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Abstract

Physiological plasticity and adaptive evolution may facilitate persistence in a changing 
environment. As a result, there is an interest in understanding species’ capacities for plastic 
and evolved responses, and the mechanisms by which these responses occur. Transcriptome 
sequencing has become a powerful tool for addressing these questions, providing insight into 
otherwise unobserved effects of changing conditions on organismal physiology and variation in 
these effects among individuals and populations. Here, we review recent studies using comparative 
transcriptomics to understand plastic and evolutionary responses to changing environments. 
We focus on 2 areas where transcriptomics has played an important role: first, in understanding 
the genetic basis for local adaptation to current gradients as a proxy for future adaptation, and 
second, in understanding organismal responses to multiple stressors. We find most studies 
examining multiple stressors have tested the effects of each stressor individually; the few studies 
testing multiple stressors simultaneously have found synergistic effects on gene expression 
that would not have been predicted from single stressor studies. We discuss the importance of 
robust experimental design to allow for a more sophisticated characterization of transcriptomic 
responses and conclude by offering recommendations for future research, including integrating 
genomics with transcriptomics, testing gene regulatory networks, and comparing the equivalence 
of transcription to translation and the effects of environmental stress on the proteome.

Subject areas: Molecular adaptation and selection
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Both evolution and phenotypic plasticity can facilitate the persis-
tence of vulnerable species and populations during periods of envi-
ronmental change (Bell and Gonzalez 2009; Chevin et al. 2010). As 
a result, there has been rapid growth in the past decade in research 
seeking to understand both plastic and evolved responses to global 
change stressors (Hoffmann and Sgrò 2011). Simultaneously, the 
advent of next generation sequencing has made genomic resources, 

especially transcriptomics (RNA-Seq), available to nonmodel organ-
isms (Wang et al. 2009; Alvarez et al. 2015), allowing new ways to 
understand organismal responses to the environment.

The transcriptome is the entire set of RNA transcripts produced 
by a cell, tissue, or organism, and can change depending on develop-
mental stage or environment. Comparative transcriptomics seeks to 
understand variation in the transcriptome across a variety of axes: 

D
ow

nloaded from
 https://academ

ic.oup.com
/jhered/article/107/1/71/2622831 by guest on 21 August 2022

http://www.oxfordjournals.org/
mailto:morgankelly@lsu.edu?subject=


among individuals, populations, and species, in response to various 
sources of environmental variation, and over time. Changes in the 
abiotic environment are ultimately translated into population-level 
effects through their consequences for organismal physiology and 
fitness. Therefore, the utility of comparative transcriptomics stems 
from its potential to elucidate the linkage between the organism and 
its environment, opening the “black box” of organismal physiology.

In this review, we will highlight the ways that transcriptomics 
can be used to understand both plastic and evolutionary responses 
to changing environments, focusing on ectothermic organisms. We 
will focus on 2 areas where we feel transcriptomics plays a par-
ticularly important role: first, in understanding the genetic basis 
for adaptation to current environmental gradients, and second, in 
understanding the physiology of organismal responses to multiple 
stressors and how responding to multiple stressors simultaneously 
might constrain both plastic and evolved responses to changing envi-
ronments. We will discuss the importance of a well-planned experi-
mental design and conclude with some thoughts on future research 
priorities for the application of transcriptomics to understanding 
biological responses to changing environments. 

Evolution, Plasticity, and the Transcriptome

Evolution and phenotypic plasticity are 2 possible organismal 
responses to changing environments. These processes are not mutu-
ally exclusive, but do occur on different timescales: evolution is the 
change in the genetic makeup of a population over one or more gen-
erations as a result of differential reproductive success or survival 
among genotypes. By contrast, phenotypic plasticity is a change in 
phenotype within a single organism (or a single genotype) within a 
generation in response to the environment. It is important to distin-
guish between these 2 responses in the context of global change stud-
ies for several reasons. Plastic responses are elicited within a single 
generation, but unlike evolution, are not expected to produce addi-
tional change over successive generations beyond the range achieved 
in the initial response. As a result, the buffer provided by plasticity is 
more immediate, but also potentially more limited (although plastic-
ity itself can evolve, Via and Lande 1985). Plastic responses are also 
available to all individuals in a population, whereas evolution, by 
definition, results from the differential success of some genotypes 
over others. As a result, the costs of the 2 responses are different—
the costs of evolutionary change are demographic (some individuals 
die, or do not reproduce) (Haldane 1957), whereas the costs of plas-
tic responses are experienced at the level of organismal physiology 
(the energetic costs of producing a particular set of structures or 
molecules) (DeWitt et al. 1998).

Transcriptomic data can provide insight into both plastic and 
evolutionary responses to changing environments. Because the tran-
scriptome is itself a phenotype, it is produced by the joint effects of 
the organismal genotype (G, the product of evolution), environment 
(E, plasticity), and the genotype by environment interaction (G × E, 
genetic variation in plasticity) (Rockman 2008; Levine et al. 2011; 
Zhou et al. 2012). Comparative transcriptomics can provide insight 
into any or all of these contributions to species’ responses to envi-
ronmental change, showing how much of the response is driven by 
effects of the environment (E), versus variation among individuals 
in their response to the environment (G × E). Many transcriptomic 
studies have focused on the environmental component of the tran-
scriptomic phenotype, comparing the transcriptomes of individuals 
or populations in control versus experimental treatments. Fewer 

studies have used a common garden approach where the environ-
mental component is controlled to test the contribution of genotypes 
or genotype by environment interactions to transcriptomic pheno-
types. Such common garden experiments are a useful way to distin-
guish between plastic versus evolved transcriptomic responses. For 
example, Pespeni et al. (2013) maintained Strongylocentrotus purpu-
ratus sea urchins collected from a northern and southern population 
in a common garden for 3 years, but still found differences in gene 
expression between the 2 populations, indicating evolved transcrip-
tomic differences. In contrast, transcriptomic differences observed 
between Zonotrichia capensis rufous-collared sparrows sampled at 
low and high altitudes were no longer significant after the birds had 
been held in a common garden, suggesting these differences were 
driven solely by plasticity, and not by evolved differences between 
the 2 populations (Cheviron et al. 2008).

