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1 | INTRODUCTION

Genotype x environment interaction (hereafter “GxE”; sometimes
abbreviated “GEI") occurs when genotypes differ in the ways their
trait values vary across environments (Figure 1). G x E is founda-
tional to understanding the genetic basis of trait variation, with appli-
cations in genomics, evolutionary biology (Via & Lande, 1985, 1987),
ecology (Miner, Sultan, Morgan, Padilla, & Relyea, 2005; Werner &
Peacor, 2003), and human health. As the number of published stud-
ies reporting G x E grows, and our capacity to measure G x E at the
molecular level becomes more precise and more available, a review
and synthesis of hypotheses that may explain variation in G x E is
timely.

As we review below, G x E can vary dramatically across traits
and across populations. While variation in G x E presence and
magnitude is discussed within individual studies, hypotheses ex-
plaining variation the presence and magnitude of G x E remain

| Alison M. Bell?> | Jonathan Flint® | Richard Gomulkiewicz® |

Genotype-by-environment interaction (G x E), that is, genetic variation in phenotypic
plasticity, is a central concept in ecology and evolutionary biology. GXE has wide-
ranging implications for trait development and for understanding how organisms will
respond to environmental change. Although G x E has been extensively documented,
its presence and magnitude vary dramatically across populations and traits. Despite
this, we still know little about why G x E is so evident in some traits and populations,
but minimal or absent in others. To encourage synthetic research in this area, we re-
view diverse hypotheses for the underlying biological causes of variation in G x E.
We extract common themes from these hypotheses to develop a more synthetic

understanding of variation in G x E and suggest some important next steps.

genetic variation, genotype-by-environment interaction, phenotypic plasticity

fragmented. Developing a more unified framework would be ben-
eficial for illuminating the causes of trait variation and variation
in trait plasticity, and how such variation may evolve. A predic-
tive framework for G x E that integrates the effects of diverse
mechanisms could be applied to critical health and conservation
issues, such as predicting the vulnerability of populations to cli-
mate change, or predicting the effects of a particular drug given
the patient’s genotype.

To move toward such a framework, we review examples of
variation in G x E estimates, describe hypotheses that could
explain variation in G x E, and identify underlying themes and
important future directions. Our focus is on the biological under-
pinnings of G x E and why they might differ across populations,
species, or traits, generating G x E variation; we devote less at-
tention to experimental design and statistical issues that might
obscure true similarities or differences among G x E estimates
(but see Box 1).
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2 | WHATISG x E?

G x E is estimated by measuring the trait values of different geno-
types in different environments. Genotypes can represent any type
of genetic grouping, such as clones, siblings, or populations. The
environments might be discrete, such as light and dark; continu-
ous, such as temperature; or random environmental effects, such as
year. For each genotype, the array of trait values expressed across
some set of environments is called the genotype’s “norm of reaction”
(Schmalhausen, 1949) or “reaction norm.” G x E is present whenever
the reaction norms of at least two genotypes are not parallel (as in
Figure 1a,c), that is, when genotypes differ in their trait values more
in some environments than others (e.g., Figure 1a) or switch ranks in
different environments (Figure 1c; Gupta & Lewontin, 1982), indi-

cating genetic variation in plasticity.

3 | EVIDENCE FOR VARIATION IN G x E

3.1 | Direct comparisons of G x E for multiple traits
in a single experiment

Perhaps the clearest signal of variation in G x E is when the
same genotypes or individuals are measured for multiple traits
across environments, and G x E estimates are compared across
traits. For example, Valdar et al. (2006) measured 88 physiologi-
cal and behavioral traits in different mouse genotypes (Valdar
et al.,, 2006). In about half of traits exhibiting significant G x E,
G x E explained >20% of variation, while in the other half G x E
explained much less of the total variation, highlighting heteroge-
neity in the magnitude of G x E among traits. Further, over half of
the G x E terms tested for physiological traits provided statistical
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support for G x E, but less than 5% of G x E terms for behavioral
traits were statistically significant (although the effect sizes were
similar), suggesting differences between trait categories (Valdar
et al., 2006).

Similarly, many studies have investigated the quantitative
genetics of gene expression. Here, the abundance of a particu-
lar mRNA transcript is considered a “trait” value. Like organismal
traits, gene expression can be influenced by sequence variation,
by the environment, and by G x E. By considering G x E for gene
expression, thousands of transcript abundances can be measured
from a single sample, providing direct, quantitative comparisons
of G x E across traits. For example, several complementary stud-
ies of gene expression in yeast have revealed pervasive variation
in G x E across traits and environments. In two studies, one that
exposed yeast to different sugars (Smith & Kruglyak, 2008), and
one that exposed yeast to heat shock (Eng, Kvitek, Keles, & Gasch,
2010), about 50% of transcripts showed evidence for G x E (Eng
et al., 2010; Smith & Kruglyak, 2008). In contrast, two more yeast
studies investigating still more environments (copper sulfate and
different growth media) found G x E in less than 10% of transcripts
studied (Fay, McCullough, Sniegowski, & Eisen, 2004; Landry, Oh,
Hartl, & Cavalieri, 2006). These examples illustrate that differ-
ent traits within the same individuals often differ in the extent to
which they show G x E.

3.2 | Variation in G x E among populations

Several studies have examined whether populations evolving in
different types of environments show differences in the presence
or magnitude of G x E. For example, Winterhalter and Mousseau
(2007) studied G xE for diapause incidence within cricket
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Box 1 Methodological reasons for G x E variation

In addition to the biological reasons for variation in G x E magnitude highlighted in the main text, differences in methodologies across

studies may also produce different G x E estimates in different studies. Here, we highlight two of the most critical examples.

NUMBER AND TYPE OF GENOTYPES SAMPLED

Studies with more genotypes measured are more likely to include a genotype with an unusual reaction norm, producing larger G x E
estimates than studies with fewer genotypes. The type of genotypes studied also matters. Replicate individuals with completely identi-
cal genotypes—such as clones or inbred lines—can be compared across environments, enhancing power to detect G x E (Falconer &
Mackay, 1996). In studies of wild populations (or individuals sampled from the wild), genotypes are not fully replicated. Rather, the (typi-
cally unknown) loci responsible for G x E will occur on a variety of genetic backgrounds, obscuring G x E. Further, inbred strains derived
from species that normally do not inbreed can be more sensitive to environmental effects than their wild (heterozygous) counterparts
(Kristensen et al., 2005; Whitlock & Fowler, 1999), resulting in the potential for greater—but potentially less informative—G x E.

ACCLIMATION, HABITUATION, AND THE TIMESCALE OF EXPERIMENTS

A change in the environment might evoke a strong immediate response that diminishes over time. Genetic differences in the rate at
which such habituation or acclimation occurs could produce G x E: When individuals are compared for some trait before and after ex-
posure to a novel environment, fast-habituating genotypes should show relative aplasticity, while slow-habituating genotypes, or geno-
types that are sensitized by the novel environment, should show strong plastic responses. Variation in habituation and responses to
novelty are well-described in behavioral ecology (Brommer, 2013; Rodriguez-Prieto, Martin, & Fernandez-Juricic, 2011); for example,
the rate at which penguins habituate to the presence of humans depends on the penguin’s age, sex, and personality type (Ellenberg,
Mattern, & Seddon, 2009).

When genetic differences in habituation are present, even nearly identical studies that measure G x E over different timescales would
be predicted to find different magnitudes of G x E. For example, in a study of G x E for gene expression in yeast, Eng et al. (2010) meas-
ured gene expression at 5, 15, 30, 45, 60, and 120 min after heat shock (Eng et al., 2010). For half the transcripts that showed G x E,

G x E was detectable shortly after the heat shock but no longer detectable once the yeast had acclimated (Eng et al., 2010).

populations from different latitudes, finding that some popula-
tions show significant G x E but other populations show no detect-
able G x E (Winterhalter & Mousseau, 2007). Similarly, McCairns
and Bernatchez (2010) studied stickleback fish from freshwater
and marine environments; by exposing fish to high- or low-salinity
environments, they found G x E for survival in freshwater, but not
marine, populations (McCairns & Bernatchez, 2010). These exam-
ples illustrate how G x E often varies among different populations

of the same species.

3.3 | Population differences in reaction norms: The
“ghost” of G x E past

Evenwhen G x Eis absent in a particular population—that is, all genotypes
in that population show similar reaction norms—differences in (fixed) re-
action norms among populations may reflect G x E that existed in the past.
Many examples of such population differences in reaction norms have
been documented (e.g., Murren et al., 2014; Oomen & Hutchings, 2015).
These differences are expected to reflect different evolutionary histories
of the two populations, that is, selection on the relevant trait values, and/
or drift differed between the populations, resulting in the evolution of dif-
ferent reaction norms. These processes can produce differences between

populations only when an ancestral population included genotypes with
different reaction norms—thatis, G x E. Thus, such population differences
reflect historical G x E. However, variation in local adaptation—including
whether the absence of local adaptation implies lack of G x E, or some
other constraint—is still poorly understood (Moyle & Muir, 2010).

