

As a prototypical example, the studies on the interaction between 5-HTT and adversity highlight
the promises of G × E but also point to a number of problems inherent in correlational G × E
studies. These problems make their contribution to a thorough test of G × E necessary but not
sufficient. In this article, we argue that G × E experiments solve several issues raised by critics of
correlational G × E studies.

Weaknesses and Challenges of Correlational G × E Studies

The following issues are to some extent part and parcel of correlational G × E research and
have been identified as major problems by many scholars before us (e.g., Duncan & Keller 2011,
McClelland & Judd 1993, Munafò et al. 2009, Wachs & Plomin 1991). In essence, all of these
issues concern threats to statistical power, which is not a trivial point in a field where precise
measurement equals labor-intensive measures and thus implies limits to manageable sample sizes.

Skewed distribution of E. Quality of the environment may not be distributed normally. In
virtually all studies testing the interaction between 5-HTTLPR and adversity, the distributions of
adversity are positively skewed, with the minority of participants having experienced significant
stressful life events. Although good for the participants, such a distribution of the environment is
unwelcome from a statistical point of view because it dramatically lowers the power to find G × E
effects (McClelland & Judd 1993).

Skewed distribution of G. The distribution of polymorphisms may be skewed, and this also
limits the statistical power. In order to obtain more equal groups, subgroups of genotypes are
sometimes combined (e.g., for 5-HTTLPR, the ss and sl carriers are sometimes combined and
contrasted with the ll genotypes). But it is not always clear whether these combinations reflect
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differences in gene functionality, and some genes are (in)famous for having been studied through
multiple possible groupings of genotypes. An example is the dopamine receptor D4 (DRD4) gene,
where the variable number of tandem repeats leads to more variants in the grouping of genotypes
than the number of its variants. This may result in multiple testing, leading to potentially spurious
findings (Munafò et al. 2014).

G and E are correlated. Genetic and environmental factors may not be independent, and when
through passive or evocative gene-environment correlation (rGE) specific environmental condi-
tions are more often present for certain genotypes, the supposed G × E effect is in fact a G × G
effect. Studies examining the influence of parenting on child behavioral outcomes dependent on
child genotype most often include only one child per family (e.g., Sulik et al. 2012), and between-
family differences in parenting are considered to be directly reflected in differences between the
children. However, parenting is confounded with shared genetic factors in parents as well as in
children within a family. Designs with more than one child per family enable an independent esti-
mate of the contributions of parenting and genetics (Van IJzendoorn & Bakermans-Kranenburg
2012). In a similar vein, unmeasured genotypes that increase the chance of exposure to a specific
environmental factor may invalidate the conclusion. Confounders such as age or ethnicity are
typically used as covariates to control for confounding effects, but taking into account their main
effect is not sufficient to control for potential effects on the interaction; what is needed is control
for the covariate × gene and covariate × environment effects (Keller 2014). This of course further
lowers the power of the analyses.

Measurement errors. If the environment is poorly assessed, the G × E equation contains two
components with divergent error variations (relatively small error variance in G and substantial
error variance in E), which lowers the power and increases the risks for both type 1 and type
2 errors (Van IJzendoorn et al. 2011a, Wachs & Plomin 1991). Indeed, it has been argued that
better measurement would be more crucial than larger samples to detect G × E (Rutter 2006,
Wong et al. 2003), and in the debate about the replicability of the Caspi et al. (2003) results,
this has been shown to be a key issue. Nonreplications more often relied on weak assessments of
stressful life events and depression (Karg et al. 2011; Uher & McGuffin 2008, 2010). Evidence of
genetic moderation was stronger for studies using objective measures or in-person interviews to
assess stress than for studies using self-report questionnaires (Karg et al. 2011).

These issues point to serious shortcomings of correlational G × E studies. In a critical paper,
Duncan & Keller (2011) argued that G × E studies suffered from publication bias, low statistical
power, and a high false discovery rate. Large G × E effect sizes (defined as 1% explained phenotypic
variance) would require sample sizes of at least 600 subjects to achieve a statistical power of 80%.
Considering the modest modal sample size in psychological research, the authors suggest that most
if not all G × E findings in the literature might be spurious and nonreplicable. Duncan & Keller
(2011) argued that “the primary reason that power to detect interactions tends to be low is that the
variance of the product term tends to be low in nonexperimental studies” (p. 1044, italics added).

As we argue below, genetically informed randomized controlled trials (RCTs)
(G × experimental E or G × eE) address some of the problems inherent to research on the
interplay between individuals’ genetic make-up and their environment. Experimental manipula-
tion of the environment results in more control of the E component in the G × E equation and
greatly enhances the power of G × E analyses. But before we turn to G × eE, let us first delineate
two different perspectives on G × E interaction effects and see how these can be distinguished
and integrated.
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DIATHESIS STRESS AND DIFFERENTIAL SUSCEPTIBILITY

Vulnerability and Susceptibility

For more than three decades, G × E research has been guided by the transactional/dual-risk
(Sameroff 1983), cumulative-risk (Rutter 2010), or diathesis-stress (Gottesman & Shields 1967,
Monroe & Simons 1991, Zuckerman 1999) models. The diathesis-stress model suggests that
children with a vulnerable constitution (risky genes) and poor developmental experiences (e.g.,
insensitive parenting, low-quality child care, stressful life experiences) deviate from the devel-
opmental pathway of their peers. The Dunedin finding discussed above is a prime example of
diathesis stress. Individuals carrying certain risk alleles (i.e., the 5-HTT s allele) were found to be
more likely to develop psychopathology when exposed to adversity.

Empirical studies show, however, that individuals vary not only in how much they are
negatively affected by environmental stressors and adversity (the dark side) but also in the extent
to which they are positively influenced by environmental resources and supports (the bright
side). Moreover, the same characteristics that make individuals vulnerable to adversity also make
them disproportionately likely to benefit from contextual support (Belsky et al. 2007). The
differential susceptibility hypothesis proposes that in positive environments vulnerable children
may outperform their peers who turn out to be less susceptible not only to bad environments but
also to optimal environments (Bakermans-Kranenburg & Van IJzendoorn 2007, Belsky 1997a,
Belsky et al. 2007, Ellis et al. 2011) (see Figure 1). The differential susceptibility model may
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Differential
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Figure 1
Models of differential susceptibility (red lines), diathesis stress, and vantage sensitivity. The differential
susceptibility model hypothesizes that susceptible individuals are disproportionately influenced by both
negative and positive environments (diagonal line), whereas nonsusceptible individuals are not influenced
(strong version) or less influenced (weak version) by both negative and positive environments (horizontal
line). The diathesis-stress or cumulative risk model (blue dotted line) contends that vulnerable and resilient
individuals function similarly in a positive environment but diverge in negative environments, with
vulnerable individuals showing worse outcomes. The vantage sensitivity model ( purple dashed line) contends
that individuals function similarly in a negative environment but diverge in positive environments, with some
individuals showing better outcomes.
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seem complementary to the diathesis-stress model, but at the deepest level it is fundamentally
different, in part because its evolutionary foundation implies that certain genotypes characterizing
a substantial percentage of the population must be called susceptibility genes instead of risk
genes.

It is also essential to delineate differential susceptibility from a recently launched concept la-
beled vantage sensitivity. The term vantage sensitivity was meant to describe the notion that
some individuals profit more than others from positive environmental factors such as warm par-
enting or high-quality daycare (Pluess & Belsky 2013); it is derived from differential suscepti-
bility reasoning and relies on the term vantage as used by Manuck and colleagues (Manuck &
McCaffery 2014, Sweitzer et al. 2012) to characterize the bright side of differential susceptibility
(Bakermans-Kranenburg & Van IJzendoorn 2011). Note that vantage sensitivity is the mirror im-
age of diathesis stress: It focuses on the effects of the positive side of the environmental continuum
instead of the negative side. Vantage sensitivity lacks a firm theoretical and evolutionary back-
ground (as described below), and although it piggybacks on the differential susceptibility model, it
seems to explain less than half as much. Moreover, the flip side of having three models—diathesis
stress, differential susceptibility, and vantage sensitivity—is that almost any pattern of variation in
response to environmental input can be explained by referring to one of the models. This runs
the risk of rendering the set of models immune against empirical scrutiny, and when models are
unfalsifiable, they must be considered unscientific (Popper 1979).