A complication of interpreting transcriptomic responses is that 
they are largely “upstream” of traits that will affect fitness. Because 
transcriptomic data are highly multivariate, it is often difficult to 
draw causal linkages between components of the transcriptome 
and those aspects of the organismal phenotype more directly tied 
to fitness. Nevertheless, the fine-grained nature of transcriptomic 
data also provides substantial advantages. Differences among popu-
lations in the transcriptomic responses to environmental stressors 
might provide evidence for adaptive differences not previously 
observed through measurement of macroscopic response variables. 
Similarly, nonadditive transcriptomic responses to multiple stress-
ors might provide evidence of previously unobserved physiological 
trade-offs.

Leveraging Environmental Gradients to Test 
the Genomic Basis of Adaptation

Evolutionary change depends on genetic variation. One way to 
understand whether a species is likely to adapt to environmental 
change over time is to measure evolved differences along current 
environmental gradients in space. Transcriptomic studies comparing 
locally adapted populations can “substitute space for time” (Blois 
et  al. 2013), measuring both the potential for adaptation and the 
physiological mechanisms by which adaptation to that environmen-
tal variable occurs. Locally adapted populations might also provide 
the raw material for future adaptation through gene flow from more 
tolerant to less tolerant populations. Therefore, studies of local 
adaptation will help inform efforts aimed at conserving the potential 
for evolutionary responses to future change (Aitken and Whitlock 
2013; van Oppen et al. 2015). In this section, we review recent stud-
ies (see Table 1) that leverage a natural environmental gradient to 
test questions about plastic and evolved transcriptomic responses in 
locally adapted populations.

Temperature
Increasing temperature is the most obvious consequence of global 
change. As a result, many studies have compared the response of 
populations distributed along temperature gradients to ambient and 
elevated temperature treatments using performance and transcrip-
tomic data (Table 1). In 3 of the 8 studies reviewed here, differential 
gene expression between heat stressed and control treatments was 
greater in the thermally tolerant population compared to the ther-
mally sensitive population (whitefly, Mahadav et al. 2009; seagrass, 
Franssen et al. 2014; trout, Narum and Campbell 2015). However, 
in the 5 other studies, the thermally sensitive population had greater 
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differential gene expression between heated and control treatments 
(copepod, Schoville et  al. 2012; coral, Barshis et  al. 2013; snail, 
Gleason and Burton 2015). This suggests that large changes in gene 
expression could indicate an adaptive response, or alternatively, a 
large transcriptomic response could signal greater levels of stress. 
Therefore, inter and intraspecific comparisons of stress responses 
should be interpreted with caution in the absence of additional fit-
ness or performance data. Moving forward, future studies compar-
ing differential expression among sets of orthologous loci across 
taxa as opposed to simply the number of differentially expressed 
genes will be useful in determining whether transcriptomic changes 
under stressful conditions represent a panic response or an adaptive, 
coordinated response in targeted pathways.

Despite their previously demonstrated importance in heat tol-
erance (Feder and Hofmann 1999), heat shock protein (hsp) genes 
were not universally upregulated in response to heat stress. For 
example, although there was high differential expression between 
heat exposed northern and southern populations of the seagrass 
Nanozostera noltii, hsp genes were not upregulated (Franssen et al. 
2014). Barshis et al. (2013) found that of the 78 genes that responded 
identically to heat treatments in the sensitive and tolerant Acropora 
hyacinthus coral populations, typical stress response genes including 
those for hsps, molecular chaperones, and antioxidants were absent. 
These data paint a portrait of organismal responses to heat stress 
that is more nuanced than a simple upregulation of heat shock pro-
teins. Importantly, this view is made possible by whole transcriptome 
sequencing, which lacks the ascertainment bias inherent to qPCR-
based studies of specific candidate genes.

Many studies observed significant differential gene expression 
among populations in the control treatments (Mahadav et al. 2009; 
Barshis et al. 2013; Kenkel et al. 2013; Franssen et al. 2014; Narum 
and Campbell 2015; Gleason and Burton 2015). Some of these 
found that populations varied in constitutive (i.e. baseline) levels of 
gene expression for a given gene or set of genes under control or 
low stress conditions and that some of those same genes were also 
involved in the plastic response to heat stress. For example, Barshis 
et  al. (2013) found that 60 genes upregulated under temperature 

stress in the heat-sensitive corals had a reduced response in the heat-
tolerant corals. These same genes also had higher baseline expression 
in the heat-tolerant compared to sensitive corals under ambient con-
ditions, a phenomenon referred to by the authors as “frontloading.” 
Metabolic genes in heat-tolerant Porites astreoides from inshore 
locations had high baseline expression, consistent with frontloading 
(Kenkel et al. 2013). Gleason and Burton (2015) found molecular 
chaperones and antioxidant genes had higher baseline expression in 
southern versus northern control Chlorostoma funebralis snail popu-
lations but were not differentially expressed in southern populations 
under heat stress. Finally, in Zostera marina seagrass, heat respon-
sive genes were more highly expressed in the southern population 
than the northern population in both control treatment (i.e., higher 
baseline expression) and heat-stressed treatments. Higher baseline 
expression of key stress response genes noted by these studies might 
represent an evolved response to a frequently encountered stress that 
allows tolerant populations to initiate a reduced, and hence more 
efficient, change in gene expression. Frontloading is also interesting 
from a theoretical standpoint, as it provides a link between plastic 
and evolutionary processes: evolutionary adaptation to a gradient in 
environmental stress in these cases appears to have occurred through 
baseline upregulation of the plastic response to that stressor. At this 
point however, the number of studies demonstrating front-loading 
are relatively small. More data are needed to understand whether 
it represents a general mechanism for adaptation to environmental 
stress.