4 | WHY DOES G x E VARY? UNDERLYING
THEMES UNITING HYPOTHESES ABOUT
G xE

The above examples illustrate abundant variation in G x E both within
and among populations and among traits. Many different, nonexclu-
sive hypotheses for interpreting this variation are scattered across dif-
ferent literatures. Here, we first describe several unifying themes, and
then articulate 7 hypotheses to explain variation in G x E (Figure 2).
Genotype-by-environment interaction describes genetic vari-
ation in trait plasticity; populations or traits lacking such variation
will not show G x E. Thus, traits with “inherent” differences in Vg
and V¢ may also differ in the magnitude of G x E. Specifically, traits
with greater genetic variation (V) that are also more plastic (V) are
expected to show greater G x E than traits with low V and/or V.
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Vi and V, are technically independent parameters; but, empirically,
across traits and organisms, estimates of V; and V, are positively
correlated (Hansen, Pe, Houle, Pélabon, & Houle, 2011). For ex-
ample, compared to morphological traits, behavior and life-history
traits exhibit higher additive genetic and also higher nonadditive
and nongenetic variability (Hansen et al., 2011; Houle, 1992). Thus,
highly variable traits are influenced both by substantial genetic vari-
ance and by substantial environmental (and nonadditive genetic)
variance, providing greater purview for G x E.

For most traits, processes at the population level, and particularly
a population’s evolutionary history, is expected to shape the oppor-
tunity for G x E. Both neutral and adaptive processes “filter” which
reaction norms remain in the population, but only across environ-
ments that the population has previously experienced. Furthermore,
the types of environments experienced by a particular population, or
even a particular genotype, can depend in part on individuals’ own
behaviors, such as habitat choice (including “behaviors” in plants and
other nonanimals, for example, germination cueing (Donohue, 2003,
2005). Such traits, referred to as “niche-constructing” traits, influ-
ence the environments that individuals experience, thus uniquely en-
abling G x E over both short and long evolutionary timescales. At the
same time, niche-constructing traits are themselves subject to G x E.

This apparent complexity in the relationships between V and
V¢ indicates the need to identify the underlying causes of G x E. In
quantitative genetics models, G x E is “just” a statistical parameter
to be estimated; it does not provide any information about how or
why genotypes vary in trait plasticity across measured environments
(Bell & Dochtermann, 2015). While this level of generality is helpful
for comparing across diverse environments, species or traits, it is
less helpful in understanding why G x E varies and in forming predic-
tions about G x E in new situations. A more mechanistic understand-
ing of G x E at the organismal, functional, and molecular levels would
help explain variation across traits in genetic architecture, functional
similarities between genetic and environmental perturbations, and

what allelic effects may be “exposed” in novel environments.

4.1 | Hypothesis 1: Magnitude of V;: Populations or
reaction norms with greater genetic variation will
have greater G x E, relative to those with less

genetic variation

Because G x E requires genetic variation, reaction norms with sub-
stantial underlying genetic variance should show greater G x E than
reaction norms with low genetic variance. What, then, predicts the
degree of segregating variation in reaction norms?

There is a large literature exploring the factors generating and
maintaining genetic variation in traits within a single environment.
Many of these ideas have been extended to consider genetic vari-
ation in trait plasticity across environments, that is, G x E. For ex-
ample, effective population size is a critical determinant of neutral
and adaptive processes affecting the magnitude of V, and thus
the magnitude of G x E. Selection is more efficient in larger popula-
tions, indicating that when populations evolve under similar, strong,
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directional selection on reaction norms, larger populations are ex-
pected to show a lower magnitude of G x E than smaller populations.
When selection is weak, the opposite trend is expected: larger popu-
lations have more individuals, and thus, larger populations are more
likely to harbor genotypes with unusual reaction norms, resulting
in greater G x E than expected in smaller populations (Falconer &
Mackay, 1996).

Other population-genetic processes that add or remove ge-
netic variation should also increase or decrease the magnitude of
G x E observed, respectively. One such process is gene flow: In the
study of diapause incidence in crickets (introduced above), pop-
ulations at lower latitudes, where average plasticity was low and
expected to be maladaptive, had greater G x E than populations
at higher latitudes (Winterhalter & Mousseau, 2007). The authors
suggest that G x E was maintained by gene flow from higher lat-
itudes. Similarly, populations with greater mutation rates should
show greater G x E than populations with lower mutation rates.
Moreover, environments themselves may differ in how mutagenic
they are (Bjedov et al., 2003; Visscher et al., 2004) indicating that
environments can influence both selection for plasticity and the
opportunity for G x E.

Selection may also influence the magnitude of G x E. As noted
above, strong directional or stabilizing selection on reaction norms
is expected to deplete genetic variation in plasticity, removing G x E.
In this case, the trait may be plastic, but all genotypes will be plas-
tic in the same way. Further, under long-term stabilizing selection,
phenotypes that initially show plasticity may evolve greater “resis-
tance” to environmental effects and become canalized (Crispo, 2007;
Waddington, 1942; West-Eberhard, 2003). Thus, traits under strong
stabilizing selection, such as those essential for viability, may be more
canalized and thus have a limited scope for G x E, compared to other
traits. Consistent with this idea, a study of G x E for gene expression
in yeast found that essential genes (those causing lethality when de-
leted), were less likely to show G x E than nonessential genes (Landry
et al., 2006). Together, these factors predict that populations evolv-
ing under stronger, more directional selection on reaction norms
should show less G x E than populations with weaker, nondirectional
selection.

In contrast, other forms of selection on reaction norms (e.g.,
disruptive selection, negative frequency-dependent selection) may
adaptively preserve intrapopulation genetic variation in reaction
norms (Hedrick, 2006; Turelli & Barton, 2004). Indeed, G x E itself
is often postulated as a mechanism of nonlinear selection by which
trait variation may be maintained. However, it is G x E in fitness,
rather than G x E for any particular trait, that can result in the adap-
tive maintenance of variation. Indeed, G x E at the level of fitness can
be manifest without G x E in any of the component traits (Génard,
Lescourret, Bevacqua, & Boivin, 2017). The critical requirement for
the adaptive maintenance of G x E is the absence of any segregating
genotype that is favored in all environments; if such a genotype ex-
isted, it would sweep to fixation, producing a monomorphic popula-
tion. Therefore, G x E can be adaptively maintained when selection
is heterogeneous, and when constraints (genetic, physiological, or
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other constraints) prevent any one genotype from producing the op-

timum phenotype in all relevant environments.

4.2 | Hypothesis 2: Magnitude of V: More labile
traits will show greater G x E than less-labile traits

Just as traits (or populations) with greater V should, in turn, show
more G x E, traits with high environmental variance, reflecting
plasticity, should show greater G x E than traits that are relatively
aplastic. The magnitude of V, is shaped in part by evolution: Classic
work has shown that, even when populations experience the same
range of environments, differences in how these environments are
arranged in space and time can profoundly affect the evolution of
plasticity (Via & Lande, 1987).

In addition, V. can vary across “types” of traits. For example, in
the mouse study described above (Valdar et al., 2006), physiologi-
cal traits had substantially higher levels of common-environmental
variance than behavioral phenotypes, and concomitant greater mag-
nitude of G x E. Similarly, meta-analyses have demonstrated that
behavioral and life-history traits typically have greater magnitude of
additive genetic variation (VA, the additive component of VG), and

residual variation (which includes V), relative to morphological traits

Evolutionary
history

Variation in
the external
environment

Effect on
trait: V(E)

(Hansen et al., 2011; Houle, 1992), suggesting substantial purview
for G x E (Figure 2).

4.3 | Hypothesis 3: Genetic variation in niche-
constructing traits will generate G x E when exposure
to environments influence reaction norms

Central to the idea of G x E is that individuals with different gen-
otypes are measured across the same range of environments.
However, in nature (and, arguably, even individuals under “con-
trolled” laboratory conditions; Box 2), individuals have the opportu-
nity to choose and manipulate their own environments, that is, niche
construction (Odling-Smee, Laland, & Feldman, 1996). When geno-
types differ in niche-constructing traits—for example, when some
genotypes choose one environment, and other genotypes choose
another—we expect different genotypes to systematically experi-
ence different environments (Figure 3, left; Eaves, Last, Martin, &
Jinks, 1977; Plomin, DeFries, & Loehlin, 1977; Saltz, 2011; Saltz &
Nuzhdin, 2014). For example, different cottonwood (Populus) geno-
types differ in the concentration of tannins in their leaves, altering
the chemical composition of the soil below them where the leaves
decompose (Driebe & Whitham, 2000; Whitham et al., 2003). In
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Genetic
architecture
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FIGURE 2 Conceptual flowchart illustrating processes expected to influence the magnitude of genotype-by-environment interaction
(G x E). Variation in these processes across traits or populations is expected to produce concomitant variation in the magnitude of G x E.

