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Review
Predicting phenotype from genotype is greatly compli-
cated by the polygenic nature of most traits and by the
complex interactions between phenotype and the envi-
ronment. Here, we review recent whole-genome
approaches to understand the underlying principles,
mechanisms, and evolutionary impacts of genotype •
environment (G•E) interactions, defined as genotype-
specific phenotypic responses to different environ-
ments. There is accumulating evidence that G•E inter-
actions are ubiquitous, accounting perhaps for the
greater part of the phenotypic variation seen across
genotypes. Such interactions appear to be the conse-
quence of changes to upstream regulators as opposed to
local changes to promoters. Moreover, genes are not
equally likely to exhibit G•E interactions; promoter
architecture, expression level, regulatory complexity,
and essentiality correlate with the differential regulation
of a gene by the environment. One implication of this
correlation is that expression variation across genotypes
alone could be used as a proxy for G•E interactions in
those experimental cases where identifying environ-
mental variation is costly or impossible.

From single traits to a whole-genome perspective
Although the genotype of an individual is now straightfor-
ward to determine, our inability to predict its phenotype
has never been more self-evident. Tremendous progress
has been made resolving certain well-studied traits at the
molecular level [1–13]; however, an understanding of the
specification of complex traits is generally lacking [14].
Much of this complexity results from the phenotype being a
convolution of the genotype and the specific environment
experienced by the organism. In this review, we discuss the
occurrence of G�E interactions. Here, we first describe the
classical and latest methods for identifying these in the
population, before turning to emerging principles regard-
ing their appearance. We next discuss the mechanisms
that create G�E interactions within the framework of local
and distant genetic changes. Finally, we examine the
implications of G�E interactions for the development
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and evolution of species, and provide an outlook for future
research on this topic.

When a single trait is examined between two genotypes
and two environments, the trait might be constant across
all combinations or it might be affected in several possible
ways (Figure 1). First, the manifestation of the trait could
differ between the genotypes but be unaffected by the
environmental changes (Figure 1D). Second, the expres-
sion of the trait may be affected by a particular environ-
ment, but identically so across the genotypes (Figure 1E).
Third, the appearance of the trait might change across both
genotypes and environments, but the nature of this change
might be additive (genotypic and environmental variation,
Figure 1F). Finally, often the environment affects the
phenotype in a complicated manner that is not an additive
effect of the genotype. Such a genotype-specific phenotypic
response to different environments is called a G�E inter-
action. A G�E interaction may manifest, for example, from a
genotypic change between the strains underlying a change
in phenotype in only one of the environments (Figure 1A).
Alternatively, an environment may have opposing effects
across genotypes (Figure 1B). Beyond discrete environ-
ments, G�E interactions may also be examined as a function
of continuous environments [15–17]. These kinds of G�E
interaction represent a considerable challenge for cracking
the genotypic code that produces them.

Traditionally, studies of G�E interactions have focused
upon individual phenotypic traits, which often include life-
history traits, such as body size and longevity [2,4–6,18–
24]. To map the genetic loci responsible for the particular
G�E interaction, multiple loci in the genome are typically
screened. Such quantitative trait locus (QTL) analyses are
based on the comparison of the appearance of a trait across
recombinant inbred lines (RIL) derived from a cross of two
parental strains differing in that trait (Figure 2A) [18,25].
This approach was recently successfully used to explore the
effect of low temperature on the body size of the nematode
Caenorhabditis elegans [2]. The laboratory strain was 33%
bigger at lower temperatures; however, in a second strain,
body size was unaffected (such as the scenario indicated in
Figure 1A). Using QTL analysis, the researchers found
that a specific single nucleotide polymorphism (SNP) in
tra-3, which encodes a calpain-like protease, accounted for
the differential response. This QTL approach to identify
the genetic basis of G�E interactions has been remarkably
fruitful for many traits [2,5,18,20,22–24].
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Figure 1. Modes of phenotypic variation across genotypes and environments. A phenotype can vary depending on the genotype or environment, and often a complex

interaction between the two leads to unexpected changes in phenotype. (A,B) Examples of genotype � environment (G�E) interactions. Two genotypes (strains), indicated

by black and red lines and circles, demonstrate different phenotypic outcomes (body size) when exposed to different environments (temperatures). Instances are shown of