Biological Sensitivity and Differential Susceptibility

Two variants of differential susceptibility thinking emerged around the same time, biological
sensitivity to context theory (Boyce et al. 1995, Boyce & Ellis 2005, Ellis et al. 2005) and differential
susceptibility theory (Belsky 1997a, 2005; Belsky et al. 2007, 2009). Both theories were grounded
in evolutionary theory.

Specifically, the first theory suggested that developmental variation in biological sensitivity to
context had been maintained by natural selection because it produced different fitness outcomes
in different environments encountered over evolutionary history. Biological sensitivity to context,
as an endophenotypic property, is indexed by heightened reactivity in one or more of the stress
response systems, and it functions to regulate openness or susceptibility to both harmful and sup-
portive environmental influences. From a somewhat different perspective, Belsky (1997a, 2000,
2005) proposed that, as a form of bet hedging against an uncertain future, natural selection main-
tained genes for both conditional and alternative developmental strategies. Because the future will
always be uncertain, parents never know which rearing strategies will prove most successful in
terms of enhancing the child’s reproductive fitness and thus the parent’s inclusive fitness.

Even though biological sensitivity to context theory and differential susceptibility theory
emerged independently and do differ in important respects, they share much in common, and
in a remarkable step forward they were integrated under the umbrella of differential susceptibility
theory (Ellis et al. 2011). The “for better and for worse” perspective led to the metaphor of orchids
and dandelions, with orchids representing the highly susceptible individuals who wither away in
stressful environments but flourish in nurturing environments, and dandelions representing in-
dividuals with the relative ability to function adequately in various circumstances (Boyce & Ellis
2005). The botanical correctness of this metaphor is not indisputable because some orchids do
well in mountainous poor soil, and the adaptation of dandelions may be the result of epigenetic
variation (see below). The shorthand also inadvertently suggests a categorical rather than a con-
tinuous characteristic. Nevertheless, the metaphor worked well with the nonscientific press, as
evident from 287,000 results for a Google search for “orchids and dandelions theory” (see also
Dobbs 2009, Rockoff 2013).
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Markers of Susceptibility

What characteristics render individuals susceptible to environmental influences? Three broad
constructs have been proposed and tested as markers of susceptibility: (a) reactive temperament,
(b) biological sensitivity to stress, and (c) genetic make-up. These constitutional factors may point
to an underlying factor affecting how individuals experience or approach their environment, but
little research has addressed the associations among these susceptibility markers or tested whether
they operate in an additive or interactive way.

Evidence for genetic moderation of environmental effects according to the differential suscepti-
bility model has been specifically tested for serotonin- and dopamine-related gene polymorphisms.
In the future other genotypes may be identified as markers of susceptibility [e.g., monoamine ox-
idase A (MAOA), brain-derived neurotropic factor (BDNF)], but so far serotonin- and dopamine-
related gene polymorphisms have been most prominently in the spotlights of research on genetic
differential susceptibility. Consequently, meta-analyses have focused on dopamine-related geno-
types and 5-HTTLPR as genetic susceptibility markers. For dopamine-related genotypes (DRD2,
DAT, and DRD4 polymorphisms; 15 studies, N = 1,232), the combined effect size for the as-
sociation between adverse rearing influences and behavioral disturbance amounted to r = 0.37
for carriers of the risk alleles and only r = 0.10 for the comparisons without the risk alleles,
so carriers of the risk alleles were indeed more vulnerable to environmental adversity. But the
same was true on the bright side: The effect size for associations between support and better
adaptation was r = 0.31 for carriers of the putatively risk alleles and r = −0.03 for those with-
out the risk alleles (Bakermans-Kranenburg & Van IJzendoorn 2011). Thus, genotypes that in
adverse contexts put children at risk for behavior problems made them also benefit more from
support.

The differential susceptibility meta-analysis on 5-HTTLPR included 77 studies (N = 9,361;
Van IJzendoorn et al. 2012). In the total set, children with s alleles were more negatively affected
than ll carriers by adverse contexts with regard to negative outcomes, but they did not benefit sig-
nificantly more from positive environments. Ethnicity was a significant moderator, and in studies
with mostly Caucasian participants (52 studies; N = 6,626), the combined effect size for negative
outcomes in adverse environmental conditions was r = 0.18 for ss/sl carriers and r = 0.04 for ll car-
riers; ss/sl children also profited significantly more from positive environments (r = 0.17) than did
ll children (r = 0.05). For children with the ll genotype, the associations between positive or nega-
tive environment and positive or negative developmental outcome were absent. Thus, 5-HTTLPR
was a marker of differential susceptibility in Caucasian samples, with carriers of short alleles being
more sensitive to environmental influences than carriers of long alleles. There were not enough
studies with other ethnicities for separate analyses on these groups. This is unfortunate because
the findings demonstrate that ethnicity may make a critical difference in G × E interactions.

EVOLUTIONARY BACKGROUND OF G × E AND
DIFFERENTIAL SUSCEPTIBILITY

From an evolutionary perspective, there are positive reasons for expecting gene-environment
interactions. As Rutter (2006, p. 192) contended, “. . .there is the basic underlying evolutionary
concept of natural selection which argues that genes are involved in the adaptation of organisms
to their environment, that all organisms in a species will not respond to environmental change in
the same way, and that this within-species variation in response involves individual differences in
genetic endowment. In short, genetic variation in response to the environment is the raw material
for natural selection.”
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The Relative Nature of Good and Bad

It seems implausible that genetic variation in response to the environment would only have to
do with vulnerability to negative environments and the concomitant variance in nonoptimal out-
comes, as under the diathesis-stress model. First, vulnerability genes (e.g., 5-HTT s allele, DRD4
7-repeat allele) are found in relatively high frequencies in all human populations (Chang et al. 1996,
Chiao & Blizinsky 2010, Gelernter et al. 1999), which suggests that they have been maintained by
natural selection and must have benefits for fitness and reproduction. Were they only predictive
of variance in susceptibility “for the worse,” they would not have survived. In a similar vein, it
is difficult to imagine how genotypes that only affect vantage susceptibility would be maintained
over generations for only part of the population, without drift to a monoculture of such alleles
that enhance sensitivity to positive conditions. Second, what is considered a good developmental
outcome is prompted by the specific historical and cultural context, and behavior that we tend
to regard as maladaptive or problematic may enhance fitness and reproduction in other circum-
stances. This points to the need to take into account the whole range of environmental contexts,
the tails of which carry the connotations of “bad” and “good” that make no scientific sense from
an evolutionary perspective.

As an example, the 5-HTTLPR short allele has been related to greater responsivity of the
HPA axis and cardiovascular system to aversive stimuli (Gotlib et al. 2008; Mueller et al. 2010;
Way & Taylor 2010, 2011; see also Taylor et al. 2011), selective attention to negative stimuli
(Pergamin-Hight et al. 2012), and increased amygdala reactivity in response to emotional stimuli
(Caspi et al. 2010, Hariri et al. 2002). Such hypervigilance may be disadvantageous in stable,
supportive contexts but is beneficial in unstable or life-threatening conditions (Belsky & Pluess
2013, Homberg & Lesch 2011).