Specifically, we review hypotheses that:

1. Populations or trait plasticities with greater genetic variation will have greater magnitude of G x E, relative to populations or trait

plasticities with less genetic variation
2. More labile traits will show greater G x E than less-labile traits

3. Genetic variation in niche-constructing traits will generate G x E when exposure to environments influence reaction norms
4. Preference-performance correlations derive from and reinforce G x E

5and 6.

G x E may be augmented or diminished when genotypes are studied in evolutionarily novel environments

7. Variation in plasticity due to large-effect loci will result in greater magnitude G x E than variation in plasticity due to small-effect loci
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Box 2 Can environments actually be “controlled”? Niche construction and the mismeasure of environments

In addition to influencing G x E directly (hypotheses 3-4), genetic variation in niche construction can confound attempts to measure
G x E. Specifically, genetic variation in niche construction implies that external measures of available environments may not reflect any
individual’s actual experiences. For example, researchers often assume that individuals who travel over greater distances experience a
larger range of environments, relative to individuals who remain within a smaller spatial area (Mery, Belay, So, Sokolowski, & Kawecki,
2007; Sih & Del Giudice, 2012). This assumption ignores choices made by individuals during movement. Snell-Rood and Steck (2015)
measured the movement behaviors of butterfly genotypes that were either adept at dispersing long distances (i.e., genotypes with
larger thoraces and more-elongate wings), or not (Snell-Rood & Steck, 2015). Unexpectedly, the genotypes expected to move greater
distances explored their environments less thoroughly, honing in on a relatively narrow range of host types, while the less dispersive
genotypes experienced a broader range of host types (Snell-Rood & Steck, 2015).

When estimates of which individuals experienced which environments are biased by genetic variation in niche construction, estimates
of reaction norms for each genotype are correspondingly biased. As a hypothetical example, highly dispersive genotypes might be as-
sumed to be relatively aplastic if they maintain similar trait values across what appears to be a large range of environmental conditions,
when in fact they may maintain consistent trait values because they choose to experience only a narrow range of environments. This
phenomenon could explain the intriguing finding that the repeatability of behavior is higher under field conditions than under laboratory
conditions (Bell, Hankison, & Laskowski, 2009).

These examples suggest that even in the “same” environments, different genotypes may have different experiences (Plomin et al., 1977;
Saltz & Nuzhdin, 2014). One obvious method to overcome these limitations is to reproduce the relevant environments in the laboratory
and measure the traits of different genotypes there. However, even laboratory environments may not be fully controllable. For example,
playback experiments in birds can provide a controlled way of simulating social interactions, such as territorial intrusions (Nowicki et al.,
2002); but even this approach is imperfect for detecting and interpreting individual variation (McGregor, 2000). In addition, genetically
identical fish reared under seemingly identical environments in the laboratory can still develop highly repeatable, radically different
behaviors (Bierbach, Laskowski, & Wolf, 2017).

In general, one of the most important steps for investigating G x E when genotypes vary in niche-constructing traits is to simply ac-
knowledge this possibility. Directly measuring the experiences of each individual, rather than assuming that all individuals in the same
experimental treatment experience the same environment, can substantially improve our interpretation of experiments designed to

measure G x E (Saltz, 2017).

Drosophila melanogaster, social groups differing only in the genotype
of a single male have different group dynamics (Saltz, 2013, 2017;
Saltz, Geiger, Anderson, Johnson, & Marren, 2016). Siblings with dif-
ferent personalities may receive different parental care, even from
the same parents (Hayden et al., 2009; Plomin et al., 1977).

Genetic variation in niche construction has a number of implica-
tions for studying G x E. First, genetic variation in niche construc-
tion can confound attempts to measure G x E (see Box 2). Second,
genetic variation in niche construction may cause G x E when in-
dividuals’ environments influence their later reaction norms. Many
experiences that individuals have in their environments, such as
exposure to stimuli, social experience, and exposure to trauma, can
have long-lasting effects on trait plasticity (reviewed in Stamps,
2016). If different genotypes have different experiences, and differ-
ent experiences lead to the development of different reaction norms
at some later time (i.e., when individuals are measured), then G x E
would be observed (Figure 3).

In cases where genetic variation in niche construction is the un-
derlying cause of G x E, variation in G x E can (in theory) arise due
to differences in whether genetic variation in niche construction is
expressed. If the potential for genetic variation in niche construc-
tion is abrogated—for example, if preferred environments become

unavailable (or are made unavailable by experimenters; Box 2), or if
individuals are measured when they are too young to engage in niche
construction—the magnitude of G x E should be diminished, relative
to situations in which genetic variation in niche construction is ex-
pressed. Furthermore, if genetic variation in niche construction is an
important contributor to G x E, then populations lacking variation in
niche-constructing traits should have lower-magnitude G x E relative

to populations with substantial genetic variation in niche construction.

4.4 | Hypothesis 4: Preference-performance
correlations derive from and reinforce G x E

One of the most common predictions about genetic variation in
niche construction is that genotypes should be selected to choose
the environment that is “best for them,” that is, maximizes their fit-
ness. This process should result in a genetic correlation between
preference for a particular environment type, and performance (fit-
ness) in that environment (a “preference-performance correlation”;
Gripenberg, Mayhew, Parnell, & Roslin, 2010).
Preference-performance correlations fundamentally rely on
G x E, because it is only adaptive for genotypes to choose a partic-
ular environment if they have lower fitness in other environments.
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Genetic variation in niche construction
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FIGURE 3 How genetic variation in niche construction may produce G x E. Individuals’ experience in particular environments, which

is a function of their niche-constructing traits (left) may influence their reaction norms when measured at a later time (right) resulting in

G x E. Left: Genotypes 1 and 2 have high levels of a niche-constructing behavior (e.g., sociability) and therefore occur in environment a (e.g.,
large group size), while genotypes 3 and 4 have low levels of the niche-constructing behavior and therefore occur in environment b. Due to
experiences in environments a or b, genotypes develop differences in their reaction norms across environments a and b (right), resulting in
G x E. In this example, genotypes have higher trait (or fitness) values in the environment (a or b) they previously experienced, relative to the

alternate environment, but other patterns are possible

(One caveat is that G x E may exist at the level of fitness but not be
evident in any individual traits (Génard et al., 2017).) For example,
if genotype A has high fitness in environment A and low fitness in
environment B, it should choose A. If genotype B has high fitness in
environment B and low fitness in environment A, it should choose B.
When these genotypes are measured in both environments, G x E
will be observed. If a genotype has equal fitness in all environments,
it would not be selected to have any habitat preference, and no pref-
erence-performance correlation or G x E would result.

At the same time, if genotypes are able to systematically avoid
habitats in which they have low fitness, then reaction norms includ-
ing low fitness in most environments can persist in the population.
Therefore, populations in which preference-performance correla-
tions are strong should harbor more G x E than populations lacking
preference-performance correlations.

4.5 | Hypothesis 5: The magnitude of G x E should
be greater when environments studied include both
“familiar” and “novel” environments

Just as genotypes may have altered trait values in environments that
they avoid (Hypothesis 4), populations may have unpredictable reac-
tion norms in novel environments, that is, those which have not been
experienced by a population in its recent evolutionary history. Novel
environments can disrupt physiological functions such as homeo-
stasis, leading to developmental breakdown (“environmental stress”;
Badyaev, 2009; Ghalambor, McKay, Carroll, & Reznick, 2007),
which in turn may allow the expression of genetic variants whose
phenotypic effects are normally suppressed. Such “cryptic” genetic
variants have never been exposed to selection, and thus should
influence trait values in random directions, including maladaptive

directions (Ghalambor et al., 2007, 2015). A complementary set of

hypotheses, focused on developmental behavioral plasticity at the
organismal level, suggests that organisms may respond unpredict-
ably in environments about which they have no information, that is,
novel environments (Stamps & Frankenhuis, 2016). Thus, genotypes
may show relatively canalized reaction norms when measured across
a range of familiar environments, but the same genotypes may dif-
fer dramatically in their responses to novel environments, producing
G x E (Figure 1d).

Cryptic genetic variation is expected to produce variation in
G x E magnitude when populations are compared across environ-
ments that are novel for some populations but familiar to others. In
this case, the populations experiencing (their) familiar environments
are expected to show lower-magnitude G x E than populations expe-

riencing novel (to them) environments.

