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Genomics Are Transforming Our 
Understanding of Responses to 
Climate Change

JONATHON H. STILLMAN AND ERIC ARMSTRONG

Genomic approaches are revolutionizing the biomedical sciences, providing new ways in which to approach the development of therapeutic 
practices and the understanding of the causal bases of disease. So, too, do genomics approaches have the potential to transform the way in which 
ecological studies can be conducted by providing powerful tools in which genotype and phenotype data of diverse “wild” populations can be 
measured with a never-before-possible level of fine-scale resolution. In this article, we examine the potential for genomics-enabled approaches to 
aid in understanding the responses of populations to climate change and highlight examples in which these tools have been applied to understand 
physiological adaptation or migration.
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There are three potential outcomes of population   
 responses to climate change: The population can move 

(Chen et  al. 2011, Pinsky et  al. 2013), persist (via local 
adaptation—Pespeni et al. 2013b—or phenotypic plasticity; 
Evans and Hofmann 2012), or die (Franks and Hoffmann 
2012, Savolainen et al. 2013). A central question in ecologi-
cal, evolutionary, and organismal biology is which of these 
outcomes is happening (Kultz et  al. 2013) in order to gain 
predictive understanding of the potential for responses to 
climate change (Sunday et  al. 2014). Although the third 
outcome in response to climate change—dying—is relatively 
easy to measure using simple field surveys of abundance, the 
first two options—moving and adapting—require informa-
tion about the genotype or phenotype of organisms within 
study populations (Stillman 2003, Somero 2011, Franks and 
Hoffmann 2012). DNA sequence data allow scientists to 
characterize these responses to climate change.

We are in the middle of a revolution in DNA sequencing 
technologies that are making DNA sequence data available 
faster and at lower cost than ever before. These technolo-
gies are collectively called next-generation DNA sequencing 
(NGS), as is described below. Next-generation sequencing 
is transforming the way in which biologists generate data to 
study the movement and adaptation of organisms in natural 
populations (Evans and Hofmann 2012, Whitehead 2012, 
Des Marais et  al. 2013, Shaffer and Purugganan 2013). In 
this article, we briefly describe NGS, summarize recent work 

that has leveraged NGS in making inferences about how 
populations have responded to climate change, and discuss 
how additional resources may facilitate this approach more 
broadly.

What is NGS? Next-generation sequencing refers to a number 
of different technological advancements in DNA sequenc-
ing that have been made during the past decade in which 
enormous numbers of short pieces of DNA are sequenced to 
determine their order of nucleotides—specifically, adenine, 
thymine, guanine, or cytosine. Relative to the former gen-
eration of Sanger sequencing (Sanger and Coulson 1975), 
NGS advancements have been made by combining the 
chemical reactions and detection operations involved with 
DNA sequencing and by doing this for many DNA mol-
ecules simultaneously on a massively parallel scale. There 
are several leading technologies used to generate millions 
to billions of sequences that range from 50 nucleotides in 
length to 1000 nucleotides in length. Here, we describe some 
of the currently popular sequencing technologies, although 
these are likely to change with time, because this is a rapidly 
changing area of biotechnology.

The sequencing platform that currently generates the 
largest quantity of DNA sequence data is Illumina sequenc-
ing (www.illumina.com). Illumina generates sequences of 
nucleotides that are from 36 to150 base pairs (bp) long. A 
collection of DNA molecules is fragmented into short pieces, 
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and oligonucleotide (short polymers of nucleotides typically 
less than 50 bp long) adapters are ligated to the ends. Those 
oligonucleotides can contain barcode nucleotide sequences 
that allow DNA molecules from different samples to be 
mixed together on one sequencing lane of the instrument. 
The DNA molecules are spread across the lane where they 
stick to a specific location. Then they are amplified using 
the polymerase chain reaction so that there are many cop-
ies of each DNA molecule at each site on the solid surface. 
Fluorescently labeled nucleotides and DNA polymerase are 
flowed across the sequencing lane in cycles, and an image 
of the sequencing lane is produced after each cycle. Those 
images allow the last nucleotide added to each sequencing 
location to be noted, and the DNA sequence is therefore 
generated by synthesizing the molecule one nucleotide at 
a time. This type of DNA sequencing is known as sequenc-
ing by synthesis. Presently, the Illumina sequencers can 
generate as much as 600 giga-base pairs (Gb) in 11 days, 
using the HiSeq2500 platform, although if far fewer data 
are required, the run time can be as short as 4 hours on the 
Illumina MiSeq platform. The cost per million base pairs is 
just pennies, although the instruments, themselves, are very 
expensive and are typically operated by a commercial or an 
academic genomics core facility.