(C) no variation, (D) only genotypic variation, (E) only environmental variation, and (F) both genotypic and environmental variation, although without an interaction.
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G�E interactions are extremely common [26] and are
observed even when examining a single trait. In an early
study examining bristle numbers in Drosophila across a
set of RILs and environments (temperature and sexual
environment), 14 out of the 92 examined markers showed
significant G�E interactions, a remarkably high level [23].
More recently, a study queried for G�E interactions in the
risk for breast cancer between 23 alleles and ten environ-
mental factors. Examining data from over 70 000 individ-
uals, significant G�E interactions were detected for breast
cancer rates for a lymphocyte-specific protein 1 (LSP1)
allele and the number of births, and a caspase 8 (CASP8)
allele and alcohol consumption [27].

High-throughput techniques have greatly expanded the
depth in which traits can be analyzed in terms of the effects
of the genotype and the environment, and now promise to
reveal generalized principles. For example, using RNA-
Seq, tens of thousands of traits in the form of gene expres-
sion levels can be simultaneously examined. The first
study of global gene expression measurements coupled
with linkage analysis demonstrated the power of such
2

an approach, called eQTL analysis (Figure 2A), in unmask-
ing the overall complexity of gene expression variation
[25], leading to a shift in the research of gene expression
evolution and regulation [28]. This study determined the
linkage between expression levels of 6215 genes and 3312
genomic markers in two parental yeast strains and 40
RILs. The analysis revealed that variation in gene expres-
sion was associated with cis-effects, although a small
number of trans-effects impacted multiple genes. Later
analyses also included different environments in the ap-
proach and identified G�E interactions [29]. A shortcom-
ing of this method, however, is the reliance upon RILs,
which are labor intensive to construct. Moreover, mapping
in the QTL approach can be of limited resolution depending
upon the markers used.

A modified approach has been recently introduced to map
the effects of G�E interactions on gene expression [30]. Gene
expression was monitored across a population of individuals
and conditions (environments), followed by whole-genome
sequencing to identify each genotype (Figure 2B). This
method is akin to genome-wide association studies (GWAS),
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Figure 2. Linking traits with genotypes. Two methods for identifying genotype � environment (G�E) interactions. (A) Expression quantitative trait locus (eQTL) analysis.

Gene X shows a different pattern of condition-specific expression across two genotypes, resulting in a G�E interaction. The two strains are used to construct a library of

recombinant inbred lines. Gene expression is then assayed in each line across different conditions. Specific regions of the genome can then be tested for correlation with

the expression differences. If the correlating genomic change is in the region of gene X, it is called cis (or local), otherwise it is trans (or distant). (B) Global genome-wide

and environment-wide association study. Many individuals (genotypes) of a particular species are exposed to many conditions (environments) and the expression levels

are determined for all genes. For each genotype–environment pairing, the shade indicates the gene expression level. Additionally, genomic sequencing is carried out for

each strain, allowing a genomic view of the genotype–environment landscape. Shown are the expression profiles of gene neighbors along a chromosomal region and,

below, the locations of particular single nucleotide polymorphisms (SNPs) across the strains. As in (A), specific polymorphisms can then be tested for correlation with

expression differences.
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in which expression is also monitored. The crucial advan-
tage of a ‘global’ GWAS across genotypes and environments
over the eQTL approach is that the experimental design is
simpler because RILs are not required. Furthermore, with
the ever-decreasing prices of high-throughput sequencing,
large-scale genotyping is now readily feasible. The impor-
tance of a ‘global’ GWAS approach when exploring the effect
of genetic and environmental components on gene expres-
sion has also been advocated in a recent review [31]. This
approach can also be applied to sexual organisms with
unique individuals by examining different conditions, such
as drug-response, in cell cultures derived from noninvasive-
ly acquired tissue samples.