4.6 | Hypothesis 6: Environments might be
“too novel”: variation in sensitivity to stimuli should
mediate the opportunity for G x E

Plasticity occurs when individuals sense stimuli in the environment
and then respond by adjusting some aspect of their phenotype. G x E,
then, arises due to differences among genotypes in “sensitivity”"—that
is, the ability to perceive variation among stimuli of different types or
strengths—and/or in “responsiveness’—that is, how information they
perceive is transformed into phenotypic change (or not). Thus, in con-
trast to hypothesis 5, novel environments might produce lower G x E
estimates when stimuli in the environment are so novel that organisms
fail to perceive them, curtailing both plasticity and G x E. For exam-
ple, some individual birds might be better than others at hearing a song
playback (McFarlane, Séderberg, Wheatcroft, & Qvarnstréom, 2016),
and individual birds also vary in how strongly they react to the playback

(Nowicki, Searcy, Krueger, & Hughes, 2002). Thus, a bird may fail to
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change its behavior following a song playback because the bird failed to
perceive the song, or because the bird perceived the song but ignored
it.

Understanding sensitivity and responsiveness as components
of G x E may be beneficial for interpreting and predicting varia-
tionin G x Ein novel environments. For example, native organisms
may fail to respond to invasive predators, resulting in endanger-
ment of native species (Blumstein, 2006; Sih, Trimmer, & Ehlman,
2016). Even within a population’s familiar environments, popula-
tions lacking sensitivity to a particular stimulus should be unable
to evolve responsiveness to that stimulus, inhibiting the potential
for G x E. Further, more sensitive genotypes might show greater
phenotypic plasticity for multiple phenotypes, producing a posi-
tive genetic correlation between different measures of plasticity
(Saltz, Hessel, & Kelly, 2017; Saltz, Lymer, Gabrielian, & Nuzhdin,
2017).

4.7 | Hypothesis 7: Genetic architecture: Variation
in reaction norms due to large-effect loci will result in
greater G x E than variation in reaction norms due to
small-effect loci

The number and effect size of loci underlying trait plasticity should
affect the likelihood of observing G x E, and its magnitude. Trait
plasticities with a larger underlying mutational target size should be
more likely to harbor variation in one or more functionally relevant
loci, causing G x E, relative to trait plasticities with relatively small
mutational target sizes. When the plasticities of two different traits
are produced by similar number of loci, the effect sizes of those
loci should influence which trait exhibits greater G x E; large-effect
variants that cause trait plasticities should produce relatively large-
magnitude G x E, relative to plasticities produced by a similar num-
ber of small-effect variants.

These relatively simple predictions are substantially complicated
by our ignorance about the types of genes that influence plasticity
and the factors determining their effect sizes. Genes might influence
plasticity in one or more organismal phenotypes either by changing
in expression or function across environments (sometimes termed
“allelic sensitivity”), or by exerting phenotypic effects in one envi-
ronment but not another (Schlichting & Pigliucci, 1995). One study of
plasticity in cichlid jaw morphology in response to hard- or soft-food
diets found both types of patterns: Some candidate genes for jaw
plasticity showed high expression under one diet type, but very low
expression under the other diet type, other candidate genes showed
moderate, but different, expression under both diets, and still oth-
ers showed similar expression across diets (Schneider, Li, Meyer, &
Gunter, 2014). Further, these patterns depended on the develop-
mental stage in which expression was measured.

What might influence the relative effect sizes of variants in such
genes? In theory, for a given trait, variants in genes that regulate
many downstream targets—such as transcription factors—are ex-
pected to have large effects on the resulting trait values, whereas
downstream genes may have smaller effects (Marjoram, Zubair, &
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Nuzhdin, 2014; Nuzhdin et al., 2009). Thus, populations harboring
variation in upstream “master regulators” of trait plasticity should
show greater G x E than populations harboring variation only in
downstream targets. Indeed, in the cichlid study described above,
the candidate genes studied had binding sites for the same tran-
scription factor—a transcription factor affected by the mechanical
strain induced by a diet of hard foods (or lacking in a diet of soft
foods; Schneider et al., 2014). However, the structure of genetic net-
works—that is, whether a particular gene is a “master regulator” or
not—can depend on variants at other loci (i.e., epistasis; Chandler,
Chari, & Dworkin, 2013; Chandler, Chari, Tack, & Dworkin, 2014; van
Swinderen & Greenspan, 2005) and can vary across environments
(Chiang et al., 2012). Furthermore, the evolutionary forces shaping
these effect sizes may depend on whether a particular locus is sub-
ject to epistasis and/or has effects on multiple traits.

Overall, hypotheses linking variation in the genetic architecture
of phenotypic plasticity to variation in G x E estimates are currently
difficult to evaluate directly, because the allelic basis of G x E is typ-

ically unknown (Box 3).

5 | WHAT WE STILL DO NOT KNOW:
MOVING TOWARD A PREDICTIVE
FRAMEWORK OF G x E

Considering hypotheses 1-7 together is a step toward a unified pre-
dictive framework of G x E, and raises several questions for future
work.

First, most of the hypotheses proposed above are mutually com-
patible, that is, all of the relevant processes could be acting simulta-
neously on a given population or trait to produce the G x E estimate
observed. What is the relative contribution of these different mech-
anisms to resulting variation in G x E magnitude? Quantitative ge-
neticists are accustomed to decomposing variation in observed trait
values; decomposing variation in population-level parameters, that
is, G x E, will prove more challenging. A starting point is for G x E re-
searchers to begin testing multiple hypotheses (those above, or new
ones) in a single experiment. For example, investigators could test for
cryptic genetic variation (hypothesis 5: more G x E in novel environ-
ments) in both highly labile and less-labile traits (hypothesis 2: more
G x E in more labile traits), or for the effects of genetic variation in
niche construction (hypotheses 3-4: genetic variation in niche con-
struction can produce and/or magnify G x E) across population sizes
(hypothesis 1: larger populations should have more G x E).

A second key question concerns the functional and molecular
basis of G x E. Which types of genes and mutations are most likely
to produce G x E? What determines variation in the genetic ar-
chitecture of G x E? Our ability to measure G x E at the molecular
level is at an all-time high, but answers to these questions are still
lacking. For example, “toolkit genes,” that is, genes that are repeat-
edly recruited for similar functions in different organisms, may be
especially likely to contribute to G x E because they have import-
ant organismal functions (Carroll, 2008); or they may be less likely
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Box 3 The elusive allelic basis of G x E

Although G x E must result from differential effects of specific alleles across relevant environments, attempts to identify interactions
between environments and specific variants within genes have been largely unsuccessful (Duncan & Keller, 2011; Keller, 2014; Munafo,
Durrant, Lewis, & Flint, 2009). One of the most important findings to emerge from genome-wide association studies (GWAS) is that an
individual locus makes only a tiny contribution to phenotypic variance: A typical locus explains far less than 1% of variation in trait values
(Purcell et al., 2009; Rockman, 2012; Sullivan, Daly, & O’Donovan, 2012). Sample sizes needed to detect these loci in a GWAS design
number tens of thousands; for finding a locus-by-environment interaction, even larger numbers are needed (Smith & Day, 1984).

At the transcript level, investigators have the opposite problem: thousands of transcripts and gene regulation mechanisms change across
environments in ways correlated with phenotypic reaction norms (e.g., Ben-Shahar, Robichon, Sokolowski, & Robinson, 2002; Harris &
Hofmann, 2014); but connecting gene expression (and other molecular) variation to reaction norms at the organismal level is challenging
(Bell & Dochtermann, 2015). Furthermore, interpreting the biological meaning of gene expression networks can be difficult in the absence
of a priori null hypotheses (Sorrells & Johnson, 2015).

One promising solution for identifying causal alleles, particularly relevant to model organismes, is to increase the frequency of alleles rel-
evant to plasticity by artificially selecting for particular reaction norms, for example, for particular learning abilities (Dunlap & Stephens,
2009; Mery & Kawecki, 2004), responses to conspecifics (Edwards, Rollmann, Morgan, & Mackay, 2006; van Oortmerssen & Bakker,
1981), or the ability to survive in multiple environments (Friesen, Saxer, Travisano, & Doebeli, 2004). Genome sequences of evolved and
control populations can then be compared to identify alleles potentially causing differences in reaction norms (Turner & Miller, 2012). To
further augment power to detect causal loci, DNA sequence information can be combined with information about how genes change their
expression and functions across environments, using methods such as transgenics, chromatin availability, epigenetic modifications, and
the presence of binding sites for particular transcription factors (Ayroles et al., 2009; Marjoram et al., 2014; Peng, Hassan Samee, & Sinha,

2015). Implementing these approaches is nontrivial, but promises to enhance our ability to hone in on causal loci and ultimately identify

the molecular basis of G x E (Bell & Dochtermann, 2015).

to contribute to G x E, relative to nontoolkit genes, because they
are essential for viability and thus unlikely to vary substantially
within natural populations (Landry et al., 2006). Finally, the alleles
underlying G x E might not directly “encode” trait plasticity, but
rather act to influence the environments that individuals experi-
ence, thereby producing G x E “indirectly” (hypothesis 3; Saltz &
Nuzhdin, 2014).

