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Abstract
Phenotypic plasticity can serve as a stepping stone towards adaptation. Recently, 
studies have shown that gene expression contributes to emergent stress responses 
such as thermal tolerance, with tolerant and susceptible populations showing distinct 
transcriptional profiles. However, given the dynamic nature of gene expression, in-
terpreting transcriptomic results in a way that elucidates the functional connection 
between gene expression and the observed stress response is challenging. Here, we 
present a conceptual framework to guide interpretation of gene expression reaction 
norms in the context of stress tolerance. We consider the evolutionary and adaptive 
potential of gene expression reaction norms and discuss the influence of sampling 
timing, transcriptomic resilience, as well as complexities related to life history when 
interpreting gene expression dynamics and how these patterns relate to host toler-
ance. We highlight corals as a case study to demonstrate the value of this framework 
for non- model systems. As species face rapidly changing environmental conditions, 
modulating gene expression can serve as a mechanistic link from genetic and cel-
lular processes to the physiological responses that allow organisms to thrive under 
novel conditions. Interpreting how or whether a species can employ gene expression 
plasticity to ensure short- term survival will be critical for understanding the global 
impacts of climate change across diverse taxa.
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1  |  INTRODUC TION

Phenotypic plasticity –  the manifestation of different physiology, 
morphology, behaviour, or other phenotypes under divergent 
environments –  can allow organisms to adjust to temporal (e.g., 
diurnal or seasonal) and spatial (e.g., new habitats, disturbances) 
changes (Baythavong, 2011; Bonamour et al., 2019; Hadfield, 
2016; Kelly, 2019). Theoretical interactions between environmen-
tal variability, phenotypic plasticity, and adaptation have been well 
described (e.g., Chevin & Hoffmann, 2017; Chevin & Lande, 2015; 

Chevin et al., 2010; Waddington, 1959; West- Eberhard, 2003). 
Whether plasticity serves to facilitate or hinder adaptation is 
largely dependent on the timescale of environmental change and 
the strength of selection (Ghalambor et al., 2007; Gibert et al., 
2019; Via & Lande, 1985). The “plasticity- first” hypothesis posits 
selection acts on the range of phenotypic plasticity present in the 
population in order to evolve towards better adapted phenotypes 
(Levis & Pfennig, 2016). Plasticity, therefore, may allow species to 
persist until genetic adaptation can “catch up” with current rates 
of anthropogenically- induced environmental change (Seebacher 
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et al., 2015; Visser, 2008). In particular, how plasticity may facil-
itate survival in organisms exposed to stress- inducing conditions 
is increasingly important as climate change causes environmental 
changes that may push species beyond their current physiological 
limits.

Transcriptomics has enabled investigations into how gene 
expression patterns vary across experimental and natural condi-
tions. Gene expression connects genotype to cellular and organis-
mal physiology and to potentially adaptive phenotypes; therefore, 
plasticity in gene expression can serve as a functional link in re-
sponding to changing environments both within and across gen-
erational timescales (De Nadal et al., 2011; Schlichting & Smith, 
2002). Gene expression plasticity can be examined on a gene- 
by- gene basis, by collapsing genes into coregulated networks (via 
analyses such as WGCNA -  Langfelder & Horvath, 2008), or by 
considering transcriptome- wide shifts in expression patterns (e.g., 
Kenkel & Matz, 2016).

If one is interested in understanding how the gain or loss of 
plasticity in a trait evolved, knowledge of the trait's ancestral 
range of plasticity would be ideal (reviewed by Kelly, 2019). Yet, 
expression of most genes is inherently dynamic (with the excep-
tion of some “housekeeping” genes) and therefore plastic, as their 
expression can be influenced by internal (e.g., genetic, physiologi-
cal, and developmental) and external (e.g., environmental) factors. 
Because of this, we would expect most genes to maintain some de-
gree of plasticity (inducible expression); however, the magnitude 
and direction of this plasticity can still be explored. Comparing 
gene expression patterns between populations and across envi-
ronmental gradients can provide insights into the adaptive aspects 
of gene expression plasticity. For example, research has shown 
that northern and southern populations of killifish (Fundulus het-
eroclitus) had different upper thermal limits that were associated 
with differential expression of several heat shock- associated 
genes (Fangue et al., 2006). The southern, more thermally tolerant 
population, showed stronger induction (plasticity) of heat shock 
genes, suggesting gene expression plasticity of some key genes 
may be involved in thermal tolerance and contribute to biogeo-
graphical patterns (Fangue et al., 2006). With certain organisms, 
such as sticklebacks, the evolution of plasticity can be more read-
ily studied as the ancestral state can be inferred by comparing 
marine (ancestral) and freshwater (derived) populations. Morris 
et al. (2014) assessed gene expression plasticity of marine and 
freshwater three- spine stickleback (Gasterosteus aculeatus) raised 
under extreme temperatures and found that both populations 
showed differential expression of similar genes; however, there 
was greater plasticity in freshwater populations, suggesting this 
plasticity was favoured under novel environments.

Decoupling the many factors that influence expression and 
determining how these impact organismal phenotypes remains 
challenging. In the context of environmental stress, transcriptom-
ics is well poised to reveal how gene expression influences critical 
emergent phenotypes such as heat tolerance or drought resistance. 
Therefore, in this study we: (i) address the interpretation of gene 

expression as a plastic trait in a reaction norm framework, by com-
paring hypothetically stress tolerant and stress sensitive populations 
across conditions, and (ii) discuss the importance of timing and life 
history considerations in capturing gene expression responses. We 
concentrate on how gene expression influences tolerance, which we 
define as survival or maintained organismal functioning under stress; 
however, this framework is not limited to stress tolerance. While we 
acknowledge the importance of the potential influence of microbial 
partners on host transcriptomic responses and ultimately tolerance; 
however, this subject is too broad to comprehensively cover here 
and is deserving of its own review. We refer readers to Barfield 
et al. (2018), Kremer et al. (2013), Liu et al. (2020) and Richards et al. 
(2019) for further insights on this subject. This framework is broadly 
applicable to investigating gene expression plasticity in any organ-
ism, but it will be particularly useful for non- model systems, where a 
dearth of genetic resources (i.e., full genomes, chromosome maps, or 
the ability to generate gene knockouts) limits the discovery of direct 
genotype to phenotype links.

While we recognize and discuss the implications of the fact 
that gene expression, such as many phenotypic traits, is a function- 
valued trait (often in a multivariate state), we focus on a reaction 
norm framework, in which expression is measured at only a few 
discrete instances, as this remains the predominant experimental 
design for gene expression studies (e.g., comparing healthy and 
diseased tissues or individuals across two different conditions). We 
also leverage reef- building corals as a case study for non- model or-
ganisms because their ecological importance and susceptibility to 
climate change (Hughes et al., 2018) has led to a plethora of tran-
scriptomic studies of stress responses (Box 1; Figure 1; Parkinson 
et al., 2019; Thomas et al., 2018) that provide tangible examples 
from which we design our conceptual framework. Nevertheless, the 
framework described herein can be widely used to interpret gene 
expression plasticity in any species.

2  |  GENE E XPRESSION PL A STICIT Y:  A 
RE AC TION NORM FR AME WORK

Plasticity is often measured experimentally by characterizing 
a trait under two or more conditions. Individuals or populations 
can differ in their gene expression under either condition; and the 
resulting gene expression “plasticity” can thus be represented by 
the slope of the reaction norm across conditions. The framework 
developed here quantifies gene expression at two levels: a base-
line, no stress condition, and a peak stress condition. To link gene 
expression patterns to a stress tolerance phenotype, we consider 
two populations: one that is stress tolerant (as measured by sus-
tained functioning in another trait such as metabolic rate, growth, 
survival, etc), and a second that is sensitive to the stressor (shows 
reduced functioning). A range of reaction norms can emerge from 
contrasting gene expression between these hypothetical popu-
lations (Figure 2, Figure S1). Interpreting how reaction norms in 
Figure 2 may facilitate or hinder a population's ability to tolerate 
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a particular stressor will depend on gene function, how expres-
sion varies with time, other regulatory mechanisms or influences 
(e.g., co- expression of transcription factors or inhibitors, priming, 
microbial influences, etc), and feedback between the phenotypic 
state and gene expression. We first discuss how the function of 
gene(s) involved in facilitating or hindering stress tolerance may 
lead to specific reaction norms, and later turn to influences of tim-
ing and life history.

In discussing function, we focus on the influence of two distinct 
expression patterns and their interactions: differing baselines and 
differing plasticity (i.e., reaction norm slope). Our framework is in-
tended to generate hypotheses about which reaction norm might 
be expected if a gene (or network of genes) is contributing to toler-
ance. The presence of a specific pattern should not be taken as evi-
dence of a particular function, especially given that gene expression 
is influenced by a multitude of factors simultaneously. Researchers 
should carefully consider the potential function of genes (if anno-
tated) and the role they may play for the phenotype in question, 
as well as other conditions that could be driving expression before 
making functional conclusions and instead treat these interpre-
tations as hypothesis generating. Lastly, we use the singular term 
“gene” throughout for simplicity, but this framework also holds for 
coregulated gene networks or modules (multiple genes that follow 
similar expression patterns).

2.1  |  IF HIGHER BASELINES FACILITATE 
STRESS TOLERANCE

Higher constitutive expression (Figure 2a– c) can promote stress 
tolerance by maintaining homeostasis and cellular integrity under 
stress. For instance, heat shock proteins (HSPs –  chaperones that 
prevent protein denaturation at high temperatures) are often up-
regulated in response to increased temperatures across a variety of 
taxa including turtles, corals, nematodes, fruit flies, and fish (Bentley 
et al., 2017; Fangue et al., 2006; Kenkel et al., 2011; McColl et al., 

1996; Sikkink et al., 2014). Higher baseline expression of HSPs could, 
therefore, confer protection from frequent heat stress by provid-
ing a pre- emptive response. If a gene is important for mounting a 
protective stress response, then having more transcripts encoding 
for that protein at hand can facilitate a faster and more efficient 
response. This may also reduce the number of cellular resources 
diverted under stress allowing for the maintenance of other key 
cellular processes. Higher expression in the absence of stressors, 
however, may represent a trade- off between upfront costs and the 
ability to mount a rapid response.

This trade- off may be beneficial if organisms live in highly vari-
able environments, especially if the time scale of environmental vari-
ability is shorter than the time scale of the physiological response 
(Barshis et al., 2013; Reed et al., 2010; Schlichting & Wund, 2014). In 
particular, the pattern depicted in Figure 2a has been termed “front-
loading,” and is hypothesized to be an adaptive form of gene expres-
sion plasticity in precisely such circumstances (Box 1; Barshis et al., 
2013). Similar frontloading patterns have also been observed in in-
tertidal sculpins (Todgham et al., 2005), yeast (Berry & Gasch, 2008), 
land snails (Mizrahi et al., 2012), and desert ants (Willot et al., 2017).

Figure 2b– c may represent genes where higher expression of-
fers protection, but which may be more expensive to maintain at 
high expression levels, such that some degree of plasticity is still 
favorable. For example, expression of transcription factors that 
activate particular pathways could be detrimental to maintain at 
high levels when those pathways are unnecessary or costly. A rapid 
and strong induction of a transcription factor needed to prompt a 
protective stress response would therefore be desirable. This has 
been elegantly demonstrated for the DREB1A transcription factor 
in Arabidopsis thaliana, which induces expression of stress response 
genes that promote drought and salt tolerance (Kasuga et al., 1999). 
Constitutive expression of DREB1A, due to a mutated promoter re-
gion, increased stress tolerance but was also detrimental to plant 
growth. In contrast, the native, stress- inducible promoter had little 
impact on overall plant growth and showed stronger benefits for 
drought and salt tolerance (Kasuga et al., 1999). As another example, 

F I G U R E  1  Corals serve as prime case 
study for gene expression plasticity. 
Warming causes healthy coral to lose 
their obligate endosymbionts in a process 
known as bleaching, leaving corals starved 
and white. (a) Adjacent corals can differ 
in bleaching tolerances. Differential 
bleaching in Mo'orea in 2019. The 
bottom, white coral is clearly bleached, 
while others in the figure (middle, and 
left) appear healthy. Image credit: Kelly 
Speare and Dr Marie Strader. (b) Number 
of publications containing topic codes 
“corals” and “gene expression” on the Web 
of Science search engine for each year 
from 1995 to 2019
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the stress- activated protein kinase (SAPK) pathway in yeast helps 
maintain RNA translation in the face of oxidative stress; however, 
maintaining its activation under ambient conditions leads to over-
production of unnecessary proteins (Dunand- Sauthier et al. 2005). 
As such, being able to strongly induce this pathway when required 
(such as in Figure 2c,f,i) is probably more effective than assimilat-
ing plasticity into a constitutively higher expression level with lower 
plasticity (such as Figure 2a), which would risk detrimental effects.

Similarly, the Spx gene in Bacillus and Staphylococcus controls a 
variety of critical cellular pathways, such that a low expression level 
renders cells hypersensitive to a variety of stressors (Pamp et al., 
2006). Higher expression levels at both baseline and stress condi-
tions of Spx or similarly functioning genes could allow for greater 
stress tolerance (Figure 2b,c). Higher plasticity in the tolerant pop-
ulation (Figure 2c) may also arise because these genes are in the 
initial stages of genetic accommodation, where increased plasticity 
is favoured (Box 2; Kelly, 2019). However, under continued environ-
mental selection over the course of generations, genetic assimilation 
may occur, leading to decreased plasticity in the tolerant population 
and resulting in the expression pattern in Figure 2a. Both Figure 2a,c 
may also represent patterns that emerge as a result of G × E inter-
actions wherein tolerant and sensitive genotypes exhibit divergent 
responses in new environments. Such patterns may facilitate the 
assimilation of gene expression or drive selection for particular re-
action norms.