A genomic bias for G•E interactions
The application of genomics and transcriptomics to differ-
ent species has begun to unravel the principles underlying
interactions between genotype and environment. Compar-
ative gene expression studies have revealed that expres-
sion divergence between different species is highly variable
for different gene classes [32–34]. For example, homeodo-
main transcription factors are more conserved in their
embryonic expression profiles across species than are ol-
factory receptor genes [33]. Interestingly, the level of di-
vergence in gene expression in yeast is correlated with
responsiveness to environmental changes (in other words,
the degree to which the expression is induced across con-
ditions such as heat or low pH) [35]. Moreover, it was
demonstrated in yeast that genes with high expression
divergence shared a distinct promoter architecture [35,36].
Such genes tended to lack a nucleosome-free region in their
proximal promoters and had a TATA-box [35,36]. Both of
these promoter elements are also associated with nones-
sential genes (i.e., genes not required for growth in optimal
conditions [37]) and stress-responsive genes [35]. These
studies in yeast suggest that genotypic variation is corre-
lated with environmental responsiveness and is, at least
partly, encoded in the promoter sequence of a gene.

The expression levels of genes displaying G�E interac-
tions vary, by definition, across both environments and
genotypes. Thus, the underlying genomic mechanism for
G�E interactions may naturally be the same as those for
generating genotypic or environmental variation. Accord-
ingly, we expect that the group of genes with G�E interac-
tions contains the same biases (such as nonessentiality)
found in the group of genes with high expression divergences
across species. Support for this notion came from a compari-
son of gene expression across six strains of Saccharomyces
cerevisiae grown under four distinct environments [38].
Genes that exhibited G�E interactions were indeed biased
for nonessentiality. This is in agreement with another study
in yeast showing that genes characterized by genotypic
3
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variation were enriched for nonessential genes [35]. The
yeast intraspecies comparison also revealed that, despite
being nonessential, genes with G�E interactions did not
exhibit signs of faster evolution or weaker selective con-
straints at the protein level [38], recapitulating a similar
result from studies into expression divergence in yeast,
Drosophila, and nematodes [39–41]. In addition, genes with
G�E interactions in yeast were also enriched for gene
duplicates and depleted for low levels of expression [38].
Taken together, these findings suggest that the genes dis-
playing G�E interactions show similar characteristics to
genes exhibiting genotypic variation.

Another similarity is the finding that genes with G�E
interactions have distinct promoter architecture. A re-
cent study in C. elegans demonstrated that genes with a
particular promoter architecture were disproportionally
likely to display G�E interactions [30] (Figure 3). Nota-
bly, C. elegans genes with G�E interactions tended to
have long promoters with a high concentration of regula-
tory motifs [30]. However, these characteristics distin-
guish genes with G�E interactions from other gene
classes. Notably, although genes marked by genotypic
variation also had significantly longer promoter
sequences compared with the average gene (although
not as long as genes with G�E interactions), they showed
a smaller density of regulatory motifs [30]. Furthermore,
the proximal promoters of genes with G�E interactions
exhibited higher average nucleosome occupancy than
those of other gene groups [30]. Thus, G�E interactions
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are not simply a subset of genotypic variation, but truly a
unique class of interactions.

In addition to their unique promoter architecture, genes
with G�E interactions are also characterized by a distinct
mid-range level of expression, neither ubiquitously high
nor low, suggesting that the mid-range expression level is
the most susceptible to genotypic and environmental
changes [30]. This result is in agreement with the obser-
vation that, in yeast, genes with G�E interactions were not
expressed at low levels [38]. Many of these properties that
distinguish genes with G�E interactions are also charac-
teristic of genes that are tightly regulated [42]. These
unique characteristics of genes with G�E interactions
relative to genes displaying genotypic or environmental
variation suggests that the underlying principles govern-
ing G�E interactions genes are not simply the combination
of factors influencing genotypic and environmental varia-
tion [30].