Of course, our ability to measure environments is also at an
all-time high, but important questions remain about what types of
environments evoke plasticity and G x E. Novel environments, in
particular, are predicted to produce particularly strong G x E (hy-
pothesis 5) or no G x E at all (hypothesis 6). Predicting G x E in novel
environments is becoming increasingly important as climate change
accelerates. Furthermore, “environments” are actually collections
of diverse stimuli and experiences, which may have concomitantly
diverse impacts on individuals’ trait values (Moffitt, Caspi, Rutter,
Centre, & Kingdom, 2006). Thus, even when important environ-
ments are known, the relevant stimuli and the mechanisms by which
they induce plasticity are usually not.

Progress on these relatively novel questions will ultimately illu-
minate a classic, fundamental question about G x E: what prevents
any single genotype from having “perfect plasticity,” that is, optimal
trait values in all environments? Investigating the causes of G x E at
the molecular, organismal, and population levels will contribute to
our understanding of the tradeoffs, costs, and/or limits that enable
the evolutionary maintenance of G x E.

6 | CONCLUSIONS

Genotype-by-environment interaction exists at the nexus of ecol-
ogy and evolution: It describes how the expression of genetic vari-
ation is modified by the environment. Although G x E has been
extensively documented, many questions remain about what factors
determine its magnitude. Developing a predictive framework that
explains variation in G x E is essential for understanding how trait
variation arises. Here, we have highlighted a nonexhaustive list of
nonexclusive mechanisms that are expected to systematically pro-
duce variable G x E estimates across studies, organisms, and traits.
Our goal is to encourage G x E researchers to move beyond quanti-
fying G x E and to begin to quantitatively test predictions about how
and why G x E varies.

7 | OUTSTANDING QUESTIONS ABOUT
VARIATION IN G x E

o Which types of genes and mutations are most likely to produce
G x E? Can we predict G x E from genetic information alone?

e How does G x E at the level of gene expression translate to G x E
for organismal traits?

e Is GxE typically greater or smaller in evolutionarily novel
environments?
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e Are there generalities about the selective conditions, including
ecology and life histories, that promote G x E? For instance, do
we expect more or less G x E for organisms that disperse, undergo
diapause, have seed banks?

e How do we expect the opportunity for G x E to change over the
lifecourse?

e Are we more or less likely to detect G x E for “toolkit genes,” that
is, genes that are repeatedly recruited for similar functions in dif-
ferent organisms?

e How can more computationally sophisticated modeling ap-
proaches that integrate multiple types of genomic data (ChlP,
SNP, gene expression) be developed to discover the molecular
basis of G x E?

ACKNOWLEDGMENTS

The workshop that led to this series of papers was funded by the NSF
(NSF-10S 1623898; PI: A. M. Bell), the NSF Sociogenomics RCN and
the Carl R. Woese Institute for Genomic Biology at the University of
Illinois Urbana Champaign. We wish to thank other workshop par-
ticipants for their feedback in the development of these ideas, and

comments on drafts of the manuscript.

CONFLICT OF INTEREST

The authors declare no competing financial interests.

AUTHOR CONTRIBUTIONS

All authors contributed to generating ideas and writing the

manuscript.

ORCID

Julia B. Saltz http://orcid.org/0000-0002-0645-173X

REFERENCES

Ayroles, J. F., Carbone, M. A, Stone, E. A, Jordan, K. W., Lyman, R. F,,
Magwire, M. M,, ... Mackay, T. F. (2009). Systems genetics of com-
plex traits in Drosophila melanogaster. Nature Genetics, 41, 299-307.
https://doi.org/10.1038/ng.332

Badyaev, A. V. (2009). Evolutionary significance of phenotypic accom-
modation in novel environments: An empirical test of the Baldwin
effect. Philosophical Transactions of the Royal Society B: Biological
Sciences, 364, 1125-1141. https://doi.org/10.1098/rstb.2008.0285

Bell, A. M., & Dochtermann, N. A. (2015). Integrating molecular mech-
anisms into quantitative genetics to understand consistent individ-
ual differences in behavior. Current Opinion in Behavioral Sciences, 6,
111-114. https://doi.org/10.1016/j.cobeha.2015.10.014

Bell, A. M., Hankison, S. J., & Laskowski, K. L. (2009). The repeatability
of behaviour: A meta-analysis. Animal Behavior, 77, 771-783. https://
doi.org/10.1016/j.anbehav.2008.12.022

Ben-Shahar, Y., Robichon, A., Sokolowski, M. B., & Robinson, G. E. (2002).
Influence of gene action across different time scales on behavior.
Science, 296, 741-744. https://doi.org/10.1126/science. 1069911

Fcology and Evolution o 6351
& WILEY- &%

Bierbach, D., Laskowski, K. L., & Wolf, M. (2017). Behavioural individuality
in clonal fish arises despite near-identical rearing conditions. Nature
Communications, 8, 15361. https://doi.org/10.1038/ncomms15361

Bjedov, ., Tenaillon, O., Gerard, B., Souza, V., Denamur, E., Radman, M.,
... Matic, I. (2003). Stress-induced mutagenesis in bacteria. Science,
300, 1404-1409. https://doi.org/10.1126/science.1082240

Blumstein, D. T. (2006). Developing an evolutionary ecology of fear: How
life history and natural history traits affect disturbance tolerance
in birds. Animal Behavior, 71, 389-399. https://doi.org/10.1016/j.
anbehav.2005.05.010

Brommer, J. E. (2013). Variation in plasticity of personality traits implies
that the ranking of personality measures changes between envi-
ronmental contexts: Calculating the cross-environmental correla-
tion. Behavioral Ecology and Sociobiology, 67, 1709-1718. https://doi.
org/10.1007/s00265-013-1603-9

Carroll, S. B. (2008). Evo-devo and an expanding evolutionary synthe-
sis: A genetic theory of morphological evolution. Cell, 134, 25-36.
https://doi.org/10.1016/j.cell.2008.06.030

Chandler, C. H., Chari, S., & Dworkin, I. (2013). Does your gene need
a background check? How genetic background impacts the analysis
of mutations, genes, and evolution. Trends in Genetics, 29, 358-366.
https://doi.org/10.1016/j.tig.2013.01.009

Chandler, C. H., Chari, S., Tack, D., & Dworkin, I. (2014). Causes and
consequences of genetic background effects illuminated by inte-
grative genomic analysis. Genetics, 196, 1321-1336. https://doi.
org/10.1534/genetics.113.159426

Chiang, G. C., Barua, D., Dittmar, E., Kramer, E. M., De Casas, R. R, &
Donohue, K. (2012). Pleiotropy in the wild: The dormancy gene
DOG1 exerts cascading control on life cycles. Evolution, 67, 883-893.

Crispo, E. (2007). The Baldwin effect and genetic assimilation:
Revisiting two mechanisms of evolutionary change mediated
by phenotypic plasticity. Evolution, 61, 2469-2479. https://doi.
org/10.1111/j.1558-5646.2007.00203.x

Donohue, K. (2003). Setting the stage: Phenotypic plasticity as hab-
itat selection. International Journal of Plant Sciences, 164, S79-592.
https://doi.org/10.1086/368397

Donohue, K. (2005). Niche construction through phenological plasticity:
Life history dynamics and ecological consequences. New Phytologist,
166, 83-92. https://doi.org/10.1111/j.1469-8137.2005.01357.x

Driebe, E. M., & Whitham, T. G. (2000). Cottonwood hybridization affects
tannin and nitrogen content of leaf litter and alters decomposition.
Oecologia, 123, 99-107. https://doi.org/10.1007/s004420050994

Duncan, L. E., & Keller, M. C. (2011). A critical review of the first 10 years
of candidate gene-by-environment interaction research in psychi-
atry. American Journal of Psychiatry, 168, 1041-1049. https://doi.
org/10.1176/appi.ajp.2011.11020191

Dunlap, A. S., & Stephens, D. W. (2009). Components of change in the
evolution of learning and unlearned preference. Proceedings Biological
Sciences, 276, 3201-3208. https://doi.org/10.1098/rspb.2009.0602

Eaves, L., Last, K., Martin, N. G., & Jinks, J. L. (1977). A progressive
approach to non-additivity and genotype-environmental co-
variance in the analysis of human differences. British Journal of
Mathematical and Statistical Psychology, 30, 1-42. https://doi.
org/10.1111/j.2044-8317.1977.tb00722.x