2.2  |  If higher baselines hinder stress tolerance

Genes following Figure 2g– i show lower baseline expression in the 
tolerant population, suggesting that these genes may drive detri-
mental physiological responses to stress, or that overexpression can 
be energetically costly and hinder survival. For genes that control 
cell apoptosis, reduce growth, alter metabolic processes, or trigger 
dysbiosis (in the case of corals or other symbiotic organisms), toler-
ant populations would benefit from lower constitutive expression. 
In white shrimp, high levels off caspase- 3 and cathepsin- B under 
nitrite stress coincide with increased levels of cell apoptosis (Guo 
et al., 2013). Similarly, in human cells, accumulation of acetylated 
kinase HIPK2 serves as a threshold inducer of apoptosis under re-
active oxygen species (de la Vega et al., 2012). When considering 
genes that serve similar purposes, populations or individuals with 
lower baseline expression may benefit from never reaching levels 
that trigger apoptosis or other cellular stress pathways, especially 
if the plasticity of response is also reduced (as in Figure 2g). Such 
a pattern would be particularly favourable for genes that induce a 
threshold response, meaning that once expression reaches a certain 
level, specific pathways are activated.

For the pattern shown in Figure 2i, the tolerant population has 
reduced baseline expression but higher plasticity, with expression 
levels of these genes increasing post- stress. This may represent 
genes similar to those in Figure 2c, in which there is a detriment 
(or trade off) to higher expression. However, in this case the cost 

BOX 1 Gene expression patterns and stress 
tolerance in reef- building corals

Case 1. Frontloading

One of the best characterized systems linking gene expres-
sion to stress tolerance in corals used two reefs in American 
Samoa: one with highly variable daily temperatures (HV) 
and another that is moderately variable (MV). Barshis et al. 
(2013) subjected HV and MV corals to an experimental heat 
stress and tracked changes in gene expression and endosym-
biotic algal cell density. They found that HV corals bleached 
less (bleaching is a coral heat stress response in which en-
dosymbiotic algae are lost), and coupled with their stress 
tolerance, some genes in HV corals showed a “frontloading” 
pattern -  higher baseline expression but reduced expres-
sion plasticity (Figure 2a). These genes included heat shock 
protein (HSP70) and tumor necrosis factor (TNF), which pro-
mote protective immune responses (Pfeffer, 2003). Similarly, 
in another system of inshore and offshore reefs in the Florida 
Keys, more tolerant inshore corals exhibited higher baseline 
expression of several genes, and reduced plasticity in a sub-
set of those genes (Kenkel et al., 2013).

Case 2. Dampening and transcriptome resilience

Reduced plasticity (regardless of baseline expression) has also 
been associated with stress tolerance in corals, and is termed 
“dampening” (Figures 2a,d,g). Corals with dampened expres-
sion of metabolic and ribosomal processing genes under 
stress showed higher thermal tolerance (Bay & Palumbi, 
2017). Transcriptomic resilience of genes associated with 
apoptosis and heat- shock protein gene ontology terms were 
also correlated with increased thermal tolerance (Seneca & 
Palumbi, 2015; Figure 3). Additionally, Thomas et al. (2019) 
found that tolerant coral species returned to baseline gene 
expression levels more quickly after heat stress.

Case 3. Whole transcriptome plasticity

An organism's ability to shift the profile of its transcriptome 
when subjected to new conditions is likely to correlate with its 
ability for overall physiological plasticity (while frontloading or 
dampening may be beneficial for specific genes). Indeed, in a 
reciprocal transplant experiment in the Florida Keys, Kenkel 
and Matz (2016) found that corals who were able to shift their 
global transcriptomic patterns to better match those of corals 
native to the transplant environment showed higher survival 
and faster growth than those who failed to adequately shift 
their gene expression, even when the transplant environment 
was of lower quality than their home environment. These re-
sults underscore the role of gene expression in determining 
physiological plasticity of emergent traits.
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may be much higher, such that baseline expression is also reduced 
in tolerant populations, perhaps for reasons unrelated to the imme-
diate stress response. For example, in pied flycatchers expression of 
certain HSPs (namely HSP60 but not HSP70) were associated with 
reduced immune response, and females with higher HSP60 levels 
had lower antibody levels following exposure to killed bacteria in 
an immune challenge (Morales et al., 2006). In such a case, having 
lower baseline expression while being able to activate the response 
when necessary would result in increased tolerance (as in Figure 2i). 
A similar pattern has been observed in Drosophila, whose reproduc-
tive output decreased in inbred lines that evolved higher HSP70 ex-
pression and increased thermal tolerance (Bettencourt et al., 1999), 
and in pea leaf miners (Liriomyza huidobrensis), whose fecundity 
decreased under heat stress concurrent with higher expression of 
HSP70 and HSP20 (Huang et al., 2007). If genes following Figure 2i 
are contributing to tolerance, their function could be to regulate 
other energetically costly processes, thereby allowing reallocation 
of resources towards stress responses or maintenance of homeo-
stasis. For instance, in mammals, the AMP- activated protein kinase 
(AMPK) system is induced under stress to shut down energy inten-
sive cellular processes (Alexander & Walker, 2011; Jeon et al., 2012). 
This and other genes with similar functions would be most beneficial 
to stress tolerance if they are inactive under baseline conditions, but 
can be quickly upregulated under stress.

Sensitive and tolerant populations can also exhibit equal plas-
ticity in response to stress, while differing in baseline expression 
(Figure 2b,h). In Figure 2b,h, both populations have the same un-
derlying capacity to modulate expression in response to stress 
(i.e., same reaction norm slope); however, their phenotypic out-
comes may differ. Higher baseline expression of those particular 
genes or gene networks could be protective (Figure 2b) or det-
rimental (Figure 2h) under stress. Lastly, both populations could 
have the same baseline and plastic response (Figure 2e), suggest-
ing that these networks play no major role in contributing to stress 
tolerance differences between populations and may instead rep-
resent a universal response to environmental change or time (e.g., 
circadian or developmental genes).

2.3  |  If higher baselines facilitate stress tolerance

Elevated plasticity may hinder (Figure 2d) or facilitate (Figure 2f) 
stress tolerance. However, given the comparable baselines in both 
populations, it is perhaps more likely that these genes/networks sim-
ply represent stress networks that are activated in the sensitive pop-
ulation but not in the tolerant population (Figure 2d), and conversely 
protective genes/networks that the tolerant population is capable of 
activating to higher levels than the sensitive population (Figure 2f). 

F I G U R E  2  Reaction norm framework 
for upregulated genes. Possible reaction 
norms for an upregulated gene (or 
coregulated gene networks) in a stress 
tolerant and sensitive population. The 
function of genes that show different 
patterns may either confer resistance 
or promote a stress response and 
detrimental physiological effects. For a 
downregulation version see Figure S1
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Alternatively, differences in response time and sampling may gener-
ate such patterns and these considerations are discussed in detail 
below. To correlate the influence of gene expression plasticity on 
overall stress tolerance, differences in gene expression under base-
line conditions are illuminating for interpreting the potential role of 
particular genes and networks in facilitating or hindering stress tol-
erance. Plasticity on its own should also be considered, but such an 
analysis may be better suited for examining global shifts in overall 
transcriptome patterns such as those discussed in Box 1, Case 3 (e.g., 
Kenkel & Matz, 2016).

3  |  The evolut ion of  reac t ion norms

The framework of gene expression reaction norms presented here 
could be easily generated by studying two populations or individu-
als. We have chosen to present our framework in this manner as 
this is often how gene expression studies are conducted, especially 
in non- model systems. However, there is much to be gained by also 
considering these reaction norms in an evolutionary context; for in-
stance, by comparing species with known phylogenetic relationships 
or incorporating population genetics and demographic analyses into 
the interpretations of reaction norm differences between groups. In 
sticklebacks, the ancestral and derived state of plasticity can be in-
ferred because marine lineages of stickleback are ancestral to fresh-
water derived populations (Lescak et al., 2015). Similar analyses may 
be possible for invasive species or range expansion events, where 
the ancestral population can be easily identified (for such consid-
erations see Schneider & Meyer, 2017). For a fantastic example of 
how a framework similar to ours can be useful we refer the reader 
to Campbell- Staton et al. (2020), which examined different reaction 

norms of gene expression of Anolis lizards that had independently 
colonized urban environments when exposed to forest and urban en-
vironment, and found that genes with particular reaction norms were 
associated with heat tolerance and could be adaptive for urban living.

A large body of literature addresses the evolution of reac-
tion norms in phenotypically plastic traits (e.g., Angilletta et al., 
2003; Day & Rowe, 2002; Gomulkiewicz & Kirkpatrick, 1992). 
This literature includes differences in generalist versus specialist 
reaction norms (e.g., Gilchrist, 1995), trade- offs where a reaction 
norm gains fitness in one subset of conditions but loses fitness 
in another (e.g., Powers & Schulte, 1998), and overall shifts in 
the position of a reaction norm such that fitness is higher across 
the entire range of conditions (e.g., Yamahira & Conover, 2002). 
Understanding the evolution of gene expression reaction norms 
can be challenging, as they are influenced by many internal and 
external inputs (as discussed here).

One avenue is to consider the evolution of eQTLs. Work on 
eQTLs combines gene expression analyses with genome wide as-
sociation studies to uncover polymorphisms, some examples being 
polymorphisms that may contribute to differential expression of 
genes involved in human diseases (reviewed in Barbosa et al., 2013; 
Cookson et al., 2009; Gilad et al., 2008) and those underlying func-
tional traits in Arabidopsis (Keurentjes et al., 2007; Lovell et al., 2015; 
Lowry et al., 2013). For example, a single nucleotide polymorphism 
within the HLA gene (an antigen) had additive effects on expres-
sion level, and individuals with high expression showed lower HIV 
viral load (Fellay et al., 2007). In plants, similar analyses have identi-
fied expression variants linked to drought response and leaf senes-
cence (Wehner et al., 2016). However, for gene expression patterns 
to evolve, there must be some degree of heritability of expression 
levels. Indeed, studies have found gene expression can be highly 

F I G U R E  3  Transcriptomic resilience and timing. (a) Gene expression reaction norms of four strategies during recovery after a stressor. We 
use triangles again for patterns that may confer tolerance and circles for patterns associated with stress sensitivity. While all triangle paths 
show a return to baseline (resilience) the pink (frontloading) and yellow (dampening) are also depicting differences in baseline and plasticity 
and are therefore labelled differently. (b) Adapted from the rolling ball analogy commonly used for ecological resilience and depicted in 
Hodgson et al. (2015). Each ball represents a gene showing a color- matched expression pattern in (a). Landscapes represent expression 
possibilities during a stress event. In the absence of stress, the ball will settle in a trough, representing baseline expression levels. Elasticity 
(rate of return to the baseline) is represented by the size of the arrow (i.e., larger arrows have faster rates of return). Pink dotted line is the 
expression landscape for the frontloaded ball. (c) Using Torres et al. (2016) loops through disease space as an alternative framework of an 
organism's path through stress response and recovery. The colour gradient represents the resulting phenotype for a given path through 
stress and recovery space, though x-  and y- axis can denote any two parameters that are correlated but with a time lag
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heritable in species ranging from yeast (Brem & Kruglyak, 2005; 
Brem et al., 2002), Drosophila (Jin et al., 2001; Nourmohammad 
et al., 2017), corals (Davies, 2014; Meyer et al., 2011), butterflies 
(Kvist et al., 2013), turtles (Tedeschi et al., 2016), maize (Schadt et al., 
2003), to human cell lines (Monks et al., 2004). This heritable varia-
tion in gene expression can serve as raw material for the evolution 
of reaction norms (Whitehead & Crawford, 2006). The framework 
we present does not require consideration of the evolution of the 
reaction norm, but additional insights are likely to arise from such 
considerations and are strongly encouraged.

4  |  C AVE ATS TO THE RE AC TION NORM 
FR AME WORK

Many studies quantify gene expression across discrete time points 
or conditions, in a linear reaction norm context, which is the frame-
work we have used here. However, it is important to acknowledge 
that gene expression may be better studied as a function- valued 
trait, where expression level depends on an independent factor (i.e., 
time, developmental stage, environmental condition, intensity of a 
stressor, etc), and the gene expression profile becomes a curve that 

BOX 2 Glossary

Function- valued trait

A trait whose characteristics may be described as a function of another variable. For example, height can be described as a function 
of age (through development), or gene expression of an immune response gene could be described as a function of viral load. In other 
words, a trait with a continuous reaction norm (Gomulkiewicz et al., 2018).

Genetic accommodation

An adaptive (increasing fitness) shift in the plasticity of a trait, encompassing both increased and decreased plasticity (Ehrenreich & 
Pfennig, 2016).

Canalization

A subset of genetic accommodation, where a trait that was originally responsive to environmental cues (plastic) loses that plasticity 
and the trait becomes less variable (Ehrenreich & Pfennig, 2016).

Genetic assimilation

An extreme case of genetic accommodation, wherein all trait plasticity is lost and the trait is now constant across environments 
(Ehrenreich & Pfennig, 2016).

Genetic compensation

A subset of genetic accommodation, where increased plasticity is favoured. Can present as counter- gradient variation when popula-
tions from different environments are brought into common garden (Grether, 2005).

Priming

When previous exposure to particular environmental conditions provides protection against future conditions of a similar or more 
severe magnitude.

Frontloading

A specific gene expression reaction norm (Figure 2a,i) with higher baseline expression and reduced plasticity under new conditions. 
Usually used in association with more tolerant populations showing this pattern for genes involved in stress response (Figure 2a; 
Barshis et al., 2013). If advantageous, frontloading can represent genetic assimilation of expression levels for specific genes, assuming 
the ancestral state exhibited higher plasticity.