Other sequencing by synthesis platforms include the 
Roche 454 Life Sciences method (www.454.com), which, like 
Illumina, uses fluorescently labeled nucleotides but has the 
ability to generate DNA fragments up to 1000 bp (although 
only 1 million reads—1  Gb total—are produced per run 
of about 24 hours), and the Life Technologies Ion Torrent 
(www.lifetechnologies.com/us/en/home/brands/ion-torrent.
html), which, unlike Illumina or 454, uses a pH detector that 
senses the protons released during the addition of nucleo-
tides to each growing DNA molecule and can generate up to 
5 million 400-bp sequences (2 Gb total) in less than 8 hours. 
The greater sequence length produced by the 454 platform 
is useful for sequencing whole genomes, whereas the Ion 
Torrent platform dramatically reduces the costs of reagents, 
because no expensive fluorescently labeled nucleotides are 
required.

Next-generation sequencing approaches allow a wide 
range of applications involving analysis of the genome (the 
DNA sequence), the transcriptome (the DNA sequence of 
expressed genes), and the epigenome (DNA sequences that 
have been chemically modified). Next-generation sequenc-
ing can be used for sequencing genomes for the first time 
(de novo) to provide the starting reference material for 
analyses of the transcriptome or the epigenome. Although 
re-sequencing genomes to identify genomic regions where 
mutations persist across populations of individual is within 
the capability of the NGS sequencing technology, often 
methods are used to reduce the genomic regions being 
analyzed to those that are specifically targeted. For example, 
sequencing restriction-site associated DNA markers (RAD-
seq) is often used in ecological studies to identify new single-
nucleotide polymorphisms (SNPs) useful for population 

genetics (Miller et  al. 2007). Amplicon sequencing can be 
used to sequence just a few genomic regions across many 
individuals that are selectively isolated through the poly-
merase chain reaction. Sequencing the expressed genes (the 
transcriptome) is used to generate a snapshot of what genes 
were being activated or repressed at the time the sample was 
taken (messenger RNA-sequencing or RNA-seq), and has 
great utility for making physiological inferences. Identifying 
epigenetic regulation by NGS includes sequencing the 
genes that are methylated or wrapped around histones that 
were specifically modified (e.g., acetylated) to activate or 
repress the expression of those genes (the epigenome). 
Next-generation sequencing can be used to find out which 
genes are regulated by specific transcription factors or other 
proteins through immunoprecipitation of the bound regions 
of DNA (chromatin immunoprecipitation-sequencing; 
Johnson et al. 2007). These and other approaches are mak-
ing NGS technologies increasingly important in ecological 
studies.

The analysis of NGS data involves overcoming com-
putational challenges involved in the correct analysis of 
the sequence data. For example, the billions of sequences 
generated in an Illumina sequencing run must be aligned 
with each other; a process that is challenging at the level of 
algorithm development and computational power. Incorrect 
alignments can lead to errors in estimating gene expres-
sion, genetic diversity, and poorly finished genomes, so 
improving sequencing alignment is an important aspect of 
bioinformatics tool development. Sequence homology—
comparing the DNA sequence of one organism with that of 
another, whether it be from the same species or a different 
species—is important for the identification of what genes are 
represented by the DNA sequence. Functional interpretation 
of those genes represents a third challenge: Many expressed 
gene sequences encode proteins that have no known func-
tion or for which functional roles may be diverse across 
organisms. Despite these challenges, great advancements in 
ecology and functional biology are being made using NGS 
data.

Generating samples for sequencing is possible in just 
about any standard molecular biology laboratory using 
starting materials that can include fresh, frozen, etha-
nol preserved, and archival museum specimens (Bi et  al. 
2013). Next-generation sequencing has been used to analyze 
ancient DNA from specimens found at least partially pre-
served, such as wooly mammoths buried in the ice (Miller 
et al. Nature 2008) or Neanderthals from caves (Mednikova 
et al. 2011). Next-generation sequencing approaches can 
make use of the latter archived or ancient samples, in which 
DNA is partially to wholly degraded because DNA fragmen-
tation is required in the short read technologies, whereas 
these samples are far less useful for conventional DNA 
approaches (e.g., cloning into bacterial plasmid DNA), in 
which longer DNA molecules are typically required.

Although NGS remains costly, the price per base 
sequenced is far less than that of any traditional approach. 
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More important, the time required for researchers to gener-
ate enormous quantities of data is dramatically reduced. The 
savings realized by lowered cost per base pair and salary 
per data point have made it more appealing for many sci-
entists to adopt an NGS approach than a traditional cloning 
approach, even if they are only interested in the sequence 
of one or a few genes; the unneeded data generated in the 
process can be saved for other questions.