Edwards, A. C., Rollmann, S. M., Morgan, T. J., & Mackay, T. F. C. (2006).
Quantitative genomics of aggressive behavior in Drosophila mela-
nogaster. PLoS Genetics, 2, el154. https://doi.org/10.1371/journal.
pgen.0020154

Ellenberg, U., Mattern, T., & Seddon, P. J. (2009). Habituation potential
of yellow-eyed penguins depends on sex, character and previous
experience with humans. Animal Behavior, 77, 289-296. https://doi.
org/10.1016/j.anbehav.2008.09.021

Eng, K. H., Kvitek, D. J., Keles, S., & Gasch, A. P. (2010). Transient
genotype-by-environment interactions  following  environ-
mental shock provide a source of expression variation for


http://orcid.org/0000-0002-0645-173X
http://orcid.org/0000-0002-0645-173X
https://doi.org/10.1038/ng.332
https://doi.org/10.1098/rstb.2008.0285
https://doi.org/10.1016/j.cobeha.2015.10.014
https://doi.org/10.1016/j.anbehav.2008.12.022
https://doi.org/10.1016/j.anbehav.2008.12.022
https://doi.org/10.1126/science.1069911
https://doi.org/10.1038/ncomms15361
https://doi.org/10.1126/science.1082240
https://doi.org/10.1016/j.anbehav.2005.05.010
https://doi.org/10.1016/j.anbehav.2005.05.010
https://doi.org/10.1007/s00265-013-1603-9
https://doi.org/10.1007/s00265-013-1603-9
https://doi.org/10.1016/j.cell.2008.06.030
https://doi.org/10.1016/j.tig.2013.01.009
https://doi.org/10.1534/genetics.113.159426
https://doi.org/10.1534/genetics.113.159426
https://doi.org/10.1111/j.1558-5646.2007.00203.x
https://doi.org/10.1111/j.1558-5646.2007.00203.x
https://doi.org/10.1086/368397
https://doi.org/10.1111/j.1469-8137.2005.01357.x
https://doi.org/10.1007/s004420050994
https://doi.org/10.1176/appi.ajp.2011.11020191
https://doi.org/10.1176/appi.ajp.2011.11020191
https://doi.org/10.1098/rspb.2009.0602
https://doi.org/10.1111/j.2044-8317.1977.tb00722.x
https://doi.org/10.1111/j.2044-8317.1977.tb00722.x
https://doi.org/10.1371/journal.pgen.0020154
https://doi.org/10.1371/journal.pgen.0020154
https://doi.org/10.1016/j.anbehav.2008.09.021
https://doi.org/10.1016/j.anbehav.2008.09.021

SALTZ ET AL.

6352 WI LEY—ECOlOgy and Evolution

Open Access,

essential genes. Genetics, 184, 587-593. https://doi.org/10.1534/
genetics.109.107268

Falconer, D., & Mackay, T. F. C. (1996). Introduction to quantitative genetics
(4th ed.). Harlow, UK: Longman Group Limited.

Fay, J. C., McCullough, H. L., Sniegowski, P. D., & Eisen, M. B. (2004).
Population genetic variation in gene expression is associated with
phenotypic variation in Saccharomyces cerevisiae. Genome Biology, 5,
R26. https://doi.org/10.1186/gb-2004-5-4-r26

Friesen, M. L., Saxer, G., Travisano, M., & Doebeli, M. (2004). Experimental
evidence for sympatric ecological diversification due to frequency-
dependent competition in Escherichia coli. Evolution, 58, 245-260.
https://doi.org/10.1111/j.0014-3820.2004.tb01642.x

Génard, M., Lescourret, F., Bevacqua, D., & Boivin, T. (2017). Genotype-
by-environment interactions emerge from simple assemblages of
mathematical functions in ecological models. Frontiers in Ecology and
Evolution, 5, 13.

Ghalambor, C. K., Hoke, K. L., Ruell, E. W, Fischer, E. K., Reznick, D. N., &
Hughes, K. A. (2015). Non-adaptive plasticity potentiates rapid adap-
tive evolution of gene expression in nature. Nature, 525, 372-375.
https://doi.org/10.1038/nature15256

Ghalambor, C. K. K., McKay, J. K. K., Carroll, S. P. P., & Reznick, D.
N. N. (2007). Adaptive versus non-adaptive phenotypic plas-
ticity and the potential for contemporary adaptation in new
environments. Functional Ecology, 21, 394-407. https://doi.
org/10.1111/j.1365-2435.2007.01283.x

Gripenberg, S., Mayhew, P. J., Parnell, M., & Roslin, T. (2010). A
meta-analysis of preference-performance relationships in phy-
tophagous insects. Ecology Letters, 13, 383-393. https://doi.
org/10.1111/j.1461-0248.2009.01433.x

Gupta, A. P., & Lewontin, R. (1982). A study of reaction norms in natu-
ral populations of Drosophila pseudoobscura. Evolution, 36, 934-948.
https://doi.org/10.1111/j.1558-5646.1982.tb05464.x

Hansen, T.F., Pe, C.,Houle, D., Pélabon, C., & Houle, D. (2011). Heritability
is not evolvability. Evolutionary Biology, 38, 258-277. https://doi.
org/10.1007/5s11692-011-9127-6

Harris, R. M., & Hofmann, H. A. (2014). Neurogenomics of behavioral
plasticity. Advances in Experimental Medicine and Biology, 781, 149-
168. https://doi.org/10.1007/978-94-007-7347-9

Hayden, E. P, Klein, D. N., Dougherty, L. R., Olino, T. M., Laptook, R. S.,
Dyson, M. W.,, ... Singh, S. M. (2009). The dopamine D2 receptor gene
and depressive and anxious symptoms in childhood : Associations
and evidence for gene - Environment correlation and gene -
Environment interaction. Psychiatric Genetics, 20, 304-310.

Hedrick, P. W. (2006). Genetic polymorphism in heterogeneous envi-
ronments: The age of genomics. Annual Review of Ecology Evolution
and Systematics, 37, 67-93. https://doi.org/10.1146/annurev.
ecolsys.37.091305.110132

Houle, D. (1992). Comparing evolvability and variability of quantitative
traits. Genetics, 130, 195-204.

Keller, M. C. (2014). Gene x environment interaction studies have not
properly controlled for potential confounders: The problem and
the (simple) solution. Biological Psychiatry, 75, 18-24. https://doi.
org/10.1016/j.biopsych.2013.09.006

Kristensen, T.N., Sorensen, A. C., Sorensen, D., Pederson, K. S., Sorensen,
J. G., & Loeschcke, V. (2005). A test of quantitative genetic theory
using Drosophila- effects of inbreeding and rate of inbreeding on her-
itabilities and variance components. Journal of Evolutionary Biology,
18, 763-770. https://doi.org/10.1111/j.1420-9101.2005.00883.x

Landry, C. R, Oh, J., Hartl, D. L., & Cavalieri, D. (2006). Genome-wide
scan reveals that genetic variation for transcriptional plasticity in
yeast is biased towards multi-copy and dispensable genes. Gene, 366,
343-351. https://doi.org/10.1016/j.gene.2005.10.042

Marjoram, P., Zubair, A., & Nuzhdin, S. V. (2014). Post-GWAS: Where
next? More samples, more SNPs or more biology? Heredity, 112, 79-
88. https://doi.org/10.1038/hdy.2013.52

McCairns, R. J. S., & Bernatchez, L. (2010). Adaptive divergence between
freshwater and marine sticklebacks: Insights into the role of pheno-
typic plasticity from an integrated analysis of candidate gene expres-
sion. Evolution, 64, 1029-1047.

