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ABSTRACT

By investigating evolutionary adaptations that change physiological functions, we can enhance our
understanding of how organisms work, the importance of physiological traits, and the genes that
influence these traits. This approach of investigating the evolution of physiological adaptation has
been used with the teleost fish Fundulus heteroclitus and has produced insights into (i) how protein
polymorphisms enhance swimming and development; (ii) the role of equilibrium enzymes in modu-
lating metabolic flux; (i) how variation in DNA sequences and mRNA expression patterns mitigate
changes in temperature, pollution, and salinity; and (iv) the importance of nuclear-mitochondrial
genome inferactions for energy metabolism. Fundulus heteroclitus provides so many examples of
adaptive evolution because their local population sizes are large, they have significant standing
genetic variation, and they experience large ranges of environmental conditions that enhance the
likelihood that adaptive evolution will occur. Thus, F. heteroclitus research takes advantage of evolu-
tionary changes associated with exposure to diverse environments, both across the North American
Atlantic coast and within local habitats, to contrast neutral versus adaptive divergence. Based on
evolutionary analyses contrasting neutral and adaptive evolution in F. heteroclitus populations, we
conclude that adaptive evolution can occur readily and rapidly, at least in part because it depends
on large amounts of standing genetic variation among many genes that can alter physiological
traits. These observations of polygenic adaptation enhance our understanding of how evolution
and physiological adaptation progresses, thus informing both biological and medical scientists
about genotype-phenotype relationships. © 2020 American Physiological Society. Compr Physiol
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Didactic Synopsis

Maijor teaching points

Evolutionary studies in the small teleost fish Fundulus hete-
roclitus have revealed how genetic variation influences bio-
chemical and physiological function.

These findings include

— Genetic variation between LDH-B alleles that alters
swimming abilities and development.

— DNA sequence variation that changes LDH-B enzyme
expression.

— Quantitative differences in glycolytic enzyme expres-
sion related to thermal environment and how they mod-
ify cardiac metabolism.

— mRNA expression changes that are influenced by phys-
iological acclimation and alter metabolism.

— Population-specific variation in DNA sequences
and mRNA expression that mitigates variation in
temperature, pollution, and osmotic environments.
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— DNA sequence variation within and between nuclear
and mitochondrial genomes and their interactions that
alter mitochondrial metabolism.

e Based on research contrasting neutral and adaptive
hypotheses, we suggest adaptive evolution in Fundulus
is common because local populations have significant
standing genetic variation and adaptive evolution typically
proceeds by polygenic selection.

* If evolutionary adaptation often proceeds by polygenic
selection involving small changes in allele frequencies in
many genes, as is the case in Fundulus, then results from
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Adaptation Within and Among Populations

this system can enhance our general understanding of
biochemical, physiological, and evolutionary processes.

Introduction: Evolutionary Physiology

Insights into physiological processes have benefited from
comparisons among species in an evolutionary framework
(15, 17, 66, 72, 162). Much of evolutionary physiology
focuses on comparisons among species, with fewer detailed
studies within species (72, 73). The power of studies among
species is that they provide the widest range of environments
to assay how organisms have evolved physiological traits
to thrive in these environments. Yet, studies of populations
within species that are exposed to different environments
provide a similar perspective allowing an examination of how
trait variation relates to Darwinian fitness in nature (17, 184)
as well as addressing the genetics of adaptation (9, 10, 184).

In this article of the small estuarine teleost F. heteroclitus,
we focus primarily on differences among populations within
the species with some data among other closely related species
to provide phylogenetic context for adaptation (sensu) (71,
72). Importantly, in this article, the term “adaptation” strictly
refers to the evolution of a trait by natural selection. We do this
to avoid the confusion with physiological plasticity (acclima-
tion or acclimatization), where a trait is adjusted in an organ-
ism’s lifetime by physiological processes (72).

Fundulus heteroclitus as a Model for
Studying Physiological Adaptation

In Spartina saltmarsh estuaries along the eastern North
American coast, the tide rolls in and then drains the estuary
through sets of interconnecting tidal creeks teeming with
small teleost killifish (F. heteroclitus). In these saltmarsh
estuaries, F. heteroclitus is a dominant and ecologically
important species (101) with biomasses that can exceed a
dry mass of 160kg/ha (190) and with effective population
sizes that can exceed 100,000 (60). For vertebrates, this large
effective population size makes F. heteroclitus an outstanding
model system for investigating adaptive evolution in physi-
ological traits and the ways that animals have evolved to a
changing environment.

The estuarine environments that F. heteroclitus inhabit are
highly variable for a wide range of abiotic factors. Diurnal
tidal cycles produce dramatic variations in the physical
environment (1, 31, 161): temperatures can increase daily
to greater than 30°C in upper estuaries or plunge to 12 to
15°C with incoming cold tides (172); salinity can vary from
nearly freshwater due to heavy rains to salinities greater
than seawater in desiccating ponds (1, 76, 207); oxygen
concentrations can vary from anoxic to supersaturated (177).
E. heteroclitus’ ability to mount physiological responses to
tolerate these conditions is well documented (31, 44, 48, 139,
161, 168, 199, 207).
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In addition to variation within a local environment, habi-
tats only kilometers apart can experience large differences
in temperature, salinity, pollution levels, and other environ-
mental parameters. In these environmentally diverse habitats,
F. heteroclitus populations demonstrate significant variation
in molecular, biochemical, and physiological traits (25,
31, 40, 152, 200). This makes F. heteroclitus an intriguing
model in which to assess the potentially adaptive variation
among populations and thus define the functionally important
variation in these traits. Importantly, F. heteroclitus have
several key characteristics that make this species particularly
amenable to determining whether the observed variation in
physiological traits among populations is adaptively signif-
icant. These characteristics include their distribution across
environments, high site fidelity and small home range, large
effective population sizes, and populations with well-defined
population structure and demographics.

Distribution across environments

F. heteroclitus is distributed across a wide range of envi-
ronmental conditions that are likely to impose a strong
selection of physiological traits. One of these conditions is
temperature: changes in temperature alter the rate of bio-
chemical and physiological processes and thus impose strong
selection to offset these effects (89, 180). The steep thermal
cline along the North American east coast from Georgia
(USA) to Nova Scotia (Canada) is the most well-known
environmental variation for F. heteroclitus (43, 141, 148,
161, 200), and populations at the extremes of the species’
distribution experience greater than 14°C difference in mean
annual temperatures at 1 m depth (148). Additional temper-
ature differences result from power plant thermal effluents
(TEs) where thermally impacted local populations are 4 to
12°C warmer than neighboring populations (49). Extreme
temperature variation can also be observed within a single
estuary where shallow ponds are approximately 4°C warmer
on average than deeper nearby basins.

In addition to temperature differences among popula-
tions, some F. heteroclitus populations experience extremely
high levels of anthropogenic pollution (132, 157, 204).
Both organic and inorganic pollutants exert strong selection
because of their toxicity. Polluted sites are surrounded by
relatively clean sites at distances of tens of kilometers or less,
and separate polluted sites are located thousands of kilome-
ters away. These separate polluted sites allow populations
to independently adapt to the pollution challenges and pro-
vide biological replicates to better understand evolutionary
adaptation (16, 31).

A third important environmental factor that varies among
E. heteroclitus populations is salinity (199, 202). Salinity
variation also imposes strong selection, having shaped the
evolutionary history of aquatic organisms (202). The average
salinity and variation in salinity across F. heteroclitus’ distri-
bution are geographically complex and are often related to
freshwater input from rivers and streams.
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High site fidelity and small home ranges

F. heteroclitus lay their eggs at the highest tides in the upper
tidal regions in mussel shells or among Spartina alterniflora
leaves. The eggs adhere to the substrate via a number of
sticky “egg hairs.” These eggs hatch with re-submersion
approximately 2 weeks later on the next spring tide (2, 186).
The observations of F. heteroclitus moving in and out with
the tides, combined with a common breeding area within an
estuary suggest a panmictic (freely interbreeding) population
within a saltmarsh. Yet, F. heteroclitus has a home range that is
much smaller than a single drainage system and has high site
fidelity (5, 113). In a study of 1499 marked fish over 60 days,
F. heteroclitus exhibited a home range of 36 m with the great-
est distance moved being 375 m by just three fish (113). These
fish also displayed strong site fidelity [returning to the same
side of a creek after release over a 3-month period (113)].
Similarly, in a separate study, 97% of tagged individuals were
found within 200 m of initial marking over two seasons (173),
and stable isotopes indicate very few F. heteroclitus (3.4%)
move more than 200 m in their lifetime (174). For the young
of the year, 44% were recaptured within 5 m of the initial tag-
ging site between August and December (4). High site fidelity
was also supported by a remarkable mark-recapture study of
greater than 14,000 individuals over 17 months, where the
authors concluded that despite physical connectivity of the
watershed within and among different creek systems, fish had
almost complete fidelity to a single creek (5). These small
home ranges and high site fidelities suggest that local popu-
lations may be genetically isolated from each other to some
extent, which is likely to promote evolutionary adaptation
to local environmental conditions by reducing the in-flow of
maladapted alleles into a local population.

Large effective population size

Local F heteroclitus populations are very large. In fact, the
effective population size in F. heteroclitus may exceed 10°
within a single creek (6, 60). Large populations are minimally
impacted by neutral evolutionary processes and thus large
local Fundulus populations are less likely to be influenced
by random genetic drift, making adaptive evolution more
effective. Population geneticists have quantified this effect
and have shown that the selection coefficient (where O is the
absence of selection and 1.0 is 100% death for the deleterious
allele) only has to exceed 1/2N,, for selection to outweigh the
effects of neutral drift. Thus, within large populations, even
very weak selection can result in adaptive evolution (80, 170).