To better understand how a gene with a G�E interac-
tion differs from a gene displaying genotypic or environ-
mental variation, it is worth asking how a G�E interaction
originates. One study that looked at this examined how
transcription factor (TF) binding to conserved Saccharo-
myces cis-elements differed across environmental condi-
tions [43]. The authors found that TF binding was
generally highly dependent upon the environment; for
example, Gcn4 bound the ASN1 promoter in some condi-
tions, but not in others [43]. Such condition-dependent
regulation suggests that a common mechanism for the
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E interactions in their gene expression tend to have long motif-rich promoters and

 the intergenic region, cis-regulatory elements, transcription start site, exons, and

s, with a higher number of regulatory motifs, and a higher (but not very high) level
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s than 4 log10 units [30].
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Figure 4. The influence of the gene regulatory network on the origin of genotype �
environment (G�E) interactions. Gene expression may be affected by local

changes (cis) or by changes to its upstream regulators (trans). The gene

regulatory network depicted shows the possible mutations (circles) that can

influence the expression of gene x. In blue and red are cis and trans mutations,

respectively, influencing the expression of gene x. A highly regulated gene, such

as gene x, which is regulated directly and indirectly by the transcription factors

(TFs) shown, is more likely to change, relative to a gene under simple regulation,

because it can be influenced by more mutations. For example, a particular

mutation that alters the regulatory profile of TF3 would have consequences for the

expression profile of TF4 and its target gene �.
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generation of a G�E interaction is a mutation to a condi-
tion-dependent cis site, leading to gene expression changes
manifested as a G�E interaction when yeast are exposed to
the corresponding set of conditions [38]. This notion is
consistent with the pattern of G�E interactions in C.
elegans. The promoter architecture of a gene with a
G�E interaction, including a long promoter and a high
concentration of cis elements, indicates a highly regulated
gene [30]. Thus, highly regulated genes are expected to be
more easily disposed to form G�E interactions because
they contain more cis elements. This prediction is sup-
ported by a subsequent study that found a positive corre-
lation between the level of gene expression variation across
multiple environments and the number of TFs involved in
its regulation [42]. A recent study in the sea urchin,
however, provided evidence that G�E interactions may
be limited to genes involved in the regulatory network
underlying development [44]. Interestingly, the perturba-
tion of the network genes did not affect the expression of
the target genes, suggesting that the appearance of G�E
interactions is prevented by an effective buffering mecha-
nism against temperature changes [44]. Similar robust-
ness to environmental variation between different
genotypes was also observed in a human study comparing
the blood transcriptomes of Amazigh and Arab populations
living in rural and urban locations in Morocco [45]. How-
ever, the possibility remains that, in these populations,
G�E interactions with minor effects are still be present.
Collectively, these studies provide a starting point for
understanding the disposition of some genes over others
to exhibit G�E interactions.

Interaction at a distance
It is clear from studying the genetic architecture of genes
with G�E interactions that they are constrained in some
way and limited to a specific subset of genes; thus, identi-
fying G�E interactions may reveal interesting biological
principles about adaptation at the level of the genome. All
evolutionary changes in gene expression may be regarded
as the consequence of two principal types of genetic effect:
cis changes, comprising mutations to the gene sequence or
its proximal regulatory elements, and trans changes, com-
prising mutations to upstream regulators (Figure 4). This
classification primarily reflects the molecular distinctions
in the mechanism leading to the change of expression,
rather than the positional effects relative to the gene
sequence, because multiple examples of distant cis effects
and proximal trans effects have been described [14].

