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Environmental heterogeneity gives rise to phenotypic variation through a combination of

phenotypic plasticity and fixed genetic effects. For reef-building corals, understanding

the relative roles of acclimatization and adaptation in generating thermal tolerance is

fundamental to predicting the response of coral populations to future climate change.

The temperature mosaic in the lagoon of Ofu, American Samoa, represents an ideal

natural laboratory for studying thermal tolerance in corals. Two adjacent back-reef pools

approximately 500m apart have different temperature profiles: the highly variable (HV)

pool experiences temperatures that range from 24.5 to 35◦C, whereas the moderately

variable (MV) pool ranges from 25 to 32◦C. Standardized heat stress tests have shown

that corals native to the HV pool have consistently higher levels of bleaching resistance

than those in the MV pool. In this review, we summarize research into the mechanisms

underlying this variation in bleaching resistance, focusing on the important reef-building

genus Acropora. Both acclimatization and adaptation occur strongly and define thermal

tolerance differences between pools. Most individual corals shift physiology to become

more heat resistant when moved into the warmer pool. Lab based tests show that

these shifts begin in as little as a week and are equally sparked by exposure to periodic

high temperatures as constant high temperatures. Transcriptome-wide data on gene

expression show that a wide variety of genes are co-regulated in expression modules

that change expression after experimental heat stress, after acclimatization, and even

after short term environmental fluctuations. Population genetic scans show associations

between a corals’ thermal environment and its alleles at 100s to 1000s of nuclear genes

and no single gene confers strong environmental effects within or between species.

Symbionts also tend to differ between pools and species, and the thermal tolerance

of a coral is a reflection of individual host genotype and specific symbiont types. We

conclude the review by placing this work in the context of parallel research going on in

other species, reefs, and ecosystems around the world and into the broader framework

of reef coral resilience in the face of climate change.
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INTRODUCTION

Species are often spread across heterogeneous environments, and
populations that experience different temperature regimes can
have markedly different responses and thresholds to thermal
stress (Somero, 2010; Pereira et al., 2016). This is particularly
true for marine organisms that have large geographic ranges
that encompass strong gradients in temperature (Sorte and
Hofmann, 2004; Sagarin and Somero, 2006; Dong and Somero,
2009; Kuo and Sanford, 2009). Understanding the mechanisms
underlying variation in thermal tolerance within and among
species has been a central focus of ecology for decades and
is becoming increasingly urgent as climate change intensifies
environmental stressors and alters species distributions (Somero,
2010; Wernberg et al., 2016).

Thermal tolerance arises primarily through two mechanisms:
acclimatization and adaptation (Chevin et al., 2010; Foo and
Byrne, 2016). Acclimatization refers to the physiological plasticity
that allows an individual to maintain performance across a range
of environments. It represents a physiological response within
an organism’s lifespan, resulting in a phenotypic shift that is
plastic and often reversible. By contrast, adaptation is the result of
environmental selection on beneficial genotypes in a population
(Barrett and Schluter, 2008; Savolainen et al., 2013). Selection is
acting on specific alleles, so these changes are heritable and passed
on to the next generation. Thus, while acclimatization can occur
within a single individual, adaptation acts between generations.

Coral reefs are dynamic yet fragile ecosystems and are
particularly vulnerable to the impacts of climate change (Hoegh-
guldberg, 1999; Hughes et al., 2003; Hoegh-guldberg et al., 2007).
Bleaching sparked by an increase of ocean water temperature
has triggered widespread coral mortality over the past decades,
including global die-offs in the recent 2015, 2016, and 2017 El
Niño years (Hughes et al., 2017). Yet coral reefs occur in a variety
of different temperature regimes, with corals in one area able to
withstand the same warm temperatures that cause bleaching in
their conspecifics from other areas. As the climate warms, natural
variation in thermal tolerance will be a key driver in the capacity
of corals to cope with rapid environmental change (Palumbi et al.,
2014; Dixon et al., 2015; Kleypas et al., 2016); however, there
is still much to learn about the underlying mechanisms driving
thermal tolerance in reef-building corals.

Environments that are characterized by high levels of

temperature variation at fine-spatial scales are ideal settings
to unravel the relative roles of phenotypic plasticity and

adaptation in thermal tolerance while minimizing the impacts
of demographic processes that can confound patterns across

broader spatial scales (e.g., latitude). Furthermore, corals
thriving in present day extreme thermal environments can offer
important insight into the mechanisms of elevated thermal
tolerance and the future capacity for reef corals in general to
cope with a rapidly warming planet. In this review, we summarize
the findings of over a decade of research into the mechanisms of
thermal tolerance in corals of the back-reef pools on Ofu, within
the Manu’a Islands Group of American Samoa. The corals in
these back-reef pools are exposed to a range of tidal temperature
fluctuations that give rise to significant physiological differences

between conspecific corals inhabiting different pools. Focused
on the important reef-building genus Acropora, this work has
shown us that the variation in thermal tolerance among pools
arises from a combination of acclimatization and adaptation
and that there are 100’s of genes involved in each mechanism.
While acclimatization can greatly elevate the thermal tolerance
of individuals at remarkably fine temporal scales, fixed genetic
differences facilitate a level of bleaching resistance that cannot be
achieved through acclimatization within a single generation. To
conclude, we place this work in the context of parallel research
going on in other species and in the broader framework of
resilience in the face of rapid climate change.