McFarlane, S. E., Séderberg, A., Wheatcroft, D., & Qvarnstrom, A. (2016).
Song discrimination by nestling collard flycatchers during early de-
velopment. Biology Letters, 12, 20160234. https://doi.org/10.1098/
rsbl.2016.0234

McGregor, P. K. (2000). Playback experiments: Design and analysis. Acta
Ethologica, 3, 3-8. https://doi.org/10.1007/s102110000023

Mery, F., Belay, A. T., So, A. K.-C., Sokolowski, M. B., & Kawecki, T. J.
(2007). Natural polymorphism affecting learning and memory in
Drosophila. Proceedings of the National Academy of Sciences of the
United States of America, 104, 13051-13055. https://doi.org/10.1073/
pnas.0702923104

Mery, F., & Kawecki, T. J. (2004). The effect of learning on experimen-
tal evolution of resource preference in Drosophila melanogaster.
Evolution, 58, 757-767. https://doi.org/10.1111/j.0014-3820.2004.
tb00409.x

Miner, B. G., Sultan, S. E., Morgan, S. G,, Padilla, D. K., & Relyea, R. A.
(2005). Ecological consequences of phenotypic plasticity. Trends
in Ecology & Evolution, 20, 685-692. https://doi.org/10.1016/j.
tree.2005.08.002

Moffitt, T. E., Caspi, A., Rutter, M., Centre, D. P., & Kingdom, U.
(2006). Measured gene-environment interactions in psychopa-
thology. Perspectives on Psychological Science, 1, 5-27. https://doi.
org/10.1111/j.1745-6916.2006.00002.x

Moyle, L.C.,&Muir,C.D.(2010).Reciprocalinsightsintoadaptationfromag-
ricultural and evolutionary studies in tomato. Evolutionary Applications,
3,409-421. https://doi.org/10.1111/j.1752-4571.2010.00143.x

Munafo, M. R., Durrant, C., Lewis, G., & Flint, J. (2009). Gene x en-
vironment interactions at the serotonin transporter locus.
Biological ~Psychiatry, 65, 211-219. https://doi.org/10.1016/j.
biopsych.2008.06.009

Murren, C. J,, Maclean, H. J., Diamond, S. E., Steiner, U. K., Heskel, M.
A., Handelsman, C. A, ... Kingsolver, J. (2014). Evolutionary change
in continuous reaction norms. American Naturalist, 183, 453-467.
https://doi.org/10.1086/675302

Nowicki, S., Searcy, W. A., Krueger, T., & Hughes, M. (2002). Individual
variation in response to simulated territorial challenge among
territory-holding song sparrows. Journal of Avian Biology, 33, 253-
259. https://doi.org/10.1034/j.1600-048X.2002.330307.x

Nuzhdin, S. V., Brisson, J. A., Pickering, A., Wayne, M. L., Harshman, L. G.,
& Mclintyre, L. M. (2009). Natural genetic variation in transcriptome
reflects network structure inferred with major effect mutations:
Insulin/TOR and associated phenotypes in Drosophila melanogaster.
BMC Genomics, 10, 124. https://doi.org/10.1186/1471-2164-10-124

Odling-Smee, F., Laland, K., & Feldman, M. (1996). Niche construction.
American Naturalist, 147, 641-648. https://doi.org/10.1086/285870

QOomen, R. A., & Hutchings, J. A. (2015). Genetic variability in reaction
norms in fishes. Environmental Reviews, 23, 353-366. https://doi.
org/10.1139/er-2014-0077

van Oortmerssen, G. A., & Bakker, T. C. M. (1981). Artificial selection
for short and long attack latencies in wild Mus musculus domes-
ticus. Behavior Genetics, 11, 115-126. https://doi.org/10.1007/
BF01065622

Peng, P. C., Hassan Samee, M. A., & Sinha, S. (2015). Incorporating
chromatin accessibility data into sequence-to-expression model-
ing. Biophysical Journal, 108, 1257-1267. https://doi.org/10.1016/j.
bpj.2014.12.037

Plomin, R., DeFries, J. C., & Loehlin, J. C. (1977). Genotype-environment in-
teractionandcorrelationintheanalysis of humanbehavior. Psychological
Bulletin, 84, 309-322. https://doi.org/10.1037/0033-2909.84.2.309

Purcell, S. M., Wray, N. R., Stone, J. L., Visscher, P. M., O'Donovan, M.
C., Sullivan, P. F,, ... Sklar, P. (2009). Common polygenic variation


https://doi.org/10.1534/genetics.109.107268
https://doi.org/10.1534/genetics.109.107268
https://doi.org/10.1186/gb-2004-5-4-r26
https://doi.org/10.1111/j.0014-3820.2004.tb01642.x
https://doi.org/10.1038/nature15256
https://doi.org/10.1111/j.1365-2435.2007.01283.x
https://doi.org/10.1111/j.1365-2435.2007.01283.x
https://doi.org/10.1111/j.1461-0248.2009.01433.x
https://doi.org/10.1111/j.1461-0248.2009.01433.x
https://doi.org/10.1111/j.1558-5646.1982.tb05464.x
https://doi.org/10.1007/s11692-011-9127-6
https://doi.org/10.1007/s11692-011-9127-6
https://doi.org/10.1007/978-94-007-7347-9
https://doi.org/10.1146/annurev.ecolsys.37.091305.110132
https://doi.org/10.1146/annurev.ecolsys.37.091305.110132
https://doi.org/10.1016/j.biopsych.2013.09.006
https://doi.org/10.1016/j.biopsych.2013.09.006
https://doi.org/10.1111/j.1420-9101.2005.00883.x
https://doi.org/10.1016/j.gene.2005.10.042
https://doi.org/10.1038/hdy.2013.52
https://doi.org/10.1098/rsbl.2016.0234
https://doi.org/10.1098/rsbl.2016.0234
https://doi.org/10.1007/s102110000023
https://doi.org/10.1073/pnas.0702923104
https://doi.org/10.1073/pnas.0702923104
https://doi.org/10.1111/j.0014-3820.2004.tb00409.x
https://doi.org/10.1111/j.0014-3820.2004.tb00409.x
https://doi.org/10.1016/j.tree.2005.08.002
https://doi.org/10.1016/j.tree.2005.08.002
https://doi.org/10.1111/j.1745-6916.2006.00002.x
https://doi.org/10.1111/j.1745-6916.2006.00002.x
https://doi.org/10.1111/j.1752-4571.2010.00143.x
https://doi.org/10.1016/j.biopsych.2008.06.009
https://doi.org/10.1016/j.biopsych.2008.06.009
https://doi.org/10.1086/675302
https://doi.org/10.1034/j.1600-048X.2002.330307.x
https://doi.org/10.1186/1471-2164-10-124
https://doi.org/10.1086/285870
https://doi.org/10.1139/er-2014-0077
https://doi.org/10.1139/er-2014-0077
https://doi.org/10.1007/BF01065622
https://doi.org/10.1007/BF01065622
https://doi.org/10.1016/j.bpj.2014.12.037
https://doi.org/10.1016/j.bpj.2014.12.037
https://doi.org/10.1037/0033-2909.84.2.309

SALTZ ET AL.

contributes to risk of schizophrenia and bipolar disorder. Nature 460,
748-752.

Rockman, M. M. V. (2012). The QTN program and the alleles that mat-
ter for evolution: All that’s gold does not glitter. Evolution, 66, 1-17.
https://doi.org/10.1111/j.1558-5646.2011.01486.x

Rodriguez-Prieto, I., Martin, J., & Fernandez-Juricic, E. (2011). Individual
variation in behavioural plasticity: Direct and indirect effects of
boldness, exploration and sociability on habituation to predators
in lizards. Proceedings of the Royal Society B-Biological Sciences, 278,
266-273. https://doi.org/10.1098/rspb.2010.1194

Saltz, J. B. (2011). Natural genetic variation in social environment
choice: Context-dependent gene-environment correlation in
Drosophila melanogaster. Evolution, 65, 2325-2334. https://doi.
org/10.1111/j.1558-5646.2011.01295.x

Saltz, J. B. (2013). Genetic composition of social groups influences male
aggressive behaviour and fitness in natural genotypes of Drosophila
melanogaster. Proceedings of the Royal Society B-Biological Sciences,
280, 31926.

Saltz, J. B. (2017). Genetic variation in social environment construction
influences the development of aggressive behavior in Drosophila
melanogaster. Heredity, 118, 340-347. https://doi.org/10.1038/
hdy.2016.101

Saltz, J. B., Geiger, A. P., Anderson, R., Johnson, B., & Marren, R. (2016).
What, if anything, is a social niche? Evolutionary Ecology, 30, 349-
364. https://doi.org/10.1007/s10682-015-9792-5

Saltz, J. B., Hessel, F. C., & Kelly, M. W. (2017). Trait correlations in the
genomics era. Trends in Ecology & Evolution, 32, 279-290. https://doi.
org/10.1016/j.tree.2016.12.008

Saltz, J. B., Lymer, S., Gabrielian, J., & Nuzhdin, S. V. (2017). Genetic cor-
relations among developmental and contextual behavioral plasticity
in Drosophila melanogaster. American Naturalist, 190, 61-72. https://
doi.org/10.1086/692010

Saltz, J. B., & Nuzhdin, S. V. (2014). Genetic variation in niche con-
struction: Implications for development and evolutionary genetics.
Trends in Ecology & Evolution, 29, 8-14. https://doi.org/10.1016/j.
tree.2013.09.011

Schlichting, C. D., & Pigliucci, M. (1995). Gene regulation, quantitative
genetics and the evolution of reaction norms. Evolutionary Ecology, 9,
154-168. https://doi.org/10.1007/BF01237754

Schmalhausen, I. 1. (1949). Factors of evolution: The theory of stabilizing
selection. Philadelphia, PA: Blakiston.