Studies of the global evolution of gene expression have
used QTL analysis to gain insights into the mechanisms
underlying changes in gene expression [46–54]. Because
this method addresses regulatory changes indirectly by
identifying the position of the associated regulatory locus
relative to the gene of interest, the terms ‘local’ and ‘dis-
tant’ are more apt than cis and trans, as has been previ-
ously suggested [14]. One should bear in mind, however,
that these could be used interchangeably for most of
the genes. When gene expression was compared across
different strains and species of Drosophila, it became evi-
dent that the relative prominence of local and distant
effects on gene expression divergence depended upon the
evolutionary distance between the examined organisms
[55,56]. Local changes accounted for the dominant part
of gene expression divergence across different Drosophila
species, whereas distant changes were more common
across different strains of the same fly species [55,56].
The difference in frequency of these two types of change
may be a consequence of stronger purifying selection
against distant changes; thus explaining their common-
ness on only short evolutionary timescales [56]. Consis-
tently, in C. elegans, the majority of genes involved in G�E
interactions were also found to be associated with distant
QTLs [29]. Moreover, in yeast, the amount of local changes
linked to genes with G�E interactions was significantly
smaller than that for genes with genotypic or environmen-
tal variation [57]. Thus, genes with G�E interactions are
distinguished from other gene groups by their dispropor-
tionally high association with distant-acting loci. This
observation is in agreement with results demonstrating
the highly regulated nature of genes with G�E interac-
tions [30,38,42].

Why should there be more G�E interactions owing to
distant rather than local effects? The notion of a gene
regulatory network is key to understanding this effect.
Consider a network of genes where the regulation of each
gene is dependent upon both its own promoter and the
precise regulation of all upstream factors (Figure 4). A
mutation altering the regulation of an important regulator
will affect not only itself, but also its downstream genes.
Housekeeping genes and genes with simple modes of reg-
ulation have a shallow regulatory network and, thus,
mutations influencing their regulation are biased towards
cis (local) changes (Figure 4). However, genes under com-
plex modes of regulation may be influenced at many loci,
most of them distant (Figure 4). Thus, the higher frequency
of distant changes associated with highly regulated genes
may reflect the gene network architecture in which there
5
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are more sites at which trans rather than cis mutations
could occur in genes with a high level of regulation
(Figure 4). In other words, a single cis mutation in a TF
may lead to many trans changes in each of its targets
(Figure 4, bottom right). Thus, a more complicated genetic
network would lead to more opportunities for a mutation to
lead to a change that manifests differently depending on
both the genetic background and environmental condition
in which it is expressed. Given that the gene regulatory
network evolves by the incorporation of additional genes
and regulatory links, it is likely that its more ancient and,
consequently, more connected gene components are
enriched for G�E interactions. Once more genotypes have
been examined, it should be further possible to investigate
to what degree eQTLs indeed correspond to TFs.

Interestingly, genes affected by distant changes tend to
be expressed in a condition-specific manner [57–59]. Thus,
for these genes, G�E interactions occur as a simple conse-
quence of a distant change to their regulator. In the
previous section, we discussed G�E interactions occurring
by a change to a cis element, whereas here we have
stressed the dominant effect of an upstream distant
change. An additional piece of evidence, supporting the
role of trans changes, comes from a C. elegans study [30].
Genes with G�E interactions are not independent but
rather group into functional sets. For example, targets
of the defective P granules and sterile family member 1
(deps-1) gene show co-regulatory changes, suggesting that
one change led to the changes in the entire group [30]. If
G�E interactions mainly resulted from local changes, such
a pattern would not be expected to be as evident, with the
exception of cases in which adaptations can lead to the
rewiring at the cis level [60].

G•E interactions in evolution and development
Phenotypic plasticity provides an organism with the flexi-
bility to adjust its phenotype with respect to the specific
environmental conditions experienced [61,62]. Such plas-
ticity represents a substantial advantage in unpredictable
environments. However, there is often significant variation
in the levels of phenotypic plasticity across different geno-
types owing to G�E interactions [22,29]. For example, a
considerable difference was found between two strains of
C. elegans in the phenotypic plasticity of life-history traits
(egg size, fertility, and growth rate) in response to low
(128C) and normal (248C) temperatures [5].