One of the challenges when making comparisons between popu-
lations along a gradient is distinguishing between differences driven 
by adaptation to the gradient and differences that are due to drift 
(Khaitovich et al. 2004) or other sources of selection that co-vary 
with the variable of interest (Harrison et  al. 2012; 2014). Dayan 
et al. (2015) present one possible solution to this problem, using a 
phylogenetic comparison to differentiate between neutral and adap-
tive variation in gene expression in the killifish Fundulus heteroclitus 
and its sister species F. grandis acclimated to different temperatures. 
Under neutrality, northern and southern populations of F. heterocli-
tus should be more similar to each other than either is to F. grandis; 

Table 1. List of recent studies using transcriptomic data to examine the response of individuals and populations to environmental stress

Taxon Variable Populations compared Citation

Corals (Acropora hyacinthus) Temperature Highly and moderately 
variable reefs

Barshis et al. (2013)

Corals (Porites astreoides) Temperature Offshore and inshore 
reefs

Kenkel et al. (2013)

Snails (Chlorostoma funebralis) Temperature North and south  
populations

Gleason and Burton 
(2015)

Seagrasses (Zostera marina and  
Nanozostera noltii)

Temperature Subtidal and intertidal, 
north and south  
populations

Franssen et al. (2014)

Redband trout (Oncorhynchus  
mykiss gairdneri)

Temperature Desert and montane 
populations

Narum and Camp-
bell (2015)

Copepods (Tigriopus californicus) Temperature North and south  
populations

Schoville et al. (2012)

Whiteflies (Bemisia tabaci) Temperature B and Q biotypes Mahadav et al. 
(2009)

Killifish (Fundulus heteroclitus) Temperature North and south Dayan et al. (2015)
Sea urchins (Strongylocentrotus purpuratus) Ocean acidification Low and high pH Evans et al. (2013)
Sea urchins (Strongylocentrotus purpuratus) Ocean acidification Low and high pH Pespeni et al. (2013)
Coccolithophores (Emiliania huxleyi) Ocean acidification Experimental evolution Lohbeck et al. (2014)
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however, natural selection may drive non-neutral patterns of gene 
expression correlated with environmental conditions, not species 
boundaries. The authors used a 2-way ANOVA to compare the mean 
gene expression of a cold-adapted northern F. heteroclitus popula-
tion to the pooled mean of warm-adapted southern F. heteroclitus 
and F.  grandis populations to find divergent patterns of expres-
sion resulting from natural selection. When intraspecific variation 
exceeded interspecific variation in a direction that correlated with 
temperature, the pattern of expression was considered adaptive. 
Although developmental plasticity and maternal effects could not 
be ruled out in this study, there were non-neutral, likely heritable, 
differences in gene expression among Fundulus populations adapted 
to warm and cold temperatures.

Ocean Acidification
Most global change transcriptomic studies have focused on the 
effects of temperature, but in marine systems, ocean acidification 
(OA) (through the absorption of atmospheric CO2) is another 
important consequence of CO2 emissions (Doney et al. 2009). OA 
causes shifts in seawater chemistry, alterations in biogeochemical 
nutrient cycles, and especially impacts organisms that use calcium 
carbonate to form their skeletons and shells (Orr et  al. 2005). 
Episodic upwelling can bring cold, naturally acidified water to the 
surface (Feely et  al. 2008), so populations in regions of regular 
upwelling could become adapted to local water chemistry condi-
tions (De Wit and Palumbi 2013). Many studies have examined 
plastic responses to OA in marine taxa, testing whether the capac-
ity to tolerate present day pH variation might confer resistance to 
future OA (Evans and Hofmann 2012; Kelly and Hofmann 2013). 
Far fewer have compared these responses among multiple popula-
tions from regions with distinct pH regimes to test for local adapta-
tion to low pH (Table 1).

Studies focusing on coccolithophores and sea urchins point 
to the potential for adaptation to future pH conditions. Lohbeck 
et  al. (2014) found that although the short-term response to OA 
in the coccolithophore Emiliania huxleyi was a downregulation of 
candidate genes involved in growth and calcification, the evolved 
response showed a restoration of gene expression and an upregu-
lation in genes involved in cytosolic pH regulation. Pespeni et al. 
(2013) observed higher expression in genes involved in growth and 
biomineralization in southern versus northern S.  purpuratus sea 
urchins. These results matched data showing southern urchins had 
faster spine regeneration rates, pointing to evolved, and potentially 
adaptive, differences among urchin populations in traits related to 
the response to OA.

In contrast to Pespeni et al. (2013), the results from Evans et al. 
(2013) did not strongly support the potential to persist under future 
OA conditions in S.  purpuratus. Evans et  al. (2013) found tran-
scriptomic differences between developmental stages in the urchins 
with early stage larvae having a greater response to increased OA 
compared to later stage larvae. Although the early stage larvae had 
a large transcriptional response to the treatment corresponding to 
pH levels experienced during present day upwelling, neither larval 
stage responded to increased OA levels predicted for the end of the 
century, suggesting the ability to cope with present day variation in 
pH does not imply persistence under future conditions. However, 
because Pespeni et  al. (2013) and Evans et  al. (2013) tested the 
response to OA in different life stages, adults versus larvae, respec-
tively, it is difficult to draw any firm conclusions about the potential 
for S. purpuratus as a species to adapt to OA based on these results. 
Ideally, future studies to predict species’ persistence under climate 

change would incorporate data from multiple developmental phases 
(see Future Directions section).