A present challenge for making biological inferences 
from NGS data centers around the informatics strategies 
for processing the data to link the short sequences together 
into larger contiguous sequences—so called contigs (Staden 
1979). The ultimate goal is to have those contigs represent 
the entire gene sequence in the original genome. That 
is achieved by linking contigs together into a piece large 
enough (a so called scaffold) to represent a whole chromo-
some, which are the units of DNA in cells. Doing so has 
required new computational approaches in a field known 
as bioinformatics, and the development of computational 
resources capable of processing that information in a reason-
able time frame. Solutions to these informatics challenges 
are presently opening the doors to allow NGS approaches to 
be taken using any organism, although there are still greater 
resources for model organisms for which genome sequences 
are available (e.g., human, mouse, nematode worm, fruit fly).

Next-generation sequencing is transforming all fields of 
biology. In particular, the biomedical fields are using NGS to 
understand diseases and disorders and to develop personal-
ized medical approaches by which therapeutic strategies can 
be tailored to patients in a way that will be most effective. 
Next-generation sequencing is transforming our ability to 
make evolutionary inferences of the diversity of life and 
the origins of specific types of tissues or cellular features 
(e.g., nervous systems, mitochondria). Ecological studies of 
how climate change is affecting populations are also taking 
advantage of NGS approaches, enabling a finer-scale resolu-
tion in shifts of population structure (Savolainen et al. 2013) 
and physiology (De La Torre et al. 2014) than ever before. In 
doing so, ecological genomics has great potential to enhance 
our understanding of local adaptation in response to climate 
change (Savolainen et al. 2013). In this article, we examine 
specific examples of how NGS has changed ecological stud-
ies of climate change responses.

NGS data help scientists measure what cannot be seen or studied 
using conventional methods. Microbial diversity in environmen-
tal samples can be of paramount importance in determining 
how nutrients are cycled in the oceans (Swan et  al. 2013), 
in lakes and rivers (Song et al. 2014), or in soils (Delmont 
et al. 2012). For example, the characterization of microbial 
diversity led to the discovery of the formerly unknown 
anaerobic ammonia oxidation (anammox) portion of the 
nitrogen cycle in marine environments (Strous et al. 1999). 
Understanding that diversity through traditional methods 
of culture and isolation of microbes was dramatically under-
estimating diversity because many of the microbes remain 

unculturable (Epstein 2013, Swan et al. 2013). The applica-
tion of genomics approaches in environmental samples has 
revolutionized our ability to understand the genetic and 
functional diversity of microbial communities (Rappe and 
Giovannoni 2003, Amir et al. 2013, Swan et al. 2013) and has 
led to important new inferences in understanding ecosystem 
responses to climate change (Delmont et al. 2012, Sharp and 
Ritchie 2012).

Next-generation sequencing allows researchers to char-
acterize the populations that they are studying to a higher 
resolution than ever before possible (De Wit et  al. 2012). 
Although genetic markers, specific loci that have variable 
DNA sequences within and among populations, have long 
been used to characterize the genetic differentiation of indi-
viduals within and between locations, those markers have 
become more specific and numerous with NGS approaches. 
For example, genomic scale data can identify thousands of 
SNPs in conserved regions of the genome. Single-nucleotide 
polymorphisms are specific locations in the genome (loci) 
at which one nucleotide is substituted for a different nucleo-
tide (e.g., adenine to cytosine). For example, a study of two 
species of spruce tree—Picea glauca and Picea engelman-
nii, as well as their hybrid crosses—in a hybrid zone used 
hundreds to thousands of SNPs identified in genes related 
to putative selective pressures (e.g., cold hardiness, insect 
herbivory resistance, growth and phenology) to demonstrate 
the physiological adaptation to climate variation among 
individuals of either species or hybrids (De La Torre et  al. 
2014). Similarly, techniques classically used to screen for 
genetic differences among individuals within a population 
using restriction enzymes (e.g., amplified fragment length 
polymorphisms) that were traditionally performed on just a 
handful of genes can now be performed on a genome-wide 
basis (e.g., RAD-seq; see Savolainen et al. 2013 for a review).

Genomic approaches can also help us to understand the 
mechanisms by which adaptation to climate change occurs. 
For example, through inherited gene regulation differ-
ences by epigenetic mechanisms such as DNA methylation 
or histone modification (Bossdorf et  al. 2008, Franks and 
Hoffmann 2012, Brautigam et al. 2013, Yakovlev et al. 2014) 
or through the fixation of specific alleles during adaptive 
shifts (Hohenlohe et al. 2010).