It has been proposed that, in particular situations, the
appearance of some of the environmentally inducible phe-
notypes could become genetically fixed and independent of
the environmental stimuli [63]. This may occur when an
organism is continuously exposed to a condition eliciting a
specific phenotypic response, and a selective advantage is
present for its constitutive expression [63]. Such ‘canali-
zation’ was originally introduced by Waddington in 1942
[64] following the appearance of a cross-vein in the Dro-
sophila wing. Initially, the cross-vein appeared only upon
exposure to alcohol, but after several generations of con-
stant exposure it appeared even in the absence of
the alcohol. Such a transition of an originally environmen-
tally induced phenotype to genetic control is termed
‘genetic assimilation’ [63]. Thus, genetic assimilation is
6

intrinsically manifested as variation across both geno-
types and environments.

Despite the long history of the concept of genetic assim-
ilation and the multiple examples described for individual
traits [65–67], it remains a controversial topic in evolu-
tionary biology [68]. The importance and scope of genetic
assimilation in the evolution of novelty by phenotypic
plasticity currently remains unknown. One hypothesis is
that a G�E interaction provides the necessary genetic
variation for the agency of genetic assimilation. The appli-
cation of systems-level approaches in gene expression
evolution and interaction studies now promises to provide
sufficient data to address this ongoing debate. One study,
relevant to the issue of genetic assimilation at the molecu-
lar level, reported numerous cases of transitions in gene
expression between constitutive and inducible gene ex-
pression states across yeast species subjected to different
stress conditions [59]. The mechanism of such transitions
and their evolutionary implications are further discussed
in [69]. A G�E interaction may provide the raw material
necessary for genetic assimilation. However, the change to
constitutive expression generally occurs by local mutations
[57,58]. As discussed above, G�E interactions appear to
typically arise from distant, not local, changes and, conse-
quently, the changes observed in this study may be atypi-
cal of G�E interactions. A study in C. elegans found no
evidence for genetic assimilation after comparing the gene
expression profiles of two strains grown under different
temperatures [29]. Thus, there is currently little evidence
that G�E interactions lead to genetic assimilation; howev-
er, further exploration of the relation may be an interesting
avenue of research.

Finally, in a recent review, a hypothesis was set forth
arguing that the stages comprising the life cycle of an
animal may have evolved by genetic assimilation from a
set of alternative environmentally triggered phenotypes
[70]. There have also been suggestions that developmental
phenotypic plasticity has important implications for the
evolution of novelty, which have also been recently
reviewed [69,71]. Testing this hypothesis requires a com-
bination of evolutionary and developmental biology, com-
parative genomics, and global gene expression analysis
across different environments, and initial steps have been
made in this direction [33,72–75]. For example, several
studies used a similar method to the approach shown in
Figure 2B to look at gene expression divergence in C.
elegans across different genotypes and developmental
stages and found a significant number of genotype-by-
stage interactions [76–78]. These early results demon-
strate the utility in widening the scope of G�E interactions
to examine developmental stages as different ‘environ-
ments’ towards an understanding the role phenotypic
plasticity in the evolution and development of metazoans.

Concluding remarks
Despite the impressive progress in our understanding of
G�E interactions, much remains elusive. The central chal-
lenge may be framed as understanding how a specific
genomic change leads to environmental-specific pheno-
types; being able to predict these changes will have a
significant impact in certain fields (Box 1). The progress



Box 1. Applications of predicting G • E interactions

The convolution of the genotype and environment in producing the

phenotype is complex because it is influenced by myriad genomic

loci and, thus, extrapolating phenotypes from one genotype to

another is not possible at present. Although high-throughput

sequencing has facilitated the acquisition of genomes, the millions

of genomic differences between individuals render it difficult to

ascribe the phenotypic effect of any particular genetic change. The

principles underlying G�E interactions discussed here may have

important implications in areas where our understanding of such

interactions is crucial: personalized medicine and plant and animal

breeding. For example, the ability to predict which genes are more

likely to show genotype-specific responses (i.e., individual re-

sponses) to a treatment could be used in rational drug design.