THE SETTING

Ofu Island
The natural temperature mosaic in the lagoon of Ofu, in the
Manu’a Islands Group of American Samoa, is an ideal natural
laboratory for studying thermal tolerance in coral. The fringing
reef along the southern coast of Ofu lies in the National Park
of American Samoa and forms a series of back-reef pools with
diverse coral assemblages with ∼80 scleractinian species (Craig
et al., 2001). During low tides the prominent reef crest obstructs
circulation, and water in the back-reef pools becomes stagnant
and heats up. On high tides, the pools experience extensive
flushing (Koweek et al., 2015). As a result, the corals in these
back-reef pools are exposed to wide swings in temperature
and irradiance throughout the tidal cycle (Craig et al., 2001;
Smith and Birkeland, 2007). The most variable of these pools
reach≥34◦C during summer low tides and exhibits daily thermal
fluctuations up to 6◦C. Corals in these variable back-reef pools
have higher stress protein biomarker levels (Barshis et al., 2010)
and faster growth rates (Smith et al., 2007) than exposed fore-reef
populations.

Within the back-reef, two adjacent pools ∼500m apart have
different temperature profiles (Figure 1). The smaller of the
two pools (∼4,000 m2, 1.1m depth at low tide) experiences
temperatures that range from 24.5 to 35◦C, whereas the larger
pool (∼27,000m2, 1.9m depth at low tide) is characterized by
more moderate variation in temperature (25–32◦C) (Craig et al.,
2001). These pools will hereafter be referred to as the highly
variable (HV) pool and the moderately variable (MV) pool,
respectively. Both pools harbor diverse coral assemblages that are
nearly identical in species diversity and percent live coral cover
(Craig et al., 2001).

Standardized Stress Tests
Exploring variation in thermal tolerance among coral
populations from the two pools requires a standardized
assay to measure bleaching resistance. In order to do this, a
portable stress tank system was developed that provides accurate
(within 0.2◦C) controllable temperature profiles that can mimic
field recordings of reef temperatures (Palumbi et al., 2014).
Each tank is made of a 5-gallon cooler equipped with two
Peltier chillers and a 200-watt aquarium heater powered by
a custom-built interface based on a Newport controller. The
typical heat stress profile ramps water temperature from 29 to
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FIGURE 1 | Location of the highly variable (HV) and moderately variable (MV) pools on Ofu, in the Manu’a Islands Group of American Samoa. The plot below shows

the temperature profiles over the summer months for the two adjacent back-reef pools.

34◦C over 3 h starting about 10 a.m. The tanks hold at 34◦C for
3 h, before cooling back down to 29◦C within an hour. For each
heat stress experiment, several coral branches 1–2 cm in length
are collected from a set of colonies and placed in control (29◦C)
and heated experimental tanks in the morning. The temperature
ramp is conducted from 10:00 to 16:00, and bleaching is recorded
the next morning, 20 h after the onset of heat stress. Bleaching
levels seen 20 h after heating in Acropora corals remained stable
in subsequent days of incubation at 29◦C. Heated branches are
then compared to branches from the same colonies from control
tanks, visually scored on a 1–5 scale (Seneca and Palumbi,
2015; Rose et al., 2016), and placed in 3ml of 95% ethanol
for chlorophyll spectrophotometric analyses (Ritchie, 2008).
Samples used for genomic analyses are preserved in RNAlater. It
is important to note that different profiles are needed for species
with different heat responses. For example, Porites corals often
require multiple days of treatment; heat levels high enough to
cause a reaction in 1 day often kill the coral outright.

The Acute Heat Stress Response
Whole transcriptome analysis offers insight into the entire
physiology of an organism under stress and is an emerging
tool used to explore the stress response in natural populations
(Franssen et al., 2011). By combining the portable stress assay
with RNA sequencing technologies, Seneca and Palumbi (2015)

showed that colonies of Acropora hyacinthus from both pools
mount a large and dynamic physiological response to heat stress
that involves thousands of transcripts. These results showed that
acute heat stress broadly affects protein processing, cell cycle,
and metabolism at first, while the later bleaching response is
associated with activity in RNA transport, extracellular matrix,
calcification, and DNA replication and repair (Seneca and
Palumbi, 2015). In addition, high-resolution temporal sampling
every 30min indicated that components of the transcriptome are
significantly upregulated within 90min following the onset of
heat stress (Traylor-knowles et al., 2017a). Spatial gene expression
visualization using histological techniques showed that this stress
response is a complex mix of responses from different cell
types (Traylor-Knowles et al., 2017b). The data suggest that
heat responsive genes occur widely in coral tissues outside of
symbiont containing cells and that an expression response to
bleaching conditions does not itself signal that a gene is involved
in bleaching, but rather may be a component of a generalized
stress response (Traylor-Knowles et al., 2017b).

The environmental stress response in organisms often
consists of a large and dynamic transcriptome response that
involves thousands of transcripts. As a result, sorting through the
swaths of gene expression data for genes that are more important
than others in driving thermal tolerance can be extremely
difficult. One solution to this problem is to focus on groups of
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co-expressed genes rather than looking at genes individually.
Co-regulated gene sets, or transcriptional modules, can
represent distinct physiological units with individual functional
enrichments, environmental responses, and relationships to
physiology that simplify interpretations of the stress response.

The acute heat stress response in A. hyacinthus involves
changes in thousands of transcripts that can be explained as
variation in the expression of a small number of co-regulated
transcriptional modules (Rose et al., 2016). These modules
have various functional enrichments, and the expression of two
modules (Module 10 and Module 12) at the onset of heat stress
predicted bleaching outcome at the 20-h time point. Module
10 was negatively correlated with bleaching and enriched for
extracellular matrix proteins and Module 12 was positively
correlated with bleaching and enriched for sequence-specific
DNA-binding proteins such as transcription factors and zinc-
finger proteins. Focusing on co-regulated gene sets instead of
individual genes revealed that the most abundant classes of
stress responsive genes (e.g., apoptosis genes) are not the most
strongly related to variation in bleaching outcomes. Instead,
the expression of other less abundant classes of genes (e.g.,
ETS-family transcription factors) is more strongly related to
differences in coral bleaching (Rose et al., 2016). These results
point to the fact that less abundant classes of genes occupy
a potentially pivotal place in coral bleaching gene networks.
Extending these analyses to different species and time-points
after the onset of heat stress will help further elucidate the true
relevance of these transcriptional modules in a generalizable
bleaching response.