In this regard it is telling that functional polymorphisms in 5-HTTLPR have been found only
for humans, rhesus macaques, and four other macaque species (Dobson & Brent 2013). The short
allele would be responsible for the successful adaptation of humans and rhesus macaques to virtually
all regions of the world (Suomi 2006). However, Dobson & Brent (2013) note that the other four
macaque species live in only a few regions. The driving force may be variance in competition
levels within a group over time. Hypervigilance to social threats is beneficial in times of elevated
competition but unnecessarily costly in terms of time and energy when things are less threatening.
Thus, when levels of intragroup competition are variable but balanced over the lifetime, carriers
of the short alleles and carriers of the long alleles have similar levels of reproductive success, and
the short allele is maintained over generations (Dobson & Brent 2013).

Variation in Susceptibility as an Evolutionary Outcome

One step further is the hypothesis that individuals from the same population more generally differ
in their degree of susceptibility or plasticity and that natural selection favors this form of between-
individual variation. Based on animal research, two types of susceptibility can be distinguished—
developmental and activational susceptibility or plasticity—and both types may be relevant to
differential susceptibility in humans. Developmental plasticity implies the emergence of different
behavioral phenotypes in different environments as a result of different developmental trajectories
evoked by those environments. This includes changes in the nervous system or in physiology as
a result of experience, with long-term consequences resulting from early environmental influ-
ences. Activational plasticity refers to adaptation to the immediate context, such that an individual
expresses different behaviors in different conditions (Snell-Rood 2013). Activational plasticity re-
quires a more refined nervous system, with accompanying higher costs; moreover, it requires

388 Bakermans-Kranenburg · Van IJzendoorn

A
nn

u.
 R

ev
. P

sy
ch

ol
. 2

01
5.

66
:3

81
-4

09
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

18
0.

24
1.

16
9.

15
3 

on
 0

6/
23

/2
0.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



PS66CH15-Bakermans-Kranenburg ARI 8 November 2014 8:52

time and energy to monitor the environment carefully—whether consciously or unconsciously
(DeWitt et al. 1998).

Why would such costly phenotypes be maintained? Two evolutionary explanations for differ-
ential susceptibility in humans have been suggested (Dingemanse & Wolf 2013, Wolf et al. 2008).
First, the benefits of susceptibility are often negatively frequency dependent, that is, when there is
competition for resources, the benefits increase with a decreasing number of susceptible individu-
als in the population. The explanation is as follows: When a majority of nonsusceptible individuals
use strategy A but it becomes advantageous to use strategy B, responsive or susceptible individuals
choose strategy B while unresponsive individuals stick to strategy A. However, when too many
individuals use strategy B and the resources are limited, the benefits of choosing B diminish. Thus,
the benefits of responsiveness decrease with the frequency of responsive individuals (Wolf et al.
2008). This explains why both susceptible and nonsusceptible genotypes are maintained within a
population.

Second, even small between-individual differences in social behavior lead to the coexistence
of susceptible and less susceptible individuals. In Hawk-Dove-like contest situations, predictable
differences in aggressiveness between individuals select for susceptible (activationally plastic)
individuals who flexibly switch between aggressive and nonaggressive strategies. They are
nonaggressive when confronted with opponents who are aggressive and vice versa. In turn, the
presence of flexible individuals favors a rigid strategy in other individuals. When confronted with
a flexible individual in the Hawk-Dove-like contest situation, rigid adoption of the aggressive
strategy triggers nonaggressive behavior in the flexible individuals (Dall et al. 2004, Wolf
et al. 2011). Individual differences in social behavior thus elicit flexible responses, and flexible
responders offer opportunities to nonflexible individuals. As a result, natural selection results
in a mixture of susceptible (adapters) and less susceptible (rigid) types (Dingemanse & Wolf
2013).

Natural selection acts on phenotypes: The relative fitness of a genotype depends on the survival
and reproductive success of the associated phenotypes in specific environments, pointing to the
importance of G × E effects. Manuck (2010) noted that selection only recognizes reproductive
success and that the evolutionary underpinnings of the differential susceptibility model hold only
if the behavioral phenotypes resulting from the G × E interaction also predict reproductive out-
comes. If not, he argues, the variance in behavioral outcomes in crossover interaction would more
likely be a by-product of other regulatory processes. We tend to disagree with this point. Given
the myriad of behaviors that are directly or indirectly relevant to reproductive success or inclusive
fitness (Hamilton 1964a,b), including aggression, social competence, and depression, it is difficult
to think of a behavioral phenotype that would be totally unrelated to reproductive success.

Variation in Susceptibility Within the Family

In Belsky’s evolutionary reasoning, the prediction of variation in susceptibility is pushed to the level
of the family (Belsky 1997a,b, 2000, 2005). He argues that parents could never know for certain
what rearing strategies would prove most successful in terms of promoting a child’s reproductive
success. Therefore, children should vary in their susceptibility to the rearing environment, espe-
cially within families. The inclusive fitness of parents would be optimal if some of their children
were affected by their parenting efforts and were well prepared for a future correctly envisioned by
their parents, and if others were not susceptible to their parents’ routines and pursued alternative
strategies (e.g., Sulloway 1996).
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Moreover, not only would parents increase their reproductive fitness through variation in their
offspring’s susceptibility to rearing influences, but the same would also be true of siblings in these
families. After all, just like parents and children, siblings share 50% of their genetic layout. Thus,
variation in susceptibility enhances siblings’ and parents’ inclusive fitness to the same extent (Belsky
2005, Ellis et al. 2011). Note that this line of reasoning assumes susceptibility of the type denoted
as developmental plasticity: Once adaptation has taken place, the individual follows his or her
developmental trajectory, which may promote or decrease reproductive success. The prediction
of variation in susceptibility within families is original and bold; unfortunately, the possibilities of
testing this hypothesis in modern times are elusive, at least in humans. Animal research may take
up this challenge.

STATISTICAL APPROACHES

In the first years of documenting empirical evidence for differential susceptibility, the criteria for
demonstrating differential susceptibility and distinguishing it from support for other models of de-
velopment were outlined rather imprecisely. The criteria included a formal test for a crossover (or
disordinal) interaction and visual inspection of the figure representing the regression lines for the
two groups distinguished by the moderator variable, e.g., high or low on temperamental reactivity,
or with or without the DRD4 7-repeat allele. Support for the differential susceptibility model would
be indicated by similarity of the figure to a prototypical plot displaying two regression lines crossing
at some point in the middle of the distribution of the predictor variable (as in Figure 1), with one
regression line (for the nonsusceptible group) showing a slope close to zero and the other regres-
sion line (for the susceptible group) showing a slope clearly different from zero (Belsky et al. 2007).

Evaluation of Interaction Shape

Over the years, a number of scholars have developed statistical approaches to closely examine the
precise shape of G × E interactions and to decide more formally whether interactions fit diathesis-
stress or differential susceptibility models. The central aim of these approaches is to distinguish
ordinal or removable interactions (indicating diathesis stress) from disordinal or crossover inter-
actions (indicating differential susceptibility).

Kochanska and colleagues (2011) suggested an approach using the analysis of regions of signif-
icance (Aiken & West 1991, Preacher et al. 2006; see http://quantpsy.org/interact/mlr2.htm);
that is, the specific values of the predictor below which and above which the regression lines for the
two groups (different on the moderator) differ significantly in terms of the outcome. When these
values both fall within the range of 2 SD below and above the mean of the predictor (representing
95% of the sample), the data would support the differential susceptibility model; indeed, in these
cases the “for better and for worse” effects are found within the range of empirically observed
values of the predictor.