Selecting the products of genes with a low propensity for G�E

interactions as drug targets may lead to a more homogenous

response across patients with different genetic backgrounds.

Alternatively, if a drug target is a TF or involved in signaling, one

may expect a strong patient-specific response even in the absence

of significant variation in the expression of the target. This could be

a result of the gene network architecture, whereby the effect of a TF,

potentially constant across genotypes and environments (see

Figure 1C in main text), is propagated downstream in the regulatory

network to its multiple targets with distinct genotypic outcomes.

Similarly, undetected adverse effects of some drugs may be

predicted if an assortment of drugs is tested across different

genotypes (individuals) as well as different environments (other

treatments or confounding diseases). Because genes that show

gene expression variation across genotypes are enriched for genes

that also show G�E interactions, variation in expression across

genotypes alone could be used as a proxy for interactions in those

experimental cases where identifying environmental variation is

costly or impossible.
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towards this goal described here has been made using
whole-genome approaches that simultaneously monitor
the effects of a polymorphism on thousands of genomic
loci, offering a glimpse of a unified picture of what modes of
change are probable. Given the dominant role that distant
changes play in the introduction of G�E interactions, it is
evident that understanding the underlying gene regulato-
ry networks in detail is crucial [79,80]. In particular, it will
be important to establish regulatory relations in different
environmental conditions. With sufficiently resolved mod-
els of the regulatory relations among genes, the regulatory
genome [79,80], we may well be in a better position to
understand and predict G�E interactions. These models
must further carefully treat expression measurements by
appropriate consideration of the stochastic component of
expression.

The global genotype-wide and environment-wide asso-
ciation method (Figure 2B) holds great power in searching
for G�E interactions. Recent advances in transcriptomics
may further this approach, enabling a more comprehensive
search, as well as revealing the role of G�E interactions in
cellular and developmental processes. Most of the studies
reviewed here each examined gene expression in samples
of hundreds of cells or more, thereby monitoring a kind of
composite of different cell types across a mix of develop-
mental stages. More recently, gene expression time-
courses have been revealed across developmental time
for many organisms [33,72,73,81–83]. However, even gene
expression across time is imprecise because it does not
specify the particular cell type within the organism in
which the gene is expressed. An examination of an animal
at the single-cell level, with a transcriptomic method, will
enable the mapping of the expression level of each gene
across both time and space (position within an organism).
Thus, some G�E interactions in gene regulation may only
be detectable at particular regions of the animal at partic-
ular stages. One example of this is the Allen Brain Atlas,
which has cataloged the transcriptomics of over 200
regions of the human brain in two individuals [84]. Al-
though this data set lacks a temporal component, it is
incredibly useful for large-scale analyses. However, the
fourth dimensional required for analysis is the environ-
ment (genome � environment � space � time), which
promises to enable the identification of G�E interactions
across both space and time. Such an analysis will be able to
query how different cell types at different developmental
stages respond to G�E interactions, potentially illuminat-
ing the evolutionary trajectory of G�E interactions. For
example, which G�E interactions occur during the nema-
tode larval stage? Answering this question may enable a
molecular understanding of why some nematodes undergo
a dauer stage whereas others pass through a parasitic
instar stage at the same place in the life cycle [70]. Al-
though such analysis may not be currently feasible for
complex organisms, it might be possible for model organ-
isms, such as C. elegans, that have a tractable number of
cells [85]. Although seemingly outlandish at present [86],
we will know we have understood G�E interactions when
we can explain the phenotype under a particular environ-
ment from the genome alone.
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