Evolutionary Trade-Offs in the Face of Multiple 
Stressors

Most species will experience climate warming simultaneously with 
other changes (Etterson and Shaw 2001; Duputié et al. 2012; Chevin 
2013). As a result, the magnitude and direction of both plastic and 
evolutionary responses to climate change will ultimately depend on 
trade-offs, which occur when a relationship between 2 traits prevents 
them from being simultaneously optimized. Trade-offs occur within 
a single organism when limited energy budgets mean that allocation 
to one function (e.g., stress tolerance) leads to diminished allocation 
to other functions, such as growth or reproduction. Evolutionary 
trade-offs occur because genetic variation and natural selection are 
usually multivariate, and evolution depends on the degree to which 
genetic variation is aligned with the “multivariate direction of selec-
tion” (Blows and Hoffmann 2005). For example, a population might 
possess genetic variation for performance at both high and low tem-
peratures, but if there is a negative genetic correlation between these 
2 traits, it might not be possible to evolve substantially increased per-
formance at both high and low temperatures simultaneously (Berger 
et al. 2014).

Comparing transcriptomic data from multiple studies points to 
possible trade-offs for taxa facing multiple climate change stress-
ors. In corals, which will be exposed to the combined effects of 
increased temperature and acidification in the coming decades, 
temperature stress caused a downregulation of calcification genes 
(Barshis et al. 2013; Kenkel et al. 2013) while acidification led to 
upregulation in genes controlling internal calcium carbonate chem-
istry (Moya et al. 2012). Taken together, these results suggest that 
corals may be constrained in their ability to tolerate both of these 
stressors simultaneously. Transcriptomic data can also illuminate 
the relative importance of co-occurring stressors. In Eastern oysters 
(Crassostrea virginica) from natural populations exposed to a range 
of environmental variables (temperature, pH, salinity, dissolved 
oxygen, and pollutants), temperature and pH had the largest effect 
and influenced gene expression in a nonlinear fashion (Chapman 
et al. 2011). Similarly, the C4 grass Andropogon gerardii mounted 
a greater transcriptional response to heat stress than to desiccation 
stress, but results also suggest it will respond differently to the com-
bined effects of global warming and reduced water availability than 
to either stressor individually (Travers et al. 2010).

Some transcriptomic studies of stress tolerance have revealed 
unexpected tradeoffs. Drosophila melanogaster selectively bred for 
heat tolerance performed better than control flies at high and low 
but not intermediate temperature conditions, as did flies selectively 
bred for cold tolerance, suggesting a trade-off: better performance at 
extreme temperatures at the expense of performance at intermedi-
ate ones (Kristensen et al. 2007). In contrast, salt tolerant Daphnia 
pulex do not seem to pay a cost for their broader tolerance, main-
taining high fitness at nonstressful salinities. However, many of the 
genes involved in salinity adaptation are also involved in the plastic 
morphological response to predators, suggesting that the costs of 
generalization might be experienced as trade-offs on other environ-
mental axes (Latta et al. 2012).

Although temperature and pH elicited different transcriptomic 
responses in the studies mentioned above, some environmental 
stressors could lead to overlapping patterns of gene expression. 
For example, preliminary data from our lab indicate overlap in 
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the transcriptomic response to heat shock and high salinity stress 
in Tigriopus californicus copepods, suggesting that the plastic 
response elicited by one stressor might confer resistance to the 
other. Evolutionary responses in 2 different traits can also be posi-
tively correlated. For example, larvae of adult Sydney rock oysters, 
Saccostrea glomerata, selectively bred for rapid growth and disease 
resistance were more resilient to OA than wild-type oysters (Parker 
et al. 2011).

The few studies that have explicitly tested for transcriptomic 
effects of 2 or more climate change stressors acting simultaneously 
have revealed complex effects on gene expression that would not 
have been predicted from single stressor treatments. Genes differ-
entially expressed in Mytilus galloprovincialis mussels exposed to 
heat stress alone, nickel stress alone, or to heat and nickel stress 
simultaneously fell in distinct functional categories (Mohamed 
et al. 2014). In the symbiotic sea anemone Anemonia viridis, expo-
sure to ultraviolet and thermal stress elicited changes in expres-
sion for 24 genes whose expression was unaffected by either of 
the single stressor treatments (Moya et  al. 2012). When Vidal-
Dupiol et  al. (2014) exposed Pocillopora damicornis coral frag-
ments to increased temperature in the presence and absence of the 
bacteria Vibrio coralliilyticus, they observed upregulation of heat 
shock proteins and some immune genes, but downregulation in 
other immune genes, suggesting thermal stress alters coral immune 
response in complicated ways. For S.  purpuratus sea urchin lar-
vae exposed to both elevated OA and temperature, one group of 
transcripts, dominated by metabolic genes, showed a strong down-
regulation in the 2-stressor treatment but were unaffected by either 
of the stressors individually, suggesting that some stressors might 
magnify each other’s effects (Padilla-Gamiño et  al. 2013). All of 
these results highlight the need for multistressors studies, as the 
synergistic effects they revealed would not have been predicted 
from single stressor treatments.

Interpreting Transcriptomic Data: The 
Importance of Experimental Design and 
Functional Testing

Transcriptomic data are becoming easier and cheaper to collect, but 
without close attention to robust experimental design and statistical 
analyses, data will lack power to answer questions of interest. Here, 
we discuss important considerations for data collection and analy-
ses and examine how functional testing can help determine whether 
transcriptomic responses are adaptive.