Roisman and colleagues (2012) suggested two additional metrics for quantifying evidence for
differential susceptibility (see http://www.yourpersonality.net/interaction/). The first is the
ratio of the area between the regression lines on the right-hand side of the interaction crossover
point and the total area between the regression lines (left and right from the crossover point), with
the −2SD and +2SD lines as boundaries. In the prototypical case of differential susceptibility this
ratio, referred to as the proportion of interaction, amounts to 0.50; in the case of diathesis stress
it is close to zero. The other metric concerns the proportion of the sample that is differentially
affected by the moderator; that is, the proportion of the sample with predictor values higher than
the crossover point of the regression lines. The proportion affected index approaches 0.50 in cases
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of differential susceptibility and 0.00 or 1.00 in cases of diathesis stress, depending on the direction
of the predictor.

Model Fitting

A further method for distinguishing ordinal from disordinal interactions, and thus distinguishing
between diathesis stress and differential susceptibility models, was developed by Widaman et al.
(2012). A crucial distinction between the two types of interaction is the location of the crossover
point, which in the case of an ordinal interaction is at the boundary or outside the range of
observed predictor values. In the Widaman et al. (2012) approach, the predictor is centered
at the crossover point, and a confidence interval for the crossover point is estimated. When both
the crossover point and its confidence interval fall within the range of observed predictor values,
the interaction represents differential susceptibility; when both fall outside the range of observed
predictor values, the interaction represents diathesis stress. Moreover, the fit of the regression
equation to models representing strong and weak versions of diathesis stress and differential
susceptibility can be tested (Belsky et al. 2013). The strong version of differential susceptibility
implies that those who are not susceptible are not at all affected by the environmental predictor;
the weak version implies that some are less affected than others. In a similar vein, strong and weak
versions of diathesis stress pertain to the extent that nonvulnerable individuals are affected by the
predictor to a lesser extent than vulnerable individuals (weak version) or not at all (strong version).

The advantage of this approach is the formal testing of nested diathesis-stress and differential
susceptibility models. However, the strong differential susceptibility model and the weak
diathesis-stress model have the same number of parameter estimates, and as a result these two
cannot be tested against one another. Belsky et al. (2013) suggest that in this case the model
with the highest proportion of variance explained should be preferred, but under these cir-
cumstances, the benefits of formal testing are lost. Importantly, the model-testing approach is
more liberal than the standard approach for testing interaction effects, so in some cases it can
be concluded that the data support differential susceptibility even when the interaction term
(susceptibility factor and predictor, G × E) is not statistically significant. The standard approach
of first testing the statistical significance of G × E is conservative, and perhaps too conservative,
when the aim is to test a hypothesis specified a priori (Belsky et al. 2013).

Restriction of range. Both in the Widaman et al. (2012) and in the Roisman et al. (2012)
approach, support for one of the models is dependent on the range of observed predictors. Thus,
when the crossover point and its confidence interval fall outside the range of observed predictor
values, support for the diathesis-stress (or vantage) model is specific to the pertinent sample. If the
sample is not representative of a population with more extreme positive or negative environments,
the differential susceptibility model is falsely rejected. Furthermore, limitations of correlational
G × E studies such as correlated G and E, substantial measurement error in E, and lack of statistical
power also limit the validity of the conclusions based on the statistical methods to test differential
susceptibility, whatever their complexity.

G × E EXPERIMENTS: POWERFUL TESTING OF G × E

In order to overcome the limitations of correlational and longitudinal research on differential
susceptibility, this emerging field needs experimental designs to test differential susceptibility
(Van IJzendoorn et al. 2011a). Differential susceptibility experiments have at least three distinct
advantages compared to correlational studies.
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1. G and E are uncorrelated. In RCTs, the environment is manipulated in standard ways,
and randomization breaks the potential rGE. For example, in experimental interventions that
elevate the level of parental sensitivity, changes in child outcomes are causally related to the
manipulated environment (Bakermans-Kranenburg et al. 2003). Correlations between genotype
and environment cannot play a contaminating role because genes and other constitutional factors
(e.g., temperament, stress reactivity) may only moderate the effectiveness of the intervention,
that is, constitute markers for differential susceptibility. When random assignment to the inter-
vention and control groups or—in the case of within-subject designs—randomized order of the
manipulations (the environmental change) is stratified according to the differential susceptibility
marker, the independence of marker and outcome is also guaranteed.

2. Measurement error is reduced. Differential susceptibility experiments avoid the issue of
unequal measurement errors in the differential susceptibility equation, that is, the varying error
components in the interaction equation of the individual constitution and the environment (in
genetic terms, G × E). If genotyping is done in a careful way but the environment is assessed
poorly, the G × E equation contains two components with highly divergent error components
(smaller for G than for E), creating high risks for type 1 and type 2 errors. This may be the
most important reason for Plomin’s paradox (Wachs & Plomin 1991) that gene-environment
interactions may be omnipresent (as the raw material for evolutionary variation and selection)
(Rutter 2006) but appear difficult to find and to replicate. Replication of G × E findings is critically
dependent on accurate assessments of both the genotype and the environment (McGuffin et al.
2011). Focused and standardized experimental manipulation of the environment (with certified
fidelity of implementation) circumvents the problem of large measurement errors in the assessment
of environments, in particular when the intervention has been proven to be efficacious.

3. Power is enhanced. Randomized controlled G × E experiments require considerably fewer
subjects to obtain the same statistical power as correlational G × E studies. Experimental studies
create more variance in the product term because interventions stimulate experimental participants
to become maximally different from controls. As a result, the power of experimental G × E studies
is much larger than that of correlational studies. In a series of simulations with two factors (e.g.,
treatment and genotype) on a sample size of 100 subjects, McClelland & Judd (1993) demonstrate
that the power of a common correlational study with truncated distributions at the extremes
and many observations toward the center of the distributions (e.g., due to selective nonresponse)
decreases to 6% of that of a proper two-factorial experiment. Compared to a somewhat less
optimal G × E design with skewed distribution of genotypes, the power of a correlational G × E
study would still be 13 times smaller. In this scenario 1,300 subjects are needed to achieve the same
power in a correlational study as in an experiment with 100 subjects—and this does not depend
on the effect size of the moderator (McClelland & Judd 1993).

Genetic Differential Susceptibility Experiments

Genetic differential susceptibility experiments constitute a subclass of experimental G × E studies,
testing the bright side of the moderating role of genotypes shown to be related to vulnerability to
negative conditions. Under the diathesis-stress model, these vulnerable genotypes are associated
with poor outcomes when exposed to stress or unfavorable environments. The differential suscep-
tibility model predicts that carriers of these very same genotypes profit most from experimental
manipulation of the environment for the better. In this section we present the most important
G × E experiments, namely RCTs that fulfill the requirement of randomized assignment of par-
ticipants to conditions, in this case to variations in the environment. Thus, genetic variation can
be a fixed factor, but randomized E is a necessary condition.
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It has been argued that “G × E research is inherently nonexperimental” (Keller 2014, p. 22)
because the genetic variable cannot be experimentally changed. This argumentation is incorrect. In
cancer research, designs are common in which patients with different types of tumors are randomly
assigned to, for example, an established drug treatment (care as usual) and a new drug regime.
In this primordial RCT example the environment (the treatment) is experimentally manipulated,
but the type of cancer (the organismic characteristic) is not manipulated. In fact, Thomas (2010a)
argues that clinical trials provide unique opportunities to study G × E interactions. Notably, the
Widaman et al. (2012) approach to distinguish between differential susceptibility and diathesis
stress models can also be applied to randomized controlled G × E experiments (see Plak et al.
2015, Van IJzendoorn & Bakermans-Kranenburg 2015).

A G × E experiment should not be confused with the use of laboratory test settings to assess
behavioral or developmental outcomes and to contrast the outcomes between genotypes (as in,
e.g., Bakermans-Kranenburg & Van IJzendoorn 2011, Gallardo-Pujol et al. 2013, Israel et al.
2009, Verschoor & Markus 2012). An experiment is defined by the manipulation of a predictor
rather than by the assessment method. Studies examining genetic moderation of the response to
psychopharmacological treatment (e.g., Cheon et al. 2007, Markus et al. 2012) are not included
here to avoid an overly heterogeneous domain of review.