How can NGS help to understand how populations 
move in response to climate change?
One possible consequence of climate change is that indi-
viduals move into locations from which they were previ-
ously excluded because of physical factors, such as cold 
temperatures, or because the effects of those physical factors 
decreased the abundance of a competitive dominant species. 
Range shifts of this type have been demonstrated in many 
ecosystems using phylogeographic methods. For example, in 
the Indo-Pacific Coral Triangle, mitochondrial DNA cyto-
chrome oxidase I haploid genotype mapping in three species 
of giant clams (genus Tridacna) has provided evidence of 
multiple range expansions after the most recent Pleistocene 
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low stand in sea level (Kochzius and Nuryanto 2008, DeBoer 
et al. 2014). Concordant phylogeographic patterns have been 
exhibited in a wide variety of other marine species in this 
region, including the benthic false clownfish (Amphiprion 
ocellaris; Timm and Kochzius 2008), pelagic tuna and mack-
erel (Jackson et al. 2014), and a host of benthic invertebrates 
(Carpenter et al. 2011). The similarities between such eco-
logically diverse taxa provide strong evidence that rising 
sea level after the maximum Pleistocene low stand resulted 
in ecosystem-wide population movements and played a 
strong role in structuring genetic diversity throughout the 
Coral Triangle (DeBoer et al. 2014). Climate-induced range 
shifts have also been demonstrated in a host of Australasian 
bird lineages (Dolman and Joseph 2012); Caribbean and 
Hawaiian reef communities (Rocha et al. 2007); and numer-
ous terrestrial species, with salient examples being the post-
glacial northward expansion of many temperature European 
species (ranging from angiosperms to insects to mammals) 
from Mediterranean refugia (Hewitt 2000).

A benefit of using high-throughput genotyping tech-
niques is that they can allow for sequencing of previously 
poor-quality historical samples, which greatly expands the 
scope of data available to researchers (Morin and McCarthy 
2007, Bi et al. 2013). For example, exome capture, a process 
by which the sequences of coding sequences are specifically 
isolated from genomic DNA extracts (Choi et  al. 2009), 
was used to sequence approximately 11,000 genes from 
early twentieth-century museum skins to test for changes 
in genomic diversity accompanying a climate-related range 
retraction in alpine chipmunks (Tamias alpinus) in the high 
Sierra Nevada mountains of California (Bi et  al. 2013). 
Although NGS methods made it possible to use the museum 
skin archives, a primary benefit of NGS approaches in 
addressing questions of biogeographical range shifts is their 
ability to greatly increase the number of loci that can be 
sampled (Helyar et al. 2011), as well as improving through-
put for increasing sample size. The difference in sampling 
scale between traditional multilocus and genomics-based 
phylogeography can be immense, with the former using tens 
of loci as compared to tens of thousands in the latter (Brito 
and Edwards 2009). However, the most practical applica-
tion of NGS approaches in phylogeography may be when 
there is discordance in distribution patterns revealed from 
studies using single-loci approaches, and the use of NGS as 
a standard approach may not be needed unless discordance 
is observed in single-locus studies (Bowen et  al. 2014). 
However, the ease of generating NGS data may make the 
effort involved in single-locus studies greater if discordant 
data require subsequent NGS application, and is free of the 
challenges associated with choosing the appropriate diver-
gence within the single-locus marker chosen. Because NGS-
based sampling guarantees the best chance of revealing a set 
of markers that have the most appropriate divergence time 
scales for the phylogeographic problem, adopting an NGS-
sampling scheme may be ultimately beneficial, even if a 
single locus is sampled from the NGS data for final analyses. 

In other words, NGS data are the most likely to contain the 
right locus for the question being asked, whereas in a single 
locus approach, there is no guarantee that the a priori infor-
mation regarding the locus of choice holds true for the next 
set of samples.

Next-generation sequencing approaches can also provide 
information on which loci within a population are likely to 
be under selective pressure as range boundaries shift (e.g., 
comparative genomics, quantitative trait loci [QTL] map-
ping). Most phylogeographic studies to date have used puta-
tive selectively neutral markers (e.g., mitochondrial DNA; 
for a debate regarding neutrality, see Galtier et  al. 2009), 
which do not provide insight into the distribution of adap-
tive sequence variation within populations (Stinchcombe 
and Hoekstra 2008, Lexer et  al. 2013). Next-generation 
sequencing technologies offer researchers the ability to 
recognize loci that are subject to selection and therefore 
address questions of adaptive differentiation between locally 
adapted populations (Lexer et  al. 2013). For example, 
a retrospective population genomics analysis of Atlantic 
cod (Gadus morhua) population structure off the coast of 
Greenland used more than 900 SNPs in 847 individuals to 
search for signs of divergent selection over a 78-year period 
(Therkildsen et al. 2013). These researchers identified four 
genetically distinct populations that exhibited increased 
sequence divergence in several genomic regions that were 
consistent with differential local adaption between popula-
tions (Therkildsen et  al. 2013). These results highlight the 
potential of SNP-based NGS approaches for identifying 
genomic regions that are likely to be under selective pressure 
as a result of climate change.