Pool Differences
Corals native to the HV and MV pools vary in thermal
tolerance. Under experimental heat stress, corals from the HV
pool had higher rates of chlorophyll retention (Palumbi et al.,
2014), photosystem II photochemical efficiency and survivorship
(Oliver and Palumbi, 2011) than the MV pool corals. In addition,
variation in thermal tolerance is reflected in differences in
gene expression. Corals from both pools mounted a broad
transcriptomic response to experimental heat stress (Seneca and
Palumbi, 2015); however, corals from the MV pool had greater
increases in expression of hundreds of genes (Barshis et al., 2013).
A large portion of the genes that are differentially responsive
between pools are constitutively upregulated under control
conditions in corals from the HV pool, suggesting that these
genes may start off with a higher level of expression before heat
stress (Barshis et al., 2013). Transcripts with higher constitutive
expression under ambient conditions in HV corals included
classic heat stress genes such as Hsp70, TNFRs, peroxidasin,
and zinc metalloproteases (Barshis et al., 2013). This constitutive
frontloading in HV pool corals may enable individual colonies to
maintain physiological resilience during frequently encountered
environmental stress.

ACCLIMATIZATION

Phenotypic plasticity can play an important role in the response
of marine organisms to rapid environmental change (Chevin

et al., 2010). This phenomenon can be defined as the capacity
of a single genotype to exhibit a range of phenotypes in
response to environmental variation (Fordyce, 2006). Limits to
acclimatization, the short-term phenotypic adjustment within
an individual’s lifespan, are set by species-specific physiological
constraints (Somero, 2010). Acclimatization is particularly
relevant for long-lived organisms such as corals in the context of
global climate change because this mechanism operates within a
single lifespan of an organism and does not require a population-
level shift in allele frequencies over multiple generations as is the
case with evolutionary adaptation.

Capacity for Acclimatization
Through reciprocal transplantation, acclimatization can be
quantified using the equation I = IF + IA. Here, I represents the
cumulative phenotypic change between two native populations
living in different habitats, measured as the average phenotypic
difference divided by the standard deviation. This value is
comprised of fixed effects (IF) that are determined by the
location of origin of an individual and acclimation effects (IA)
that are determined by an organism’s response to its local
environment. A. hyacinthus colonies from the HV Pool had
higher chlorophyll retention after stress tests than did colonies
from the MV Pool (Figure 2). The difference in chlorophyll
retention between populations was I = 2.45, measured as
the difference in means divided by the standard deviation.
Following a 12-month reciprocal transplantation experiment,
colonies of A. hyacinthus from the MV pool transplanted
to the HV pool showed significantly (p < 0.001) higher
chlorophyll retention during heat stress than the same colonies
native to the MV pool (Figure 2). Acclimatization also works
in the opposite direction, and HV pool corals transplanted
to the MV pool dropped their chlorophyll retention to the
same level as MV pool natives within 12 months. The
overall change in phenotype due to acclimatization (IA = 1.56
SD) was higher but similar to the estimated change caused
by fixed effects between pools (I − IA = IE = 0.94
SD). Monitoring phenotypes in native populations and the
same colonies after transplants indicated that both fixed
effects between pools and acclimatization ability is a primary
feature of coral adaptability to heat extremes (Palumbi et al.,
2014).

Mechanisms of Acclimatization
Transcriptome-wide gene expression analyses via RNA-seq on
reciprocally transplanted A. hyacinthus colonies revealed 74
genes that were differentially expressed between the two pools
when comparing genetically identical coral fragments (Palumbi
et al., 2014). These acclimatization genes had annotations
for several transcription factors, cell signaling proteins, heat
shock and chaperonin proteins, TRAF-type proteins, cytochrome
P450, and fluorochromes. Loci with strong components of
acclimatization include the Tumor Necrosis Factor Receptor-
Associated Factors, the signaling transducers for TNFRs, as
well as Ras and Rab proteins, transcription factors and heat
shock proteins. Overall, 15 out of the 23 transcriptional modules
that comprise the A. hyacinthus stress response system showed
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FIGURE 2 | Thermal tolerance, measured as chlorophyll retention following

acute heat stress, in A. hyacinthus following 14 months of reciprocal

transplantation between the HV and MV pools.

signs of acclimatization after reciprocal transplantation (Rose
et al., 2016). These data suggest that acclimatization is in
part accomplished through the regulation of co-expressed gene
modules.

Rates of Acclimation
To test the rapidity of acclimation, and determine if it
was equally sparked by daily variation in temperature as
it is by constant temperatures, Bay and Palumbi (2015)
exposed colonies of Acropora nana to experimental acclimation
treatments mimicking local heat stress conditions (i.e., a
stable 31◦C and a variable 29–33◦C acclimation treatment). In
both sets of conditions, colonies achieved significant gains in
thermal tolerance within 7–11 days (Bay and Palumbi, 2015):
nubbins acclimated to heat treatments had significantly higher
chlorophyll retention than nubbins from the same colonies
held at 29◦C prior to acute heat stress. After 7 and 11
days, acclimatized and control coral nubbins showed different
transcriptomic responses to acute heat stress. Expression patterns
in the absence of acute heat stress did not change compared
to the original value after acclimation; coral nubbins had the
same baseline transcriptional profiles regardless of whether they
were exposed to a short-term heated acclimation treatment.
However, almost 900 contigs showed differences in expression
levels between acclimated and control corals after acute heat
stress, the majority of which could be clustered into two gene
modules that were significantly enriched for gene ontology (GO)
terms related to carbohydrate metabolism and ribosomal RNA
processing (Bay and Palumbi, 2015). These data show that rapid
acclimation did not change the normal expression levels of any
gene. Instead, rapid acclimation sparked the sensitivity of many
genes to heat exposure—it adjusted the heat response system,
not the normal daily physiology of these corals. This is in
contrast to the front loading mechanism seen by Barshis et al.
(2013) in A. hyacinthus. Those results were from corals native to
either pool, suggesting that frontloading is either a longer-term

acclimation response or is a reflection of genetic adaptation
between pools.