Nanotrials, Microtrials, and Field Trials

The environment can be manipulated, and the outcome can be assessed, at various levels. At the
level of the nanotrial, pertinent studies examine the immediate neural or behavioral responses
to a small range of positive and negative stimuli, to minor manipulations of stress levels, or to
subtle priming. Such manipulations cannot be considered stand-alone components of larger field
trials; rather, nanotrials are meant to elucidate mechanisms of change underlying differential
susceptibility that may include differences in attention, state regulation, orienting responses, or
thresholds for punishment and reward. Microtrials use a focused manipulation of a somewhat
broader component of the environment that could easily be included in a field trial as one of its
effective ingredients, e.g., computerized early literacy instruction with and without personalized
feedback, or high and low levels of structure in a parenting situation. Finally, field trials test the
variance in response to interventions with high ecological value, such as parent training or broad
educational or social programs. We next present the available G × E experiments categorized at
the nano-, micro-, and field-trial levels.

Differential susceptibility has been defined as a process leading to more-or-less enduring devel-
opmental changes, not to short-term, fleeting effects (Ellis et al. 2011). Such long-term processes
are usually not addressed in nano- or microtrials. Nevertheless, such trials are important for elu-
cidating intermediate steps in the cascade of changes in field trials, for example, the neural or
hormonal changes that accompany developmental changes.

Field Trials

Externalizing behavior problems. An early G × E experiment supporting differential suscepti-
bility theory was an RCT (N = 157) with video-feedback training in families with a toddler at risk
for externalizing behavior problems (Video-feedback Intervention to promote Positive Parent-
ing and Sensitive Discipline; VIPP-SD) (Bakermans-Kranenburg et al. 2008b). The intervention
families participated in six home visits with video feedback. The intervention was effective in
enhancing parental sensitive discipline and reducing child externalizing symptoms, but the latter
only when the children were carriers of the DRD4 7-repeat allele. In fact, when parents showed
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a more-than-average increase in the use of positive discipline, the decline in externalizing behav-
ior was strongest in children with the DRD4 7-repeat, an illustration of a dose-response relation
that confirms the causal association between experimentally induced change of environment and
child behavior problems. Moreover, the impact of the intervention went “under the skin” of the
children as evidenced by the lower levels of daily cortisol production in the susceptible group
(Bakermans-Kranenburg et al. 2008a).

In an RCT with elementary school–age children (N = 50), Van den Hoofdakker and col-
leagues (2012) explored whether a dopamine transporter gene (SCL6A3/DAT1) moderated the
effectiveness on ADHD symptoms and behavior problems of a behavioral parent training pro-
gram in addition to routine clinical care (in the control group) that included family counseling,
psychoeducation, and advice. The parent training consisted of 12 two-hour group sessions across
five months; during the sessions parents were instructed in behavior management techniques,
with an emphasis on the frequent praise of and prompt reward for children’s prosocial behavior.
Children carrying one or no DAT1 10-repeat allele profited strongly from the training-related
positive change in their caregiving environment, whereas children with two DAT1 10-repeat alleles
remained unaffected (Van den Hoofdakker et al. 2012).

The Fast Track Randomized Control Trial was a 10-year-long intervention to prevent high-
risk kindergarteners from developing persistent externalizing psychopathology. The intervention
was broad, including parent training groups and home visits to promote the development of
positive family-school relationships and parental management skills, self-efficacy, and life man-
agement; child social skill training groups and tutoring in reading during the early years were also
provided. During adolescence, curriculum-based parent and youth group meetings were offered.
The outcome was externalizing psychopathology at age 25 years (Albert et al. 2015). Genetic mod-
eration of response to Fast Track was examined for 10 single-nucleotide polymorphisms (SNPs)
of the glucocorticoid receptor gene NR3C1. Among European-American children (N = 242), the
intervention was more effective among carriers of the rs10482672 A allele, after correcting for
multiple testing. Among carriers of the A allele, 18% of the intervention participants had at least
one symptom of externalizing psychopathology at age 25, compared to 75% of the control partici-
pants. In contrast, for participants without the A allele, the percentages were 56% for intervention
children and 57% for control children.

Alcohol use. The Strong African American Families (SAAF) program focused on African
American adolescents and their (often single-parent) families. The SAAF program consisted of
seven weekly meetings. Parents were taught the consistent use of nurturant-involved parenting
practices along with high levels of monitoring and control, with clear expectations about alcohol
use. Children learned about the consequences of alcohol use and were taught resistance strategies,
and families engaged in activities designed to increase family cohesion (Brody et al. 2006). The
control families received leaflets on various aspects of development in early adolescence. Past-
month substance use was assessed when subjects were 11 (pretest), 12 (posttest), 13 (follow-up),
and 14 (long-term follow-up) years old (N = 337). The SAAF intervention had a positive effect
on parenting practices. DRD4—but not 5-HTTLPR—of the children moderated the effect on
children’s substance use. SAAF appeared to be more effective for teenagers with a DRD4 7-repeat
allele than for teenagers with two DRD4 4-repeat alleles (Beach et al. 2010).

The Strong African American Families-Teen (SAAF-T) program was implemented in 502
families with 16-year-old adolescents who were followed for 22 months (Brody et al. 2014). SAAF-
T consisted of five meetings, again with separate caregiver and adolescent training followed by
joint caregiver-adolescent sessions during which families practiced the skills they learned in the
separate sessions. The control group received a family-centered intervention designed to promote
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healthy behaviors among adolescents. In the control group, male carriers of the DRD4 7-repeat
allele were at risk for increased substance use (cigarettes, alcohol, marijuana), whereas after SAAF-
T they showed significantly decreased substance use, at the same level as that of carriers of shorter
alleles in both the control and intervention groups. This moderating role of DRD4 was not found
in female adolescents (Brody et al. 2014).

The SAAF and SAAF-T data were combined in an analysis of a larger number of genotypes
related to dopaminergic (DRD2, DRD4, ANKK1) and GABAergic (GABRG1, GABRA2) systems
(Brody et al. 2013). More than 900 youths were included in the combined study. Control subjects
carrying a risk variant of the GABRG1, GABRA2, and DRD2 genes showed larger increases in
alcohol use than did their counterparts in the experimental condition or youth with the nonrisk
variants in both the control and experimental groups. Risk genes were also combined into a
cumulative or multilocus risk index, but this left 21% of the sample without a genetic risk profile,
which makes tests inconclusive.

The PROSPER (Promoting School-Community-University Partnerships to Enhance Re-
silience) preventive intervention trial was another large-scale G × E intervention. PROSPER
aimed at reducing alcohol abuse in sixth- to ninth-grade youngsters through family-focused
and school-based interventions with community-level random assignment. Participants (545
adolescents, mostly non-Hispanic white) were genotyped for DRD4. Only part of the sample
participated in the family intervention; thus, primarily the effectiveness of the school-based
intervention was tested. The focus was on increasing the awareness of consequences of substance
use, resisting pressures from others, establishing future aspirations, and promoting positive
interactions with parents. The program consisted of 11 to 15 sessions with interactive teaching
methods and small-group activities (Spoth et al. 2007). At the ninth-grade assessment, the
adolescents reported their initiation of alcohol use in a three-item questionnaire (Cleveland et al.
2015). No main effect of intervention on alcohol use was found, and a significant two-way G × E
interaction was also absent. A significant three-way interaction effect with parental involvement
was found. The intervention decreased alcohol use in carriers of the DRD4 7-repeat allele, but
only when these adolescents had reported a moderate to high involvement of the primary caregiver
in their lives at baseline. Participants without the 7-repeat allele seemed not to profit from the
intervention.