Closely related taxa

The characteristics of F. heteroclitus described above imply
that this species is made up of numerous, somewhat intercon-
nected, populations that are exposed to different environments
and that are likely to have undergone local adaptation to their
environmental conditions. Their habitat and distribution
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result in a mosaic of closely related taxa that have inde-
pendent demographics that enhance evolutionary analyses.
Evolutionary analyses are more readily accomplished among
closely related taxa (populations within a species, or closely
related species) than among distantly related taxa because it
is simpler to define ancestral traits and distinguish random
neutral changes from selectively advantageous ones. More
specifically, isolated taxa will evolve by neutral processes,
and the rate and scale of change are dependent on the size
of the population and the divergence time (200). This means
that distantly related species isolated by long time scales are
likely to exhibit large genetic, biochemical, or physiological
differences that could just as easily evolve by either neutral
or adaptive evolution. Among closely related taxa, such as
populations within a species, demographic effects are small,
and thus few neutral changes evolve to obscure selectively
advantageous ones. Thus, statistically rejecting the null
hypothesis of neutral evolution is more likely among closely
related taxa than among distantly related taxa because closely
related taxa have fewer and smaller neutral divergences
(40, 41, 71, 200). This makes evolutionary analyses easier
among closely related taxa than among distantly related taxa,
especially those where speciation involved a transitory small
population (bottleneck).

Demography in Fundulus heteroclitus

Large local populations of F. heteroclitus subjected to biolog-
ically important environmental variation provide a valuable
resource to investigate the physiological and genetic mecha-
nisms responsible for evolutionary adaptation. However, all
evolutionary analyses must consider demographic parameters
that can cause evolutionary changes by neutral processes.
That is, it is necessary to reject demographic effects, so we
do not misinterpret neutral evolved differences as adaptive
evolution (69, 81, 98, 99, 130). Demography, like species’
historical relationships, influences evolutionary changes
such that more closely related populations will tend to share
evolved differences, both adaptive and neutral. Additionally,
rapid reduction in population size or isolation of local popu-
lations can enhance neutral divergence. Thus, when assessing
evolutionary adaptive change, demography can be a nuisance
parameter: a factor that interferes with or obfuscates analyses
that attempt to identify the effect of natural selection. For
E. heteroclitus, neutral processes should be minimal because
large populations have little random drift. Yet, F. heteroclitus’
extensive geographic distribution across long time scales
alters gene flow and population size, and thus neutral diver-
gence contributes to population differentiation across their
distribution (60, 175, 176) (Figure 1).

Although population sizes are large and evolutionarily sta-
ble, neutral divergence or adaptive divergence is influenced
by an important historical break between the northern and
southern F. heteroclitus populations (70). F. heteroclitus’
genomes have extensive polymorphisms dominated by a
sharp break (large change in allele frequencies) between
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Figure 1 Demographic patterns among F. heteroclitus populations. (A) Neighbor-joining tree based on microsatellites (6, 60, 200). (B) Max-

imum parsimony tree for RFLP in mitochondria, LDH-B coding region, and

309 bp of Cytochrome B (19). Dark circles and squares are northern

populations (north of Hudson River), unfilled are southern populations (south of Hudson River). (C) PCA and population structure (k =9) based
on 354 SNP, 30 individuals per population and principal component analysis (203, 204).

populations on both sides of the Hudson River associated
with the southern extent of the Laurentide Ice Sheet during
the last glaciation approximately 20,000 years ago (19, 74,
79, 148, 178). During this last glaciation, sea levels were
approximately 150 m shallower, extending estuaries into the
continental shelf. Yet the Hudson River potentially formed
a migration barrier as it was a torrent due to the draining
glacial ice melt (21, 22, 39, 56, 92, 102, 119, 123, 185). After
the last glaciation, the admixture of northern and southern
populations produced a peak of allozyme heterozygosity
south of the Hudson near Atlantic City (148, 152). Combin-
ing mitochondrial sequences and microsatellite data, the best
explanation for the patterns of DNA sequence variation is that
a large F. heteroclitus refugium existed north of the Hudson
River, and individuals from this refugium reinvaded locations
just north of the Hudson (6, 79). These historical events
most likely enhanced the evolutionary divergences among
F. heteroclitus populations (6, 60, 148, 152, 179) (Figure 1).
The historical break between northern and southern pop-
ulations would enhance any diverging evolutionary forces
(neutral or adaptive) by minimizing migration (70). For
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example, it is clear that the evolved divergence among popu-
lations is related to the demographic isolation of northern and
southern populations as seen among neutral microsatellites
(Figure 1A). While the microsatellite data provides evidence
to support the expected historical break (6, 60), the pattern of
microsatellite variation is more gradual than if northern and
southern populations remained isolated, indicating migra-
tion across previous boundaries. The evolved divergence
between northern and southern populations is also seen
among mitochondrial RFLPs (restriction fragment length
polymorphisms), the nuclear gene lactate dehydrogenase B
(heart-type, LDH-B), and the mitochondrial cytochrome b
gene (19, 74) (Figure 1B). Additionally, 3-principal compo-
nents utilizing 354 nuclear single nucleotide polymorphisms
(SNPs) show a clear population structure (203) (Figure 1C).
These SNPs are shared among both northern and southern
populations, yet their frequency provides readily identifiable
population structure within clades north or south of the
Hudson River and between these two clades.

Demographic histories of populations are an important
consideration in evolutionary physiology because they make
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it more difficult to distinguish adaptive versus neutral diver-
gence between populations. For example, the LDH-B pattern
of allelic divergence (Figure 1B) could be due to natural
selection, yet it is indistinguishable from neutral microsatel-
lite patterns (Figures 1A and 1B). This suggests that simple
patterns of genetic variation in DNA sequence alone are insuf-
ficient to distinguish adaptive from neutral divergence. This
article of Fundulus’ adaptation describes evolutionary studies
that are enhanced by physiological measures, linking func-
tional consequences of nucleotide divergence that influence
fitness in traits from cellular metabolism up to organismal
functions. We suggest that the combination of physiological
data with statistical analyses of nucleotide divergence more
strongly defines adaptive evolution than studies using only
nucleotide divergence or physiology separately.

Adaptive Evolution

To appreciate adaptation in F. heteroclitus, it is important to
define adaptation and how polygenic traits evolve by natu-
ral selection. Adaptation is the evolution by natural selection
of biological functions that improve the performance, health,
longevity, or reproduction of an organism. That is, adaptation
is the evolution of genetic changes that alter phenotypic traits
that improve Darwinian fitness. Investigating and determin-
ing which biological traits have evolved by natural selection
and thus are adaptive is critical because it informs us that the
variations in these traits are functionally important. However,
it is difficult to demonstrate that variation in phenotypic traits
among populations, species, or other phylogenetic groups is
adaptive, as observed differences may arise due to random,
neutral processes in addition to arising by natural selection.
Despite the temptation to assume that all observed trait dif-
ferences are adaptive, it is critical to test and reject the null
hypothesis of neutral divergence prior to concluding that vari-
ation in a trait represents an adaptive change.

To define traits as adaptive, it is necessary to demonstrate
that they are derived, heritable, and evolving by natural selec-
tion (vs. evolving by neutral processes) (10, 17,72, 184). This
is particularly powerful if coupled with a direct demonstration
of the genetic basis of trait variation and identification of
how this variation alters organismal performance. Although
it is desirable to identify the specific genetic variants that
are responsible for the variation in physiological traits, it
can be particularly difficult to do so because physiological
traits are generally quantitative traits with continuous phe-
notypic variation (e.g. body mass) rather than discrete traits,
which have only a small number of phenotypic states (e.g.
alternative color morphs). Often, variation in discrete traits is
the result of variation in only one or a few genes, each with
large phenotypic effects. In contrast, continuous phenotypic
traits are typically polygenic—dependent upon many genes
(tens to thousands), where each gene has a small phenotypic
impact (18, 86, 153, 194). Selection of polygenic traits often
involves only small changes in allele frequencies at many
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polymorphic loci (170). Thus, identifying the genetic basis
for the variation in polygenic traits is a challenge because
changes in allele frequencies and allele effect sizes are small
and thus statistically difficult to detect (8, 18, 87, 194, 208).
An additional complexity is that the genes influencing adap-
tive variation of polygenic traits (polygenic adaptation) need
not be the same in all populations within a species or in all
individuals within a population.

Individuals that share the same adaptive phenotype may
not share the same set of underlying adaptive genetic vari-
ants. This is because many different combinations of genetic
variants can produce the same adaptive phenotype (209). For
example, metabolic flux through a pathway can be altered by
many of the polymorphic enzymes in a pathway; yet, adapta-
tion may only require change in a few of the many variable
enzymes to enhance metabolic flux. The reason why multiple
solutions from polygenic adaptation may evolve in a popu-
lation is that in a population with sufficient standing genetic
variation there are more variable genes that influence an adap-
tive phenotype than are needed for adaptation: ny > ny,
where n,, is the number of genes that can influence an
adaptive phenotype and n,y is the number required. (209).
These functionally important variable genes could occur in
different pathways or unrelated gene complexes, and each of
these genes could have more than one functional variant (>2
alleles). When many different genes have a favorable allele
and only a subset is needed to create the same phenotypic
change (i.e. they are redundant), natural selection need only
change the frequencies of some of the functionally important
alleles to achieve an adaptive phenotype. As a result, with
many hundreds of functionally equivalent variable genes,
selection for the adaptive phenotype could be accomplished
by changing the allele frequencies at some but not necessarily
all functionally important genes because there are many
variable genes that enhance the adaptive trait similarly (209).
Thus, with sufficient standing genetic variation at the outset,
polygenic adaptation will result in adaptive evolution of a trait
influenced by many (tens to thousands) of variable genes of
small effect, where many of the different genes are redundant
(cause the same phenotypic advantage) (18, 86, 153, 189).
It is this functional redundancy that allows individuals to
have the same adaptive phenotype, without the population
becoming fixed for any single adaptive locus.

The consequences of polygenic adaptation that occurs
through standing genetic variation are that many members in
natural populations will have the same adaptive phenotype;
yet, not all adapted individuals will share the same com-
bination of underlying adaptive alleles. Another predicted
consequence of polygenic adaptation is that selection in
different populations will cause adaptive changes in the
frequencies of different sets of genes; though populations
may converge on the same adaptive phenotype, it will be
likely be underlain by frequency changes in different loci in
different populations. Thus, the genotypes that alter an adap-
tive phenotype are not necessarily shared among all adapted
individuals because many different allelic combinations,
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across multiple loci, can yield the same adaptive phenotype.
This concept of polygenic adaptation from standing genetic
variation is important because it changes our expectation
of easily detecting a gene, or set of genes, responsible for
adaptive change in a physiological trait (153, 155, 170, 209).