Dampening

A more general case in which the gene expression response appears muted (lower plasticity) under different conditions. Usually 
discussed in association with more tolerant populations showing this pattern for genes involved in stress response (Figure 2a,d,g) 
(Bay & Palumbi, 2015).
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varies as a function of that factor. As a recognizable analogue, ther-
mal performance is often considered a function- valued trait, with 
performance of a particular trait (such as time to righting in reptiles) 
described as a function of temperature. Considering gene expres-
sion as a function- valued trait can have several benefits, including 
higher statistical power to detect genes that contribute to particu-
lar phenotypes, and easier detection of genotype- by- environment 
(G × E) interactions that influence gene expression (Hodgins- Davis & 
Townsend, 2009). This is especially true in the analysis of expression 
quantitative trait loci (eQTLs), which are associated with variation in 
mean expression (G) or the magnitude of gene expression plasticity 
(G × E; e.g., Li et al., 2006). Re- considering gene expression data as 
a function- valued trait can also facilitate the identification of genes 
responsible for transitions between life stages (e.g., metamorphosis) 
or differentiation of different cell types, as was done across cell- 
phase stages in yeast (Leng & Müller, 2006). However, sampling in 
a way that fully characterizes gene expression as a function- valued 
trait is not trivial. One study that developed methods to analyse 
gene expression as a function- valued trait sampled Arapidopsis thali-
ana across 24 timepoints (Stegle et al., 2010). Even with decreasing 
sequencing costs, sampling at high frequencies is often not feasible 
depending on the organism, budget, question of interest, or due to 
the often- destructive sampling that occurs in order to obtain organ-
ismal RNA.

It is also important to acknowledge that not all population differ-
ences in gene expression are adaptive, and we encourage research-
ers to consider the additional factors that could be contributing to 
observed differences in gene expression, for example the effects of 
drift in small populations, linkage to other genes under selection, or 
the influence of other environmental conditions that are not mea-
sured (e.g., toxins). Here, we discuss gene expression plasticity in 
the context of a “tolerant” and a “sensitive” population, and, simi-
lar to many published studies, this leaves us with a sample size of 
one for these population comparisons. A recent study by Koch and 
Guillaume (2020) provides an excellent framework for how to ad-
dress these concerns that involves measuring both fitness and gene 
expression at the level of the individual. Therefore, these authors 
were able to estimate selection pressures on gene expression across 
environments, and further explore the intensity of selection on plas-
ticity in gene expression (Koch & Guillaume, 2020). Whether gene 
expression plasticity is adaptive or maladaptive can also be explored 
using experimental evolution at the population level, as was shown 
by Ghalambor et al. (2015), who studied gene expression divergence 
in guppies introduced to a low predation environment from an an-
cestral high predation environment. A small subset of genes showed 
gene expression patterns that matched a historically derived low 
predation population, but of these only a small subset (11) showed 
adaptive gene expression plasticity in the ancestral high predation 
population, with most others showing maladaptive plasticity. These 
results suggest that the direction of gene expression plasticity 
should be interpreted with caution when comparing contemporane-
ous groups as the effect of evolution over several generations may 
reveal that plasticity may actually be maladaptive.

5  |  TIMING IS E VERY THING

Above, we present a framework that illustrates gene expression 
reaction norms and how they may relate to stress tolerance across 
populations. However, gene expression is dynamic and can change 
drastically, even on the scale of hours (e.g., Andrew et al., 2015; 
Tarrant et al., 2019; Wuitchik et al., 2019; reviewed by López- Maury 
et al., 2008). Interpretation of transcriptomic patterns relies not 
only on understanding potential gene functions, but also on careful 
consideration of sampling timing. Given that sampling time points, 
organismal life history, additional stressors, feedback cycles, and 
epigenetic or transgenerational effects may all interact to influence 
expression patterns, careful experimental design is critical for inter-
preting gene expression plasticity.

5.1  |  Transcriptomic resilience: what happens 
after the acute stress response

While the gene expression response during stress can be critical 
for survival of an organism, its ability to recover, or show resilience, 
can also be a strong indicator of overall tolerance. In the context of 
function- valued traits, one can consider gene expression as a func-
tion of time before, during, and after stress. In transcriptomics, the 
concept of resilience signifies a return to baseline (prestress) expres-
sion levels and indicates how patterns stabilize after the removal of 
a stressor (Figure 3). Borrowing from the field of ecosystem resil-
ience (Grimm et al., 1996; Hodgson et al., 2015; Holling, 1973; Pimm, 
1984), we can also consider the elasticity, or the rate at which this 
return to baseline occurs (Figure 3b). The influence of transcriptomic 
resilience on stress tolerance was first considered in seagrasses, 
where stress tolerant populations exhibited more elastic gene ex-
pression patterns (Franssen et al., 2011), a pattern that has also been 
observed in corals (Seneca & Palumbi, 2015; Box 1). Transcriptomic 
resilience may be beneficial when stress- induced changes in gene 
expression incur significant costs. For example, continued overex-
pression of heat shock proteins can divert energy away from me-
tabolism, growth and reproduction (Tomanek, 2010). Thus, a rapid 
return to homeostasis (i.e., transcriptomic resilience) could limit this 
expense (De Nadal et al., 2011), while still providing the benefit of 
increased expression during stress.

It is unlikely that the entire transcriptome will show resilience. 
Proteins have varying half- lives in cells and gene expression dynam-
ics should reflect the lifespan of proteins they encode (as an aside, 
there is often disagreement between mRNA and protein levels, but 
we direct the reader to Dar et al. (2016), Greenbaum et al. (2003), 
and Pascal et al. (2008) for in- depth considerations). Furthermore, 
some genes may be able to return to baseline conditions more 
quickly. For example, despite finding evidence for transcriptomic re-
silience, Seneca and Palumbi (2015) still found many genes to be dif-
ferentially expressed in both tolerant and sensitive coral populations 
relative to unexposed controls at 20 h post- heat stress. While this 
study did not measure gene expression again at a later point to track 
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longer- term recovery, other studies found that certain genes can 
show lingering effects and remain differentially expressed months 
after stress events, long after physiological signs of stress subside 
(Pinzón et al., 2015; Thomas et al., 2019; Thomas & Palumbi, 2017).

While transcriptomic resilience can differ from acute patterns 
represented in Figure 2, they may overlap. For instance, transcrip-
tional dampening (lower plasticity) can result from a combination 
of frontloading and/or transcriptomic resilience, depending on 
sampling timing (e.g., if there is high elasticity). The association be-
tween transcriptomic resilience and stress tolerance provides two 
mechanisms by which dampening (reduced plasticity) could confer 
tolerance: (i) via reduced expression during stress, and (ii) via higher 
elasticity. The benefits of frontloading may also be intertwined with 
transcriptomic resilience, as frontloading might confer tolerance to 
stress partially due to faster recovery of baseline levels (as expres-
sion levels do not have to shift as far to return to baseline). Indeed, 
some genes identified as frontloaded in corals also show transcrip-
tomic resilience (Barshis et al., 2013; Seneca & Palumbi, 2015).

Transcriptional profiles can also be impacted by internal cellular 
stress response mechanisms, which further complicate our interpre-
tation of expression patterns and their relationship with resilience. 
For example, in bacteria, microRNAs (miRNAs) and small interfering 
RNAs (siRNAs) such as IsR can delay activation of stress response 
proteins as well as facilitate their return to baseline, thereby prevent-
ing or postponing the build- up of stress proteins during short- term 
stress events, which could result in a signature of transcriptome re-
silience (Legewie et al., 2008). In eukaryotes, mRNAs that contain in-
ternal ribosome entry site sequences in their 5′ untranslated region 
can proceed to direct and rapid translation. This has been shown to 
occur for some proteins necessary under stress conditions (Holcik & 
Sonenberg, 2005). While the latter system would not directly impact 
initial production rates of mRNA (transcription), RNA- sequencing 
may not detect increased expression because these transcripts are 
more quickly translated into proteins (and therefore not measured 
by RNA capture).

These potentially confounding interactions highlight the bene-
fit of considering gene expression and the resultant phenotype as 
a function- valued trait, where one can account for at least some 

of the interactions between samples. One elegant example of this 
approach is Torres et al. (2016), which tracked gene expression 
of markers for various cell types along with parasite load, and red 
blood cell (RBC) counts in mice infected with Plasmodium chabaudi 
and analysed how these parameters co- varied through time. They 
were interested in parameters that had a hysteretic relationship, 
that is, where there is a time lag between some inducer (e.g., par-
asite load) and a product (RBCs). The authors found that mapping 
two parameters with a hysteretic relationship provided much higher 
predictive power on health outcome than looking at one parameter 
alone. For example, if mice had both low mature RBCs and low RBC 
precursors (measured via gene expression), they were likely to die 
from the infection; however, examining these parameters on their 
own provided little predictive power (Torres et al., 2016). In addition, 
the trajectory that individuals took across the two- parameter space 
predicted the ability of the organism to recover from the stress, 
with smaller loops (quicker return to baseline) predicting positive 
outcomes (Figure 3c). Mapping stress and recovery in a multidimen-
sional parameter space could thus assist with identifying inflection 
points at which higher gene expression shifts from being beneficial 
to harmful. This approach goes beyond thinking only in terms of con-
sequences of frontloading, dampening or transcriptomic resilience, 
which by themselves may not necessarily depict the entire picture 
of stress and recovery.

5.2  |  Dynamics of gene expression; sampling 
versus response timing

Given the diversity of processes that can influence gene expression, 
timing of sampling must be carefully considered to be able to re-
late differences in gene expression with stress tolerance. Poor ex-
perimental design can result in confounding effects that can lead 
to erroneous conclusions. Consider, for example, a hypothetical 
gene expression profile for a tolerant (pink) and a sensitive (green) 
individual or population (Figure 4a). The magnitude and direction of 
the responses are identical, except that the tolerant population re-
sponds more quickly than the sensitive population. Several of the 

F I G U R E  4  Timing and sampling of a 
stress response. (a) Hypothetical gene 
expression profile of a tolerant (pink) and 
sensitive (green) population that share 
identical amplitude and plasticity in the 
overall response to stress yet differ in the 
onset of the response. This could result in 
the sensitive population being considered 
more plastic if sampled during time points 
2 and 5 (b) or less plastic if sampled during 
time points 1 and 3 (c)
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reaction norms depicted in Figure 2 could be derived from these two 
curves depending on when sampling occurs (Figure 4b– c). It should 
be noted that such a lag can also occur in reverse (tolerant lagging 
behind sensitive), and this example serves simply as one hypotheti-
cal outcome of many possible scenarios to highlight the complexity 
of interpreting gene expression patterns when few time points along 
a continuum are explored.

Sampling at only two time points can make it difficult to deter-
mine whether differences between populations indicate variation in 
gene expression plasticity or simply a mismatch in response time. 
For example, the frontloading pattern described in Box 1 is charac-
terized by higher baseline gene expression in tolerant populations 
coupled with reduced plasticity (Figure 2a). Sampling at the edges of 
the green shaded region in Figure 4a would yield a frontloading- like 
reaction norm in the tolerant population (Figure 4b), while sampling 
within the blue shaded region would point to the tolerant population 
exhibiting higher expression plasticity of the same genes (Figure 4c).

It is important to note that we are not discounting the possibility 
that a lag in response may be a real biological signal of tolerance 
or sensitivity, merely that it may influence the patterns and inter-
pretations of data obtained from minimal timepoints. Statistical ap-
proaches can improve detection of when genes become differentially 
expressed and provide insight into biological significance that may 
underlie temporal differences (Stegle et al., 2010). These consider-
ations underscore the care that researchers should take in interpret-
ing gene expression patterns, and stress the benefits of adopting 
a function- valued approach that aims to maximize sampling across 
a continuum of conditions or timepoints. While increased sampling 
may become financially prohibitive depending on the study system 
and questions, there are certain statistical methods that can approx-
imate such analyses even with limited sampling (e.g., Vanhatalo et al., 
2019). However, these approaches have yet to be explored in the 
context of gene expression. In the interim, it is critical to have strong 
a priori hypotheses of patterns that may be expected from reaction 
norms of stress responsive genes in each study species.

Another alternative is to combine gene expression with multiple 
physiological measures to help overcome some of these limitations. 
For instance, Torres et al. (2016) identified sensitive mice by mea-
suring the correlation between parameters that were modulated out 
of phase with each other (lagged) to create looping maps of gene 
expression and disease space (which can be substituted with other 
stressors). The direction of the response (i.e., moving towards re-
covery or towards death) could be inferred by associating gene ex-
pression at only a few time points with blood cell counts (Figure 3c). 
Such analyses can be facilitated by correlation network methods like 
WGCNA, which identify coregulated networks of genes showing 
similar expression patterns and then correlate these gene expression 
values across continuous or binary measures of interest (Langfelder 
& Horvath, 2008).

These considerations are especially important for the type 
of stress response and the kind of organism or life stage being 
studied. Gene expression studies of larval organisms would ben-
efit from sampling individuals in as near synchrony as possible, 

since developmental changes in gene expression can change on 
the course of several hours and have the potential to confound 
observed patterns. Especially in the context of temperature, stud-
ies examining developing (e.g., larval or seedling) organisms should 
take additional care, as temperature is well- known to affect devel-
opmental rates across a variety of taxa, from plants (i.e., Atkinson 
& Porter, 1996; Jacott & Boden, 2020) to ectothermic animals 
(i.e., Gillooly et al., 2002; Jarošík et al., 2004). Additionally, organ-
isms may mount different gene expression changes in response 
to acute versus chronic stress. For instance, a meta- analyses of 
gene expression studies in coral found distinct gene expression 
signatures when corals were sampled after an acute heat stress 
(several hours) compared to a chronic exposure (several days to 
weeks) (Dixon et al., 2020). In developing zebrafish, a gene ex-
pression response to domoic acid (a neurotoxin) can be detected 
at 3 days post fertilization, but not seven (Panlilio et al., 2020). 
Therefore, care should be taken to synchronize sampling relative 
to the stressor across individuals and treatments, especially when 
considering acute responses.

Given the decreasing costs of sequencing and methods for low- 
cost gene expression profiling (i.e., Tag- seq; Lohman et al., 2016; 
Meyer et al., 2011), we recommend that studies leveraging gene 
expression to understand stress tolerance should aim to increase 
replication across sampling time points and within individuals to the 
degree possible. Furthermore, we stress the importance of avoid-
ing technical biases in addition to biological replication. If the ex-
periment is conducted across multiple time points and has a large 
number of samples, it is important to randomize sample processing 
and manage sequencing runs in order to avoid batch effects (Conesa 
et al., 2016; Liu & Markatou, 2016), although statistical packages 
exist to deal with such issues (i.e., limma; Smyth, 2005).