The G × E experiments on substance use are exemplary in the use of large samples and long-
term assessment of outcomes. However, the assessment of alcohol or substance use was restricted
to a few self-report questions that might be liable to response biases, in particular if “cool” but
illegal practices are to be reported, and response biases may differ in size and direction in the
intervention and control groups. Interpretations of disparities between SAAF and PROSPER
should take differences in ethnicity into account. Not only frequency but also functionality of
genotypes might differ between ethnicities (see Van IJzendoorn et al. 2012, Williams et al. 2003;
but see Vijayendran et al. 2012).

Internalizing problems. Following an initial quasi-experimental study on differential effective-
ness of cognitive behavioral therapy (CBT) in children with anxiety disorders (Eley et al. 2012),
Bockting and colleagues (2013) tested 5-HTTLPR as a moderator of the response to CBT in
recurrently depressed adults (N = 180 Caucasian patients). It was expected that the ss genotype
would be associated with a better response to CBT in preventing recurrence as compared with
the sl/ll genotypes. The control group received care as usual, and the outcome was time to recur-
rence assessed prospectively over 5.5 years using the Structured Clinical Interview for DSM-IV.
5-HTTLPR did not predict CBT response; the effectiveness of the treatment was similar in both
genotype groups.
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In a similar vein, the Living Well With Stroke study tested the effectiveness of a brief psy-
chosocial treatment in reducing depressive symptoms after stroke for participants with the various
5-HTTLPR genotypes (Kohen et al. 2011). Clinically depressed patients with ischemic stroke
(N = 61) were randomly assigned to a 9-session brief pleasant events, problem-solving
intervention plus antidepressant (intervention), or to usual care plus antidepressants (control).
The Hamilton Rating Scale for Depression was used at baseline and after treatment. The s allele
was associated with better treatment outcome: Among patients with the ss genotype, behavioral
treatment had a large effect, but among ll carriers there was no evidence of an intervention effect.
The effect for sl carriers was intermediate.

Child abuse and neglect. Parenting interventions in maltreating families or families at high risk
for neglect or abuse are critically important to prevent (further) child maltreatment. Cicchetti et al.
(2011) conducted an RCT in 106 families (majority of black ethnicity) with a 1-year-old infant,
using two different intervention modalities, child-parent psychotherapy and psychoeducational
parenting intervention. Individual parenting interventions were implemented in weekly sessions
for one year, constituting major opportunities for change. Attachment security and disorganiza-
tion measured at baseline and follow-up (26 months of age) were the most important outcomes.
Substantial increases in attachment security and decreases in attachment disorganization were ob-
served in maltreated children whose families were involved in one of the intervention modalities.
However, genetic moderation (5-HTTLPR, DRD4) was absent.

One might speculate that a long-term, intensive, corrective therapeutic intervention dwindles
the power of genotype in moderating its impact on children’s attachment development. The
study may therefore not be considered a disconfirmation of the differential susceptibility theory
but rather an indicator of its boundaries. Analogous to behavior genetics where environmental
effects are stronger in more heterogeneous environments, one might submit that with drastic
changes in previously extremely depriving environments, the influence of genetics and of G × E
may be negligible.

The Bucharest Early Intervention Project (Brett et al. 2015, Nelson et al. 2014), however, seems
to refute this idea. This intervention was a unique field experiment with random assignment of
136 abandoned children suffering from neglect in orphanages in Bucharest, Romania, who were
6 to 30 months of age at baseline. Sixty-eight children were randomly assigned to institutional
care as usual and 68 to a newly created foster care arrangement, with regular professional support
of the foster parents. Ethnicity of the children was Romanian and Roma (allelic frequencies were
not different, and ethnicity did not influence the results, but the power to find such differences
was limited). The interaction of 5-HTTLPR genotype with intervention group status predicted
change in externalizing behavior from baseline to 42 and 54 months. In the group remaining in
institutional care, children with the ss genotype showed the most externalizing behaviors, whereas
in foster care, the ss genotype was associated with the lowest externalizing scores. In contrast, for
sl/ll carriers, intervention group status did not predict externalizing behavior.

Microtrials

Aggression. Several G × E experiments have tested the moderating role of the MAOA gene pro-
moter polymorphism in the influence of a negative (maltreating) environment on the development
of antisocial and aggressive behaviors (Caspi et al. 2002). In one of the first G × E experiments
on MAOA and aggression, McDermott and colleagues (2009) provoked 70 male participants to
forced administration of an unpleasant tasting hot sauce to a confederate as retaliation for being
bereft of a larger (80%) or smaller (20%) amount of money earned in completing a vocabulary
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task. Both carriers of the low-activity variant of MAOA and their peers with the other genotype
administered more hot sauce in the 80% condition than in the milder 20% condition, but the
difference was somewhat larger in carriers of the low-activity variant of MAOA.

Cyberball is another way to trigger (reactive) aggression in a laboratory setting (Williams &
Jarvis 2006). In Cyberball, participants play ball with two imaginary individuals over the Internet,
but after a promising start with an equal distribution of tosses, the excluded participant does
not receive any more tosses from the other participants, which results in rather severe negative
mood and feelings of rejection. The computer game was used in a microtrial on 57 Spanish male
students to mimic accepting (i.e., inclusion) and rejecting (i.e., exclusion) social environments
(Gallardo-Pujol et al. 2013). The Point Subtraction Aggression Paradigm was used to measure
aggressive responses (stealing points from an opponent). Social exclusion was related to more
aggressive acts, as was the low-activity variant of MAOA. But in the ostracized group, carriers
of the low-activity MAOA allele showed significantly higher aggression than their peers with the
high-activity polymorphism. In the social inclusion group (not excluded during Cyberball), lower
levels of aggression and no difference in aggression between the two MAOA polymorphisms were
found (Gallardo-Pujol et al. 2013), indicating more positive effects of the inclusion for carriers of
the low-activity MAOA allele.

Although 5-HTTLPR is one of the usual genes investigated in studies on the emergence of
depression and anxiety (see below), Verona et al. (2006) examined this genotype in a G × E
experiment on aggression. In a study on 111 students (mixed ethnicities), the authors examined
the moderating role of 5-HTTLPR in the association between experimentally induced stress and
resulting aggression. Participants were randomly assigned to a nonstress condition or a physical
stress condition consisting of a small harness placed around the chest from which air blasts were
directed at the throat. Aggression was assessed through the intensity and duration of electrical
shocks delivered by the participants to a confederate who made mistakes in a series of digit span
tasks. In the stress condition, male ss carriers administered higher shock levels than did male sl or
ll carriers. In the no-stress condition, low levels of aggression were displayed by all genotypes. In
females, genotype did not make a difference (Verona et al. 2006).

Internalizing problems. Andersson and colleagues (2013) examined the moderating effect of
both COMTval/met and 5-HTTLPR on the effectiveness of a nine-week Internet-delivered CBT
treatment for social anxiety disorder (without personal contact with the therapist); the waitlist
control group received delayed treatment after nine weeks. Neither genotype influenced CBT
outcome, nor was any G × G × E effect found. The treatment was equally effective in all four
genotype groups (total N = 202).

Cognitive development. A prime example of a cognitive microtrial is the early literacy instruc-
tion with the intelligent tutoring system Living Letters, a series of 40 brief computer games aimed
at phonemic awareness (Kegel et al. 2011). In one of the intervention modes, a talking tutor was
built into the games to reward any move in the right direction of a solution. The same games with-
out a tutor constituted a second intervention mode, and the control group played hide-and-seek
computer games. Children were randomly assigned to the three groups. Information on DRD4
genotype was available for 182 participants. At posttest, the children with DRD4 7-repeat alleles
performed worst when they were in the control group (the difference was not significant but was
in the expected direction), whereas they outperformed all other groups when they had received
the personalized feedback from a one-to-one sensitive computerized tutor—unavailable in regular
schools. The program was ineffective in children without the DRD4 7-repeat allele. Only children
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with the DRD4 7-repeat allele were responsive to the quality of instruction, and thus they might
be called the “orchids” in the classroom.