Defining the genetic basis for polygenic adaptation is dif-
ficult because the analyses require being able to statistically
identify many genes, each with small phenotypic effect,
where there is more than one functionally important gene that
can alter the adaptive phenotype (158). Furthermore, studies
on inbred strains or populations with limited genetic diversity
will have inconsistent results when trying to identify the
genes underlying polygenic adaptation. We can address these
difficulties in identifying adaptive variation by integrating
functional and evolutionary analyses among populations
subjected to ecologically and evolutionary important envi-
ronmental variation. This approach identifies environmental
factors that influence an organism’s success and defines
adaptive physiological function that enhances Darwinian
fitness when organisms are stressed by these environmental
factors. We then can examine natural populations adapted to
these different environments to enhance our ability to identify
the genetic basis for the adaptive variation in physiological
function—populations that are physiologically adapted to
their local environments should be enriched for the genetic
changes that result in polygenic adaptation. It is the enrich-
ment of polygenic adaptive genes among populations that
makes this approach successful. This is the evolutionary
approach taken in the examples of Fundulus evolutionary
adaptations provided in this article.

Adaptation in Fundulus heteroclitus

The prescription for identifying adaptation is defining pop-
ulations subjected to different environments with potential
evolutionary impact, defining how variation in physiological
traits allows organisms to cope with these environmental
differences and exploring the genetic basis for the variable
phenotypes. For F. heteroclitus, the habitats with different
environments are hundreds of meters to less than 10 km apart.
The physiological traits include metabolism, swimming
speed, development, osmotic regulation, pollutant resistance,
and thermal performance, among others. The genetic basis
for the variation in these physiological traits includes a single
gene or hundreds of independent genetic changes. We start
our description of adaptation in F. heteroclitus with the oldest
studies on the importance of a single gene (LDH-B) along
the entire eastern seacoast of North America and end with a
genetic analysis that suggests that evolutionary adaptation is
rampant as illustrated by the many genetic changes among
microhabitats within a single population. The evolved differ-
ences due to LDH-B are a classic example of a single gene
causing adaptive phenotypes and thus serves as a contrast
to the many other examples of polygenic adaptation in this
species.
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Adaptive variation in LDH-B along the thermal cline

The most renowned and well-characterized study of
adaptation in F heteroclitus involves the enzyme lactate
dehydrogenase-B (LDH-B), which is the “heart-type” iso-
form of this enzyme. In F. heteroclitus, many genes encoding
enzymatic proteins have two or more alleles and populations
of F. heteroclitus along the steep thermal cline of the North
American Atlantic coast have genetic divergences among
these allelic enzymes (allozymes, Figure 2) (32, 137, 143,
148, 152, 159, 191). The pattern of allozyme variation along
the Atlantic thermal cline is complex (150, 152, 159). Some
allozymes have a steep frequency change at the Hudson
River, with complete fixation (100%) of one allele in the
north and the alternative allele in the south [e.g. MDH-A,
(159) Figure 1A] while others have smaller allele frequency
changes [e.g. IDH-B, Figure 1A, 6PGDH-A, Ap-A, Est-B,
(152, 159)]. LDH-B has a relatively gradual transition from
nearly fixed for the northern allele (LDH-B®) in Maine to
nearly fixed for the southern allele (LDH-B?) in Georgia
(149, 152).

LDH-B is an exceptionally well-studied allozyme in
F. heteroclitus (148). Mitton and Koehn (124) showed that a
F. heteroclitus population resident in locally heated estuaries
in New York (near TE from power plants) had a greater
frequency of the LDH-B southern allele type compared to
other northern populations not exposed to TE. This local
change in allele frequencies suggested that natural selection
alters the frequencies of LDH-B allozymes in response to
temperature.

Functional studies for both LDH-B alleles initially exam-
ined enzyme kinetics across a wide range of temperatures and
pH levels (144, 145) (Figures 2B and 2C). Enzymes catalyze
the conversion of substrates to products and are involved in
metabolic functions that influence energy production and
substrate usage. The catalytic rate is dependent on kinetic
constants (e.g. K, and k) and the amount of enzyme.
LDH-B enzyme kinetics were determined using purified
enzymes from a single population, which had both LDH-B
alleles. The kinetic parameter k., /K, is related to the reaction
rate: with equal concentration of enzyme and substrate, the
allelic enzyme with higher k_,/K,, will have a faster reaction.
Figures 2B and 2C highlight that (i) at lower temperatures
the northern LDH-B (b/b) genotype has a greater reaction
rate than the southern genotype (a/a), (ii) this difference
disappears at warmer temperatures, and (iii) the differential
response to temperature among the three LDH-B genotypes is
pH dependent (Figure 2C). At pH 7 and below, reactions for
the southern homozygote (a/a) and the heterozygote (a/b) are
faster at higher temperatures than the northern homozygote
(b/b). However, relative to the southern homozygote, the
northern homozygote (b/b) has a higher reaction rate at lower
temperatures. These differences in enzyme reaction rates
suggest that the two amino acids that are distinct between the
northern (LDH-BP) and southern (LDH-B?) allozymes (106,
148) are functionally significant.
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Figure 2 Allozymes in F. heteroclitus. (A) Allelic variations of protein enzymes (allozymes) for three different genes: LDH-B*, Malate
dehydrogenase A (M, MDH-A), and Isocitrate dehydrogenase-B (I, IDH-B) (redrawn based on data in Refs 148, 159). The frequencies of
the northern type alleles are plotted versus latitude along the eastern seacoast of North America (degrees latitude N). (B) Enzyme kinetics
for the three genotypes of LDH-B [catalytic turn-over (k.,) divided by the K_|] measured at different temperatures at neutral pH ([OH] =[H])
(redrawn based on data in Ref. 144). (C) Enzyme kinetics (k.,,/K.,) for the three LDH-B genotypes plotted against temperature and pH
(redrawn based on data in Ref. 144). (D) Hatching time at 20°C for fish from single populations for the three LDH-B genotypes (redrawn
based on data in Ref. 51). Hatching times were defined among 20 randomly crossed pairs, and larvae were genotyped. Data represent
larvae genotypes. Similar results were obtained by 4 replicate mass crosses with 40 male and 40 female heterozygotes in each cross
(n > 1000/cross). (E) Critical swimming speed (maximum sustainable swimming speeds in body lengths per second) for the two LDH-B
homozygotes; all fish were from the same population (drawn from data in Ref. 52).

Differences in enzyme catalysis among populations, as is
observed for LDH-B, do not allow us to conclude that the
clinal allelic variation is adaptive because the difference in
enzyme catalysis may not enhance fitness or other important
physiological processes (148). Demonstration of adapta-
tion requires evidence that the variations in LDH-B catalysis
change organismal functions and that these variations enhance
fitness. To determine whether variation in enzyme catalysis
impacts higher levels of organismal function, DiMichele
and colleagues measured hatching rates (51), swimming
speeds (52), developmental metabolic rates (53, 138), and
survival (54) as related to LDH-B genotypes. Hatching time
(Figure 2D), a measure of developmental rates, is longer for
the northern LDH-B homozygote than for either the heterozy-
gote or the southern LDH-B homozygotes. While genotypes
are referred to as “northern” and “southern,” the fish used
in these experiments were from the same population. This
is important because other genes that could alter hatching
should be randomly associated with 20 random crosses.
Thus, the most parsimonious explanation is that the LDH-B
genotype influences hatching rates (Figure 2D). These data
are supported by four replicate mass crosses (40 males and
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40 females per cross) between LDH-B heterozygotes. With
1000s of individuals assayed per cross, hatching rates were
dependent on the LDH-B genotype (51).

The variation in hatching rate reflects differences in
developmental metabolic rates (53, 138). Metabolism was
specifically measured among different LDH-B genotypes.
The northern LDH-B genotype exhibited lower metabolism
over the course of development. Similar to the hatching
experiment (above), the LDH-B genotype appears to be
responsible for the difference in developmental rates because
metabolism was measured with a randomized genetic back-
ground in offspring created from experimental crosses. In
addition, to experimentally test the specific role of LDH-B,
purified LDH-B enzyme was injected into eggs resulting in
metabolic rates, which were dependent on which LDH-B
was injected: higher metabolic rates were measured if the
southern LDH-B was injected than if the northern LDH-B
was injected regardless of the original eggs’ genotype (50).
This clearly demonstrates that the difference in LDH-B alle-
les causes significant physiological differences that change
development. Despite this, phenotypic differences among
LDH-B genotypes could be classified as adaptive only if
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this developmental variation was proven to alter individual
fitness.

Further evidence for the physiological importance of the
allelic variation at the LDH-B gene is its association with
critical swimming speed where the northern genotypes swim
faster at the lower temperature associated with these popu-
lations [Figure 2E, (52)]. Here, data on swimming speeds
reflect the difference in LDH-B reaction rates at different
temperatures (Figure 2B): with critical swimming speed
measured at 10°C, individuals with the northern LDH-B
genotype were able to sustain a faster maximum swimming
speed than those with the southern LDH-B genotype. These
fish were collected from a single population and thus there
should be a random genetic background suggesting that
the LDH-B genotype was responsible for the swimming
differences. The swimming differences are most likely
related to LDH-B’s allozymes altering ATP production and
hemoglobin oxygen delivery in red blood cells. Individuals
with the northern LDH-B genotype have greater ATP pro-
duction, which changes oxygen binding in fish red blood
cells (52). Specifically, the northern LDH-B genotypes with
higher ATP concentrations display a pronounced Root-effect,
which causes hemoglobin to release oxygen to tissues more
readily at higher oxygen concentrations at the cost of lower
total oxygen binding.

Quantitative difference in the amount of LDH-B and
glycolytic enzymes

While studies by DiMichele, Place, and Powers focused on
the variation in LDH-B enzyme kinetic parameters, others
have demonstrated that the quantity of LDH-B also varies
among populations, such that colder North Atlantic coast pop-
ulations had a greater amount of LDH-B (40, 42, 134, 168).
Additionally, this variation in enzyme amount is physiolog-
ically flexible. Specifically, when individuals are acclimated
to different temperatures, LDH-B concentrations change (44,
168). These differences are tissue specific: in livers, but not
cardiac tissue, the amount of LDH-B has an evolved and
physiological acclimation difference (41, 140, 142, 168).
What is apparent from these studies is that the difference
in the amount of LDH-B between northern and southern
E. heteroclitus is due to both intrinsic (evolved) and physio-
logically reversible changes. Because the difference occurs in
individuals after long-term acclimation, it is considered to be
an evolved, heritable difference between populations; how-
ever, irreversible physiological responses (e.g. irreversible
developmental or epigenetic effects) cannot be ruled out.