In more complex organisms, gene expression patterns are often 
tissue- specific (Lonsdale et al., 2013), and tissue type should, there-
fore, be carefully considered during experimental design. Even with 
simple colonial animals that can be easily fragmented to generate 
genetically identical pieces (such as corals), distinct patterns of 
gene expression are found in the growing tips and branch bases of 
branching corals (Hemond et al., 2014) and similarly in growing seg-
ments of plants (e.g., Knauer et al., 2019; Tian et al., 2019). Clonal or-
ganisms, however, serve as a powerful way to constrain variance in 
gene expression across conditions by controlling for genotype thus 
facilitating robust G × E analyses.

5.3  |  Developmental plasticity and priming: 
influence of life history and environment on 
gene expression

Outside the time frame of a particular study, an organism's environ-
mental and/or life history can influence gene expression patterns in 
ways that could mislead interpretations. Early exposure to environ-
mental conditions can trigger specific developmental programmes 
that then limit the response landscape of adults, which is often 
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called developmental plasticity (West- Eberhard, 2003). Phenotypic 
plasticity, which is generally considered a reversible process, can be 
distinguished from developmental plasticity, which is more likely 
to be irreversible (Novoplansky, 2002). In developmental plastic-
ity, pre- adult developmental changes occur after integrating infor-
mation from the environment (Beldade et al., 2011; Novoplansky, 
2002). While some authors use phenotypic plasticity and devel-
opmental plasticity as synonyms (West- Eberhard, 2003), here we 
consider developmental plasticity to be a subtype of phenotypic 
plasticity. Developmental plasticity is important to consider because 
it is difficult to control in systems where studying F2 generations 
is unfeasible, potentially making it difficult to disentangle how past 
experiences modulate gene expression between populations within 
the framework we provide.

During development, phenotypic variation induced by the exter-
nal environment (both biotic and abiotic factors such as temperature, 
nutrition, and presence of predators) can be discrete (e.g., a switch 
that produces alternative phenotypes) or continuous (Beldade et al., 
2011). It is valuable to consider gene expression in the context of 
developmental plasticity, as any developmental change caused by 
an environmental cue can result from a change in gene expression 
(Beldade et al., 2011) and these changes can be misinterpreted as 
local adaptation. Additionally, hormones often play an important 
role in linking the environment to developmental plasticity (Nijhout, 
2003). For example, in honeybees, juvenile hormone (JH) responsive 
genes (such as “growth genes” in developing queens) influence caste 
differentiation (Barchuk et al., 2007). An iconic example of develop-
mental plasticity is the water flea, Daphnia, in which the presence of 
predators (as detected by concentrations of fish kairomone) triggers 
a helmeted phenotype (mediated by epigenetic changes) in juveniles, 
which is retained in the next generation of progeny (Harris et al., 
2012). If one were to analyse gene expression patterns of progeny 
during early larval stages, larvae from parents exposed to predators 
might show upregulation of genes responsible for helmet formation 
(Miyakawa et al., 2010); however, this pattern would be unrelated 
to the stressor being tested and instead be influenced by the or-
ganism's prior history. These sorts of examples highlight the com-
plexities of interpreting gene expression data and the importance of 
considering uncontrolled variables before drawing conclusions.

Exposure to a specific stressor may lead to hardening against 
that stressor (also called priming, or hormesis if the stressor is a 
toxin). Repeated exposure, as may occur for stressors that fluc-
tuate on predictable timescales like light or temperature, can 
also trigger physiological changes that better equip an individual 
to respond under subsequent exposure. For instance, in the pea 
leaf miner exposure to a 4 h heat stress led to sustained elevated 
expression of HSP20 and HSP70 and increased thermal toler-
ance under subsequent heat stress (Huang et al., 2007). For the 
ornate tree lizard (Urosaurus ornatus), exposure to sublethal tem-
peratures resulted in a significant increase in thermal tolerance 
6 h after the initial challenge. Improvement in thermal tolerance 
also differed among populations from different altitudes, suggest-
ing that the impact of hardening can vary by population and the 

level of plasticity induced may itself have a genetic basis (Gilbert 
& Miles, 2019). Physiological measurements or gene expression 
sampling that fails to account for short- term effects could lead to 
a misinterpretation of thermal tolerance dynamics and its cellu-
lar and molecular underpinnings. The subject of thermal harden-
ing has also been studied extensively in Drosophila (e.g., Kelty & 
Lee, 2001; Malmendal et al., 2006; Sejerkilde et al., 2003), other 
insects (reviewed by Teets & Denlinger, 2013), as well as plants 
(e.g., Beck et al., 2004; Johnson- Flanagan & Singh, 1987; Vierling 
& Nguyen, 1992).

Thermal trait variation in adults can be the result of additive 
genetic variance (i.e., inheritance of particular allele(s) that affects 
the phenotype), but also encompasses the cumulative impact of the 
thermal history experienced throughout their lifetime (e.g., through 
canalization or plasticity- induced effects). Temperature- associated 
traits and their plasticity can be influenced by developmental ex-
posure (e.g., Bowler & Terblanche, 2008), especially in ectothermic 
organisms that rely on ambient temperatures to modulate growth 
and metabolic rates (Beitinger et al., 2000; Ward et al., 2010). For 
example, in sculpins, temperature drives size-  and age- class distri-
butions within and among populations across thermally divergent 
environments (Metaxas & Scheibling, 1993; Wuitchik et al., 2018). 
Additionally, early exposure to thermal variability can result in fix-
ation of certain gene expression patterns in intertidal sculpins such 
that upon sampling later in life, “baseline” expression levels in fact 
reflect prior history (Todgham et al., 2005). This variation integrated 
within the reaction norm framework may be misinterpreted as local 
adaptation, even though trait data from earlier life stages is un-
known. Therefore, for organisms that exhibit bipartite life histories, 
it may be valuable to study thermal trait variation across several rep-
resentative life history stages to control for environmental history 
(Figure 5). Considering the influence of environmental history on 
thermal traits along with sampling across multiple life stages may 
paint a clearer picture of how an organism can respond to current 
and future environmental conditions.

While hardening and related phenomena have been well- studied 
in their own right, their influence on gene expression and physio-
logical plasticity is often overlooked. These interactions between 
early environmental history and subsequent performance under 
stress need not be a barrier to experimentation; instead, consider-
ing or explicitly controlling these variables can generate powerful 
experimental designs that correlate gene expression patterns to 
phenotypic responses to stress. In fact, contrasting populations or 
individuals with different life or environmental histories may lead 
to the discovery of genes or networks involved in developmental 
plasticity or canalization (see Ehrenreich & Pfennig, 2016 for a full 
discussion).

While not the focus of this synthesis, it is also important to 
highlight that epigenetic modifications can influence gene expres-
sion within and across generations (Colicchio et al., 2015; Eirin- 
Lopez & Putnam, 2019; Leung et al., 2016; Putnam et al., 2016), 
and environmental cues can induce these modifications (reviewed 
in Feil & Fraga, 2012). In plants, cold winter temperatures facilitate 
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vernalization, the ability to flower in more temperate climates (Feil 
& Fraga, 2012; Kim et al., 2009). Additionally, temperature changes 
in Arabidopsis thaliana mediate histone variant enrichment and gen-
erate gene expression patterns that correlate with temperatures 
experienced (Kumar & Wigge, 2010). Revisiting an earlier example, 
DNA methylation in honeybees has also been linked to caste dif-
ferences in gene expression (Elango et al., 2009). Transgenerational 
plasticity in the context of climate change can also impact multiple 
traits linked to population persistence (Shama et al., 2016; Shama & 
Wegner, 2014). However, epigenetic plasticity may be more likely to 
govern tolerance over longer timescales (within an organism's life-
time and between generations) when compared to gene expression 
dynamics (hours to days) under stress (Strader et al., 2020). Overall, 
the role of epigenetics and acclimatization in driving responses to 
climate change remains a budding area of research and offers many 
exciting possibilities for future study (Burggren, 2015; Eirin- Lopez & 
Putnam, 2019).

6  |  CONCLUSIONS

In the fast- paced era of genomics, it is now highly feasible to use 
gene expression data to better understand organismal performance 
and generate new insights into cellular and molecular stress response 
mechanisms across taxa. In this synthesis, we provide a framework 
for interpreting gene expression patterns, and discuss many of the 
nuances in linking gene expression to important phenotypes such 
as stress tolerance. While transcriptomic studies can offer real- time 
insights into plastic organismal responses, we encourage research-
ers to carefully consider alternative mechanisms that could influence 

gene expression patterns prior to, during, and beyond the scope of 
their experiments. This includes, but is not limited to: onset of the 
stress response, life history, environmental history, and microbial in-
fluences. Given the inherently dynamic nature of gene expression, 
sampling regimes should aim to span the time frame of organismal 
responses to the condition of interest in order to more carefully 
relate gene expression changes to plastic phenotypic outcomes. 
Gaining a more comprehensive understanding of how gene expres-
sion plasticity can influence stress tolerance will also elucidate its 
role in facilitating (or hindering) species persistence in light of rapid 
environmental change. The framework provided here can aid inter-
pretation of gene expression patterns and improve experimental 
design by limiting confounding variables in future transcriptomic 
studies.
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F I G U R E  5  Influence of life and 
environmental history on future 
responses. For sessile organisms with 
bipartite life histories, such as corals, early 
life history and developmental plasticity 
are especially important processes as life 
stages before maturation are when the 
organism is motile and can be exposed 
to drastically different environments. 
When sampling adults, you are observing 
the cumulative effects of these prior life 
history stages in combination with the 
current adult environment. In addition, 
transgenerational impacts transmitted 
by parents can contribute to gene 
expression signatures of their progeny. 
* Algal symbionts in brooders only. 
❖ Algal symbionts in both brooders and 
broadcasters



    |  13RIVERA Et Al.

ORCID
Hanny E. Rivera  https://orcid.org/0000-0003-4747-1339 
Hannah E. Aichelman  https://orcid.org/0000-0001-6999-5518 
James E. Fifer  https://orcid.org/0000-0002-4356-9024 
Nicola G. Kriefall  https://orcid.org/0000-0002-1930-3998 
Daniel M. Wuitchik  https://orcid.org/0000-0002-4090-6400 
Sara J. S. Wuitchik  https://orcid.org/0000-0002-1913-0396 
Sarah W. Davies  https://orcid.org/0000-0002-1620-2278 

R E FE R E N C E S
Alexander, A., & Walker, C. L. (2011). The role of LKB1 and AMPK in cel-

lular responses to stress and damage. FEBS Letters, 585(7), 952– 957. 
https://doi.org/10.1016/j.febsl et.2011.03.010

Andrew, A. L., Card, D. C., Ruggiero, R. P., Schield, D. R., Adams, R. H., 
Pollock, D. D., Secor, S. M., & Castoe, T. A. (2015). Rapid changes 
in gene expression direct rapid shifts in intestinal form and function 
in the Burmese python after feeding. Physiological Genomics, 47(5), 
147– 157. https://doi.org/10.1152/physi olgen omics.00131.2014

Angilletta, M. J., Wilson, R. S., Navas, C. A., & James, R. S. (2003). Tradeoffs and 
the evolution of thermal reaction norms. Trends in Ecology and Evolution, 
18(5), 234– 240. https://doi.org/10.1016/S0169 - 5347(03)00087 - 9

Atkinson, D., & Porter, J. R. (1996). Temperature, plant development 
and crop yields. Trends in Plant Science, 1(4), 119– 124. https://doi.
org/10.1016/S1360 - 1385(96)90006 - 0

Barbosa, C., Peixeiro, I., & Romão, L. (2013). Gene expression regulation 
by upstream open reading frames and human disease. PLoS Genetics, 
9(8), e1003529. https://doi.org/10.1371/journ al.pgen.1003529

Barchuk, A. R., Cristino, A. S., Kucharski, R., Costa, L. F., Simões, Z. L. P., & 
Maleszka, R. (2007). Molecular determinants of caste differentiation 
in the highly eusocial honeybee Apis mellifera. BMC Developmental 
Biology, 7, 1– 19. https://doi.org/10.1186/1471- 213X- 7- 70

Barfield, S. J., Aglyamova, G. V., Bay, L. K., & Matz, M. V. (2018). 
Contrasting effects of Symbiodinium identity on coral host tran-
scriptional profiles across latitudes. Molecular Ecology, 27, 3103– 
3115. https://doi.org/10.1111/mec.14774

Barshis, D. J., Ladner, J. T., Oliver, T. A., Seneca, F. O., Traylor- Knowles, 
N., & Palumbi, S. R. (2013). Genomic basis for coral resilience to 
climate change. Proceedings of the National Academy of Sciences 
of the United States of America, 110(4), 1387– 1392. https://doi.
org/10.1073/pnas.12102 24110

Bay, R. A., & Palumbi, S. R. (2015). Rapid acclimation ability mediated by 
transcriptome changes in reef- building corals. Genome Biology and 
Evolution, 7(6), 1602– 1612. https://doi.org/10.1093/gbe/evv085

Bay, R. A., & Palumbi, S. R. (2017). Transcriptome predictors of coral 
survival and growth in a highly variable environment. Ecology and 
Evolution, 7(13), 4794– 4803. https://doi.org/10.1002/ece3.2685

Baythavong, B. S. (2011). Linking the spatial scale of environmental vari-
ation and the evolution of phenotypic plasticity: Selection favors 
adaptive plasticity in fine- grained environments. The American 
Naturalist, 178(1), 75– 87. https://doi.org/10.1086/660281

Beck, E. H., Heim, R., & Hansen, J. (2004). Plant resistance to cold stress: 
Mechanisms and environmental signals triggering frost hardening 
and dehardening. Journal of Biosciences, 29, 449– 459. https://doi.
org/10.1007/BF027 12118

Beitinger, T. L., Bennett, W. A., & Mccauley, R. W. (2000). Temperature 
tolerances of North American freshwater fishes exposed to dy-
namic changes in temperature. Environmental Biology of Fishes, 58, 
237– 275. https://doi.org/10.1023/A:10076 76325825