Experimental Design
Regardless of whether data are collected by RNA-Seq or micro-
arrays, researchers should adhere to the 3 fundamental aspects 
of experimental design: replication, randomization, and block-
ing (Auer and Doerge 2010). For example, a robust experimental 
design for a hypothetical study to test for intraspecific transcrip-
tomic variation in response to environmental stress would include 
many individuals (replication) from different populations (block-
ing) assigned to different experimental treatments (randomization). 
Although some studies have found technical variation in RNA-Seq 
studies to be low (i.e., read count differences not attributed to bio-
logical differences, Bainbridge et  al. 2006; Marioni et  al. 2008; 
Mortazavi et al. 2008; Hashimoto et al. 2009), others find it to be a 
significant problem (McIntyre et al. 2011; Gilad and Mizrahi-Man 
2015). Technical variation can result from biases in library prepa-
ration (i.e., PCR amplification and reverse transcription artifacts) 

and/or sequencing (i.e., lane and base calling errors). Multiplexing 
barcoded samples and sequencing libraries from the same experi-
mental treatment across multiple lanes will ensure that biological 
and technical variation can be partitioned (e.g., see Figure  4 in 
Auer and Doerge 2010).

Biological replication is also required for robust experimental 
design because it allows the estimation of variability within a treat-
ment group (Granados-Cifuentes et  al. 2013; Seneca and Palumbi 
2015). Although some questions will require deep sequencing (i.e., 
differential expression of exons, alternative splicing), empirical evi-
dence suggests biological replication is generally more important 
than sequencing depth to estimate differential gene expression (Liu 
et al. 2014; Rapaport et al. 2013). For example, Liu et al. (2014) 
found adding sequencing depth beyond 10 million reads per library 
did not improve the power to find differentially expressed genes 
in the human genome while adding biological replicates increased 
power significantly regardless of sequencing depth. However, the 
appropriate number of biological replicates and sequencing depth 
will vary depending on the study system, transcriptome size, genomic 
resources available, and question of interest, and thus should be 
determined on a case-by-case basis.

Another important consideration for studies comparing multi-
ple populations is how to distinguish between neutral and adaptive 
differentiation. Although we have robust null models of nucleotide 
substitution (Kimura 1983), models of gene expression evolution 
are less well developed and often fail to account for the complex-
ity and noise associated with transcriptomic data (Harrison et  al. 
2012). Furthermore, models of transcriptomic change are often 
not sufficiently sophisticated to determine whether changes in gene 
expression are due to neutral divergence among populations or spe-
cies (i.e., genetic drift) or the result of adaptive processes driven by 
natural selection. The development of appropriate null models of 
gene expression changes is essential to further our understanding 
of transcriptome evolution (Khaitovich et al. 2004; Harrison et al. 
2012; 2014).

Researchers must also decide what is the optimal number of time 
points to sample and when to sample them. Many comparative tran-
scriptomic studies collect expression data at a single point, capturing 
only a brief snapshot in time. Ideally, projects that sample multiple 
time points will provide a more complete view of changes in gene 
expression in response to an environmental stressor and how organ-
isms acclimate to the stressor initially and over the long term. For 
example, many studies sampling multiple time points have found 
that despite an immediate, and in some cases extreme, transcriptomic 
response to a stressor, gene expression returns to baseline levels over 
time, a phenomenon called transcriptional resilience (Franssen et al. 
2011). Sampling at 7 time points over 48 h, Telonis-Scott et al. (2014) 
found different isoforms of the stv gene were expressed at different 
times in heat stressed D.  melanogaster individuals. Brennan et  al. 
(2015) found that F.  heteroclitus killifish challenged with salinity 
stress had significant changes in physiology (blood chemistry) and 
gene expression at the 6-h mark with a subsequent return to baseline 
conditions based on 5 samples collected over the next 14 days. In 
Acropora millepora coral juveniles, exposure to acute (3 days) OA 
conditions caused high levels of differential expression, but after a 
prolonged (9-day) exposure, expression of most genes returned to 
the control level (Moya et al. 2015). There was also little overlap 
in the genes responding to the acute and prolonged exposures. In 
temperature-stressed Acropora hyacinthus corals, over a quarter 
of the transcriptome was differentially regulated after a one hour 
exposure, but at the 15-h time point, the early responding genes had 
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returned to control expression levels and a different set of genes was 
successively regulated (Seneca and Palumbi 2015). Had these experi-
ments terminated after a single time point, the authors would likely 
have come to very different conclusions about the stress response of 
their focal taxa.

In the same spirit as increasing the number of time points sam-
pled, quantifying organismal responses over a gradient of environ-
mental variation (as opposed to 2 levels of a single condition) might 
reveal thresholds at which important physiological and transcrip-
tomic transitions take place. For example, F.  heteroclitus killifish 
span an osmotic gradient from fresh to saltwater and are able to 
remodel their gill epithelia as they transition between environments 
(Whitehead et al. 2011). Experiments spanning this salinity thresh-
old have elucidated the precise salinity that triggers this remodeling 
and the genomic basis for this physiological transition (Whitehead 
et  al. 2011, 2013; Brennan et  al. 2015). In a study of geographic 
variation in heat tolerance, Osovitz and Hofmann (2005) exposed 
S.  purpuratus sea urchins to 7  °C temperatures over a gradient 
ranging from 10 to 36  °C and found the incubation temperature 
that induced maximum hsp70 expression differed between Oregon 
(23.8 °C) and California (26.8 °C) populations. 