In addition to the intrinsic difference between populations,
individuals reversibly increase the amount of LDH-B when
acclimated to colder temperatures for several weeks. Thus,
F. heteroclitus in northern populations have greater LDH-B
reaction rates due to the combination of enhanced enzyme
kinetics, greater adaptive differences in enzyme quantities,
and physiological induction in response to colder temper-
atures at ecologically relevant pH levels (43). These data

644

Comprehensive Physiology

indicate that individuals living in colder northern waters
have essentially equivalent LDH-B activity as individuals
living in warmer southern waters even though these popula-
tions have approximately 12°C difference in environmental
temperatures. This combination of enzyme kinetics, protein
expression, and reversible physiological induction highlights
the diversity of mechanisms that enhance performance in
different environments (43).

These functional physiological data that demonstrate an
association between LDH-B genotype and performance
strongly suggest that natural selection is responsible for the
functional divergence between the northern and southern
LDH-B alleles such that the LDH-B reaction rates are essen-
tially the same between the populations inhabiting naturally
occurring colder northern and warmer southern locations.
However, the original evolutionary forces underlying LDH-B
allelic variation could still be related to neutral processes.
That is, even though LDH-B has significant functional effects,
the increase in the frequency of the northern LDH-B allele
could have been due to isolation and neutral demographic
processes. However, two additional data sets allow us to
reject this null hypothesis of neutral evolution.

Did LDH-B evolve by natural selection due to tempera-
ture? To address this and inquire about the relative importance
of LDH-B versus other enzymes, the quantitative variation
for all glycolytic enzymes among many Fundulus taxa was
determined (Figure 3A). This study (141) quantified the gly-
colytic enzyme activities in 15 Fundulus taxa (2 populations
in each of 7 species and 1 outgroup population) that inhabit
different thermal environments to define significant changes
that were consistent among taxa in similar thermal environ-
ments. The neutral expectation is that phylogenetically more
closely related taxa should be more similar than genetically
more distant taxa (72). Alternatively, if changes in glycolytic
enzymes were evolving by natural selection, the enzyme
activities would be independent or unrelated to phylogeny
and instead be related to the local thermal environment.
Two approaches were used to remove the effect of phy-
logeny (similarity between species due to closer evolutionary
relationships) and thus inquire if thermal environment and
glycolytic activities are significant related (Figure 3B). This
study showed that independent of phylogeny, taxa inhabiting
lower seawater temperatures had greater amounts of LDH-
B, GAPDH (glyceraldehyde phosphate dehydrogenase), and
PYK (pyruvate kinase) (141) (Figure 3B). Finding this pattern
in LDH-B and the other two enzymes is most parsimoniously
explained by natural selection favoring the increase in these
enzymes in lower temperature environments. Thus, these
data indicate the variation in LDH-B enzyme activity among
many different Fundulus species is indicative of thermal
adaptation (141).

The phylogenetic analysis of enzyme amounts predicted
that these adaptive divergences in LDH-B, GAPDH, and
PYK would have to alter a biologically important trait
(Figure 3B). As a test of this hypothesis, variation in cardiac
metabolism was measured within and among northern and

Volume 10, April 2020



Comprehensive Physiology

(A) Fundulus phylogeny with
mean annual environmental
temperatures

Avg (°C)
8.5°C
F. grandis 22.9°C
' 23.1°C
8.5°C
(e 12.3°C
F. diaphanus
F. waccamensis| 17.6°C
22.9°C
F. seminolis
11.4°C
. 17.6°C
F. similis 23.1°C
(- 22.9°C
m
12.3°C
P. zebrinus 13.7°C

Adaptation Within and Among Populations

(B) Evolution of enzyme activity versus
environmental temperature

Phylogenetic Independent
autocorrelations contrasts
2
1
GAPDH o
-1
2
1
PYK
2
1
0
LDH _,
-2
Mean annual temperature
(C) Metabolism and
3 enzyme activities
c 20
K]
B 4 r?=0.866
£a o Southern p <0.005
2
>
8 g 10 * Northern
c
) Ke]
25
°3
gg °
28
I
(0]
= 10

—_
o

20 30
Three enzymes’ activity
weighted 0.53 PK + 0.12 GAPDH - 0.5 LDH

Figure 3 Phylogenetic analyses of enzyme amounts. (A) Fundulus phylogeny (141). There are 15 taxa:
2 populations from 7 species and a single population from the outgroup. Boxes represent taxa with similar
environmental temperature variation: Blue-geographic variation in temperature with northern taxa being
colder. Red-lack of geographic variation in temperature. (B) Two phylogenetic methods for correcting for
species similarities in enzyme amount among 15 Fundulus taxa versus naturally occurring mean annual
environmental temperatures. Only the three enzymes were significantly related to environmental tempera-
ture after correcting for phylogeny: glyceraldehyde-3-phosphate dehydrogenase (GAPDH), pyruvate kinase
(PYK), and LDH-B. (C) F. heteroclitus glucose-dependent metabolism versus multiple factor equation using
three phylogenetically important enzymes (GAPDH, PYK, and LDH-B). r2 =0.866 (p < 0.005) (146).

southern F. heteroclitus populations (146). Northern popula-
tions have a greater glucose-dependent cardiac metabolism
than do southern populations. Examining the variation in all
the glycolytic enzymes among these individuals indicated
that the enzymes identified in the phylogenetic study (141)
(LDH-B, GAPDH, and PYK) also explained the variation in
E. heteroclitus cardiac metabolism (Figure 3C) (146). Thus,
both a phylogenetic study among species and metabolic
physiological study within species suggest that changes in
LDH-B enzyme are adaptively important (Figure 3).

Evolutionary analyses on LDH-B DNA sequence
variation

Another type of data indicating that variation in LDH-B is
adaptively important is from the analysis of LDH-B DNA
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sequence variation. Specifically, if the variation in LDH-B
activity is due to evolution by natural selection, then patterns
of DNA sequence variation should support this hypothesis.
Sequence comparisons (19, 106) reveal two amino acid sub-
stitutions that distinguish the two LDH-B alleles. One of these
polymorphisms is located in exon 7, encoding amino acid
position 311 (northern serine, southern alanine). The other
polymorphism is located in exon 4, encoding amino acid
position 185 (northern alanine and southern asparagine). This
4th exon amino acid substitution was found to be responsible
for the difference in the thermal stability of the two LDH-B
allelic enzymes (106). One way to determine if natural
selection is responsible for the differences in DNA sequences
between the northern and southern LDH-B alleles is to apply
the McDonald-Kreitman neutrality test (118). This test uses
a 2 X 2 contingency table, comparing the nonsynonymous
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Table 1 LDH-B McDonald-Kreitman test
Shared Fixed
A: All polymorphic sites
Syn 13 0
Non-Syn 1 2
p=0.025
B: Polymorphic sites found >1 individual
Syn 8 0
Non-Syn 0 2
p =0.022

Synonymous (Syn) variation does not alter amino acids, and nonsyn-
onymous (Non-Syn) codes for different amino acids.

(changes in genetic code that result in a different amino acid)
to synonymous substitutions for polymorphic sites shared
between taxa versus fixed differences between taxa. If neutral
evolutionary mechanisms are responsible for amino acid
polymorphisms, then the ratio of fixed to polymorphic sites
should be similar for both synonymous and nonsynonymous
sites. Typically, this test is used to examine variation within
and between species (197); yet, the properties of this test
hold if one compares two populations in which shared poly-
morphisms and fixed differences are not confounded (46).
Previously published (19) LDH-B cDNA sequences from 11
individuals [from 2 northern populations (Nova Scotia and
Maine) and 2 southern populations (Georgia and Florida)],
revealed 3 nonsynonymous and 13 synonymous substitutions
between northern and southern fish. All of the synonymous
but only 1 of 3 nonsynonymous substitutions are shared
among northern and southern F. heteroclitus (Table 1A).
This is improbable (p =0.025; Fisher’s exact test) and thus
violates the null hypothesis of neutral evolutionary models.
If one only examines nucleotide changes shared by more
than one individual, all eight synonymous polymorphic sites
are shared among taxa and both nonsynonymous changes
are fixed differences (Table 1B). This too is improbable
(p =0.022, Fisher’s exact test). These data allow us to reject
the null-hypothesis that the Fundulus LDH-B locus has
evolved by neutral processes and provide evidence that it has
evolved by natural selection.

To summarize the evidence for adaptive divergence
in LDH-B along the North American Atlantic seacoast

* The clinal variation in LDH-B alleles is related to differ-
ences in enzyme catalysis, which is temperature and pH
dependent.
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* The variation in enzyme catalysis is functionally impor-
tant because it alters hatching times, physiology, and
critical swimming speeds.

*  When tested at their native temperatures, the combina-
tion of the differences in enzyme amount and enzyme
catalysis allows the predominant genotype in the cold
northern populations to have equivalent enzyme activities
as the genotype in the warm southern populations even
though these populations experience approximately 12°C
difference in environmental temperatures.

e Similarly, across many species, the amount of LDH-B that
is associated with glucose-dependent cardiac metabolism
is temperature dependent.

e Analysis of nonsynonymous and synonymous DNA
sequence variation supports the concept that LDH-B is
evolving by natural selection.

These data show an evolutionarily derived change in
enzyme kinetics and concentrations as well as DNA sequence
variation that is evolutionarily improbable unless they are
evolving by natural selection.

Adaptation in mRNA expression along the thermal
cline

Adaptive variation in LDH-B mRNA and
franscription

It is clear that LDH-B enzyme concentration is important and
may be more important than differences in amino acids that
are responsible for the variation in the enzyme’s kinetic con-
stants (e.g. K, and k) (40, 43, 141, 142, 168). For LDH-B,
the amount of LDH-B mRNA and its protein are significantly
correlated (Figure 4A). Additionally, mRNA concentration
and thus LDH-B enzyme concentration is dependent on the
transcription rate (45). Thus, because of the significant differ-
ence in LDH-B expression between populations is regulated
by the transcription rate, the molecular mechanisms that
control transcription should also be different. The transcrip-
tional mechanisms potentially responsible for the variation
in LDH-B transcription rates include the LDH-B promoter
sequence and the protein transcription factors that bind and
regulate transcription. Much of the difference in LDH-B
expression is due to two promoter regions: the proximal
promoter and upstream hormonal responsive element (46,
163, 167, 169).