How can NGS help to understand how populations 
persist in response to climate change?
There are two potential ways in which populations persist in 
response to climate change: local adaptation, whereby spe-
cific genotypes are favored as climate conditions change, or 
phenotypic plasticity, whereby existing genetic diversity can 
produce new phenotypes that are equally fit in the changed 
environment. Next-generation sequencing approaches have 
great utility in demonstrating persistence of populations 
during climate change and in distinguishing between these 
two potential modes of persistence. For example, in local 
adaptation, we expect to see cryptic genetic diversity accom-
pany phenotypic diversity, whereas in phenotypic plasticity, 
a single genotype gives rise to observed phenotypic diversity.

Local adaptation. Adaptation to climate change resulting 
in shifted reaction norms to environmental drivers—for 
example, to temperature—has traditionally been assessed 
using fitness traits (e.g., fruiting; Agren et al. 2013), or with 
traits that are correlated to reproductive success (e.g., cold 
hardiness—Hamilton et al. 2013, De La Torre et al. 2014—or 
bud performance; De La Torre et al. 2014). In many organ-
isms, these traits are difficult or potentially impossible to 
measure, and alternative performance traits that derive from 
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NGS data (e.g., the magnitude of gene expression change) 
could allow the detection of shifted reaction norms. Next-
generation sequencing allows us to detect when genetically 
distinct populations may be locally adapted across an envi-
ronmental gradient by changing the magnitude of expres-
sion of the same set of genes or when they express a different 
set of genes by activation of specific allelic variants of mul-
ticopy genes (more than one gene for a particular protein in 
the genome; Franks and Hoffmann 2012) that produce pro-
teins with kinetic properties tuned to the local environment 
(Hochachka and Somero 2002). Next-generation sequencing 
approaches have made it possible to obtain these molecular 
characteristics for any target taxa at unprecedented levels of 
high speed and low cost.

One important question is just how much genomic infor-
mation is required as evidence to detect local adaptation—
or, in other words, how much of the genome shifts in local 
adaptation. An NGS study of inbred lines of Arabidopsis 

established from source populations that 
were locally adapted to differing climates 
established that selection in response 
to climate change can involve relatively 
few genetic markers; only 10–15 QTLs 
were required to explain shifts in popula-
tion reaction norms (Agren et al. 2013). 
Genes from those QTLs regulate flower-
ing time and freezing tolerance, suggest-
ing that regulation of phenology and 
survival to extreme cold temperature 
are two of the most important aspects of 
organismal responses to climate change 
(Agren et al. 2013).

Alteration in gene expression across 
populations in response to shifts in cli-
matic conditions has been demonstrated 
using NGS approaches (figure 1). For 
example, NGS approaches have been 
used to understand the mechanistic 
bases of fixed differences in the heat 
stress temperatures that induce bleach-
ing between two populations of the 
scleractinian coral (Acropora hyacinthus) 
from tidal pools of varying degrees of 
low-tide associated heating (Barshis et al. 
2013). Genes that differed in expression 
under control (non–heat stressed) con-
ditions, representing prestress variation 
among locally adapted corals, indicate 
that regulation of the extracellular matrix 
(cell adhesion, potentially regulation 
of endosymbiotic zooxanthellae algae) 
was upregulated in heat-adapted corals, 
whereas genes typically associated with 
the cellular stress responses (CSR; e.g., 
heat shock protein 70, tumor necrosis 
factor, peroxidases and proteinases) were 

downregulated in the heat adapted corals (Barshis et  al. 
2013). The downregulation of CSR genes is consistent with 
evidence suggesting that there is an evolutionary cost in 
maintaining elevated levels of expression in those genes. 
For example, genes involved in regulation of actin and the 
cytoskeleton, oxidative stress responses, were regulated to 
a much greater extent in heat tolerant corals (Barshis et al. 
2013), a finding that has been shown in other studies of heat 
stress responses among organisms acclimatized to differing 
climatic regimes (Stillman and Tagmount 2009).

Local adaptation to temperature has been demonstrated 
using genomic-scale approaches for the brown trout (Salmo 
trutta), following several generations in common garden 
captive conditions (Meier et al. 2014). Roughly two percent 
of the expressed genes were differentially expressed among 
populations, with a significant fraction of those represent-
ing variants of hemoglobin, the main oxygen transport and 
delivery respiratory protein (Meier et  al. 2014). Given the 
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close relationship between environmental temperature and 
oxygen availability and the narrow thermal optima of many 
salmonid fishes, shifts in respiratory proteins may represent 
an adaptive response to climate variation.