In a replication and extension of this study, 257 children with delayed literacy skills were
randomly assigned to one of three conditions: Living Letters, Living Books, or a control condition
with computer games not focused on early literacy skills. Similar to Living Letters (which focuses
on alphabetic knowledge), Living Books (which emphasizes text comprehension) included a
computerized tutor that coached the learning process by providing personalized feedback.
Children read digital storybooks and answered questions about story events and difficult words
in the text. Living Books was effective in children with the DRD4 7-repeat allele but ineffective
in children without the DRD4 7-repeat allele. Living Letters was effective in both groups, but
more so in children with the DRD4 7-repeat allele (Plak et al. 2015).

Computerized training programs have also been used to enhance children’s fluid intelligence
and working memory capacity. Söderqvist et al. (2012) developed three programs consisting of 25
home sessions that were 15 minutes in length, with the level of difficulty automatically adjusted
according to performance. They included 96 4-year-olds in a G × E experiment that focused on 11
SNPs related to the dopamine system. One program consisted of nonverbal reasoning exercises to
enhance fluid intelligence, another program focused on working memory, and a third intervention
was a combination of these two programs. Participants were randomly assigned to these three
programs or a placebo training, stratified for gender. As expected, training enhanced cognitive
development, but after correction for multiple comparisons, no significant genetic moderation
was demonstrated.

Nanotrials

Priming can be used to enhance individuals’ attention to or feelings about specific features of
the environment and to test whether a subtle change in the perception of the environment
affects participants’ behavior, for example, their prosocial behavior. Sasaki and colleagues (2013)
used priming for religion (intervention condition) or neutral priming (control condition) with
178 college students (mixed Caucasian and Asian ethnicity). The outcome was the participants’
motivation to volunteer for organizations with green aims such as energy efficiency on campus.
The DRD4 7-repeat and DRD4 2-repeat alleles were considered the susceptibility variants in this
mixed-ethnicity group. Religion priming enhanced prosociality, moderated by genotype. Only
carriers of the DRD4 7-repeat or DRD4 2-repeat alleles were susceptible to the influence of prim-
ing; for their peers with other genotypes, the priming condition did not affect their willingness to
volunteer.

Attention bias modification (MacLeod et al. 2002) has become increasingly popular as a very
brief but possibly effective therapy for anxiety disorders (Hakamata et al. 2010). The basic idea is to
change attentional biases to threat-related words or pictures by forcing participants in dot-probe
or Stroop-like computer tasks to pay more attention to positive or neutral instead of negative
stimuli. In their study on 116 healthy adults, Fox and her colleagues (2011) used a standard
attention bias modification procedure with positive and negative pictures matched for arousal.
The participants had to choose whether two dots, presented immediately after the display of a
positive and a negative picture, were in a horizontal or vertical position. The dots appeared at the
spot of the negative picture (training negative bias) or the positive picture (training positive bias).
Participants with a low-expression variant of 5-HTTLPR changed their attention more than did
carriers of the high-expression variant not only in the negative condition but also in the positive
condition, showing the “for better and for worse” pattern that is characteristic of activational
differential susceptibility. They were more vulnerable to a negative bias induction, but they did
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also profit more from attention bias modification in a positive direction; they are thus potentially
more open to therapeutic efforts related to threat biases (Fox et al. 2011).

Meta-Analysis of Randomized G × E Experiments

The narrative review shows that some G × E experiments seem to support genetic moderation
of manipulation of the environment for the better, whereas others only show a main effect of
the intervention. Obviously, a number of studies lacked the statistical power to find any signifi-
cant moderation due to small sample size. A quantitative or meta-analysis, however, allows for a
more powerful estimate of the overall trend in the data. Meta-analysis can thus be used to exam-
ine whether the randomized G × E experiments support or refute the differential susceptibility
model.

The 22 studies discussed in the previous sections included 3,257 participants, 1,228 of whom
were carriers of susceptibility genes. The combined effect size of the intervention effects in this
susceptible group amounted to a Pearson r = 0.33 (95% CI 0.23, 0.42; p < 0.01). The nonsus-
ceptible group consisted of 2,029 cases, and the combined size of the intervention effects in this
group was not significant, r = 0.08 (95% CI −0.02, 0.17; p = 0.12). The contrast between the
two combined effect sizes was significant ( p < 0.01), with much stronger effects for the susceptible
group (for details, see Van IJzendoorn & Bakermans-Kranenburg 2015). In the 14 studies with
more than 80% Caucasian participants (N = 689 susceptible, N = 1,371 nonsusceptible), we
found basically the same results, with significantly larger intervention effects for the susceptible
genotypes. The eight studies with less than 80% Caucasian participants were too heterogeneous
in ethnicity to be combined in separate analyses.

Twelve interventions targeted externalizing behaviors (including alcohol use). Carriers of sus-
ceptible genotypes were significantly more affected by the interventions (r = 0.31, p < 0.01) than
their nonsusceptible peers (r = 0.01, p = 0.87, contrast p < 0.01). Eleven studies were field
trials; they were significantly more effective in carriers of susceptible genotypes (r = 0.34, p <

0.01) than in carriers of nonsusceptible genotypes (r = 0.04, p = 0.60, contrast p < 0.01). The
difference among the nine microtrials was not significant (susceptible groups r = 0.30, p < 0.01,
nonsusceptible groups r = 0.17, p < 0.01, contrast p = 0.09), but the two nanotrials showed
larger effects in susceptible genotype groups (r = 0.38, p < 0.01) than in nonsusceptible geno-
types (r = −0.09, p = 0.32). Dopamine-related genes were indeed markers of susceptibility; the
11 studies with dopamine-related genotypes as moderator showed larger intervention effects in
susceptible genotype groups (r = 0.35, p < 0.01) than in nonsusceptible genotypes (r = −0.00,
p = 0.96, contrast p < 0.01). Seven studies with 5-HTTLPR as moderator showed significant com-
bined effects in the susceptible genotype group (r = 0.30, p < 0.01) but also in the nonsusceptible
genotype (r = 0.16, p = 0.04); the contrast was not significant ( p = 0.15).

As a final step, we computed the difference between the Fisher Z-transformed effect sizes
for the susceptible and nonsusceptible groups within each study. The combined effect size was
Fisher Z = 0.23 (95% CI 0.09, 0.37; p < 0.01), showing a significant combined effect for the
difference between susceptible and nonsusceptible genotypes. The funnel plot of these effect sizes
did not show publication bias, thus trim-and-fill was not necessary, and the Eggers test was not
significant.

In sum, the meta-analytic results indicate that randomized G × E experiments testing the
bright side of moderation by genotypes related to vulnerability to negative experiences support
the differential susceptibility model. Dopamine-related genes emerged clearly as susceptibility
markers. The effects of experimental manipulation of the environment for the better were much
stronger in the susceptible genotypes than in the nonsusceptible genotypes (see Figure 2).
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Figure 2
A meta-analysis of randomized G × E experiments testing the bright side of the moderating role of
genotypes shown to be related to vulnerability to negative conditions. The intervention effects in subgroups
carrying the susceptible variants are depicted in the left side of the figure, and the effect in the comparisons is
depicted in the right side. The combined effect size of the intervention effects in susceptible variants was
r = 0.33, p < 0.01 (red square) with a 95% confidence interval ranging from 0.23 to 0.42 ( grey area). The
combined effect size of the intervention effects in the comparisons was r = 0.08, p = 0.12 (red square) with a
95% confidence interval ranging from −0.02 to 0.17 ( grey area). The combined effect size for carriers of the
susceptible variants was significantly larger than that for the comparisons, p < 0.01.