The LDH-B proximal promoter (hundreds of base-pairs
upstream from the start of transcription) has surprisingly
high DNA sequence variation between populations at the
transcription factor binding sites but much less variation at
nonbinding sites (Figure 4B) (46, 167, 169). It is unusual to
have this magnitude of variation at transcriptional binding
sites among populations because they should be function-
ally constrained unless they evolved by natural selection.
An insight into this pattern is that the promoter sequence
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Figure 4 Adaptive evolution of LDH-B proximal promoter. (A) LDH-B mRNA versus protein for northern (Maine) and southern
(Georgia) individuals. When fish are acclimated to 20°C, increasing amounts of mRNA are associated with larger amounts of
LDH-B protein (measured as maximal enzyme activity (> =0.81, p <0.01, data from Ref. 168). (B) LDH-B transcriptional binding
sites and sequence variation. Functional sites are DNA sequences that bind protein transcriptional factors or affect transcription.
(C) Individual promoter activity (line extending above columns are standard errors) defined by linking LDH-B proximal promoter
to luciferase reporter gene and transfected into rainbow trout liver cell line (46). Promoter activities from northern individuals are
significantly greater than promoter activities from southern individuals (p <0.001). (D) Promoter activity with different proximal
promoter elements. Binding site 6fp (but not intervening sequence), and SP1 reduce expression, and without SP1, the northern
promoter activity is no longer greater than southern promoter activity. (E) Evolutionary relationship using nonfunctional sequences
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DNA sequences. (G) Sliding window of DNA sequence variation within and between northern and southern F. heteroclitus. Data
derived from Refs 46, 169.
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variation between populations, but not within a population, is
related to the variation in mRNA expression when assayed in
cell culture (Figure 4C) (46).

The functional importance of the LDH-B proximal pro-
moter binding sites was defined experimentally by in vivo
and in vitro DNA-binding assays, promoter assays in cell
culture (Figures 4C and 4D), and molecular analysis of
SP1 transcription factor (46, 167, 169). An in vivo DNA-
binding assay identified DNA sequences bound to proteins
in F. heteroclitus nuclei (169). An in vitro DNA-binding
assay confirmed these in vivo studies and identified Spl as
one of the proteins regulating transcription (46, 167). One
of the consequences of the LDH-B DNA sequence variation
is that it alters the binding affinity of the Spl transcription
factor (167). Additionally, transfection of the entire LDH-B
promoter or a part of the promoter into cell cultures indicates
that several transcriptional binding sites are responsible for
differences in mRNA expression (Figure 4D). Two of the
promoter sequences (6fp and SP1) contribute to differences in
promoter function when transfected into rainbow trout liver
cell lines (46, 167). While cell culture results are dependent
on the cell type (46), they all define similar functionally
important sequences. Knowing the functional binding site
enhances evolutionary analyses of LDH-B DNA sequence
variation because we can contrast the patterns in functional
(transcriptional binding) sites with nonfunctional sites. For
example, in contrast to nonfunctional sites in the LDH-B
promoter, the functional transcriptional binding sites are
derived (Figures 4E and 4F). That is, the functional binding
sites are unique to the northern F. heteroclitus in that they are
different from both southern F. heteroclitus and F. grandis
(sister species) (46, 167, 169). Thus, DNA sequence variance
for a functional site is greater within a species than between
species and is indicative of adaptive evolution (Figure 4G).
This statistically significant difference in sequence variation
at functional sites between populations rejects neutral evo-
Iution (p <0.02, Figure 4G). Thus, the most parsimonious
explanation for these patterns of DNA sequence variation is
that the LDH-B proximal promoter has evolved by natural
selection; when combined with the data above on LDH-B
enzyme activity, the changes are adaptively important (46).

In addition to variation at the LDH-B proximal promoter,
DNA sequence variation in another regulatory site is asso-
ciated with changes in LDH-B expression (151, 163, 164).
Specifically, further upstream from the proximal promoter
is a steroid hormone (glucocorticoid) responsive element
(GRE). This DNA sequence binds the hormone-receptor
complex altering mRNA expression in southern but not
northern populations. Only the southern GRE represses
mRNA expression in F. heteroclitus, indicating that this DNA
sequence is important for the adaptive divergence in LDH-B
expression (163). The existence of sequence variation in
the proximal promoter and GRE coupled with functional
differences between northern and southern populations sug-
gests that the adaptive regulation of LDH-B mRNA involves
both regulatory elements: one enhances the probability of
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forming a transcriptional complex and the other increases its
longevity.

Adaptive variation in genome-wide patterns of
mRNA expression

At the beginning of the 21% century, microarrays made it
possible to simultaneously measure the level of expression
for thousands of different mRNAs that code for different
proteins (30, 61). Microarrays are hundreds to thousands of
100 to 200 pm spots of DNA printed on a glass slide where
each spot represents a different gene. These DNA spots
quantitatively capture mRNA, and the amount of mRNA for
each gene-spot is quantified by the amount of fluorescence
from the dyes (Cy3 and Cy5) incorporated into the mRNA
from two individuals. Research on mRNA expression in
F. heteroclitus using this new technology applied ANOVA
statistical analyses among individuals (vs. contrasted to a
single control) to examine the variation within and among
populations (133, 135) (Figure 5). This study and others
(37, 97, 201) indicate the importance of replication within
and among populations to properly define biologically and
evolutionarily important changes in mRNA expression.
For F. heteroclitus, using ANOVA among healthy males
acclimated to common conditions produced two important
discoveries: (i) that approximately 20% of mRNAs were
significantly different among individuals within a population
and (ii) approximately 3% of mRNAs had a derived non-
neutral pattern of expression indicative of adaptive variation
(Figure 5A). The variation among individuals was not due to
environmental differences (all individuals were acclimated
to a common condition) and was thus most likely a result of
heritable differences. Adaptive differences were identified as
derived in northern populations where the variation exceeded
the variation among southern F. heteroclitus and its sister
species F. grandis (Figure 5A) (133). This greater variance
within a species than between species is indicative of adaptive
evolution. In addition to the two main points, it also became
clear that the magnitude of difference (fold-change) was not
necessarily indicative of a significant change. For example,
a fourfold difference in the mean between populations could
be equally as large as the variation within the population
and thus, the fourfold difference would be insignificant
(Figure 5B). Similarly, several genes had adaptive patterns
of mRNA expression yet had less than 1.5-fold differences
between populations (Figure 5B, gray box). The statistical
significance of these small changes is due to the very small
variation within each population. This is both statistically
and biologically important because the relatively conserved,
invariant amount of mRNA within each population suggests
stabilizing selection for a specific mRNA concentration,
and thus the small change between populations suggests
functional importance (133). What is clear from these studies
is that evolution acts on the significant inter-individual vari-
ation to change mRNA expression. These patterns of mRNA
expression are indicative of adaptive evolution.

Volume 10, April 2020



Comprehensive Physiology

(A) Adaptively significant mRNA expression

A

TMNMNSE55599999
543214152315423 p value gene
i | 0.010 Steroidogenic acute regulatory protein
0.003 RAN GTP binding protein
~0.006 Hypo P-FLJ11275
0.006 Capping protein muscle Z line
0.010 Orla C4
0.006 Hypo P-FLJ20727

0.009 Surface glycoprotien HT7 precourser
0.008 Ribosomal protein L27

0.010 Met. adenosyltransferase regulatory S-1
0.001 Dihydrolipoamide dehydrogenase
0.000 GTP binding protein

0.001 Von Willdebrand factor

0.002 Succinate dehydrogenas complex, S-C
0.006 KIAA1481 protein

0.009 Protein disulfide isomerase

0.005 Annexin V

(B) Significant and fold difference

4.0 a o
° L
=]
gg 3.0 o oo (0 Felal -
> .
Qo a

g &
d)c,_” . a . o
o< ofnd .o 4
SN 20f o o ,AFEFH @ e o
S - og o q uh\;%u ]
'-%CD G'?—H‘Eaf"‘a 0a <
%9’ @ 8
z 1.0 @ o0l =2
1

-0.3 -0.1 0 0.1 0.3 0.5
log, differences in expression

Figure 5 Microarray: genome-wide patterns of mRNA expression.
(A) Heat map of adaptively significant mRNA expression. Red and
green colors are the relative low or high expression. Notice northern
individuals share similar expression patterns and are significantly differ-
ent from southern F. heteroclitus and F. grandis. (B) Volcano plot: log,

expression relative to mean expression for each mRNA versus statistical
significance as —log;q p-values. Gray box highlights the most signif-
icant mRNA where northern mRNA (blue circle) is statistically larger
than both southern F. heteroclitus (red square) and F. grandis (green
circle). Redrawn from Ref. 133.

In a separate study, adaptive differences, as well as
reversible physiological acclimation effects, were studied to
determine the number of mRNA transcripts influenced by
these two processes (48). To compare adaptive differences
and physiological effects, F. grandis and northern and south-
ern F. heteroclitus were acclimated to three temperatures (12,
20, and 28°C) for more than 6 weeks and approximately 7000
unique mRNA transcripts were quantified using microarrays.
Adaptive changes in mRNA expression were defined as those
transcripts with significant derived expression (northern F
heteroclitus vs. both southern taxa—F. heteroclitus and the
sister species F. grandis). These data revealed that more
mRNA transcripts have significant adaptive differences than
mRNA with significant acclimation effects. Furthermore,
the mean adaptive difference was larger than the mean
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acclimation effects. Interestingly, few mRNAs were altered
by both adaptive and acclimation effects and yet adaptive
effects were more frequent at 12 or 28°C than at 20°C, and
very few of these mRNAs had adaptive differences at two or
more acclimation temperatures (48). When a significant inter-
action between adaptive and acclimation effects occurred,
northern F. heteroclitus acclimated to 12°C were more similar
to the southern taxa acclimated to 28°C. What this reveals
is that northern individuals were most similar to southern
individuals when acclimated to their mean summer temper-
atures. These data suggest that adaptive and physiological
effects are independent of each other and that the genes of
importance (adaptive mRNA transcripts) are dependent on
the environment; that is, the mRNAs with adaptive expression
were different at all three acclimation temperatures.