Transcriptome analysis also has shown the impact of very
short term environmental stresses on reefs. High-resolution
transcriptomic and environmental profiling show that regular
exposure to strong tidal cycles triggers a large but transient
transcriptional response in A. hyacinthus (Ruiz-Jones and
Palumbi, 2017). During a 17-day period of daily monitoring,
extreme low tides on days 7 and 8 caused temperatures to
spike to above 31.5◦C, eliciting a transcriptional response in
A. hyacinthus that involved hundreds of genes (Ruiz-Jones and
Palumbi, 2017). These genes could be organized into three co-
regulated gene sets that were enriched for gene products essential
to the unfolded protein response, an ancient cellular response to
endoplasmic reticulum (ER) stress. The response was transient
and returned to normal expression levels after the temporary
heat pulse passed, suggesting a return to homeostasis in the ER
when temperatures drop below 30◦C. Under experimental heat
stress, the expression of these modules increases to levels above
that observed during the extreme low tide, suggesting that the
unfolded protein response becomes more intense during severe
stress.

Symbiodinium and Host Thermal Tolerance
A well-documented driver of thermal tolerance in corals
is based on the flexible association of individual colonies
with Symbiodinium types with inherent differences in thermal
tolerance (Lajeunesse et al., 2004; Rowan, 2004; Berkelmans
and van Oppen, 2006; Jones et al., 2008; Hume et al., 2015).
Sequencing of the chloroplast 23s rDNA from colonies collected
from both Ofu pools showed that corals from the HV pool had
significantly higher proportions of Symbiodinium clade D than
those from the MV pool in five of the seven species examined
(Oliver and Palumbi, 2010). The clade D haplotype recovered was
shown to be heat resistant elsewhere (Rowan, 2004; Berkelmans
and van Oppen, 2006; Jones et al., 2008). Symbiont type alone,
however, could not explain differences in bleaching resistance
between pools: colonies from the MV pool that also harbored
high levels of clade D experienced declines in photosystem II
photochemical efficiencies that were not statistically different
from the MV colonies predominantly harboring clade C (Oliver
and Palumbi, 2011). In addition, there was little evidence for
symbiont switching in A. hyacinthus. Following the 12-months
of reciprocal transplantation, MV pool corals transplanted to the
HV pool showed an increase in thermal tolerance without a shift
in symbiont clade (Palumbi et al., 2014). It is important to note,
however, that these studies focused on clade-level differences
between pools, which remains too course a resolution for studies
of thermal tolerance in corals, as sub-cladal differences in thermal
tolerance have been widely documented (Tchernov et al., 2004;
Jones et al., 2008; Sampayo et al., 2008; Fisher et al., 2012; Hume
et al., 2015).

The Microbiome
The coral microbiome is a far less explored realm of the holobiont
than Symbiodinium. Bacteria have been well-documented to
contribute to the health of other marine organisms and
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FIGURE 3 | Conceptual model for adaptation and acclimatization in generating thermal tolerance.

ecosystems, and metabarcoding approaches have begun to chart
the diverse community of bacteria associated with reef corals
(Ritchie, 2006; Rosenberg et al., 2007; Lema et al., 2012;
Ainsworth et al., 2015; Hernandez-Agreda et al., 2017). Yet, the
relative role of the microbiome in thermal tolerance remains
largely unknown. In Ofu, metabarcoding of the 16S rRNA gene
showed that the microbiome ofA. hyacinthus is different between
the HV and MV pools (Ziegler et al., 2017). Additionally,
following 17 months of reciprocal transplantation, transplanted
colonies shifted their microbial communities to reflect that
of the native colonies. In subsequent short-term heat stress
experiments, the microbial community shifted as a result of
temperature stress in colonies transplanted to the MV pool, but
colonies living in the HV pool bleached less and maintained
their microbial communities. The robust and stable microbiome
of corals from the HV pool was characterized by a consistent
set of microbial taxa that were rare in the corals transplanted
to the MV pool (Ziegler et al., 2017). These results scratch
the surface of the dynamics of coral-microbial interactions. In
particular, they are based on microbial observations at one point
in time. As a result, even though the sampling among pools
clearly shows spatial differences, and the transplant experiments
allow microbial dynamics to be strongly inferred, the dynamics
of microbial communities over space and time is still poorly
explored.

ADAPTATION

Selection favors specific combinations of alleles that confer
beneficial phenotypes (Savolainen et al., 2013) and patterns of
local adaptation often reflect the thermal history of a given
environment. Local adaptation, however, is a balance between

selection and gene flow. When gene flow is high, gene swamping
can replace locally-adapted alleles with maladaptive ones, and
genetic differences between populations are eroded (Tigano and
Friesen, 2016). If selection is strong enough to overwhelm the
homogenizing effects of gene flow, then locally adapted alleles
maintain moderate levels of frequency in the population, and
genetic variation is maintained. This kind of population genetic
model may be common in long lived, sessile organisms such as
redwood trees or corals. Once an individual settles into a location,
its survival, growth, and reproduction may depend upon the
match of its inherent genetics and its habitat. In these cases, a
kind of local lottery selection ensues, in which natural selection
generated on a very local scale determines fitness.