Beldade, P., Mateus, A. R. A., & Keller, R. A. (2011). Evolution and molecular 
mechanisms of adaptive developmental plasticity. Molecular Ecology, 
20(7), 1347– 1363. https://doi.org/10.1111/j.1365- 294X.2011.05016.x

Bentley, B. P., Haas, B. J., Tedeschi, J. N., & Berry, O. (2017). Loggerhead 
sea turtle embryos (Caretta caretta) regulate expression of stress 

response and developmental genes when exposed to a biologically 
realistic heat stress. Molecular Ecology, 26(11), 2978– 2992. https://
doi.org/10.1111/mec.14087

Berry, D. B., & Gasch, A. P. (2008). Stress- activated genomic expres-
sion changes serve a preparative role for impending stress in 
yeast. Molecular Biology of the Cell, 19, 4580– 4587. https://doi.
org/10.1091/mbc.e07- 07- 0680

Bettencourt, B. R., Feder, M. E., & Cavicchi, S. (1999). Experimental evolu-
tion of Hsp70 expression and thermotolerance in Drosophila melano-
gaster. Evolution, 53(2), 484. https://doi.org/10.2307/2640784

Bonamour, S., Chevin, L. M., Charmantier, A., & Teplitsky, C. (2019). 
Phenotypic plasticity in response to climate change: The importance of 
cue variation. Philosophical Transactions of the Royal Society B: Biological 
Sciences, 374, 20180178. https://doi.org/10.1098/rstb.2018.0178

Bowler, K., & Terblanche, J. S. (2008). Insect thermal tolerance: What is the 
role of ontogeny, ageing and senescence? Biological Reviews, 83(3), 
339– 355. https://doi.org/10.1111/j.1469- 185X.2008.00046.x

Brem, R. B., & Kruglyak, L. (2005). The landscape of genetic complex-
ity across 5,700 gene expression traits in yeast. Proceedings of the 
National Academy of Sciences of the United States of America, 102(5), 
1572– 1577. https://doi.org/10.1073/pnas.04087 09102

Brem, R. B., Yvert, G., Clinton, R., & Kruglyak, L. (2002). Genetic dis-
section of transcriptional regulation in budding yeast. Science, 
296(5568), 752– 755. https://doi.org/10.1126/scien ce.1069516

Burggren, W. W. (2015). Dynamics of epigenetic phenomena: 
Intergenerational and intragenerational phenotype “wash-
out”. Journal of Experimental Biology, 218(1), 80– 87. https://doi.
org/10.1242/jeb.107318

Campbell- Staton, S. C., Winchell, K. M., Rochette, N. C., Fredette, J., 
Maayan, I., Schweizer, R. M., & Catchen, J. (2020). Parallel selection 
on thermal physiology facilitates repeated adaptation of city lizards 
to urban heat islands. Nature Ecology and Evolution, 4(4), 652– 658. 
https://doi.org/10.1038/s4155 9- 020- 1131- 8

Chevin, L. M., & Hoffmann, A. A. (2017). Evolution of phenotypic plas-
ticity in extreme environments. Philosophical Transactions of the 
Royal Society B: Biological Sciences, 372, 20160138. https://doi.
org/10.1098/rstb.2016.0138

Chevin, L. M., & Lande, R. (2015). Evolution of environmental cues for 
phenotypic plasticity. Evolution, 69(10), 2767– 2775. https://doi.
org/10.1111/evo.12755

Chevin, L. M., Lande, R., & Mace, G. M. (2010). Adaptation, plasticity, 
and extinction in a changing environment: Towards a predictive 
theory. PLOS Biology, 8(4), e12388. https://doi.org/10.1371/journ 
al.pbio.1000357

Colicchio, J. M., Monnahan, P. J., Kelly, J. K., & Hileman, L. C. (2015). 
Gene expression plasticity resulting from parental leaf damage in 
Mimulus guttatus. New Phytologist, 205(2), 894– 906. https://doi.
org/10.1111/nph.13081

Conesa, A., Madrigal, P., Tarazona, S., Gomez- Cabrero, D., Cervera, A., 
McPherson, A., Szcześniak, M. W., Gaffney, D. J., Elo, L. L., Zhang, 
X., & Mortazavi, A. (2016). A survey of best practices for RNA- seq 
data analysis. Genome Biology, 17, 1– 19. https://doi.org/10.1186/
s1305 9- 016- 0881- 8

Cookson, W., Liang, L., Abecasis, G., Moffatt, M., & Lathrop, M. (2009). 
Mapping complex disease traits with global gene expression. Nature 
Reviews Genetics, 10, 184– 194. https://doi.org/10.1038/nrg2537

Dar, R. D., Shaffer, S. M., Singh, A., Razooky, B. S., Simpson, M. L., Raj, 
A., & Weinberger, L. S. (2016). Transcriptional bursting explains 
the noise– versus– mean relationship in mRNA and protein lev-
els. PLoS One, 11(7), e0158298. https://doi.org/10.1371/journ 
al.pone.0158298

Davies, S. W. (2014). Understanding coral dispersal. PhD Thesis, The 
University of Texas, Austin. https://repos itori es.lib.utexas.edu/bitst 
ream/handl e/2152/25038/ DAVIE S- DISSE RTATI ON- 2014.pdf?se-
que nce=1

https://orcid.org/0000-0003-4747-1339
https://orcid.org/0000-0003-4747-1339
https://orcid.org/0000-0001-6999-5518
https://orcid.org/0000-0001-6999-5518
https://orcid.org/0000-0002-4356-9024
https://orcid.org/0000-0002-4356-9024
https://orcid.org/0000-0002-1930-3998
https://orcid.org/0000-0002-1930-3998
https://orcid.org/0000-0002-4090-6400
https://orcid.org/0000-0002-4090-6400
https://orcid.org/0000-0002-1913-0396
https://orcid.org/0000-0002-1913-0396
https://orcid.org/0000-0002-1620-2278
https://orcid.org/0000-0002-1620-2278
https://doi.org/10.1016/j.febslet.2011.03.010
https://doi.org/10.1152/physiolgenomics.00131.2014
https://doi.org/10.1016/S0169-5347(03)00087-9
https://doi.org/10.1016/S1360-1385(96)90006-0
https://doi.org/10.1016/S1360-1385(96)90006-0
https://doi.org/10.1371/journal.pgen.1003529
https://doi.org/10.1186/1471-213X-7-70
https://doi.org/10.1111/mec.14774
https://doi.org/10.1073/pnas.1210224110
https://doi.org/10.1073/pnas.1210224110
https://doi.org/10.1093/gbe/evv085
https://doi.org/10.1002/ece3.2685
https://doi.org/10.1086/660281
https://doi.org/10.1007/BF02712118
https://doi.org/10.1007/BF02712118
https://doi.org/10.1023/A:1007676325825
https://doi.org/10.1111/j.1365-294X.2011.05016.x
https://doi.org/10.1111/mec.14087
https://doi.org/10.1111/mec.14087
https://doi.org/10.1091/mbc.e07-07-0680
https://doi.org/10.1091/mbc.e07-07-0680
https://doi.org/10.2307/2640784
https://doi.org/10.1098/rstb.2018.0178
https://doi.org/10.1111/j.1469-185X.2008.00046.x
https://doi.org/10.1073/pnas.0408709102
https://doi.org/10.1126/science.1069516
https://doi.org/10.1242/jeb.107318
https://doi.org/10.1242/jeb.107318
https://doi.org/10.1038/s41559-020-1131-8
https://doi.org/10.1098/rstb.2016.0138
https://doi.org/10.1098/rstb.2016.0138
https://doi.org/10.1111/evo.12755
https://doi.org/10.1111/evo.12755
https://doi.org/10.1371/journal.pbio.1000357
https://doi.org/10.1371/journal.pbio.1000357
https://doi.org/10.1111/nph.13081
https://doi.org/10.1111/nph.13081
https://doi.org/10.1186/s13059-016-0881-8
https://doi.org/10.1186/s13059-016-0881-8
https://doi.org/10.1038/nrg2537
https://doi.org/10.1371/journal.pone.0158298
https://doi.org/10.1371/journal.pone.0158298
https://repositories.lib.utexas.edu/bitstream/handle/2152/25038/DAVIES-DISSERTATION-2014.pdf?sequence=1
https://repositories.lib.utexas.edu/bitstream/handle/2152/25038/DAVIES-DISSERTATION-2014.pdf?sequence=1
https://repositories.lib.utexas.edu/bitstream/handle/2152/25038/DAVIES-DISSERTATION-2014.pdf?sequence=1


14  |    RIVERA Et Al.

Day, T., & Rowe, L. (2002). Developmental thresholds and the evo-
lution of reaction norms for age and size at life- history tran-
sitions. The American Naturalist, 159(4), 338– 350. https://doi.
org/10.1086/338989

de la Vega, L., Grishina, I., Moreno, R., Krüger, M., Braun, T., & Schmitz, 
M. L. (2012). A redox- regulated sumo/acetylation switch of HIPK2 
controls the survival threshold to oxidative stress. Molecular Cell, 
46(4), 472– 483. https://doi.org/10.1016/j.molcel.2012.03.003

De Nadal, E., Ammerer, G., & Posas, F. (2011). Controlling gene expres-
sion in response to stress. Nature Reviews Genetics, 12(12), 833– 
845. https://doi.org/10.1038/nrg3055

Dixon, G., Abbott, E., & Matz, M. (2020). Meta- analysis of the coral en-
vironmental stress response: Acropora corals show opposing re-
sponses depending on stress intensity. Molecular Ecology, 29, 2855– 
2870. https://doi.org/10.1111/mec.15535

Dunand- Sauthier, I., Walker, C. A., Narasimhan, J., Pearce, A. K., Wek, 
R. C., & Humphrey, T. C. (2005). Stress- activated protein kinase 
pathway functions to support protein synthesis and transla-
tional adaptation in response to environmental stress in fission 
yeast. Eukaryotic Cell, 4(11), 1785– 1793. https://doi.org/10.1128/
ec.4.11.1785- 1793.2005

Ehrenreich, I. M., & Pfennig, D. W. (2016). Genetic assimilation: A review of 
its potential proximate causes and evolutionary consequences. Annals 
of Botany, 117(9), 769– 779. https://doi.org/10.1093/aob/mcv130

Eirin- Lopez, J. M., & Putnam, H. M. (2019). Marine environmental epi-
genetics. Annual Review of Marine Science, 11(1), 335– 368. https://
doi.org/10.1146/annur ev- marin e- 01031 8- 095114

Elango, N., Hunt, B. G., Goodisman, M. A. D., & Yi, S. V. (2009). DNA 
methylation is widespread and associated with differential gene 
expression in castes of the honeybee, Apis mellifera. Proceedings 
of the National Academy of Sciences of the United States of America, 
106(27), 11206– 11211. https://doi.org/10.1073/pnas.09003 
01106

Fangue, N. A., Hofmeister, M., & Schulte, P. M. (2006). Intraspecific vari-
ation in thermal tolerance and heat shock protein gene expression 
in common killifish, Fundulus heteroclitus. Journal of Experimental 
Biology, 209(15), 2859– 2872. https://doi.org/10.1242/jeb.02260

Feil, R., & Fraga, M. F. (2012). Epigenetics and the environment: Emerging 
patterns and implications. Nature Reviews Genetics, 13(2), 97– 109. 
https://doi.org/10.1038/nrg3142

Fellay, J., Shianna, K. V., Ge, D., Colombo, S., Ledergerber, B., Weale, M., 
Zhang, K., Gumbs, C., Castagna, A., Cossarizza, A., Cozzi- Lepri, 
A., De Luca, A., Easterbrook, P., Francioli, P., Mallal, S., Martinez- 
Picado, J., Miro, J. M., Obel, N., Smith, J. P., … Goldstein, D. B. 
(2007). A whole- genome association study of major determinants 
for host control of HIV- 1. Science, 317(5840), 944– 947. https://doi.
org/10.1126/scien ce.1143767

Franssen, S. U., Gu, J., Bergmann, N., Winters, G., Klostermeier, U. 
C., Rosenstiel, P., Bornberg- Bauer, E., & Reusch, T. B. H. (2011). 
Transcriptomic resilience to global warming in the seagrass Zostera 
marina, a marine foundation species. Proceedings of the National 
Academy of Sciences of the United States of America, 108(48), 19276– 
19281. https://doi.org/10.1073/pnas.11076 80108

Ghalambor, C. K., Hoke, K. L., Ruell, E. W., Fischer, E. K., Reznick, D. N., 
& Hughes, K. A. (2015). Non- adaptive plasticity potentiates rapid 
adaptive evolution of gene expression in nature. Nature, 525(7569), 
372– 375. https://doi.org/10.1038/natur e15256

Ghalambor, C. K., McKay, J. K., Carroll, S. P., & Reznick, D. N. 
(2007). Adaptive versus non- adaptive phenotypic plasticity 
and the potential for contemporary adaptation in new en-
vironments. Functional Ecology, 21(3), 394– 407. https://doi.
org/10.1111/j.1365- 2435.2007.01283.x

Gibert, P., Debat, V., & Ghalambor, C. K. (2019). Phenotypic plas-
ticity, global change, and the speed of adaptive evolution. 
Current Opinion in Insect Science, 35, 34– 40. https://doi.
org/10.1016/j.cois.2019.06.007

Gilad, Y., Rifkin, S. A., & Pritchard, J. K. (2008). Revealing the architecture 
of gene regulation: the promise of eQTL studies. Trends in Genetics, 
24, 408– 415. https://doi.org/10.1016/j.tig.2008.06.001

Gilbert, A. L., & Miles, D. B. (2019). Antagonistic responses of exposure 
to sublethal temperatures: Adaptive phenotypic plasticity coin-
cides with a reduction in organismal performance. The American 
Naturalist, 194(3), 344– 355. https://doi.org/10.1086/704208

Gilchrist, G. W. (1995). Specialists and generalists in changing environ-
ments. I. Fitness landscapes of thermal sensitivity. The American 
Naturalist, 146(2), 252– 270. https://doi.org/10.1086/285797