Further evidence of the adaptive importance of mRNA
expression was demonstrated by examining five F het-
eroclitus populations along the North America Atlantic
coast (Figure 6A) (200). Among 329 metabolic mRNAs, 58
mRNAs (17.6%) significantly regressed with temperature.
Yet, temperature and genetic similarity covary (i.e. along the
coast, genetically more distant northern populations are also
colder), and thus mRNA and temperature covariance could be
due to neutral evolutionary processes. To identify adaptively
significant patterns of mRNA expression along the cline
requires quantifying differences in the amount of mRNA that
is significantly associated with native temperature but inde-
pendent of genetic similarity among populations (Figure 6B)
(200). Thus, adaptive mRINA transcripts are those that regress
significantly with habitat temperature following correction
of the expected covariance due to genetic relatedness [phy-
logenetic generalized least squares (PGLS) analysis, (200)].
Among the 329 mRNAs, 13 (4%) have a significant tem-
perature regression that is independent of genetic similarity
among populations and are most parsimoniously described
as evolving due to directional selection (Figure 6B).

In addition to PGLS analysis, ANOVAs were used to define
neutral, stabilizing, or balancing selection. In Figure 6C, the
13 mRNAs under directional selection (defined above, pink
circles) are identified as divergent along a habitat temperature
gradient after correcting for variance due to phylogeny.
Seven genes had significantly greater variation within a
population than among populations (Figure 6C, blue cir-
cles), indicative of balancing selection (200). Twenty-four
mRNAs had expression patterns indicative of stabilizing
selection (Figure 6C, yellow circles). These 24 mRNAs
had significantly lower variation both within and among
populations than most genes (Bonferroni-corrected p < 0.01).
Additionally, the mRNA with the least variation in expression
levels is significantly biased for genes involved in oxidative
phosphorylation (OxPhos) (10 of the 24 significant genes
with low variance, p < 0.05; Fisher’s exact test).

Overall, based on mRNA variation among many individ-
uals and several populations and after identifying the neu-
tral and adaptive portions of the variation, these data indicate
that natural selection is acting on the expression of 44 out of
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Figure 6 Clinal adaptive variation in mRNA expression. (A) Five
sample sites and their phylogenetic relationship microsatellite-derived
neighbor-joining tree with median annual temperatures (°C) averaged
over 30 years. Branching pattern is a neighbor-joining tree constructed
from pairwise Cavalli-Sforza and Edwards’ chord distances (33) cal-
culated from microsatellite allele frequencies. (B) Relationships between
phylogenetic and ecological effects on variation in gene expression. For
each gene, the explained variation (r2) for phylogeny [genetic distance
based on Cavalli-Sforza and Edwards’ chord distances (33) calculated
from microsatellite allele frequencies] versus the explained variation (r2)
for habitat temperatures. Venn diagram is for the numbers of genes
that have significant regression with habitat temperature (orange), phy-
logeny (green), or both temperature and phylogeny (blue). Colors of
spots in the graph correspond to Venn diagram. Enlarged spots are
the 13 genes that regress significantly with habitat temperature affer
correcting for phylogeny (red circle; Venn diagram) using the phylo-
genetic generalized least squares (PGLS) approach, and thus appear
to be evolving by natural selection. (C) Variation in mRNA expression
within or among populations. Plotted are the log of variation. Ratio of
variation is indicative of evolutionary processes (directional, stabilizing,
balancing, or neutral). Redrawn from Ref. 200.
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the 329 genes (~14%) with directional selection acting on 13
genes, stabilizing selection acting on 24 genes, and balancing
selection acting on 7 genes.

Effect of gene expression on physiology

The functional significance of these F. heteroclitus adap-
tive patterns of mRNA expression was demonstrated by
examining the relationship between cardiac metabolism and
quantitative variation in mRNA for metabolic genes (136)
(Figure 7). Previously in this manuscript (Figure 3), cardiac
metabolism was considered adaptive because it was higher in
northern F. heteroclitus due to adaptive increases in glycolytic
enzymes (140, 141, 146). To examine how mRNA expression
relates to cardiac metabolism, metabolism was measured in
16 F heteroclitus individuals (eight each from Maine and
Georgia, USA). Cardiac metabolism was measured using
three different substrates: glucose, fatty acids, and secondary
metabolites (LKA: lactate, ketones, and alcohols, Figure 7A).
Cardiac metabolism is a function of body mass, so the body
mass effect was removed by using the residuals from body
mass-metabolic rate regression (i.e. residuals are the differ-
ence from the observed and predicted metabolic rate based
on body mass).

Cardiac metabolism was highly variable among individu-
als (Figure 7A), with as much an 11-fold difference among
individuals for fatty acid dependent cardiac metabolism
and a twofold difference for glucose-dependent cardiac
metabolism. Additionally, individuals vary in which substrate
supports the greatest metabolic rate. For example, fatty acids
supported one of the highest metabolic rates in one individual
(G3, Figure 7A) while glucose supported one of the lowest
metabolic rates in this same individual (Figure 7A). Thus,
variation in the substrates that support metabolism arises
because of the variation in the use of each substrate among
individuals. Even with large variation in metabolism within
populations, northern populations had significantly greater
metabolic rates for glucose and fatty acid (p <0.02) and
nearly significantly greater rates for LKA (p ~ 0.06).

To examine if mRNA expression is related to cardiac
metabolism, mRNA expression for 119 metabolic genes
was measured in all 16 individuals (8 per population) at
16-fold replication. Surprisingly, most (94%) of the mRNA
expression was significantly different among individuals
within each population (p <0.01; Figure 7B). This seemingly
incredible level of significant differences in mRNA expres-
sion among individuals was discernable because of the high
number of technical replicates for each individual. Despite
the high variation among individuals in mRNA expression,
individuals with more similar patterns of expression could be
grouped (Figure 7C). Specifically, individuals clustered into
three groups where individuals within a group were more
similar and significantly different from individuals in other
groups. For example, for the mRNAs in Figure 7C, if group 2
individuals had very high relative levels of expression,
group 3 individuals would have very low levels of expression
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(B) Significance and magnitude of mMRNA expression
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Figure 7 mRNA expression and cardiac metabolism. (A) Relative levels of cardiac metabolism for 16 individuals (8 per Maine and Georgia
population). Cardiac metabolism was measured using glucose, fatty acid, and LKA (lactate, ketones, and ethanol) as substrates (136). Red is
at least 1.75-fold greater and green is at least 1.75-fold lower than the overall mean. (B) Significant mRNA expression differences between
individuals within a population (negative log; values, thus 2 is equal to a pvalue of 1%) versus the fold difference (log, values, thus 1 =twofold
difference). Fold differences are relative to the overall mean for each mRNA. Green background shadowing shows mRNA with 1.5-fold or less
differences. p-Values are fruncated at values more than 10~17. (C) Patterns of mRNA expression among all 16 individuals (green is relatively low,
red is relatively high). A subset of mMRNAs coding for metabolic genes that show shared expression within groups that is significantly different
among groups. (D) Fatty acid metabolic rates are relative to the mRNA expression. mRNA expression summarized as one of three primary
biochemical pathways (two principal components each for glycolysis, TCA cycle, and oxidative phosphorylation). Similar patterns occur for

glucose and LKA supported cardiac metabolism (136).

(Figure 7C). No other random sets of individuals shared these
significant patterns. That is, the three groups of individuals
are statistically different (136).

The level of mRNA expression, although highly variable,
appears to be functionally important because it can be
used to predict substrate-specific cardiac metabolic rates
(Figure 7D). That is, within each of the three groups of
individuals (Figure 7C), the variation in mRNA expression
predicts the substrate-specific metabolic rates (Figure 7D).
However, the mRNAs that statistically explain the varia-
tion in cardiac metabolism were different among the three
groups (136). Specifically, mRNA expression was summa-
rized as a linear equation for mRNAs encoding proteins
for each of the three major biochemical pathways: glycol-
ysis, TCA-cycle, and OxPhos. This linear equation was
defined by a principal component analysis (PCA) across
all 16 individuals, and the first two PCA axes were used to
predict metabolic rates. Figure 7D shows the significant PCA
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and the explained variance (R?) for each group of individuals
for fatty acid metabolism. Notice the sets of mRNAs that
predict fatty acid metabolism are different among the three
groups. Similar significant relationships between mRNA
and metabolism (not shown) were observed for glucose and
LKA dependent metabolism (136). For example, glucose-
dependent metabolism is related to glycolytic mRNAs
expression (R?> =81%) for group 1 individuals but OxPhos
mRNAs for groups 2 and 3 (R?> = 65-70%). Overall, nRNAs
from different metabolic pathways are related to different
substrate-specific metabolisms within a group.

These data demonstrate that mRNA expression variation
can predict the level of cardiac metabolism, suggesting that
mRNA expression differences lead to metabolic differences.
Equally important is the observation that the large variation
in the amount of mRNA expression (where 94% of mRNA
are significantly different among individuals, Figure 7B)
contributes to the large variation in cardiac metabolism (2- to
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11-fold difference among individuals, Figure 7A). The obser-
vation that among different groups of individuals, cardiac
metabolism is explained by different sets of mRNAs, which
are part of different metabolic pathways (Figures 7C and 7D),
suggests that multiple molecular pathways can achieve similar
physiological outcomes. That is, if the heritable variation in
mRNA expression is independent (i.e. not due to change in a
single transcription factor) then these mRNA expression vari-
ations represent different genetic bases for the adaptive vari-
ation in cardiac metabolism. Thus, the adaptive variation in
cardiac metabolism is polygenic in that the physiological vari-
ation depends on changes in many independent sets of genes.