Fixed Effects
Layered on top of the plastic physiological responses are sets
of fixed effects that distinguish populations in the two pools.
Following the 12-month reciprocal transplant experiment, corals
native to theMV pool increased their thermal tolerance but could
not achieve the levels of the HV pool natives (Palumbi et al.,
2014). MV pool corals transplanted to the HV pool retained
significantly less chlorophyll in bleaching experiments than
corals native to the HV pool (68 and 80%, respectively). These
differences reflect limits on the ability of acclimatization to alter
thermal tolerance of a colony, and are ascribed to fixed effects
between localities (Figure 3). Additionally, HV natives have
higher survivorship (22% higher than MV natives) regardless of
where they are transplanted (Bay and Palumbi, 2017), further
evidence of fixed differences between the two pools.

Transcriptome-wide gene expression also identified
expression differences depending strictly on the pool of
origin and not on the final transplant site. Seventy-one contigs
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were identified that differed in expression levels depending
on the origin of the colonies, including TNFRs, galaxin,
superoxide dismutase, immunoglobin e-Fc receptors, and
pinin (Palumbi et al., 2014). For example, TNFR genes showed
a 10-fold difference in expression in colonies native to the
HV pool, regardless of whether they were living in the HV
pool or transplanted to the MV pool 12-months prior. These
results indicate that mediators of coral thermal tolerance
have constitutive expression levels that represent signs of
genetically based local adaptation. They represent expression
polymorphisms that differ between pools. These differences are
also amplified in the transcriptional modules, where genetic
differences between colonies from the two pools result in
constitutive differences in expression of transcriptional modules
(Rose et al., 2016). For example, corals transplanted from theMV
pool to the HV pool had significantly lower expression for Rose
Module 12 under heat stress, but MV pool colonies transplanted
to the HV pool could not achieve the expression levels of the
HV natives. These data suggest that adaptation to thermal stress
is in part driven by fixed genetic differences that regulate the
coordinated expression of groups of genes.

Expression Quantitative Trait Loci
Some of these differences in gene expression can be driven
by higher expression of one allele over another. Expression
quantitative trait loci (eQTLs) are regions of the genome that
contain sequence variants that alter the expression of a gene
associated with a quantitative trait (Gilad et al., 2008). Individuals
that are homozygous for this region—sometimes demarcated
by only a single SNP—have different expression compared to
individuals homozygous for the alternate allele in that region.
Heterozygotes are intermediate, with one allele being expressed
more than the other. In this way, expression variation and SNP
differences are functionally linked. Because they have such a
clear phenotypic effect, expression polymorphisms are a class of
variants on which selection can quickly act.

eQTLs that explain gene expression are common in
A. hyacinthus and clustered in non-coding regions and among
amino-acid changing positions (Rose et al., 2017). Some of these
eQTLs showed differences in allele frequencies between pools
that could be driving the observed expression polymorphisms.
For example, individuals with a putative transcription factor Rab-
1b ortholog showing a TT genotype at position 292 had twice the
expression level of this contig compared with individuals with the
AA genotype. Furthermore, AT heterozygotes show intermediate
expression. These alleles were present at different frequencies
in the HV and MV pools. The A allele was present at ∼50%
frequency in theMV pool but was almost entirely absent from the
more thermally stressful HV pool. As a result, coral colonies in
the MV pool had lower Rab-1b expression compared to colonies
in the HV pool.

These analyses are likely to underestimate eQTL occurrence
because they are based on RNASeq data which ignore several
important regions controlling gene expression, especially gene
promoter regions and introns. However, the data show that
adaptive differences in gene expression between different coral
populations may be related to selection for differences in the

frequencies of gene regulatory variants. Future research will
benefit from utilizing complete gene models (when available)
and focus more closely on regions controlling gene expression,
such as promoters, to build a more complete understanding of
mechanisms driving differences in gene expression associated
with gains in thermal tolerance.

Multi-locus Adaptation
Population differentiation based outlier analyses have shown
that thermal tolerance in A. hyacinthus is associated with 100’s
of genes of small effect (Bay and Palumbi, 2014). Genome-
wide patterns of differentiation between pools is low and non-
significant; however, population differentiation based genome
outlier scans have identified hundreds of SNPs putatively under
divergent selection (FDR-corrected p < 0.05, FST > 0.05 and
bootstrap-resampling tested). Further filtering of these loci
for only those that correlated with individual temperature
measurements (i.e., time spent above 31◦C for each colony)
resulted in more than a hundred loci as likely candidates for
directional selection. Minor allele frequencies for these candidate
loci were higher in the HV pool, instead of having been evenly
distributed among populations as were the non-candidate SNPs.
Across all candidate SNPs, each HV pool coral had higher
frequencies of minor alleles, on average, compared to the MV
pool corals. These results suggest that a large number of loci, each
with individually small effect, are contributing to the fixed effects
we see between pools in thermal tolerance.

SYNTHESIS

Local Adaptation Amidst High Gene Flow
Gene flow is high among back-reef pools in Ofu, yet populations
maintain significant differences in allele frequency at hundreds
of loci (Bay and Palumbi, 2014). This pattern of local adaptation
amidst high gene flow is consistent with the Levene (1953)
model of spatially varying selection, where recruits from a mixed
larval pool are exposed to different selective forces that drive
subtle shifts in allele frequencies between micro-environments
(Figure 4). Local adaptation is a balance between selection and
migration (gene flow), and spatially varying selection develops
into patterns of genetic differentiation only when selection is
strong enough to counteract the effects of gene flow (Savolainen
et al., 2013). Simulation studies show that even alleles that
are not maintained at intermediate frequencies by balancing
selection can contribute to local adaptation; under some
circumstances this could lead to persistence of locally adapted
populations with a shifting set of genomic variants underlying
adaptive differentiation between populations (Yeaman, 2015).
The existence of significant FST outliers which do not appear to be
at stable equilibrium among eel populations that show a Levene-
type system may provide evidence for the importance of non-
equilibrium processes in local adaptation involving polygenic
traits (Gagnaire et al., 2012).