FUTURE DIRECTIONS

What are the next steps in G × E experiments? Extending the G component of the G × E equation
by including genetic pathways seems a logical follow-up to the work done so far with candidate
genes, while including methylation level and gene expression may open up new horizons for
broadening the E component of the G × E equation.

Genetic Pathways

In most G × E experiments, single genes or only a few candidate genes are selected as markers
of differential susceptibility. Of course, candidate genes are never supposed to carry the whole
weight of genetic influences, but they are considered sensitive indicators of underlying genetic
pathways. With more efficient genotyping methods becoming available, the G component in the
G × E equation may be broadened to include genetic pathways. Genetic pathways are biologically
based sets of functional variants of genes that together regulate the modulation of specific neuro-
transmitter systems such as the serotonin or dopamine systems. This approach is different from
a cumulative-genetic or plasticity gradient (Belsky & Beaver 2011, Brody et al. 2013) that counts
the number of risk or plasticity polymorphisms and assumes that more of those polymorphisms
lead to more susceptibility regardless of their functional biological cohesiveness.
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Figure 3
Model of gene-expression-by-environment experiments (Ge × eE). In this model the effects of experimental
interventions at a specific point in time (Et) on development (Ot) are mediated by differentially expressed
genes (Get), and moderated by expressed genes (Get-1) that in turn result from genetically (Get-2)
moderated environmental influences (Et-1), and so on. Adapted with permission from Van IJzendoorn et al.
(2011b).

Epigenetics: Methylation and Gene Expression

In the end, gene expression is crucial because epigenetic changes through methylation or
acetylation might affect the functional significance of structurally identical genotypes (Fraga
et al. 2005, Meaney 2010, Van IJzendoorn et al. 2011b). For example, methylated 5-HTT l alleles
might become functionally more similar to nonmethylated s alleles (Van IJzendoorn et al. 2010).
Ironically, dandelions are a prime example of the power of epigenetics because they show flexible
adaptation despite asexual reproduction. The plants that grow from the mother plant’s seeds
are structurally genetic clones, identical to the mother plant, but their methylation patterns vary
strongly in response to environmental conditions (Verhoeven et al. 2010). The implication is that
G × E experiments should evolve into gene-expression-by-environment experiments, or Ge × eE.

A possible mechanism might be that prenatal methylation causes some individuals to be pre-
natally programmed in a way that makes them postnatally more liable to respond negatively to
adversity (e.g., see Oberlander et al. 2008). But when these individuals are postnatally exposed to
positive environments or interventions, changes in methylation might occur rather quickly and
lead to more optimal development in response to the enhanced quality of the child-rearing en-
vironment. This would lead to an epigenetically enriched model of differential susceptibility (see
Figure 3). In this model, the effects of experimental interventions (E2) on human development (O)
are hypothesized to be mediated by epigenetic changes in specific genes (Ge2) and moderated by
differentially expressed genes (Ge1), which in turn result from genetically (G) moderated prenatal
influences (E1) (see Figure 3).
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The Shifting Balance Between G and E

Children’s genetic make-up affects their rearing environment, which in its turn canalizes children’s
development. Passive or evocative G × E correlations have been argued to turn G × E into G × G
(Manuck & McCaffery 2014). However, the environment also leaves its imprint on the genome
through epigenetic processes to determine the onset or offset of gene expression, regulating the
production of proteins and enzymes crucial for development (Meaney 2010). Epigenetics, con-
ceptualized as environment-dependent genetic effects, might thus be interpreted as turning G × E
into Ge × E, or more radically, E × E. This illustrates the persistent but unproductive diathesis of
genes and environments. Instead of thinking in terms of independent components of the G × E
equation, it is time for an altered focus on the inherent interdependence of G and E. Replying
(after a public lecture) to the question of which factor contributed more to the development of
personality, nature or nurture, psychologist Donald Hebb argued aptly that G and E are so tightly
interwoven that they determine development not unlike length and width determine the surface of
a rectangle (see Meaney 2001). Environmentally impregnated genes and genetically shaped envi-
ronments are involved in continuous interplay, and the outcome of this interaction is development.

CONCLUSION

In the sections above, we have reviewed G × E research from various angles. Here we point to
gaps in genetic research that illustrate why G × E experiments are needed, and we identify gaps
in G × E experiments inspired by the differential susceptibility model. We conclude that G × E
experiments are vital to further unravel the issue of what intervention works for whom.

Missing Heritability or Missing Environment?

Genetic research is immensely complex, and the various pieces of the puzzle have not added up to a
coherent overall picture. Twin studies have shown that heritability accounts for 40–60% of the vari-
ance in almost any human trait. However, genome-wide association studies (GWAS) have failed
to find combinations of SNPs that explain more than a few percentages of this variance (Plomin
2013, Thomas 2010b). Genome-wide complex trait analysis (Yang et al. 2011) is a promising tool
for estimating heritability by pairwise comparisons of biologically unrelated individuals’ overall
genetic make-up and their complex phenotype, but it still leaves a considerable gap in comparison
to behavioral genetics estimates of the same traits (Trzaskowski et al. 2013). Common to these
approaches is the neglect of the environment. In addition to ingenious quasi-experiments (e.g.,
Conley et al. 2013), G × E experiments are important tools for examining the interplay between
genes and environment (Van IJzendoorn et al. 2011a). The environment is unpacked in micro- and
nanotrials that provide evidence with regard to what manipulation of which specific environmental
dimension results in measurable change in individuals with predefined characteristics.

Testing the Two Sides of Differential Susceptibility

G × E trials also allow for testing the most daring and fundamental proposition of the differential
susceptibility hypothesis, namely that the very same individuals who show the worst outcomes
in untoward environments would also profit most from enriched or supportive environments.
Note that in none of the studies conducted so far has this idea been tested experimentally. All
studies have compared individuals exposed to different environments using between-subject de-
signs. Experimental within-subject designs enable proper testing of the “for better and for worse”
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aspect of the hypothesis. The only experiment coming close is the between-subjects nanotrial
using attention bias modification with both positive and negative pictures (Fox et al. 2011). In this
seminal study, effects were stronger for negative and positive conditions in individuals with the
hypothesized susceptible genotype than in individuals with the other genotype. This pattern of
results is clearly consistent with differential susceptibility.

Ethics of G × E Applications

The search for optimal fit between individual characteristics and type of intervention may be crit-
ical for the efficient use of limited resources (Ellis et al. 2011). Personalized interventions based
on genetics may come to be as desirable as personalized medicine (Schleidgen et al. 2013). Differ-
ential susceptibility theory, however, adds an ethical complication in implying that environmental
changes might be effective only for some individuals (orchids) and not for others (dandelions). If
and only if susceptibility is categorical and generic, i.e., there is no gradient of susceptibility, and
nonsusceptibility is not specific to one domain or type of intervention, this may lead to the ethical
dilemma of having to choose between costly universal interventions or discriminatory selective
interventions. G × E experiments are essential to sort out whether differential susceptibility is a
categorical trait or a dimensional characteristic, and whether it is generic or domain specific.

The Hidden Efficacy of Interventions

Behavioral, educational, therapeutic, and social interventions seem to suffer from very modest
efficacy in reaching their goals (Conti & Heckman 2010, Van IJzendoorn et al. 2011a). By aggre-
gating across more-susceptible and less-susceptible individuals, effect estimates may be strongly
underestimated. Our meta-analysis of the first wave of G × E experiments documents the large
gap between the minimal intervention effects in nonsusceptible groups and the substantial in-
tervention effects in susceptible individuals. Differential susceptibility is a promising new way to
address the perennial issue of what works for whom (Halford et al. 2008, Roth & Fonagy 2005),
with a priori expectations about crucial genetic moderators. G × E experiments may uncover the
hidden efficacy of interventions.
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