Elucidating the relationship between mRNA expres-
sion and a key physiological trait like cardiac metabolism is
important because these data suggest that altering metabolism
can be achieved by changes in a diversity of mRNAs. This
highlights the importance of standing genetic variation for
biochemical adaptation and demonstrates that only some of
the diverse variants need to be favored by natural selection
for the evolution of physiological adaptations. Specifically,
the large variation in fatty acid metabolism among the three
groups of individuals is related to changes in mRNAs involv-
ing one of the three metabolic pathways: TCA, OxPhos, or
glycolytic pathways. These observations support the concept
of polygenic adaptation with sufficient standing genetic
variation where more than one evolutionary solution exists;
for some individuals, it is the variation for mRNA expression
in OxPhos, in others, glycolysis. This concept has important
consequences. For example, the fact that many different
sets of polymorphic genes can influence adaptive metabolic
change means that selection is more robust. It is more robust
because polygenic adaptation involves (i) more than one
gene with multiple alleles that cause an adaptive change,
(1) these alleles already exist at reasonable frequency, and
(iii) these alleles need not go to fixation (100%). Thus, with
many genetic targets that occur in many individuals, natural
selection is more likely to occur than if few, rare, genetic
variations occur (154, 155, 170).

Additionally, adaptive evolution can be achieved without
too much genetic load for the same reason: adaptive evolu-
tion need not involve large changes in allele frequencies. The
importance of polygenic selection is becoming recognized
in many organisms, including humans, and is significantly
altering our understanding of the genetic basis of adaptive
evolution (59, 90, 93, 103, 105, 153, 182, 192).

To summarize the adaptive divergence in mRNA
expression across the thermal cline

e LDH-B has greater enzyme concentrations in northern
populations due to increased transcription rates related
to adaptive divergence in DNA sequences that bind
transcription factors.

*  Within populations, the variation in mRNA expression is
considerable: among hundreds of genes, approximately
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20% have statistically significant differences in mRNA
expression among individuals within a population.

* Evolutionary analyses suggest 3% to 4% of genes exhibit
adaptive divergence in mRNA expression.

* Physiological acclimation has less of an influence on
mRNA expression than adaptive divergence, and few
genes have interactions between adaptive and physiologi-
cal effects.

e Variation in mRNA expression explains up to 81% of the
variation in cardiac metabolism, but more importantly,
mRNAs encoding proteins from distinct pathways are
important for different individuals.

e The patterns and extent of variation in mRNA expression
suggest adaptive variation is due to standing genetic vari-
ation and is polygenic—many mRNAs have significant
expression changes that influence adaptation with differ-
ent sets of mRNAs being responsible for the variation in
metabolic phenotypes.

Clinal Variation in Whole-organism Traits

Northern and southern F. heteroclitus populations differ in
a variety of traits at the whole organism level, including
morphological traits in both embryos and adults (3, 125),
physiological traits in embryos such as developmental rate
and metabolic rate (55), and physiological traits in adults, such
as metabolic rate (12, 13, 65, 84, 136), thermal tolerance (64),
hypoxia tolerance (116, 117), and salinity tolerance (166).
For many of these traits, the differences between the northern
and southern populations align with what would be predicted
based on adaptation to their local thermal conditions. For
example, fish from southern populations have greater toler-
ance of high temperatures and low oxygen concentrations
than do fish from northern populations (64, 117), consistent
with the warmer temperatures and lower oxygen saturation
typical of more southern habitats. However, as discussed
previously, differences between populations can result from
either neutral or adaptive processes and determining whether
a particular trait has evolved as a result of natural selection in
response to a particular environmental factor is challenging.
If trait variation between populations at the extremes
of the species range is the result of thermal adaptation,
then geographic patterns of variation in these physiological
traits should be consistent with the patterns of temperature
variation along the coast. Thermal tolerance varies linearly
with latitude, consistent with the latitudinal pattern in water
temperature, whereas hypoxia tolerance undergoes a steep
transition from the northern phenotype of low hypoxia
tolerance to the southern phenotype of high hypoxia toler-
ance along the New Jersey coast (82). These data suggest
that thermal and hypoxia tolerances are not genetically
or functionally associated with each other and that the
hypoxia tolerance difference between northern and southern
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F. heteroclitus populations may not represent an adaptation
to temperature.

The genetic basis of variation in thermal and hypoxia tol-
erances in F. heteroclitus has been examined using genome-
wide association approaches. A traditional association
analysis failed to detect any SNP associated with variation in
thermal tolerance within a central New Jersey population and
detected only four SNPs associated with variation in hypoxia
tolerance (82). However, this type of association analysis
considers each SNP as an independent site and generally only
has power to detect SNPs that have a large effect on the phe-
notype. This may not be the most appropriate approach if trait
variation is polygenic—resulting from interactive effects of
SNPs in many different genes, each having a small effect on
phenotype. Alternative methods, such as random forest anal-
yses, that enable the identification of suites of genes that act
together to explain phenotypic variation, may be more appro-
priate for the analysis of complex physiological traits (29).
Using this type of analysis, 43.4% of the variation in thermal
tolerance can be explained by variation in 47 SNPs, and
51.9% of the variation in hypoxia tolerance can be explained
by variation in 35 SNPs. These data demonstrate that both
thermal and hypoxia tolerance are polygenic traits that result
from variation in multiple genes of small effect. However,
none of the SNPs overlapped between the two analyses,
suggesting that the genetic basis of these two traits is distinct.

Although identifying the genetic basis of variation in these
two traits does not directly address the question of whether
the traits themselves have evolved via natural selection, these
data can be combined with sequence-based analyses of selec-
tion. Over 500 SNPs show significant evidence of departure
from neutral expectations in F. heteroclitus along the Atlantic
coast (82). When examining a single population in NJ, one
of these SNPs was among those associated with variation in
thermal tolerance. This SNP is located in a gene encoding
a ubiquitin ligase that is involved in targeting thermally
damaged proteins for destruction in the lysosome. Similarly,
one SNP associated with variation in hypoxia tolerance
overlapped with the SNPs showing significant evidence of
selection. This SNP is located in a gene that acts as a coac-
tivator of a protein that interacts with the hypoxia-inducible
factor HIF-1a, which is a major transcriptional regulator of
the response to hypoxia.

These results illustrate two key points: (i) physiological
traits are often polygenic, and thus adaptive evolution in
these traits may involve variation in multiple genes each with
relatively small effects on the phenotype, and (ii) demon-
strating the action of natural selection in these traits may
require combining multiple types of evidence to support the
hypothesis of adaptive evolution.

Local Adaptation

The studies described above examined the variation within
and among populations across a large geographic distance—
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the eastern coast of North America. Unexpectedly, we have
also discovered rapid local adaptation at scales from within
the Chesapeake Bay to within single saltmarsh estuaries.
Rapid local adaptation seems improbable when the cost of
selection is considered (47, 100, 196). That is, natural selec-
tion requires a difference in survival or reproduction related
to genetic variation, and thus selective death is linked to
genotype. Because of variation in survival or selective death,
selection of many genes can reduce the number of individuals
to such an extent that the species becomes unviable (77).
The greatest cost of selection occurs when an adaptive allele
arises from a new mutation and goes to fixation (77). That
is, starting from a very low frequency equal to 1/2N (i.e.
one allele among N number of individuals in a population)
the allele evolves to fixation (100% frequency). Through
this type of selective sweep, allelic variation is lost from
the population. Because of the cost of selection, or genetic
load, and the identification of unexpectedly large amounts
of allelic variation (110), much of natural standing genetic
variation is attributed to neutral processes (98). Thus, the
classic evolutionary expectation is few adaptive changes that
evolve slowly.

If evolutionary adaptation is indeed slow and dependent on
a few genes of large effect, we might not expect to find local
adaptation among well connected F. heteroclitus populations
where alleles from adjacent, nonlocal populations should
swamp the effect of selection. Yet, recent data using the
power of high-throughput sequencing indicates an abundance
of genetic variation within and among populations. This high
standing genetic variation may be enough to influence the
success of individuals in local environments allowing fre-
quent rapid adaptation to local environments. Given below is
genomic evidence for local adaptation among F. heteroclitus
populations separated by a few 100 km to less than 100 m.

Local adaptation to the osmotic environment

Intracellular solute concentrations that alter the water balance
or osmolarity of cells are carefully controlled in vertebrate
animals (181). For teleost fishes, intracellular solute concen-
tration (osmolality) is maintained at levels that are higher
than the environment for freshwater species, but lower than
the environment for marine species. Regulation of constant
plasma osmolality relative to the environment is crucial
for maintaining physiological function and is one of the
parameters that defines the fundamental niche of teleost
fish. Most fish species are either freshwater specialists or
marine specialists and have impaired fitness in high or low
salinities, respectively. Osmoregulatory physiologies that are
specialized for living in marine or freshwater habitats have
evolved multiple times among fishes (20, 193). In contrast,
relatively few fish species live in estuarine environments
that have large environmental salinity fluctuations (165).
Those fish that do live in estuaries typically have very wide
physiological flexibility to maintain osmotic homeostasis
across a wide range of salinities. These diverse physiological
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abilities tend to suit each species to the osmotic environment
in which they reside and have convergently evolved multiple
times, implying that osmoregulation is a physiological trait
that is adaptively important.

The evolutionary convergence of osmoregulatory physiolo-
gies between different osmotic environments is exemplified
among Fundulus species (199). F. heteroclitus exhibits one
of the broadest ranges of osmotic acclimation abilities known
within the fishes (165). They are estuarine specialists that
occupy the entire continuum of osmotic niches from marine
to freshwater and are the most abundant fish species in salt
marsh habitats along the Atlantic coast of the United States
(101, 190). In contrast, congener F. majalis (Figure 3) is
coastal but occupies the marine end of the salinity continuum
within estuaries, exhibiting limited abilities to acclimate to
dilute water (75). Approximately half of Fundulus species
occupy a coastal niche and can tolerate a wide range of salin-
ities (199). The remaining species are distributed throughout
inland waterways, can tolerate extremely dilute water, but
cannot acclimate to salty water. These freshwater Fundulus
specialists have independently evolved at least three dif-
ferent times. Importantly, these freshwater Fundulus can
survive and thrive in dilute conditions unlike their marine
relatives. Such evolutionary convergence within Fundu-
lus is strong evidence that osmoregulatory abilities within
Fundulus are adaptively important for different osmotic
environments.