A key question that arises from this research is whether
the spatial patterns of thermal tolerance and local adaptation
identified in the back-reef lagoons of Ofu are ubiquitous
across a range of coral reef systems. Do all reef systems
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FIGURE 4 | The Levene (1953) model of spatially varying selection to explain

patterns of local adaption between pools amidst high gene flow.

harbor thermally resilient locally adapted populations? What
environmental conditions are associated with the presence of
heat adapted alleles? Certainly, the extreme temperature profiles
of the HV pool are not unique to Ofu; corals are found in a
variety of extreme environments and are exposed to temperatures
that would cause bleaching in their conspecifics from other
areas (Coles and Riegl, 2013; Kline et al., 2015; Richards et al.,
2015; Camp et al., 2017). Wide variation in thermal tolerance
and genetic divergence has been reported across latitudes
and at large-spatial scales (Middlebrook et al., 2008; Howells
et al., 2013; Dixon et al., 2015; Thomas et al., 2017), and it
is becoming increasingly clear that locally adapted thermally
tolerant pockets of corals exist at fine-spatial scales within a
variety of coral reef systems (Goreau andMacfarlane, 1990; Smith
et al., 2007; Barshis et al., 2010; Castillo et al., 2012; Kenkel
et al., 2013b, 2015; Schoepf et al., 2015). For example, Porites
astreiodes colonies from the thermally variable inshore patch reef
environment of south Florida have greater thermal tolerance than
offshore populations less than 10 km away (Kenkel et al., 2013a).
These populations exhibit significant spatial genetic structure
(Kenkel et al., 2013b) and reciprocal transplantation experiments
confirmed that the physiological differences observed between
inshore and offshore populations can be attributed to local
adaptation (Kenkel et al., 2015). Similarly, Sideerastrea sidera and
Montastrea annularis populations from the warmer and more
variable back-reef environment of the Mesoamerican Barrier
Reef System have greater thermal tolerance than colonies from
the more thermally stable fore-reef environment (Castillo and
Helmuth, 2005; Castillo et al., 2012). This functional variation

has also been reported at extremely fine-scales; intertidal corals
of the remote Kimberley region in Western Australia experience
aerial exposure and large daily swings in temperature and
populations of Acropora aspera and Dipsastraea sp. have greater
thermal tolerance than their subtidal conspecific counterparts
10’s of meters away (Schoepf et al., 2015); however the genetic
mechanisms remain unknown. Expanding our portfolio of
known “thermally resilient” populations will help fine tune
our understanding of molecular mechanisms governing thermal
tolerance, thereby creating a more robust and potentially
predictive understanding. Common garden experiments show
that once identified, heat tolerant corals can be used in
transplants to generate bleaching tolerant populations and can
significantly improve the success of reef restoration efforts
(Morikawa MK, personal communication).

Local adaptation requires a fitness trade-off, and alleles that
confer thermal tolerance in one environment must confer lower
fitness in the other environment, otherwise a locus would reach
fixation for the allele with the higher fitness (Savolainen et al.,
2013). This is known as reciprocal home site advantage, where
adaptation to one environment comes at a cost of adaptation to
other environments (Hereford, 2009). Fitness related trade-offs
associated with local adaptation appear to be widespread in corals
(Howells et al., 2013; Kenkel et al., 2015; Bay and Palumbi, 2017).
A reciprocal transplantation experiment of Acropora millepora
between central and southern Great Barrier Reef found signals
of local adaptation in fitness related traits including thermal
tolerance, reproduction, and growth (Howells et al., 2013). In
addition, growth trade-offs exist between inshore and offshore
populations of P. astreoides (Kenkel et al., 2015) andM. annularis
(Hudson, 1981) in Florida. Similar fitness tradeoffs exist in Ofu,
and colonies with the highest survivorship in the HV pool grow
less when transplanted to the MV pool (Bay and Palumbi, 2017).
These studies highlight the fact that although some corals are
locally adapted to thermally extreme environments, costs to other
fitness related traits can be high and may impede survival in
foreign environments.

The Genetic Architecture of Thermal
Tolerance
Accurately modeling the adaptive capacity of coral populations
to climate change relies on a concrete understanding of the
genetic architecture of thermal tolerance (Bay et al., 2017a).
Genetic architecture refers to the number, effect size, and
distribution of genes that control a phenotypic trait (Gagnaire
and Gaggiotti, 2016) and can range from a few genes of large
effect (oligogenic) to many genes of small effect (polygenic)
(Jain and Stephan, 2017). Data from Ofu indicate that thermal
tolerance is a polygenic trait, where a number of alleles of small
effect across many different cellular pathways are responsible
for elevated thermal tolerance of the HV pool corals (Bay
and Palumbi, 2014; Palumbi et al., 2014). Polygenic traits
are a common feature of high gene flow species and occur
widely in marine populations (Limborg et al., 2012; Hale et al.,
2013; Pespeni et al., 2013; Laporte et al., 2015; Barney et al.,
2017).
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When selection acts on a phenotype that is driven by a large
number of loci, then large allelic shifts may not be evident
and alleles will rarely reach fixation. Instead, subtle coordinated
changes in allele frequencies across many loci will occur (Berg
and Coop, 2014; Yeaman, 2015; Wellenreuther and Hansson,
2016). Outlier detection software that scan the genome for large
effect loci are thus not capable of providing a complete picture of
the genetic architecture of thermal tolerance in corals. However,
when gene flow is high, as in most broadcast-spawning corals,
adaptation favors the tight clustering of these small effect loci
into regions of reduced genetic distance and into areas under
low recombination (Thompson and Jiggins, 2014; Samuk et al.,
2017). In this case, even though a large number of genes may
contribute to phenotypic variation, specific chromosomal regions
may play a particularly important role in driving evolutionary
change. Experimental designs taking advantage of phenotypic
variation within and among populations spread across variable
environments may help identify these regions. The best example
of this in natural populations comes from a recent meta-
analysis on threespine stickelbacks, where genomic data from
52 populations showed statistically that adaptive alleles tend to
cluster together on chromosomal regions of low recombination
(Samuk et al., 2017).