Schneider, R. F,, Li, Y., Meyer, A., & Gunter, H. M. (2014). Regulatory gene
networks that shape the development of adaptive phenotypic plas-
ticity in a cichlid fish. Molecular Ecology, 23, 4511-4526. https://doi.
org/10.1111/mec.12851

Sih, A, & Del Giudice, M. (2012). Linking behavioural syndromes and cog-
nition: A behavioural ecology perspective. Philosophical Transactions
of the Royal Society B: Biological Sciences, 367, 2762-2772. https://doi.
org/10.1098/rstb.2012.0216

Sih, A., Trimmer, P. C., & Ehlman, S. M. (2016). A conceptual framework
for understanding behavioral responses to HIREC. Current Opinion
in Behavioral Sciences, 12, 109-114. https://doi.org/10.1016/j.
cobeha.2016.09.014

Smith, P. G., & Day, N. E. (1984). The design of case-control studies: The
influence of confounding and interaction effects. International Journal
of Epidemiology, 13, 356-365. https://doi.org/10.1093/ije/13.3.356

Smith, E. N., & Kruglyak, L. (2008). Gene-environment interaction in
yeast gene expression. PLoS Biology, 6, €83. https://doi.org/10.1371/
journal.pbio.0060083

Snell-Rood, E. C., & Steck, M. (2015). Experience drives the development
of movement-cognition correlations in a butterfly. Frontiers in Ecology
and Evolution, 3, 21.

Sorrells, T. R., & Johnson, A. D. (2015). Making sense of transcrip-
tion networks. Cell, 161, 714-723. https://doi.org/10.1016/j.
cell.2015.04.014

Fcology and Evolution o 6353
& WILEY- %%

Stamps, J. A. (2016). Individual differences in behavioural plasticities.
Biological Reviews, 91, 534-567. https://doi.org/10.1111/brv.12186

Stamps, J., & Frankenhuis, W. E. (2016). Bayesian models of development.
Trends in Ecology & Evolution, 31, 260-268. https://doi.org/10.1016/j.
tree.2016.01.012

Sullivan, P. F., Daly, M. J., & O'Donovan, M. (2012). Genetic architectures
of psychiatric disorders: The emerging picture and its implications.
Nature Reviews Genetics, 13, 537-551. https://doi.org/10.1038/
nrg3240

van Swinderen, B., & Greenspan, R. J. (2005). Flexibility in a gene net-
work affecting a simple behavior in Drosophila melanogaster. Genetics,
169, 2151-2163. https://doi.org/10.1534/genetics.104.032631

Turelli, M., & Barton, N. H. (2004). Polygenic variation maintained by bal-
ancing selection: Pleiotropy, sex-dependent allelic effects and G x E
interactions. Genetics, 166, 1053-1079. https://doi.org/10.1534/
genetics.166.2.1053

Turner, T. L., & Miller, P. M. (2012). Investigating natural variation
in Drosophila courtship song by the evolve and resequence
approach. Genetics, 191, 633-642. https://doi.org/10.1534/
genetics.112.139337

Valdar, W., Solberg, L. C., Gauguier, D., Cookson, W. O., Rawlins, J.
N., Mott, R., & Flint, J. (2006). Genetic and environmental effects
on complex traits in mice. Genetics, 174, 959-984. https://doi.
org/10.1534/genetics.106.060004

Via, S., & Lande, R. (1985). Genotype-environment interaction and the
evolution of phenotypic plasticity. Evolution, 39, 505-522. https://
doi.org/10.1111/j.1558-5646.1985.tb00391.x

Via, S., & Lande, R. (1987). Evolution of genetic variability in a spatially
heterogeneous environment: Effects of genotype-environment in-
teraction. Genetical Research, 49, 147-156. https://doi.org/10.1017/
S001667230002694X

Visscher, H., Looy, C. V., Collinson, M. E., Brinkhuis, H., Van Konijnenburg-
Van Cittert, J. H. A., Kiirschner, W. M., & Sephton, M. A. (2004).
Environmental mutagenesis during the end-Permian ecological
crisis. Proceedings of the National Academy of Sciences of the United
States of America, 101, 12952-12956. https://doi.org/10.1073/
pnas.0404472101

Waddington, C. H. (1942). Canalization of development and the inher-
itance of acquired characters. Nature, 150, 563-565. https://doi.
org/10.1038/150563a0

Werner, E. E., & Peacor, S. D. (2003). A review of trait-mediated indirect in-
teractions in ecological communities. Ecology, 84, 1083-1100. https://doi.
org/10.1890/0012-9658(2003)084[1083:AROTII]2.0.CO;2

West-Eberhard, M. J. (2003). Developmental plasticity and evolution. New
York, NY: Oxford University Press.

Whitham, T. G., Young, W. P, Martinsen, G. D. Gehring, C.
A., Schweitzer, J. A., Shuster, S. M., ... Kuske, C. R. (2003).
Community and ecosystem genetics: A consequence of
the extended phenotype. Ecology, 84, 559-573. https://doi.
org/10.1890/0012-9658(2003)084[0559:CAEGAC]2.0.CO;2

Whitlock, M. C., & Fowler, K. (1999). The changes in genetic and environ-
mental variance with inbreeding in Drosophila melanogaster. Genetics,
152,345-353.

Winterhalter, W. E., & Mousseau, T. A. (2007). Patterns of phenotypic and
genetic variation for the plasticity of diapause incidence. Evolution,

61, 1520-1531. https://doi.org/10.1111/j.1558-5646.2007.00127.x

How to cite this article: Saltz JB, Bell AM, Flint J,
Gomulkiewicz R, Hughes KA, Keagy J. Why does the
magnitude of genotype-by-environment interaction vary?. Ecol
Evol. 2018;8:6342-6353. https://doi.org/10.1002/ece3.4128



https://doi.org/10.1111/j.1558-5646.2011.01486.x
https://doi.org/10.1098/rspb.2010.1194
https://doi.org/10.1111/j.1558-5646.2011.01295.x
https://doi.org/10.1111/j.1558-5646.2011.01295.x
https://doi.org/10.1038/hdy.2016.101
https://doi.org/10.1038/hdy.2016.101
https://doi.org/10.1007/s10682-015-9792-5
https://doi.org/10.1016/j.tree.2016.12.008
https://doi.org/10.1016/j.tree.2016.12.008
https://doi.org/10.1086/692010
https://doi.org/10.1086/692010
https://doi.org/10.1016/j.tree.2013.09.011
https://doi.org/10.1016/j.tree.2013.09.011
https://doi.org/10.1007/BF01237754
https://doi.org/10.1111/mec.12851
https://doi.org/10.1111/mec.12851
https://doi.org/10.1098/rstb.2012.0216
https://doi.org/10.1098/rstb.2012.0216
https://doi.org/10.1016/j.cobeha.2016.09.014
https://doi.org/10.1016/j.cobeha.2016.09.014
https://doi.org/10.1093/ije/13.3.356
https://doi.org/10.1371/journal.pbio.0060083
https://doi.org/10.1371/journal.pbio.0060083
https://doi.org/10.1016/j.cell.2015.04.014
https://doi.org/10.1016/j.cell.2015.04.014
https://doi.org/10.1111/brv.12186
https://doi.org/10.1016/j.tree.2016.01.012
https://doi.org/10.1016/j.tree.2016.01.012
https://doi.org/10.1038/nrg3240
https://doi.org/10.1038/nrg3240
https://doi.org/10.1534/genetics.104.032631
https://doi.org/10.1534/genetics.166.2.1053
https://doi.org/10.1534/genetics.166.2.1053
https://doi.org/10.1534/genetics.112.139337
https://doi.org/10.1534/genetics.112.139337
https://doi.org/10.1534/genetics.106.060004
https://doi.org/10.1534/genetics.106.060004
https://doi.org/10.1111/j.1558-5646.1985.tb00391.x
https://doi.org/10.1111/j.1558-5646.1985.tb00391.x
https://doi.org/10.1017/S001667230002694X
https://doi.org/10.1017/S001667230002694X
https://doi.org/10.1073/pnas.0404472101
https://doi.org/10.1073/pnas.0404472101
https://doi.org/10.1038/150563a0
https://doi.org/10.1038/150563a0
https://doi.org/10.1890/0012-9658(2003)084[1083:AROTII]2.0.CO;2
https://doi.org/10.1890/0012-9658(2003)084[1083:AROTII]2.0.CO;2
https://doi.org/10.1890/0012-9658(2003)084[0559:CAEGAC]2.0.CO;2
https://doi.org/10.1890/0012-9658(2003)084[0559:CAEGAC]2.0.CO;2
https://doi.org/10.1111/j.1558-5646.2007.00127.x
https://doi.org/10.1002/ece3.4128