Wild populations contain individuals across all life stages, and 
we may expect different transcriptomic and phenotypic responses to 
environmental stress in larvae versus adults. If adults easily tolerate 
a stress but larvae are severely affected, conclusions drawn based on 
studies of adults will underestimate the impact of the stressor on the 
species as a whole (Byrne 2011, 2012). On the other hand, one life 
stage might appear to tolerate a stress but at the expense of future 
fitness. For example, several studies have documented phenotypic 
(Sunday et al. 2011; Kelly et al. 2013) and gene expression differ-
ences (O’Donnell et al. 2009, 2010; Padilla-Gamiño et al. 2013) in 
S. purpuratus sea urchin larvae reared under ambient and low pH 
treatments and these effects might be compounded by prior adult 
exposure to OA (Dupont et al. 2012). Although some studies have 
independently tested the transcriptomic response of environmental 
stress in different life stages of a given taxon (Dubansky et al. (2013) 
and Pilcher et al. (2014), embryonic and adult F. heteroclitus killifish, 
respectively), the most robust inferences will be drawn from stud-
ies that follow individuals over development. Although challenging, 
studies that test the response of an organism across life stages or 
test the subsequent fitness effects of environmental stress will better 
inform predictions about how the species will respond and persist in 
the face of global change (Kristensen et al. 2015).

Data Analysis
Early transcriptomic studies used microarrays and serial analy-
sis of gene expression (SAGE) but the field is shifting to RNA-Seq 
(Malone and Oliver 2011; McGettigan 2013) performed on a vari-
ety of sequencing platforms (Oshlack et  al. 2010; Li et  al. 2014). 
Because RNA-Seq is a relatively recent approach the field is still in 
the process of finding the most effective methods for data analyses. 
Recent RNA-Seq analyses have relied heavily on approaches using 
Poison or negative binomial distributions to model gene count data 
and test differential gene expression among treatments (Rapaport 
et al. 2013). However, a method originally developed for microarray 
data (limma, Smyth 2005), has recently been adapted for RNA-Seq 
data and has been shown to lower type I error rates (calling a gene 
significantly differentially expressed when it is not) because it does 
not depend on fitting a negative binomial distribution to the data 
(limma-voom, Law et al. 2014).

Are Plastic Responses Adaptive?
A robust experimental and statistical design will allow for the 
confident identification of differentially expressed genes, but the 
researcher is still left to interpret her results. The difficulty in inter-
preting transcriptomic responses to environmental stress gets to the 
heart of a deeper question in evolutionary ecology: To what extent 
are plastic organismal responses adaptive (Chan et al. 2012)? It has 
been known for some time that plasticity is not always adaptive 
(Grether 2005). For example, maladaptive plasticity can occur in 
extreme environments through loss of homeostasis or because that 
environment had not previously been experienced in the species’ 
evolutionary history (Ghalambor et al. 2007). Plasticity can also be 
maladaptive in unpredictable environments (Reed et al. 2010) and 
might fail to evolve in habitats that are demographic sinks (Holt 
and Gaines 1992). In the case of transcriptomic responses to stress, 
changes in gene expression could confer resilience to that stressor, or 
they could be part of a generalized stress response that does nothing 
to increase organismal tolerance.

Comparing transcriptomic responses to environmental stress 
between locally adapted populations (as summarized above) will 
allow researchers to begin to tease out the portion of the plas-
tic response that is adaptive. However, this approach still faces 2 
challenges inherent in most transcriptomic studies of nonmodel 
organisms. First, most transcripts in de novo assemblies remain un-
annotated, limiting the ability to make connections between gene 
expression and organismal function (Pavey et al. 2012). Fortunately, 
gene ontologies are species-neutral so annotations derived from work 
in model systems can be used to inform work in nonmodel systems 
(Primmer et al. 2013). However, not all species of ecological interest 
have a closely related model, and as much as 3 quarters of a de novo 
assembly might fail to make a blast match to an annotated sequence 
from another organism (Meyer et  al. 2015). Function can also be 
inferred using methods such as InterProScan (Jones et  al. 2014), 
which searches nucleotide or protein sequences against the InterPro 
consortium, a collection of databases containing predictive protein 
models. One drawback to this approach is that the algorithms are 
computationally intensive and parallelization is often needed to ana-
lyze a large number of sequences in a practical time frame (Jones 
et al. 2014). Second, data generated from population comparisons 
are entirely correlative—it is impossible to tell from transcriptomic 
data alone whether expression of a particular transcript actually 
increases tolerance of a particular stress, and comparisons between 
natural populations typically do not allow investigators to separate 
the effects of multiple sources of selection, drift, and population his-
tory (Whitehead et  al. 2013). Clearly, an important next step for 
the field is to move past correlational studies by testing functional 
hypotheses that link adaptive phenotypes to genotypes.

Transcriptome sequencing studies allow for the identification of 
candidate genes and regions that might be responsible for adaptive 
physiological phenotypes but few studies have explicitly tested the 
connection between gene expression and phenotype (Alvarez et al. 
2015). Experimental evolution and reverse genetic techniques are 2 
approaches that identify and test candidate loci predicted to influ-
ence phenotype and fitness. For species that can be bred in the lab, 
experimental evolution, selection experiments, and/or quantitative 
trait loci (QTL) mapping allow researchers to target the genetic basis 
of adaptation to specific stressors (Becks et al. 2012; Norman et al. 
2014). For example, Dhar et al. (2011) evolved Saccharomyces cer-
evisiae under constant salt stress in the lab and used both transcrip-
tomics and whole genome sequencing to discover expression and 
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sequence changes associated with increased fitness under salt stress. 
However, one important caveat to evolve and re-sequence studies is 
that performance of selectively bred lines in the lab might not accu-
rately predict performance under field conditions (Kristensen et al. 
2007).