Gillooly, J. F., Charnov, E. L., West, G. B., Savage, V. M., & Brown, J. H. 
(2002). Effects of size and temperature on developmental time. 
Nature, 417(6884), 70– 73. https://doi.org/10.1038/417070a

Gomulkiewicz, R., Kingsolver, J. G., Carter, P. A., & Heckman, N. (2018). 
Variation and evolution of function- valued traits. Annual Review 
of Ecology, Evolution, and Systematics, 49(1), 139– 164. https://doi.
org/10.1146/annur ev- ecols ys- 11031 6- 022830

Gomulkiewicz, R., & Kirkpatrick, M. (1992). Quantitative genetics and the 
evolution of reaction norms. Evolution, 46(2), 390– 411. https://doi.
org/10.1111/j.1558- 5646.1992.tb020 47.x

Greenbaum, D., Colangelo, C., Williams, K., & Gerstein, M. (2003). 
Comparing protein abundance and mRNA expression levels on a 
genomic scale. Genome Biology, 4, 117. https://doi.org/10.1186/
gb- 2003- 4- 9- 117

Grether, G. F. (2005). Environmental change, phenotypic plasticity, and 
genetic compensation. The American Naturalist, 166(4), E115– E123. 
https://doi.org/10.1086/432023

Grimm, V., Frank, K., Jeltsch, F., Brandl, R., Uchmański, J., & Wissel, 
C. (1996). Pattern- oriented modelling in population ecology. 
Science of the Total Environment, 183(1– 2), 151– 166. https://doi.
org/10.1016/0048- 9697(95)04966 - 5

Guo, H., Xian, J. A., Li, B., Ye, C. X., Wang, A. L., Miao, Y. T., & Liao, S. 
A. (2013). Gene expression of apoptosis- related genes, stress 
protein and antioxidant enzymes in hemocytes of white shrimp 
Litopenaeus vannamei under nitrite stress. Comparative Biochemistry 
and Physiology -  C Toxicology and Pharmacology, 157(4), 366– 371. 
https://doi.org/10.1016/j.cbpc.2013.03.001

Hadfield, J. D. (2016). The spatial scale of local adaptation in a sto-
chastic environment. Ecology Letters, 19, 780– 788. https://doi.
org/10.1111/ele.12614

Harris, K. D. M., Bartlett, N. J., & Lloyd, V. K. (2012). Daphnia as an emerg-
ing epigenetic model organism. Genetics Research International, 
2012, 1– 8. https://doi.org/10.1155/2012/147892

Hemond, E. M., Kaluziak, S. T., & Vollmer, S. V. (2014). The genetics of col-
ony form and function in Caribbean Acropora corals. BMC Genomics, 
15(1), 1– 21. https://doi.org/10.1186/1471- 2164- 15- 1133

Hodgins- Davis, A., & Townsend, J. P. (2009). Evolving gene expression: 
From G to E to G × E. Trends in Ecology and Evolution, 24(12), 649– 
658. https://doi.org/10.1016/j.tree.2009.06.011

Hodgson, D., Mcdonald, J. L., & Hosken, D. J. (2015). What do you mean, 
“resilient”? Trends in Ecology & Evolution, 30(9), 503– 506. https://
doi.org/10.1016/j.tree.2015.06.010

Holcik, M., & Sonenberg, N. (2005). Translational control in stress and 
apoptosis. Nature Reviews Molecular Cell Biology, 6(4), 318– 327. 
https://doi.org/10.1038/nrm1618

Holling, C. S. (1973). Resilience and stability of ecological systems. Annual 
Review of Ecology and Systematics, 4, 1– 23.

Huang, L. H., Chen, B., & Kang, L. (2007). Impact of mild temperature 
hardening on thermotolerance, fecundity, and Hsp gene expression 
in Liriomyza huidobrensis. Journal of Insect Physiology, 53(12), 1199– 
1205. https://doi.org/10.1016/j.jinsp hys.2007.06.011

Hughes, T. P., Kerry, J. T., Baird, A. H., Connolly, S. R., Dietzel, A., Eakin, C. 
M., Heron, S. F., Hoey, A. S., Hoogenboom, M. O., Liu, G., McWilliam, 
M. J., Pears, R. J., Pratchett, M. S., Skirving, W. J., Stella, J. S., & Torda, 
G. (2018). Global warming transforms coral reef assemblages. Nature, 
556(7702), 492– 496. https://doi.org/10.1038/s4158 6- 018- 0041- 2

https://doi.org/10.1086/338989
https://doi.org/10.1086/338989
https://doi.org/10.1016/j.molcel.2012.03.003
https://doi.org/10.1038/nrg3055
https://doi.org/10.1111/mec.15535
https://doi.org/10.1128/ec.4.11.1785-1793.2005
https://doi.org/10.1128/ec.4.11.1785-1793.2005
https://doi.org/10.1093/aob/mcv130
https://doi.org/10.1146/annurev-marine-010318-095114
https://doi.org/10.1146/annurev-marine-010318-095114
https://doi.org/10.1073/pnas.0900301106
https://doi.org/10.1073/pnas.0900301106
https://doi.org/10.1242/jeb.02260
https://doi.org/10.1038/nrg3142
https://doi.org/10.1126/science.1143767
https://doi.org/10.1126/science.1143767
https://doi.org/10.1073/pnas.1107680108
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/10.1016/j.cois.2019.06.007
https://doi.org/10.1016/j.cois.2019.06.007
https://doi.org/10.1016/j.tig.2008.06.001
https://doi.org/10.1086/704208
https://doi.org/10.1086/285797
https://doi.org/10.1038/417070a
https://doi.org/10.1146/annurev-ecolsys-110316-022830
https://doi.org/10.1146/annurev-ecolsys-110316-022830
https://doi.org/10.1111/j.1558-5646.1992.tb02047.x
https://doi.org/10.1111/j.1558-5646.1992.tb02047.x
https://doi.org/10.1186/gb-2003-4-9-117
https://doi.org/10.1186/gb-2003-4-9-117
https://doi.org/10.1086/432023
https://doi.org/10.1016/0048-9697(95)04966-5
https://doi.org/10.1016/0048-9697(95)04966-5
https://doi.org/10.1016/j.cbpc.2013.03.001
https://doi.org/10.1111/ele.12614
https://doi.org/10.1111/ele.12614
https://doi.org/10.1155/2012/147892
https://doi.org/10.1186/1471-2164-15-1133
https://doi.org/10.1016/j.tree.2009.06.011
https://doi.org/10.1016/j.tree.2015.06.010
https://doi.org/10.1016/j.tree.2015.06.010
https://doi.org/10.1038/nrm1618
https://doi.org/10.1016/j.jinsphys.2007.06.011
https://doi.org/10.1038/s41586-018-0041-2


    |  15RIVERA Et Al.

Jacott, C. N., & Boden, S. A. (2020). Feeling the heat: Developmental and 
molecular responses of wheat and barley to high ambient tempera-
tures. Journal of Experimental Botany, 71(19), 5740– 5751. https://
doi.org/10.1093/jxb/eraa326

Jarošík, V., Kratochvíl, L., Honěk, A., & Dixon, A. F. G. (2004). A general 
rule for the dependence of developmental rate on temperature in 
ectothermic animals. Proceedings of the Royal Society B: Biological 
Sciences, 271, 219– 221. https://doi.org/10.1098/rsbl.2003.0145

Jeon, S. M., Chandel, N. S., & Hay, N. (2012). AMPK regulates NADPH 
homeostasis to promote tumour cell survival during energy stress. 
Nature, 485(7400), 661– 665. https://doi.org/10.1038/natur e11066

Jin, W., Riley, R. M., Wolfinger, R. D., White, K. P., Passador- Gurgell, G., 
& Gibson, G. (2001). The contributions of sex, genotype and age to 
transcriptional variance in Drosophila melanogaster. Nature Genetics, 
29(4), 389– 395. https://doi.org/10.1038/ng766

Johnson- Flanagan, A. M., & Singh, J. (1987). Alteration of gene expres-
sion during the induction of freezing tolerance in brassica napus 
suspension cultures. Plant Physiology, 85(3), 699– 705. https://doi.
org/10.1104/pp.85.3.699

Kasuga, M., Liu, Q., Miura, S., Yamaguchi- Shinozaki, K., & Shinozaki, K. 
(1999). Improving plant drought, salt, and freezing tolerance by 
gene transfer of a single stress- inducible transcription factor. Nature 
Biotechnology, 17(3), 287– 291. https://doi.org/10.1038/7036

Kelly, M. (2019). Adaptation to climate change through genetic accom-
modation and assimilation of plastic phenotypes. Philosophical 
Transactions of the Royal Society B: Biological Sciences, 374, 20180176.

Kelty, J. D., & Lee, R. E. (2001). Rapid cold- hardening of Drosophila melan-
ogaster (Diptera: Drosophiladae) during ecologically based thermo-
periodic cycles. Journal of Experimental Biology, 204(9):1659– 1666.

Kenkel, C. D., Aglyamova, G., Alamaru, A., Bhagooli, R., Capper, R., 
Cunning, R., deVillers, A., Haslun, J. A., Hédouin, L., Keshavmurthy, 
S., Kuehl, K. A., Mahmoud, H., McGinty, E. S., Montoya- Maya, P. 
H., Palmer, C. V., Pantile, R., Sánchez, J. A., Schils, T., Silverstein, R. 
N., … Matz, M. V. (2011). Development of gene expression mark-
ers of acute heat- light stress in reef- building corals of the genus 
Porites. PLoS One, 6(10), e26914. https://doi.org/10.1371/journ 
al.pone.0026914

Kenkel, C. D., & Matz, M. V. (2016). Gene expression plasticity as a mech-
anism of coral adaptation to a variable environment. Nature Ecology 
& Evolution, 1(1), 14. https://doi.org/10.1038/s4155 9- 016- 0014

Kenkel, C. D., Meyer, E., & Matz, M. V. (2013). Gene expression under 
chronic heat stress in populations of the mustard hill coral (Porites 
astreoides) from different thermal environments. Molecular Ecology, 
22, 4322– 4334. https://doi.org/10.1111/mec.12390

Keurentjes, J. J. B., Fu, J., Terpstra, I. R., Garcia, J. M., van den Ackerveken, 
G., Snoek, L. B., Peeters, A. J. M., Vreugdenhil, D., Koornneef, 
M., & Jansen, R. C. (2007). Regulatory network construction 
in Arabidopsis by using genome- wide gene expression quanti-
tative trait loci. Proceedings of the National Academy of Sciences 
of the United States of America, 104(5), 1708– 1713. https://doi.
org/10.1073/pnas.06104 29104

Kim, D.- H., Doyle, M. R., Sung, S., & Amasino, R. M. (2009). Vernalization: 
Winter and the timing of flowering in plants. Annual Review of Cell 
and Developmental Biology, 25(1), 277– 299. https://doi.org/10.1146/
annur ev.cellb io.042308.113411

Knauer, S., Javelle, M., Li, L., Li, X., Ma, X., Wimalanathan, K., Kumari, S., 
Johnston, R., Leiboff, S., Meeley, R., Schnable, P. S., Ware, D., Lawrence- 
Dill, C., Yu, J., Muehlbauer, G. J., Scanlon, M. J., & Timmermans, M. 
C. P. (2019). A high- resolution gene expression atlas links dedicated 
meristem genes to key architectural traits. Genome Research, 29(12), 
1962– 1973. https://doi.org/10.1101/gr.250878.119

Koch, E. L., & Guillaume, F. (2020). Additive and mostly adaptive plastic responses 
of gene expression to multiple stress in Tribolium castaneum. PLoS Genetics, 
16(5), e1008768. https://doi.org/10.1371/journ al.pgen.1008768

Kremer, N., Philipp, E. E. R., Carpentier, M.- C., Brennan, C. A., Kraemer, 
L., Altura, M. A., Augustin, R., Häsler, R., Heath- Heckman, E. A. C., 

Peyer, S. M., Schwartzman, J., Rader, B. A., Ruby, E. G., Rosenstiel, 
P., & McFall- Ngai, M. J. (2013). Initial symbiont contact orches-
trates host- organ- wide transcriptional changes that prime tis-
sue colonization. Cell Host and Microbe, 14, 183– 194. https://doi.
org/10.1016/j.chom.2013.07.006

Kumar, S. V., & Wigge, P. A. (2010). H2A.Z- containing nucleosomes me-
diate the thermosensory response in Arabidopsis. Cell, 140(1), 136– 
147. https://doi.org/10.1016/j.cell.2009.11.006

Kvist, J., Wheat, C. W., Kallioniemi, E., Saastamoinen, M., Hanski, I., & 
Frilander, M. J. (2013). Temperature treatments during larval de-
velopment reveal extensive heritable and plastic variation in gene 
expression and life history traits. Molecular Ecology, 22(3), 602– 619. 
https://doi.org/10.1111/j.1365- 294X.2012.05521.x

Langfelder, P., & Horvath, S. (2008). WGCNA: An R package for weighted 
correlation network analysis. BMC Bioinformatics, 9, 559. https://
doi.org/10.1186/1471- 2105- 9- 559

Legewie, S., Dienst, D., Wilde, A., Herzel, H., & Axmann, I. M. (2008). 
Small RNAs establish delays and temporal thresholds in gene 
expression. Biophysical Journal, 95(7), 3232– 3238. https://doi.
org/10.1529/bioph ysj.108.133819

Leng, X., & Müller, H. G. (2006). Classification using functional data anal-
ysis for temporal gene expression data. Bioinformatics, 22(1), 68– 76. 
https://doi.org/10.1093/bioin forma tics/bti742

Lescak, E. A., Bassham, S. L., Catchen, J., Gelmond, O., Sherbick, M. L., 
von Hippel, F. A., & Cresko, W. A. (2015). Evolution of stickle-
back in 50 years on earthquake- uplifted islands. Proceedings of the 
National Academy of Sciences of the United States of America, 112(52), 
E7204– E7212. https://doi.org/10.1073/pnas.15120 20112

Leung, C., Breton, S., & Angers, B. (2016). Facing environmental predict-
ability with different sources of epigenetic variation. Ecology and 
Evolution, 6(15), 5234– 5245. https://doi.org/10.1002/ece3.2283