Temperature is not the only climate variable for which local 
adaptation has been shown. Sea urchins (Strongylocentrotus 
purpuratus), living across an upwelling-driven gradient in 
pH variability along the California to Oregon Pacific coast 
have allelic variation at loci that are functionally important 
in response to acidification (Pespeni et  al. 2013b). Allelic 
shifts in genes for ion homeostasis were correlated with dif-
ferences in larval sea urchin performance under the present 
and future conditions of acidification (Pespeni et al. 2013b).

Using microarrays made from genome scale transcrip-
tomics data (Grasso et  al. 2008), Acropora millepora corals 
from different locations were shown to have fixed gene 
expression differences, potentially indicating local adapta-
tion (Granados-Cifuentes et  al. 2013). However, there was 
little correlation between the fixed common-garden differ-
ences in gene expression and the genotype of the host coral, 
suggesting that other factors that influence how expression 
of an organism’s genome is regulated (e.g., symbiotic inter-
actions) could play a large role in shaping patterns of local 
adaptation (Granados-Cifuentes et al. 2013).

Phenotypic plasticity. Genomics-enabled studies of phenotypic 
plasticity, or flexibility in response to changes in important 
climate-change associated drivers (e.g., temperature, pH, 
salinity), can provide information regarding loci of critical 
importance, the potential for populations to persist under 
shifting local conditions, as well as to provide transcripts 
that are regulated with high sensitivity across ecologically 
relevant environmental conditions (i.e., high-resolution bio-
markers) useful for assessment of physiological state (e.g., 
energetics, stress) across ecological or spatial gradients 
(Evans and Hofmann 2012). In many cases, transcriptomics 
projects have been used to generate complementary DNA 
(cDNA) microarrays used in assessing variation in gene 
expression profiles across populations or organisms within 
a population exposed to different conditions. RNA sequenc-
ing is quickly replacing cDNA microarrays as the tool of 
choice for genome-scale inferences regarding physiological 
plasticity, although there are fewer RNA-seq-based studies 
than the number of microarray studies to date.

For example, genome-scale studies have been undertaken 
to understand the capacity of coastal marine organisms to 
respond to the elevated acidity associated with ocean acidifi-
cation (Evans and Hofmann 2012, Evans et al. 2013, Pespeni 
et al. 2013a, 2013b). Sea urchins from pH-variable habitats 
along the California coast show life stage (Todgham and 
Hofmann 2009, Evans et  al. 2013) and population depen-
dent responses to ocean acidification (Pespeni et al. 2013b). 
Although plasticity is certainly of great importance, in cases 
in which local adaptation has been demonstrated, the role 
of plasticity may be muted; differences in gene expression of 
locally adapted S. purpuratus larvae was limited to 32 genes 

across the entire genome (Pespeni et al. 2013b). A microar-
ray study of gene expression changes that correlated with 
shifts in larval morphology showed concordance between 
larval traits (arm length) and genes involved with cellular 
structure (e.g., tubulin, actin) and skeletal formation (e.g., 
spicule matrix proteins) (Padilla-Gamino et al. 2013), pro-
viding important targets for adaptive plasticity.

Next-generation sequencing approaches have been used 
to assess the mechanistic responses to ocean acidification 
in the first phase of benthic life and calcification in corals, 
in what is hypothesized to be a highly sensitive life stage 
(Moya et al. 2012). RNA-seq was used to assess gene expres-
sion differences among A. millepora coral during exposure 
to acidified conditions on days 2–4 after settlement (Moya 
et al. 2012). Genes involved in metabolism and extracellular 
matrix formation were repressed under acidified conditions. 
Unexpectedly, expression of genes putatively thought to be 
of widespread importance in the calcification and ion trans-
port processes were not strongly differentially expressed 
with changes in seawater pH (Moya et al. 2012). A similar 
lack of correspondence between genes identified as integral 
to the calcification process and the expression of those genes 
under acidified conditions has also been demonstrated in 
calcifying phytoplankton, the coccolithophore Emiliania 
huxleyi (Benner et  al. 2013). Repression of metabolic pro-
cesses at the transcriptomic level was also observed in the 
coral Pocillopora damicornis under acidified conditions, 
though in this case genes putatively involved with the calcifi-
cation process were also induced under acidification (Vidal-
Dupiol et al. 2013), unlike in other studies.