While traditional forward genetics seeks to determine the genetic 
basis for a phenotypic trait, reverse genetics aims to determine or 
confirm the phenotype that results from variation at a given genetic 
locus of interest. Reverse genetic techniques such as RNA interfer-
ence (RNAi) (Hannon 2002) and CRISPR interference (CRISPRi) 
(Qi et al. 2013) suppress the translation of a putatively adaptive can-
didate gene whose expression is hypothesized to confer an adaptive 
advantage. Once function of the gene is knocked out, researchers 
can test how organismal phenotype and fitness change in response 
to environmental stress. CRISPRi has been used in taxa including 
bacteria, plants, fish, and mammals (Bikard et  al. 2013; Hwang 
et al. 2013; Jiang et al. 2013; Wang et al. 2013) and RNAi has been 
used successfully to quantify the role of putative candidate genes in 
determining phenotype in a wide range of taxa including cnidar-
ians, sponges, flatworms, rotifers, tardigrades, gastropods, arach-
nids, and crustaceans (Barreto et al. 2015 and references therein). In 
RNAi, double stranded RNA (dsRNA) molecules with gene specific 
sequences bind to, and degrade, endogenous mRNAs of a target gene 
before they can be translated, thereby suppressing expression of the 
gene (Fire et al. 1998; Hannon 2002). Barreto et al. (2015) developed 
RNAi for T.  californicus, targeting the heat-shock beta 1 (hspb1) 
gene, which was differentially expressed in thermally sensitive and 
tolerant T.  californicus populations during extreme heat stress 
(Schoville et al. 2012) and is likely an important locus for adaptation 
to temperature. Hspb1 dsRNA was introduced using electroporation 
and successfully knocked down expression of the heat shock gene. 
Copepods treated with hspb1 dsRNA had lower survivorship under 
high temperature stress relative to control copepods, demonstrating 
a clear link between hspb1 expression and thermal tolerance.

Future Directions

As researchers continue to use transcriptomics to understand plastic 
and evolutionary responses to environmental change, we see impor-
tant future directions that will allow increasingly robust interpreta-
tions of transcriptomic data.

Integrating Genomic and Phenomic Techniques and 
Data with Transcriptomics
QTL analysis is a statistical method that utilizes genomic and phe-
notypic data to map phenotypic traits to their underlying genomic 
regions in an attempt to explain the genetic basis of variation in 
complex traits (Doerge 2002). By viewing gene expression as a herit-
able, quantitative phenotypic trait for which there is large within and 
among population and species variation, expression QTL (eQTL) 
analyses borrow genomic linkage and mapping tools to identify the 
genomic regions responsible for regulating gene expression and pol-
ymorphisms within those regions (Gilad et al. 2008; Montgomery 
and Dermitzakis 2011). Although eQTL can be highly context 
dependent and difficult to compare across studies (Box 3 in Gilad 
et al. 2008), eQTL mapping has the potential to provide substan-
tial insight into the evolution of gene regulation and expression. For 
example, Gagnaire et al. (2013) simultaneously mapped phenotypic 
quantitative trait loci (pQTL) and eQTL in ecologically divergent 
limnetic dwarf and normal benthic Coregonus clupeaformis lake 

whitefish. They found multiple groups of eQTL were clustered in 
hot spots at the extreme edges of 14 linkage groups and overlap 
between pQTL and eQTL on 15 linkage groups. The eQTL hotspots 
suggest the presence of master regulatory loci controlling expression 
in lake whitefish (Gagnaire et al. 2013). Rohlfs and Nielsen (2015) 
have also developed a new method that treats gene expression as a 
quantitative trait. Their Expression Variance and Evolution model 
parameterizes the ratio of population to evolutionary expression 
variance. This allows for tests for lineage-specific shifts in expres-
sion and a phylogenetic ANOVA that detects genes with increased 
or decreased ratios of expression divergence to within-population 
diversity, analogous to the HKA test for nucleotide data.

Combining high throughput phenotyping (HTP) with genomic 
and transcriptomic methods has the potential to revolutionize trait 
discovery, allowing tests of hypotheses about the effect of genotype 
and environment on phenotype, and improving phenotypic predic-
tions based on genotypic information (Li et al. 2014). HTP has been 
implemented in lab and field-based studies on plants to noninva-
sively collect time series data on growth, development, canopy tem-
perature, and chlorophyll fluorescence as a proxy for photosynthetic 
function, and could be amenable to other systems (Furbank and 
Tester 2011; Zhang et al. 2012; Brown et al. 2014). For example, 
using a time-lapse imaging HTP approach, Zhang et al. (2012) found 
major genetic components for 3 growth-related traits in Arabidopsis 
thaliana. Topp et  al. (2013) combined high throughput 3D imag-
ing and phenotyping with a multivariate QTL analysis to reveal 
the genetic basis of root architecture in Oryza sativa rice, identify-
ing 89 QTL at 13 hotspots for 25 phenotypic traits. Interestingly, 
some QTL for uncorrelated phenotypic traits were found clustered 
together while other phenotypic traits with almost complete corre-
spondence had QTL that colocalized at only a few loci.