Levis, N. A., & Pfennig, D. W. (2016). Evaluating “plasticity- first” evo-
lution in nature: Key criteria and empirical approaches. Trends in 
Ecology and Evolution, 31(7), 563– 574. https://doi.org/10.1016/j.
tree.2016.03.012

Li, Y., Álvarez, O. A., Gutteling, E. W., Tijsterman, M., Fu, J., Riksen, J. A. G., 
Hazendonk, E., Prins, P., Plasterk, R. H. A., Jansen, R. C., Breitling, R., 
& Kammenga, J. E. (2006). Mapping determinants of gene expres-
sion plasticity by genetical genomics in C. elegans. PLoS Genetics, 
2(12), e222. https://doi.org/10.1371/journ al.pgen.0020222

Liu, H., Brettell, L. E., Qiu, Z., & Singh, B. K. (2020). Microbiome- mediated 
stress resistance in plants. Trends in Plant Science, 25(8), 733– 743. 
https://doi.org/10.1016/j.tplan ts.2020.03.014

Liu, Q., & Markatou, M. (2016). Evaluation of methods in removing batch 
effects on RNA- seq data. Infectious Diseases and Translational 
Medicine, 2(1), 3– 9. https://doi.org/10.11979/ idtm.20160 1002

Lohman, B. K., Weber, J. N., & Bolnick, D. I. (2016). Evaluation of TagSeq, a re-
liable low- cost alternative for RNAseq. Molecular Ecology Resources, 
16(6), 1315– 1321. https://doi.org/10.1111/1755- 0998.12529

Lonsdale, J., Thomas, J., Salvatore, M., Phillips, R., Lo, E., Shad, S., Hasz, R., 
Walters, G., Garcia, F., Young, N., Foster, B., Moser, M., Karasik, E., 
Gillard, B., Ramsey, K., Sullivan, S., Bridge, J., Magazine, H., Syron, 
J., … Moore, H. F. (2013). The genotype- tissue expression (GTEx) 
project. Nature Genetics, 45, 580– 585. https://doi.org/10.1038/
ng.2653

López- Maury, L., Marguerat, S., & Bähler, J. (2008). Tuning gene expres-
sion to changing environments: From rapid responses to evolution-
ary adaptation. Nature Reviews Genetics, 9(8), 583– 593. https://doi.
org/10.1038/nrg2398

Lovell, J. T., Mullen, J. L., Lowry, D. B., Awole, K., Richards, J. H., Sen, S., 
Verslues, P. E., Juenger, T. E., & McKay, J. K. (2015). Exploiting dif-
ferential gene expression and epistasis to discover candidate genes 
for drought- associated QTLs in Arabidopsis thaliana. The Plant Cell, 
27(4), 969– 983. https://doi.org/10.1105/tpc.15.00122

Lowry, D. B., Logan, T. L., Santuari, L., Hardtke, C. S., Richards, J. H., 
DeRose- Wilson, L. J., McKay, J. K., Sen, S., & Juenger, T. E. (2013). 

https://doi.org/10.1093/jxb/eraa326
https://doi.org/10.1093/jxb/eraa326
https://doi.org/10.1098/rsbl.2003.0145
https://doi.org/10.1038/nature11066
https://doi.org/10.1038/ng766
https://doi.org/10.1104/pp.85.3.699
https://doi.org/10.1104/pp.85.3.699
https://doi.org/10.1038/7036
https://doi.org/10.1371/journal.pone.0026914
https://doi.org/10.1371/journal.pone.0026914
https://doi.org/10.1038/s41559-016-0014
https://doi.org/10.1111/mec.12390
https://doi.org/10.1073/pnas.0610429104
https://doi.org/10.1073/pnas.0610429104
https://doi.org/10.1146/annurev.cellbio.042308.113411
https://doi.org/10.1146/annurev.cellbio.042308.113411
https://doi.org/10.1101/gr.250878.119
https://doi.org/10.1371/journal.pgen.1008768
https://doi.org/10.1016/j.chom.2013.07.006
https://doi.org/10.1016/j.chom.2013.07.006
https://doi.org/10.1016/j.cell.2009.11.006
https://doi.org/10.1111/j.1365-294X.2012.05521.x
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.1529/biophysj.108.133819
https://doi.org/10.1529/biophysj.108.133819
https://doi.org/10.1093/bioinformatics/bti742
https://doi.org/10.1073/pnas.1512020112
https://doi.org/10.1002/ece3.2283
https://doi.org/10.1016/j.tree.2016.03.012
https://doi.org/10.1016/j.tree.2016.03.012
https://doi.org/10.1371/journal.pgen.0020222
https://doi.org/10.1016/j.tplants.2020.03.014
https://doi.org/10.11979/idtm.201601002
https://doi.org/10.1111/1755-0998.12529
https://doi.org/10.1038/ng.2653
https://doi.org/10.1038/ng.2653
https://doi.org/10.1038/nrg2398
https://doi.org/10.1038/nrg2398
https://doi.org/10.1105/tpc.15.00122


16  |    RIVERA Et Al.

Expression quantitative trait locus mapping across water availabil-
ity environments reveals contrasting associations with genomic 
features in Arabidopsis. The Plant Cell, 25(9), 3266– 3279. https://
doi.org/10.1105/tpc.113.115352

Malmendal, A., Overgaard, J., Bundy, J. G., Sørensen, J. G., Nielsen, 
N. C., Loeschcke, V., & Holmstrup, M. (2006). Metabolomic pro-
filing of heat stress: Hardening and recovery of homeostasis in 
Drosophila. American Journal of Physiology -  Regulatory Integrative 
and Comparative Physiology, 291(1), R205– R212. https://doi.
org/10.1152/ajpre gu.00867.2005

McColl, G., Hoffmann, A. A., & McKechnie, S. W. (1996). Response of 
two heat shock genes to selection for knockdown heat resistance 
in Drosophila melanogaster. Genetics, 143, 1615– 1627.

Metaxas, A., & Scheibling, R. E. (1993). Community structure and orga-
nization of tidepools. Marine Ecology Progress Series, 98(1– 2), 187– 
198. https://doi.org/10.3354/meps0 98187

Meyer, E., Aglyamova, G. V., & Matz, M. V. (2011). Profiling gene ex-
pression responses of coral larvae (Acropora millepora) to elevated 
temperature and settlement inducers using a novel RNA- Seq 
procedure. Molecular Ecology, 20(17), 3599– 3616. https://doi.
org/10.1111/j.1365- 294X.2011.05205.x

Miyakawa, H., Imai, M., Sugimoto, N., Ishikawa, Y., Ishikawa, A., Ishigaki, 
H., Okada, Y., Miyazaki, S., Koshikawa, S., Cornette, R., & Miura, T. 
(2010). Gene up- regulation in response to predator kairomones in 
the water flea, Daphnia pulex. BMC Developmental Biology, 10, 45. 
https://doi.org/10.1186/1471- 213X- 10- 45

Mizrahi, T., Heller, J., Goldenberg, S., & Arad, Z. (2012). Heat shock proteins 
and survival strategies in congeneric land snails (Sphincterochila) 
from different habitats. Cell Stress and Chaperones, 17(5), 523– 527. 
https://doi.org/10.1007/s1219 2- 012- 0341- 7

Monks, S. A., Leonardson, A., Zhu, H., Cundiff, P., Pietrusiak, P., Edwards, 
S., Phillips, J. W., Sachs, A., & Schadt, E. E. (2004). Genetic inheritance 
of gene expression in human cell lines. American Journal of Human 
Genetics, 75(6), 1094– 1105. https://doi.org/10.1086/426461

Morales, J., Moreno, J., Lobato, E., Merino, S., Tomás, G., Martínez De La 
Puente, J., & Martínez, J. (2006). Higher stress protein levels are as-
sociated with lower humoral and cell- mediated immune responses 
in Pied Flycatcher females. Functional Ecology, 20(4), 647– 655. 
https://doi.org/10.1111/j.1365- 2435.2006.01139.x

Morris, M. R. J., Richard, R., Leder, E. H., Barrett, R. D. H., Aubin- Horth, 
N., & Rogers, S. M. (2014). Gene expression plasticity evolves 
in response to colonization of freshwater lakes in threespine 
stickleback. Molecular Ecology, 23(13), 3226– 3240. https://doi.
org/10.1111/mec.12820

Nijhout, H. F. (2003). Development and evolution of adaptive poly-
phenisms. Evolution and Development, 5(1), 9– 18. https://doi.
org/10.1046/j.1525- 142X.2003.03003.x

Nourmohammad, A., Rambeau, J., Held, T., Kovacova, V., Berg, J., & Lässig, M. 
(2017). Adaptive evolution of gene expression in Drosophila. Cell Reports, 
20(6), 1385– 1395. https://doi.org/10.1016/j.celrep.2017.07.033

Novoplansky, A. (2002). Developmental plasticity in plants: Implications 
of non- cognitive behavior. Evolutionary Ecology, 16(3), 177– 188. 
https://doi.org/10.1023/A:10196 17409133

Pamp, S. J., Frees, D., Engelmann, S., Hecker, M., & Ingmer, H. (2006). 
Spx is a global effector impacting stress tolerance and biofilm for-
mation in Staphylococcus aureus. Journal of Bacteriology, 188(13), 
4861– 4870. https://doi.org/10.1128/JB.00194 - 06

Panlilio, J. M., Aluru, N., & Hahn, M. E. (2020). Developmental neuro-
toxicity of the harmful algal bloom toxin domoic acid: Cellular and 
molecular mechanisms underlying altered behavior in the zebrafish 
model. Environmental Health Perspectives, 128(11), 117002. https://
doi.org/10.1289/EHP6652

Parkinson, J. E., Baker, A. C., Baums, I. B., Davies, S. W., Grottoli, A. G., 
Kitchen, S. A., Matz, M. V., Miller, M. W., Shantz, A. A., & Kenkel, 
C. D. (2019). Molecular tools for coral reef restoration: Beyond 

biomarker discovery. Conservation Letters, 13, e12687. https://doi.
org/10.1111/conl.12687.

Pascal, L. E., True, L. D., Campbell, D. S., Deutsch, E. W., Risk, M., Coleman, 
I. M., Eichner, L. J., Nelson, P. S., & Liu, A. Y. (2008). Correlation 
of mRNA and protein levels: Cell type- specific gene expression of 
cluster designation antigens in the prostate. BMC Genomics, 9(1), 
1– 13. https://doi.org/10.1186/1471- 2164- 9- 246

Pfeffer, K. (2003). Biological functions of tumor necrosis factor cyto-
kines and their receptors. Cytokine and Growth Factor Reviews, 14, 
185– 191. https://doi.org/10.1016/S1359 - 6101(03)00022 - 4

Pimm, S. L. (1984). The complexity and stability of ecosystems. Nature, 
307, 321– 326.

Pinzón, J. H., Kamel, B., Burge, C. A., Harvell, C. D., Medina, M., Weil, 
E., & Mydlarz, L. D. (2015). Whole transcriptome analysis reveals 
changes in expression of immune- related genes during and after 
bleaching in a reef- building coral. Royal Society Open Science, 2(4), 
140214. https://doi.org/10.1098/rsos.140214

Powers, D. A., & Schulte, P. M. (1998). Evolutionary adaptations of gene 
structure and expression in natural populations in relation to a 
changing environment: A multidisciplinary approach to address 
the million- year saga of a small fish. Journal of Experimental Zoology, 
282(1– 2), 71– 94. https://doi.org/10.1002/(SICI)1097- 010X(19980 
9/10)282:1/2<71:AID- JEZ11 >3.0.CO;2- J

Putnam, H. M., Davidson, J. M., & Gates, R. D. (2016). Ocean acidification 
influences host DNA methylation and phenotypic plasticity in en-
vironmentally susceptible corals. Evolutionary Applications, 9, 1165– 
1178. https://doi.org/10.1111/eva.12408

Reed, T. E., Robin, S. W., Schindler, D. E., Hard, J. J., & Kinnison, M. T. 
(2010). Phenotypic plasticity and population viability: The im-
portance of environmental predictability. Proceedings of the Royal 
Society B: Biological Sciences, 277(1699), 3391– 3400. https://doi.
org/10.1098/rspb.2010.0771

Richards, A. L., Muehlbauer, A. L., Alazizi, A., Burns, M. B., Findley, A., 
Messina, F., Gould, T. J., Cascardo, C., Pique- Regi, R., Blekhman, R., 
& Luca, F. (2019). Gut microbiota has a widespread and modifiable 
effect on host gene regulation. Msystems, 4(5), e00323- 18. https://
doi.org/10.1128/msyst ems.00323 - 18

Schadt, E. E., Monks, S. A., Drake, T. A., Lusis, A. J., Che, N., Colinayo, 
V., Ruff, T. G., Milligan, S. B., Lamb, J. R., Cavet, G., Linsley, P. S., 
Mao, M., Stoughton, R. B., & Friend, S. H. (2003). Genetics of gene 
expression surveyed in maize, mouse and man. Nature, 422(6929), 
297– 302. https://doi.org/10.1038/natur e01434

Schlichting, C. D., & Smith, H. (2002). Phenotypic plasticity linking molec-
ular mechanisms with evolutionary outcomes. Evolutionary Ecology, 
16, 189– 211. https://doi.org/10.1371/journ al.pone.0049963

Schlichting, C. D., & Wund, M. A. (2014). Phenotypic plasticity and epigen-
etic marking: An assessment of evidence for genetic accommodation. 
Evolution, 68(3), 656– 672. https://doi.org/10.1111/evo.12348

Schneider, R. F., & Meyer, A. (2017). How plasticity, genetic assimilation 
and cryptic genetic variation may contribute to adaptive radia-
tions. Molecular Ecology, 26(1), 330– 350. https://doi.org/10.1111/
mec.13880

Seebacher, F., White, C. R., & Franklin, C. E. (2015). Physiological plas-
ticity increases resilience of ectotherms to climate change. Nature 
Climate Change, 5, 61– 66.