Next-generation sequencing-derived biomarkers for 
important physiological processes in corals provide coral reef 
ecologists with new high-resolution tools that can be used to 
assess the health of reefs. Changes in coral fitness-relevant 
physiological processes, such as calcification or bleaching, 
can be characterized by transcriptomic shifts under different 
environmental conditions (Desalvo et al. 2008, Moya et al. 
2012). Monitoring expression, mutation, or other changes in 
those specific transcript biomarkers can provide coral reef 
ecologists a powerful tool for assessing coral health in situ. 
Similar biomarker approaches may be generated in marine 
organisms that occur along a gradient of climate variables in 
temperature (e.g., crab, Stillman and Tagmount 2009; fish, 
Jeffries et al. 2014), heat stress (e.g., scallop, Fu et al. 2014; a 
gradient of pH—e.g., sea urchin, Pespeni et al. 2013b). For 
example, processes involved in enhancing messenger RNA 
(mRNA) stability are regulated following thermal stress in a 
range of organisms (Fu et al. 2014).

Not all increases in the amount of mRNA for a gene (the 
transcript) are reflected in the production of protein encoded 
by that gene; in other words, the processes of transcription 
and translation are not necessarily coupled. Roughly 81% 
of the differentially expressed transcripts of Arabidopsis fol-
lowing thermal stress were associated with polyribosomal 
mRNA (an mRNA molecule that is bound to multiple 
ribosomes), suggesting that those transcripts were actively 
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being translated (Yangueez et al. 2013). Among the actively 
translated differentially expressed transcripts, 95% of the 
genes were repressed in thermally stressed as compared with 
control plants (Yangueez et al. 2013). However, of the 19% of 
the differentially expressed genes that were not likely to be 
translated (i.e., not associated with polyribosomal mRNA), 
only 60% were repressed, suggesting that there was a greater 
equivalence of induction and repression (Yangueez et  al. 
2013). That difference in repression between translated and 
nontranslated transcripts could indicate variation in gene 
regulatory mechanisms in genes whose products are impor-
tant for the heat stress response.

What resources are needed to make NGS 
approaches to understanding responses to  
climate change more easily applied across  
a broad range of taxa?

Genome projects. Genomes of additional nonmodel organ-
isms are needed to fully enable climate change related 
studies using genomics-based approaches such as RNA-seq 
transcriptomics, or RAD-seq and DNA-seq phylogenom-
ics, the study of relatedness using genomics data. Although 
generating genome-scale data at the level of DNA or RNA 
is getting easier and easier, there are still large challenges in 
assembling those data into an annotated representation of 
the chromosomal structure of organisms, or the genome. 
Two genome-sequenced arthropods, the fruit fly Drosophila 

and the water flea Daphnia, have great ecological breadth 
that makes them attractive targets for climate change related 
ecological studies, and Daphnia has principally been hailed 
as the newest genomics-enabled organism for environmen-
tal biology (Colbourne et  al. 2011). Because of their small 
genome size, there are relatively more completed genome 
projects for microbes (figure 2), some of which are of criti-
cal importance in understanding the relationships between 
climate change and planetary biogeochemical cycling (e.g., 
the calcifying marine phytoplankton Emiliania huxleyi; Read 
et al. 2013).

Comparing differential gene expression among popula-
tions or species across environmental gradients related 
to climate change requires the ability to be sure that the 
genes being compared are representing the same genomic 
regions—or, in other words, are homologous. Inferring 
gene homology within a species (paralogy; gene duplication 
leads to multiple gene copies) and across species (orthol-
ogy; genes descended from the same ancestral sequence) is 
difficult when mapping to de novo transcriptomes instead 
of genomes, because de novo transcriptomes are likely to 
have multiple gene models for a particular locus. In addi-
tion, multiple loci in a genome may have coding sequences 
similar enough so that those loci cannot be distinguished 
at the level of the mRNA transcript. Inferences from RNA-
seq studies without a genome reference at best can be con-
sidered hypotheses for further study rather than provide 
definitive answers regarding genomic changes that are 
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Figure 2. The number of available reference genomes and their distribution across the domains of life. The data were 
obtained on 30 September 2014 from the National Center for Biotechnology Information’s Genome Browser (www.ncbi.
nlm.nih.gov/genome/browse) and the Kyoto Encyclopedia of Genes and Genomes’ genome catalog (http://genome.jp/
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occurring during population responses to climate change. 
In addition, the use of SNP data in phylogenomic studies is 
limited without a reference genome because there is no easy 
way in which to assess linkage among the SNPs. Because 
phylogenetic models assume that the genetic markers used 
are independent, if SNPs are actually closely linked on a 
chromosome, they would be in violation of those models. 
Incorrectly assuming independence of loci that are closely 
linked within the genome could potentially bias estimations 
of divergence time because such assumptions would not 
take into account reductions in sequence divergence within 
a subpopulation.