Testing Population Genomics Questions with 
Transcriptome Sequence Data
A handful of studies have tested population genomic questions using 
single nucleotide polymorphism (SNP) genotype data extracted from 
transcriptome sequences. Tepolt and Palumbi (2015) found neutral 
and non-neutral processes drove population structure in the invaded 
and native ranges, respectively, of the European green crab, Carcinus 
maenas, based on 10 000+ SNP loci. Bay and Palumbi (2014) geno-
typed 23 Acropora hyacinthus coral individuals from populations 
known to differ in transcriptomic thermal stress response (Barshis 
et  al. 2013) at 15 000+ SNPs and identified 114 highly divergent 
SNPs as candidates for environmental selection, providing further 
support for genetic differentiation among sites. Despite no signal of 
population differentiation among Haliotis rufescens abalone sam-
pled from 3 sites distinct in temperature, hypoxia, and water chem-
istry, De Wit and Palumbi (2013) found almost 700 SNPs extracted 
from transcriptomic sequences were FST outliers, suggesting genes 
containing these SNPs might be candidate loci for local adaptation. 
De Wit et al. (2015) promote collecting SNPs from transcriptomes 
as a reduced representation technique that retains functional infor-
mation, but potential weaknesses exist. For example, allele specific 
expression, where one allele is more highly expressed than the other, 
will skew genotype frequency estimates, particularly for pooled sam-
ples. Testing for allele specific expression is possible but not trivial. 
One option is to collect supplementary genomic sequence data for 
heterozygote individuals and compare the distribution of the 2 alleles 
to the distribution observed in the RNA-Seq data. Another option is 
to test for allele specific expression across the transcriptome and at 
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specific loci using statistical models, such as the Bayesian framework 
developed by Skelly et  al. (2011). Although debate exists on the 
prevalence of allele specific expression (Lemay et al. 2013; Konczal 
et al. 2014), researchers mining SNPs from transcriptome sequences 
should quantify allele specific expression in their data before esti-
mating allele frequencies (Degner et  al. 2009; Skelly et  al. 2011). 
Another important consideration is whether a single experimen-
tal design or data set can reliably provide the data required to test 
hypotheses about population genomics and differential gene expres-
sion. Undoubtedly, the full potential of transcriptome sequences will 
be further revealed as RNAseq data accumulate.

Using Transcriptomic Data to Identify Gene 
Regulatory Networks
Examining sets of interacting genes in regulatory networks can pro-
vide insight into whether upstream changes in gene expression lead 
to downstream effects on organismal fitness. Additionally, model-
based methods testing coexpression of genes in regulatory networks 
can differentiate between changes in expression due to selection 
and those that evolved due to drift and therefore lack functional 
consequences (Khaitovich et  al. 2004; Oldham et  al. 2006). For 
example, Filteau et al. (2013) used regulatory network analyses to 
find possible targets of natural selection in ecologically divergent 
dwarf and normal C. cupleaformis whitefish by identifying modules 
of coexpressed genes related to phenotypic variation in reproduc-
tion, growth, morphology, and behavior. In contrast, Runcie et al. 
(2012) found that temperature-induced expression changes in 
upstream genes in a S.  purpuratus sea urchin regulatory network 
did not influence expression of the downstream genes they regulate, 
suggesting the downstream genes were buffered against the effects 
of environmental stress and hence shielded from natural selection. 
Incorporating methods to reconstruct and test gene regulatory net-
works will improve our understanding of how genes interact with 
each other, how their expression is regulated, and their functional 
importance to organismal fitness (Cline et  al. 2007; Shojaie et  al. 
2014).

Incorporating the Translatome into Transcriptomic 
Studies
An important assumption in transcriptomics is that all mRNA mol-
ecules transcribed are subsequently translated into proteins and that 
changes in transcription correspond closely to changes in transla-
tion. Although some studies have shown a close link between mRNA 
abundance and protein abundance (Newman et al. 2006), growing 
evidence suggests differences at the mRNA level do not always exist 
at the protein level (Diz et al. 2012; Khan et al. 2013) and the equiv-
alence of transcription and translation is likely to be system (Ueda 
et al. 2012) and/or stressor (Halbeisen and Gerber 2009; Yángüez 
et al. 2013) dependent. Furthermore, mRNA might be targeted for 
degradation before translation by other noncoding RNAs, which are 
increasingly recognized as playing an important role in gene regula-
tion (Morris and Mattick 2014).

Recent studies that have extracted and sequenced premature 
mRNA and mature, ribosome-bound mRNA (total RNA-seq ver-
sus polyribosomal RNA-seq) have suggested that the complexity in 
plant and animal transcriptomes is due in part to the inclusion of 
spurious isoforms and incompletely spliced pre-mature mRNAs that 
do not contribute to functional proteins. For example, Zhang et al. 
(2015) found decreased complexity and diversity in the Arabidopsis 
translatome compared to the transcriptome. A  promising future 

direction for the field of transcriptomics is to explore in more detail 
how environmental stress influences transcription and translation 
and how these 2 biological processes relate to each other and to 
plasticity and adaptation.

Conclusions

Transcriptome sequencing is a powerful tool for testing questions 
about how individuals and populations will respond to climate 
change over ecological and evolutionary timescales. We reviewed 
recent studies measuring the transcriptomic response of locally 
adapted populations to environmental stress and studies test-
ing organismal responses to multiple climate change stressors. 
Transcriptomic studies comparing populations that are locally 
adapted in space might illuminate the mechanisms by which adapta-
tion to that environmental variable might occur through time. One 
mechanism highlighted in several studies provides a possible link-
age between plastic and evolved responses to environmental stress: 
the permanent upregulation of the plastic stress response as a part 
of the evolved response to that stressor in locally adapted popula-
tions. More data are needed, however, to understand whether this 
represents a general mechanism for stress adaptation. We find that 
the few studies testing multiple stressors simultaneously have found 
synergistic effects on gene expression that would not have been pre-
dicted from single stressor studies, highlighting the need for more 
studies testing organismal responses to multiple stressors. The inter-
pretation of transcriptomic data in nonmodel organisms is limited 
by difficulties in separating adaptive from neutral differences among 
populations, incomplete annotations of de novo transcriptomes, and 
the correlative nature of transcriptomic data in general. Future stud-
ies employing functional testing and combining transcriptomic and 
genomic data will help determine the evolutionary significance of 
variation in transcriptomic responses environmental stress among 
populations and species, providing important insights into plastic 
and evolved responses to global change.
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