Recently, Dixon et al. (2015) used inter-latitudinal reciprocal
back crossing to identify two genomic regions of ∼100 cM in
size that strongly respond to heat selection in larval populations
of A. millepora from the GBR. This study paves the way for
future research that explores the genetic architecture of thermal
tolerance in corals; however; it is important to note that studies
on model systems with large sample sizes often exceeding a
thousand individuals still struggle to identify genes of significant
impact for certain phenotypes, representing a cautionary tale for
this pursuit in corals (Rockman, 2012).

Thermal History and Bleaching
Susceptibility
Data from Ofu show that corals have a remarkable capacity to
shift their physiology in response to environmental variation
(Palumbi et al., 2014; Bay and Palumbi, 2015). Early examples of
this phenotypic plasticity come fromwork on photo-acclimation,
where individual colonies showed shifts in morphology and
physiology in response to changes in solar radiation (Dustan,
1973; Willis, 1985; Brown, 1997). For example, reciprocal
transplant studies of Turbinaria mesenterina along a depth
gradient revealed significant changes in morphology depending
on transplant site; colony growth became more vertical in
transplants from deep to shallow water, presumably to reduce
light attenuation (Willis, 1985).

More recently, focus has shifted toward understanding the
plasticity of thermal tolerance in corals, and numerous studies
have identified a direct link between thermal preconditioning and
bleaching susceptibility from both field observations (Castillo
and Helmuth, 2005; Maynard et al., 2008; Thompson and van
Woesik, 2009; Castillo et al., 2012; Shuail et al., 2016) and
experimental manipulation (Brown et al., 2000, 2002; Dove
et al., 2006; Middlebrook et al., 2008; Bellantuono et al., 2012b;

Bay and Palumbi, 2015). For example, Acropora, Pocillopora,
and Porites from the Great Barrier Reef showed lower rates of
bleaching during the 2002 bleaching event than the 1998 event,
despite more intense conditions during the 2002 event (Maynard
et al., 2008). Bellantuono et al. (2012b) showed that short-term
experimental preconditioning to sub-bleaching temperatures
results in gains in thermal tolerance without shifts in symbiont
type (Bellantuono et al., 2012b).

Acclimatization as a mechanism for increased thermal
tolerance, however, is most effective if the rates and limits
match the dynamics of the environment. In the context of coral
bleaching events, heat stress from extreme climatic events that
generally drive bleaching occurs on the time-scale of weeks, so
acclimatization would need to occur within this time-scale in
order to be effective against warming water temperatures. Indeed,
data from Ofu show that significant gains in thermal tolerance
can be achieved within roughly a week of preconditioning (Bay
and Palumbi, 2015). Similarly, studies from other regions and
on other coral taxa have revealed significant gains in thermal
tolerance after days of preconditioning (Brown et al., 2002;
Dove et al., 2006; Middlebrook et al., 2008; Bellantuono et al.,
2012b). For example, Middlebrook et al. (2008) showed that
gains in thermal tolerance in A. aspera can occur in as little
as 48 h of preconditioning. A similar response was observed in
A. millepora following 8 days of experimental preconditioning
to sub-bleaching temperatures (Bellantuono et al., 2012a). That
corals can increase their thermal tolerance this quickly suggests
that short term acclimation may be a key mechanism for
resilience in the face of warming waters.

InA. hyacinthus, elevated thermal tolerance following thermal
preconditioning is in part achieved through transcriptome
dampening, where preconditioned colonies show a lesser-
magnitude response to acute heat stress in certain stress
response genes. This is accomplished through two fundamentally
different pathways depending on the duration of preconditioning
(Figure 5). Short-term acclimation is attained through reduced
expression of stress response genes under acute heat stress
(Bay and Palumbi, 2015), whereas long-term acclimatization
involves a shift in baseline expression under control conditions,
referred to as “frontloading” (Barshis et al., 2013; Palumbi
et al., 2014). The dampening of stress response genes following
short-term preconditioning has also been reported in studies
on A. millepora from the Great Barrier Reef, which showed a
lesser magnitude response of genes associated with apoptotic
signaling to acute heat stress following 10 days of preconditioning
(Bellantuono et al., 2012a). Moreover, Gates and Edmunds
(1999) showed that exposure to heat stress triggers upregulation
of heat shock proteins in Montastrea franksi but a return to
normal expression at 12 h despite continued exposure to heat
stress, indicative of acclimatization to elevated temperatures. In
addition, an organism’s physiological response to environmental
change reflects the intensity and frequency of the stressor. For

example, elevated thermal tolerance of inshore P. astreoides
in Florida is achieved through a varying capacity for gene
expression plasticity, where colonies from the more variable
and warmer inshore environment show a higher capacity for
shifting expression of stress response genes than colonies from
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FIGURE 5 | Pathways of acclimatization to elevated temperatures. Short-term

preconditioning results in the reduced expression of stress response genes

during acute heat stress. Long-term preconditioning results in a fundamental

shift in baseline expression of stress response genes (“frontloading”).

offshore sites (Kenkel and Matz, 2016). In Ofu, daily variation
in temperature is frequent enough to spark fundamental shifts
in baseline expression (Barshis et al., 2013), while seasonal
differences in South Florida are not frequent enough to alter
baseline expression but is instead achieved through short-term
expression plasticity (Kenkel and Matz, 2016).