Sejerkilde, M., Sørensen, J. G., & Loeschcke, V. (2003). Effects of cold-  
and heat hardening on thermal resistance in Drosophila melan-
ogaster. Journal of Insect Physiology, 49(8), 719– 726. https://doi.
org/10.1016/S0022 - 1910(03)00095 - 7

Seneca, F. O., & Palumbi, S. R. (2015). The role of transcriptome resilience 
in resistance of corals to bleaching. Molecular Ecology, 24(7), 1467– 
1484. https://doi.org/10.1111/mec.13125

Shama, L. N., Mark, F. C., Strobel, A., Lokmer, A., John, U., & Wegner, 
M. K. (2016). Transgenerational effects persist down the maternal 
line in marine sticklebacks: Gene expression matches physiology in 

https://doi.org/10.1105/tpc.113.115352
https://doi.org/10.1105/tpc.113.115352
https://doi.org/10.1152/ajpregu.00867.2005
https://doi.org/10.1152/ajpregu.00867.2005
https://doi.org/10.3354/meps098187
https://doi.org/10.1111/j.1365-294X.2011.05205.x
https://doi.org/10.1111/j.1365-294X.2011.05205.x
https://doi.org/10.1186/1471-213X-10-45
https://doi.org/10.1007/s12192-012-0341-7
https://doi.org/10.1086/426461
https://doi.org/10.1111/j.1365-2435.2006.01139.x
https://doi.org/10.1111/mec.12820
https://doi.org/10.1111/mec.12820
https://doi.org/10.1046/j.1525-142X.2003.03003.x
https://doi.org/10.1046/j.1525-142X.2003.03003.x
https://doi.org/10.1016/j.celrep.2017.07.033
https://doi.org/10.1023/A:1019617409133
https://doi.org/10.1128/JB.00194-06
https://doi.org/10.1289/EHP6652
https://doi.org/10.1289/EHP6652
https://doi.org/10.1111/conl.12687
https://doi.org/10.1111/conl.12687
https://doi.org/10.1186/1471-2164-9-246
https://doi.org/10.1016/S1359-6101(03)00022-4
https://doi.org/10.1098/rsos.140214
https://doi.org/10.1002/(SICI)1097-010X(199809/10)282:1/2%3C71:AID-JEZ11%3E3.0.CO;2-J
https://doi.org/10.1002/(SICI)1097-010X(199809/10)282:1/2%3C71:AID-JEZ11%3E3.0.CO;2-J
https://doi.org/10.1111/eva.12408
https://doi.org/10.1098/rspb.2010.0771
https://doi.org/10.1098/rspb.2010.0771
https://doi.org/10.1128/msystems.00323-18
https://doi.org/10.1128/msystems.00323-18
https://doi.org/10.1038/nature01434
https://doi.org/10.1371/journal.pone.0049963
https://doi.org/10.1111/evo.12348
https://doi.org/10.1111/mec.13880
https://doi.org/10.1111/mec.13880
https://doi.org/10.1016/S0022-1910(03)00095-7
https://doi.org/10.1016/S0022-1910(03)00095-7
https://doi.org/10.1111/mec.13125


    |  17RIVERA Et Al.

a warming ocean. Evolutionary Applications, 9, 1096– 1111. https://
doi.org/10.1111/eva.12370

Shama, L. N. S., & Wegner, M. K. (2014). Grandparental effects in marine 
sticklebacks: Transgenerational plasticity across multiple gener-
ations. Journal of Evolutionary Biology, 27, 2297– 2307. https://doi.
org/10.1111/jeb.12490

Sikkink, K. L., Reynolds, R. M., Ituarte, C. M., Cresko, W. A., & Phillips, 
P. C. (2014). Rapid evolution of phenotypic plasticity and shifting 
thresholds of genetic assimilation in the nematode Caenorhabditis 
remanei. G3, 4, 1103– 1112. https://doi.org/10.1534/g3.114.010553

Smyth, G. K. (2005). limma: Linear models for microarray data. 
In R. Gentleman, V. J. Carey, W. Huber, R. A. Irizarry & S. 
DudoitBioinformatics and computational biology solutions using R and 
bioconductor (pp. 397– 420). Springer. https://doi.org/10.1007/0- 
387- 29362 - 0_23

Stegle, O., Denby, K. J., Cooke, E. J., Wild, D. L., Ghahramani, Z., & 
Borgwardt, K. M. (2010). A robust bayesian two- sample test for de-
tecting intervals of differential gene expression in microarray time 
series. Journal of Computational Biology, 17(3), 355– 367. https://doi.
org/10.1089/cmb.2009.0175

Strader, M. E., Kozal, L. C., Leach, T. S., Wong, J. M., Chamorro, J. D., 
Housh, M. J., & Hofmann, G. E. (2020). Examining the role of DNA 
methylation in transcriptomic plasticity of early stage sea ur-
chins: Developmental and maternal effects in a kelp forest herbi-
vore. Frontiers in Marine Science, 7, 205. https://doi.org/10.3389/
fmars.2020.00205

Tarrant, A. M., Helm, R. R., Levy, O., & Rivera, H. E. (2019). Environmental 
entrainment demonstrates natural circadian rhythmicity in the 
cnidarian Nematostella vectensis. Journal of Experimental Biology, 
222(21), jeb205393. https://doi.org/10.1242/jeb.205393

Tedeschi, J. N., Kennington, W. J., Tomkins, J. L., Berry, O., Whiting, S., 
Meekan, M. G., & Mitchell, N. J. (2016). Heritable variation in heat 
shock gene expression: A potential mechanism for adaptation to 
thermal stress in embryos of sea turtles. Proceedings of the Royal 
Society B: Biological Sciences, 283(1822), 20152320. https://doi.
org/10.1098/rspb.2015.2320

Teets, N. M., & Denlinger, D. L. (2013). Physiological mechanisms of sea-
sonal and rapid cold- hardening in insects. Physiological Entomology, 
38(2), 105– 116. https://doi.org/10.1111/phen.12019

Thomas, L., López, E. H., Morikawa, M. K., & Palumbi, S. R. (2019). 
Transcriptomic resilience, symbiont shuffling, and vulnerability 
to recurrent bleaching in reef- building corals. Molecular Ecology, 
28(14), 3371– 3382. https://doi.org/10.1111/mec.15143

Thomas, L., & Palumbi, S. R. (2017). The genomics of recovery from coral 
bleaching. Proceedings of the Royal Society B: Biological Sciences, 284, 
20171790. https://doi.org/10.1098/rspb.2017.1790

Thomas, L., Rose, N. H., Bay, R. A., López, E. H., Morikawa, M. K., Ruiz- 
Jones, L., & Palumbi, S. R. (2018). Mechanisms of thermal tolerance 
in reef- building corals across a fine- grained environmental mosaic: 
Lessons from Ofu, American Samoa. Frontiers in Marine Science, 4, 
434. https://doi.org/10.3389/fmars.2017.00434

Tian, C., Wang, Y., Yu, H., He, J., Wang, J., Shi, B., Du, Q., Provart, N. J., 
Meyerowitz, E. M., & Jiao, Y. (2019). A gene expression map of shoot 
domains reveals regulatory mechanisms. Nature Communications, 
10(1), 1– 12. https://doi.org/10.1038/s4146 7- 018- 08083 - z

Todgham, A. E., Schulte, P. M., & Iwama, G. K. (2005). Cross- tolerance in 
the tidepool sculpin: the role of heat shock proteins. Physiological 
and Biochemical Zoology: PBZ, 78(2), 133– 144. https://doi.
org/10.1086/425205

Tomanek, L. (2010). Variation in the heat shock response and its implica-
tion for predicting the effect of global climate change on species' 
biogeographical distribution ranges and metabolic costs. Journal 
of Experimental Biology, 213(6), 971– 979. https://doi.org/10.1242/
jeb.038034

Torres, B. Y., Oliveira, J. H. M., Thomas Tate, A., Rath, P., Cumnock, K., & 
Schneider, D. S. (2016). Tracking resilience to infections by mapping 

disease space. PLoS Biology, 14(4), 1– 19. https://doi.org/10.1371/
journ al.pbio.1002436

Vanhatalo, J., Li, Z., & Sillanpää, M. J. (2019). A Gaussian process model 
and Bayesian variable selection for mapping function- valued quan-
titative traits with incomplete phenotypic data. Bioinformatics, 
35(19), 3684– 3692. https://doi.org/10.1093/bioin forma tics/
btz164

Via, S., & Lande, R. (1985). Genotype- environment interaction and the 
evolution of phenotypic plasticity. Evolution, 39(3), 505– 522.

Vierling, R. A., & Nguyen, H. T. (1992). Heat- shock protein gene ex-
pression in diploid wheat genotypes differing in thermal toler-
ance. Crop Science, 32(2), 370– 377. https://doi.org/10.2135/crops 
ci1992.00111 83x00 32000 20019x

Visser, M. E. (2008). Keeping up with a warming world: Assessing the rate 
of adaptation to climate change. Proceedings of the Royal Society 
B: Biological Sciences, 275, 649– 659. https://doi.org/10.1098/
rspb.2007.0997

Waddington, C. H. (1959). Evolutionary adaptation. Perspectives in 
Biology and Medicine, 2(4), 379– 401. https://doi.org/10.1353/
pbm.1959.0027

Ward, A. J. W., Hensor, E. M. A., Webster, M. M., & Hart, P. J. B. 
(2010). Behavioural thermoregulation in two freshwater fish 
species. Journal of Fish Biology, 76(10), 2287– 2298. https://doi.
org/10.1111/j.1095- 8649.2010.02576.x

Wehner, G., Balko, C., Humbeck, K., Zyprian, E., & Ordon, F. (2016). 
Expression profiling of genes involved in drought stress and leaf se-
nescence in juvenile barley. BMC Plant Biology, 16(1), 1– 12. https://
doi.org/10.1186/s1287 0- 015- 0701- 4

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

Whitehead, A., & Crawford, D. L. (2006). Variation within and 
among species in gene expression: Raw material for evo-
lution. Molecular Ecology, 15, 1197– 1211. https://doi.
org/10.1111/j.1365- 294X.2006.02868.x

Willot, Q., Gueydan, C., & Aron, S. (2017). Proteome stability, heat hard-
ening and heat- shock protein expression profiles in Cataglyphis 
desert ants. Journal of Experimental Biology, 220(9), 1721– 1728. 
https://doi.org/10.1242/jeb.154161

Wuitchik, D. M., Wang, D. Z., Pells, T. J., Karimi, K., Ward, S., & Vize, P. D. 
(2019). Seasonal temperature, the lunar cycle and diurnal rhythms 
interact in a combinatorial manner to modulate genomic responses 
to the environment in a reef- building coral. Molecular Ecology, 
28(16), 3629– 3641. https://doi.org/10.1111/mec.15173

Wuitchik, S. J. S., Harder, L. D., Meschkat, C. A., & Rogers, S. M. (2018). 
Physical tidepool characteristics affect age- and size- class distri-
butions and site fidelity in tidepool sculpin (Oligocottus maculo-
sus). Canadian Journal of Zoology, 96(12), 1326– 1335. https://doi.
org/10.1139/cjz- 2017- 0297

Yamahira, K., & Conover, D. O. (2002). Intra- vs. Iinterspecific Latitudinal 
variation in growth: Adaptation to temperature or seasonal-
ity? Ecology, 83(5), 1252– 1262. https://doi.org/10.1890/0012- 
9658(2002)083[1252:IVILV I]2.0.CO;2

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Rivera HE, Aichelman HE, Fifer JE, et 
al. A framework for understanding gene expression plasticity 
and its influence on stress tolerance. Mol Ecol. 2021;00:1–17. 
https://doi.org/10.1111/mec.15820

https://doi.org/10.1111/eva.12370
https://doi.org/10.1111/eva.12370
https://doi.org/10.1111/jeb.12490
https://doi.org/10.1111/jeb.12490
https://doi.org/10.1534/g3.114.010553
https://doi.org/10.1007/0-387-29362-0_23
https://doi.org/10.1007/0-387-29362-0_23
https://doi.org/10.1089/cmb.2009.0175
https://doi.org/10.1089/cmb.2009.0175
https://doi.org/10.3389/fmars.2020.00205
https://doi.org/10.3389/fmars.2020.00205
https://doi.org/10.1242/jeb.205393
https://doi.org/10.1098/rspb.2015.2320
https://doi.org/10.1098/rspb.2015.2320
https://doi.org/10.1111/phen.12019
https://doi.org/10.1111/mec.15143
https://doi.org/10.1098/rspb.2017.1790
https://doi.org/10.3389/fmars.2017.00434
https://doi.org/10.1038/s41467-018-08083-z
https://doi.org/10.1086/425205
https://doi.org/10.1086/425205
https://doi.org/10.1242/jeb.038034
https://doi.org/10.1242/jeb.038034
https://doi.org/10.1371/journal.pbio.1002436
https://doi.org/10.1371/journal.pbio.1002436
https://doi.org/10.1093/bioinformatics/btz164
https://doi.org/10.1093/bioinformatics/btz164
https://doi.org/10.2135/cropsci1992.0011183x003200020019x
https://doi.org/10.2135/cropsci1992.0011183x003200020019x
https://doi.org/10.1098/rspb.2007.0997
https://doi.org/10.1098/rspb.2007.0997
https://doi.org/10.1353/pbm.1959.0027
https://doi.org/10.1353/pbm.1959.0027
https://doi.org/10.1111/j.1095-8649.2010.02576.x
https://doi.org/10.1111/j.1095-8649.2010.02576.x
https://doi.org/10.1186/s12870-015-0701-4
https://doi.org/10.1186/s12870-015-0701-4
https://doi.org/10.1111/j.1365-294X.2006.02868.x
https://doi.org/10.1111/j.1365-294X.2006.02868.x
https://doi.org/10.1242/jeb.154161
https://doi.org/10.1111/mec.15173
https://doi.org/10.1139/cjz-2017-0297
https://doi.org/10.1139/cjz-2017-0297
https://doi.org/10.1890/0012-9658(2002)083%5B1252:IVILVI%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2002)083%5B1252:IVILVI%5D2.0.CO;2
https://doi.org/10.1111/mec.15820