Computational resources. Next-generation sequencing analyses 
are best performed on high performance, multithreaded, 
parallel computing platforms. Genomic-scale sequence 
alignment is an intrinsically parallel process involving mil-
lions to billions of reads being simultaneously compared 
and is an immense computing operation. Although com-
putationally intensive analyses of NGS data (i.e., sequence 
alignment) could be conducted on local desktop computers, 
the time to complete those analyses could be unacceptably 
long. In recognition of the demanding computer infrastruc-
ture required to perform some steps of the NGS analysis 
pipeline, institutionally shared computing resources may be 
the most powerful approach. Although companies involved 
in biomedicine and agribusiness may have the financial 
leverage to obtain their own high-performance comput-
ers, most academic researchers working in environmental 
biology would not have that capital. Luckily, there are other 
ways for environmental biologists interested in using NGS 
approaches to access needed computational resources. For 
example, XSEDE (for Extreme Science and Engineering 
Discovery Environment; www.xsede.org) provides a portal 
for partner institutions who host supercomputers best 
suited for specific computational tasks and make awards to 
researchers, allowing them to access supercomputers needed 
for their research. In addition, distributed cloud computing 
resources (e.g., Amazon, Google) provide an alternative to 
using a single supercomputer or purchasing a local high-
performance computing cluster.

Data storage is a challenge, but the decreased costs of data 
storage devices have made the archival storage of terabytes 
of data far less of an issue than it once was. Nevertheless, 
NGS approaches generate too many data for the current data 
infrastructure (e.g., GenBank) to archive. Because the data 
are costly to generate and have terrific potential and utility 
for future studies, it is imperative that they be archived and 
made available to other researchers. How best to store and 
serve those data? Should research communities invest in 
generating taxon-specific databases to support researchers 
across institutions and international borders (e.g., a crusta-
cean database that would house NGS data for all crustacean 
studies)? Would subsets of those data be housed in biological 
problem–inspired databases in which data of a particular 
type are stored and served together (e.g., a Pacific Rim 

phylogenomics database that would house all NGS data from 
samples in a certain region—e.g., the Pacific Rim)? Should 
there be institutional databases that store and serve all data 
generated at their sequencing facilities (e.g., the University 
of California Berkeley QB3 database)? Should nations invest 
in a new model for a data service that can handle the enor-
mous mass of data generated (e.g., a GenBank-II), perhaps 
based on a cloud computing distributed database structure? 
These are challenges that research communities spanning 
disciplines and international boundaries must meet in the 
near future.

Accessing the computational tools needed for NGS data 
analysis takes some expertise. Although commercial soft-
ware packages are available for analysis of some types of 
NGS data (e.g., genome assembly, transcriptomics, but not 
RAD-seq), the research community in NGS bioinformat-
ics is primarily noncommercial academic users who freely 
distribute and frequently update or modify computing 
code that requires programming expertise in order to use 
it. Relatively few biologists decide to study environmental 
biology because of their love and passion for learning how 
to script in Python or Perl (although R is quite popular). In 
any case, additional training in computer programming and 
the Unix operating system would seem absolutely essential 
for the next generation of genome-enabled scientists.

New computational tools to work with NGS data are con-
tinuously being developed and are helping to better refine 
transcriptome assemblies, sequence read mapping, statisti-
cal analyses, and generating biological inferences from the 
results of those studies. The reader is directed toward the 
Bioconductor portal for updated software resources avail-
able for use in the open-source environment R (Gentleman 
et  al. 2004). Tools for network analyses of differentially 
expressed genes is an area for continued focus as network 
visualizations are complex, and it can be difficult to infer 
biological functional significance from them (e.g., Fu et al. 
2014).

Funding. Genomics tools, as well as any cutting edge tools in 
the biological sciences, are always likely to be expensive. The 
biomedical and agribusiness industries that are driving the 
development of new technologies in biology are exception-
ally well funded relative to environmental biologists study-
ing biotic responses to climate change. Broad scale adoption 
of NGS approaches by environmental biologists will require 
new thinking about how to fund researchers or research 
consortia who are attempting to use the best available tools 
to tackle what may be one of the largest but most poorly 
funded problems facing society today—understanding and 
mitigating the impacts of climate change.

Conclusions
Next-generation sequencing approaches are fundamentally 
changing the way in which environmental scientists under-
take studies to understand how organisms are responding or 
may respond in the future to climate change. Never before 
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have scientists been able to generate so many data about 
the genomes of an organism in such little time. We are just 
at the dawn of the genomics era in environmental biology, 
but we have already learned much that would not have been 
possible using traditional molecular biology approaches. In 
the relatively few examples to date, NGS approaches have 
resulted in finer scale resolution of population structure, 
have identified local adaptation, and have characterized the 
loci most likely to be adaptive in response to climate change. 
In order to leverage fully the available NGS tools for the 
climate change research of tomorrow and beyond, we need 
more training, more computing, and more money.
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