Although phenotypic plasticity of the coral animal is one
mechanism of acclimatization to environmental stress, the
dynamic symbiotic relationship with dinoflagellates of the genus
Symbiodinium offers an additional pathway to elevated thermal
tolerance (Berkelmans and van Oppen, 2006; Jones et al.,
2008; Cooper et al., 2011; Hume et al., 2016). In Ofu, subtle
differences in temperature among pools give rise to differences
in Symbiodinium communities between habitats, with clade D
occurring at higher frequencies in HV pool corals (Oliver and
Palumbi, 2010; Palumbi et al., 2014). This is consistent with a
wide range of literature that have reported high proportions of
clade D in colonies from more thermally extreme environments
or in those that have historically encountered high levels of heat
stress (Baker et al., 2004; Berkelmans and van Oppen, 2006;
Jones et al., 2008; Keshavmurthy et al., 2012). Although there
are clear differences in symbiont communities between pools in
Ofu, colonies of A. hyacinthus show a limited capacity to shuffle
their symbionts when transplanted to a different environment
(Palumbi et al., 2014). Furthermore, the type of symbiont a
coral harbored did not explain differences in thermal tolerance
among pools (Palumbi et al., 2014). These data suggest that
the higher prevalence of clade D in HV corals does not occur
primarily because of symbiont shifts in adult corals as the external
environment changes. Instead, clade C or D dominance may
occur during early settlement stages or at young colony ages.

As is the case with the coral host, however, adaptation and
acclimatization of the symbiont represent additional pathways to
rapid acclimatization and is a rapidly growing area of research
(Howells et al., 2011; Baums et al., 2014; Hume et al., 2016).

Evolution in the Face of Environmental
Change
As the climate warms, changes to the physical and chemical
properties of the ocean pose serious challenges to the future
health of marine populations. This is particularly true for corals
living close to their upper thermal thresholds. Rapid adaptive
responses to climate change are wide-spread in the terrestrial
literature and are predominantly associated with timing of
reproduction and activity (Hoffmann and Sgrò, 2011). Marine
fishes have also shown a high capacity for rapid adaptation
(Bernatchez, 2016; Reid et al., 2016; Vera et al., 2016). For corals,
however, it remains unclear whether populations are capable of
keeping up with the pace of environmental change.

Although reef-building coral populations are experiencing
wide-spread die offs in the Anthropocene (Hughes et al., 2017), in
many ways corals have the necessary tool-kit to cope with near-
future climate change. Firstly, corals generally have large effective
populations sizes with high levels of genetic diversity. Standing
genetic variation is a key component of the adaptive capacity
to environmental change as higher levels of genetic diversity
provide a greater probability of achieving allelic combinations
that confer beneficial phenotypes in the new environment
(Barrett and Schluter, 2008). Secondly, coral species span strong
temperature gradients and as a result likely have an abundance
of genetic variation in traits associated with thermal tolerance.
Thirdly, the main reproductive mode of corals is via broadcast
spawning (Baird et al., 2009), with larvae capable of dispersing
large distances (Ayre and Hughes, 2000; Miller and Ayre, 2008;
Davies et al., 2014). This means that coral populations are
generally characterized by high levels of gene flow, so the
exchange of beneficial genetic variants among populations spread
across large areas is high. Furthermore, a high dispersal capacity
means that they have a high capacity for colonizing novel
habitats that become suitable as isotherms shift poleward. The
rate of expansion of leading edge-populations in the ocean on
average is an order of magnitude higher than that observed
on land (Poloczanska et al., 2013). Fourthly, coral populations
show a remarkable capacity for phenotypic plasticity and can
rapidly shift their physiology to cope with repeated stress events.
Phenotypic plasticity can also be adaptive, and recent studies
show that this trait provides resilience to frequently encountered
environmental variation (Kenkel and Matz, 2016).

Such mechanisms set the stage for short-scale local adaptation
over space but can also allow rapid evolution over time. Unlike
on land where many long-lived animals have limited capacity
for rapid evolution because of long generation times and
low genetic diversity (Romiguier et al., 2014), even long-lived
corals may show adaptability. Bay et al. (2017b) estimated
evolutionary rates in A. hyacinthus in the face of warming
ocean temperatures by examining a high latitude population in
the Cook Islands for the same putative warm-adapted alleles
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found in the more equatorial Samoa archipelago. Under a
multi-locus model in which a colony’s inherent thermal tolerance
was proportional to the number of heat tolerant alleles it
had inherited, they could project the Cook Island population’s
level of heat adaptation under various climate scenarios. Under
this evolutionary model, they predicted successful adaptation
under mild buildup of atmospheric CO2, but failure under
more extensive CO2 emissions. Such predictions are sensitive
to the evolutionary models used and the genomic architecture
of adaptation—for example if thermal tolerance alleles are
clustered in short genomic regions as in Dixon et al. (2015),
then evolutionary adaptation might be more rapid. There is
also an interaction between acclimatization and adaptation. An
acclimated individual experiences less environmental stress than
a non-acclimated individual, and stress induced fitness loss
may be less. This has been called the “Beneficial Acclimation
Hypothesis” (Kingsolver and Huey, 1998), and the process of
natural selection on tolerance of extremes may be slower in
such cases (Seebacher et al., 2014). This increases population
fitness in the short term, but may decrease it in the long term.
Such a situation may be observed on the Great Barrier Reef

when protective pulses of short-term, warm water occur before
bleaching events (Ainsworth et al., 2016).

These overlapping mechanisms of adaptability will play a key
role in the future of coral populations as they encounter climate
change over the next century. Whether they are sufficient to
allow populations to persist, and over what spatial scales, is a key
question. The layered capacity of adaptability in corals is a major
asset to their population persistence under some future climate
scenarios. Research on the capacity of corals to persist despite
local, global, and existential threats will require multi-species,
multi-stressor, and multi-disciplinary efforts.
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