In addition to these macro-evolutionary patterns among
Fundulus species, F. heteroclitus populations occupy the
entire salinity gradient from marine to freshwater in the
Chesapeake Bay region (Figure 8A). As one moves upstream
along the salinity gradient in the Potomac River, neighbor-
ing groups of fish are genetically very similar. However,
fish populations found in dilute freshwater in the extreme
upper estuary (FW-native) are genetically distinct from
those just a few miles downstream in brackish water (BW-
native) (Figure 8B) (202). In parallel, freshwater populations
in the James River are genetically distinct from brackish
populations just a few miles downstream. This suggests
FW-native fish are locally adapted to their dilute freshwater
environments, and this limits migration across the freshwater
boundary. Indeed, for FW-native or BW-native populations,
swim performance is highest in salinities that match their
native environment and poorest in salinities that mismatch
their native environment (28). Marine-native and BW-native
populations are as genetically distinct as BW-native and
FW-native populations (Figure 8B) (202). As such, traits that
are evolving by neutral processes should be equally diver-
gent between marine-native and BW-native fish as they are
between BW-native and FW-native fish. However, this is not
the case for osmoregulatory physiology, where marine and
BW-native fish are similar, but FW-native fish are distinct,
in their abilities to maintain osmotic homeostasis in dilute
freshwater (202). That is, the physiological osmoregulatory
divergence between FW-native and BW-native populations
is greater than expected based on neutral genetic divergence,

654

Comprehensive Physiology

and thus this divergence is likely adaptive. These data are
evidence for microevolutionary adaptation of osmoregulatory
abilities along natural salinity gradients in F. heteroclitus.

The molecular basis for adaptive osmoregulatory diver-
gence between marine and freshwater F. heteroclitus popula-
tions has been defined by comparative analyses of gill mRNA
expression and genome-wide DNA sequence analyses. Gills
are the primary organ responsible for osmoregulation in
teleost fishes (62) and patterns of gill mRNA expression
provide insights into the molecular pathways and physio-
logical mechanisms that matter for adaptive osmoregulatory
physiology. Along the Chesapeake salinity gradient, popula-
tion differences in mRNA expression reveal changes in many
genes and pathways in FW-native populations that are greater
than expected based on neutral genetic distance (202). These
mRNA expression differences are, therefore, putatively adap-
tive, mirroring patterns of physiological differences between
populations. Furthermore, the expression of physiologically
flexible mRNAs shows less variation among individuals than
other mRNAs, and this expression variation is lowest in
FW-native fish, which is further evidence that they are adap-
tive (171). Importantly, mRNAs that were physiologically
responsive (up- or downregulated) to experimental salinity
challenges (Figure 8D) were more likely to show patterns
of adaptive divergence between populations than mRNA for
genes that were not physiologically responsive (Figure 8C)
(202), especially for mRNAs that respond quickly after
salinity challenge. These data reveal the molecular mecha-
nisms that underpin physiological adjustments to fluctuating
environments and suggest that both physiology and under-
lying mRNA expression are collectively shaped by natural
selection to suit different osmotic environments.

In FE heteroclitus, transcriptional responses to osmotic
challenges, especially those showing patterns of adaptive
divergence, provide insights into the biochemical and molec-
ular physiology of osmoregulation. These mRNA expression
patterns implicate pathways involved in cell volume regu-
lation, polyamine synthesis, and immediate early signaling,
among others, which are all crucial for adaptive osmoreg-
ulatory divergence (202). The evolutionary importance of
these F. heteroclitus responses was supported by data show-
ing that expression of these same genes and pathways also
differed when compared to other Fundulus species with
distinct osmoregulatory abilities occupying different salinity
niches. The same molecular pathways and physiological
processes were modified across osmotic environments on
both macro (among species) and micro (within species) evo-
lutionary timescales; this repeated modification is indicative
of adaptive evolution.

The DNA sequence variation responsible for the evolved
variation in F. heteroclitus osmoregulatory abilities has been
examined through genome-wide association studies (GWAS)
and genome scans for signatures of natural selection. GWAS
seeks to identify DNA sequence variation (alleles) that is
associated with the physiological variation. In F. heteroclitus,
GWAS revealed that variation at 26 genes accounted for
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Figure 8 Local osmotic adaptation. F. heteroclitus population variation along a salinity gradient in the Chesapeake
Bay. (A) Map of salinity gradient in the Chesapeake Bay, where experiments contrasted physiology and genomics of
marine-native (M), brackish-native (BW), and freshwater-native (FW) populations. (B) Plot of genetic similarity of individuals
collected from the three Chesapeake populations, where neighboring populations were equally genetically distant from
each other. (C) Principal component analysis of genes that are differentially expressed between populations but not affected
by salinity challenge. Genes where the pattern o?populoﬁon divergence matches the neutral expectation [e.g. as established
by pattern of genetic relatedness shown in (B)] are included in the left panel and genes where the patterns of population
divergences consistent with adaptation in the freshwater population (blue) are included in the right panel. Pie chart shows
the proportion of genes within this set that show the neutral or adaptive pattern. (D) Principal component analysis of genes
that are differentially expressed between populations and that are differentially expressed during salinity challenge. Genes
where the pattern of population divergence matches the neutral expectation [e.g. as established by the pattern of genetic
relatedness shown in (B)] are included in the left panel and genes where the patterns of population divergence consistent
with adaptation in the freshwater population (blue) are included in the right panel. Pie chart shows the proportion of genes
within this set that show the neutral or adaptive pattern. A greater proportion of genes that are transcriptionally responsive
to salinity show the adaptive pattern than genes that are not responsive to salinity. Principal component analyses are
redrawn from Ref. 202. Salinity gradient heatmap of the Chesapeake Bay was generated from the NOAA Chesapeake
Bay Operational Forecast System (https://tidesandcurrents.noaa.gov/).

Adaptation Within and Among Populations

56% of the variation in osmoregulatory abilities among
individuals (27). Not all individuals with the best osmoregu-
latory abilities had the same set of variants at each of these
loci. This indicates that osmoregulatory ability is a polygenic
trait; it involves allelic variation at multiple genes, and many
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combinations of these variants can support osmoregulatory
abilities. These physiology-associated variants also tended to
evolve by adaptive rather than neutral processes between BW-
native and FW-native populations (27). This demonstrates
that the genetic variation for osmoregulatory physiology is
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important for adaptation to different osmotic environments
and that this adaptation is polygenic.

Together, GWAS, selection scans, quantification of mRNA
expression, and comparative physiology provide insight into
the complex and polygenic adaptations that enable evolu-
tionary transitions between osmotic niches. These integrative
studies also demonstrate that natural selection and reversible
physiological acclimation in fresh and brackish populations
involve the same biochemical and molecular pathways.
This relationship between physiological acclimation and
adaptive divergence is different for salinity than for temper-
ature; for temperature, adaptive mRNAs were different from
the mRNAs that were responsive to acclimation (48). The
adaptive divergence in response to temperature was based
on differences between geographically distant populations
(Maine and Georgia), whereas adaptive osmoregulatory
divergence was measured among geographically proximate
populations along a salinity gradient within the Chesapeake
Bay. It is unclear if the fundamental differences where phys-
iological and adaptive genes are shared (osmotic regulation)
or are different (temperature) are due to the differences in
the physiological systems or are due to the evolutionary time
scale. Perhaps the difference between salinity and tempera-
ture adaptation is because osmotic adaptation and regulation
are restricted to similar pathways, whereas adaptive temper-
ature divergence may recruit variants in pathways that do
not overlap with those that contribute to thermal acclima-
tion. Also, many adaptive differences among populations in
osmoregulatory mRNA expression were for genes that were
differentially expressed very quickly (e.g. hours) after expo-
sure to osmotic challenge, whereas temperature-regulated
genes were compared between populations 6 weeks after ther-
mal challenge. It is plausible that quickly responding gene
expression pathways (e.g. sensing and signaling) contribute
to adaptive divergence in gene expression along thermal
gradients. Alternatively, more recent adaptation along salin-
ity gradients, in contrast to presumably older adaptation to
thermal gradients, may favor adaptive divergence that recruits
physiologically inducible pathways. Defining the causes of
this fundamental difference is important and merits further
study.

To summarize adaptive osmoregulation in
F. heteroclitus

e Among Fundulus species, similar osmoregulatory phys-
iologies have evolved multiple times, in parallel with
multiple independent species’ radiations into freshwater
environments, indicating that osmoregulatory physiology
is an adaptive trait.

e Within F. heteroclitus, populations that inhabit extreme
upper estuary habitats have an enhanced ability to toler-
ate very low salinity and perform better in low salinity
compared to other populations that inhabit saltier habitats,
indicating adaptation to local osmotic niches.
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* Derived abilities to acclimate and perform well in low
salinity exceed neutral expectations and are, therefore,
also likely adaptive.

* Gene expression that is physiologically responsive to
experimental osmotic challenges is more likely to show
patterns of adaptive divergence than genes that are not
responsive to challenge.

e The suite of physiological and mRNA responses to
salinity, coupled with DNA sequence variation from mul-
tiple genes associated with variation in osmoregulatory
abilities, indicates that osmoregulatory physiology is a
complex polygenic trait that evolves by natural selection
in alternate osmotic environments.

* Osmotic adaptation is different from thermal adaptation
in that the genes involved in osmotic adaptation and
reversible physiological responses are similar, but in
temperature adaptation, few genes show both adaptive
divergence and physiological responsiveness.

Local, rapid adaptation to temperature

Certain local estuaries are exceptionally warmer than the
surrounding waters due to TE discharged from power plants
(Figure 9). The increase in temperature by 4 to 12°C at these
TE sites is less than 50 years old. Even though TE sites
are young relative to nearby reference populations, Fundu-
lus occupying these TE sites have greater critical thermal
maxima (CTmax: maximum temperature at which an indi-
vidual can no longer actively escape unfavorable conditions)
(49). Genotyping by sequencing (GBS) was used to identify
5449 SNPs among 239 individuals comparing two triads:
three populations with one TE population and two reference
populations (one ~60km north and one ~60km south).
This experimental design allows for a specific evolutionary
analysis: SNPs evolving by natural selection should have
significantly different allele frequencies at the TE site relative
to both reference populations, but SNP allele frequencies
should not differ between the reference sites. Using a triad
design also controls for demography and other neutral pro-
cesses that could create significant genetic divergence among
populations.

Focusing on a single TE triad at Oyster Creek NJ, we can
identify subtle demographic structure using a “discriminant
analysis of principal components” (DAPC). This demo-
graphic structure is identified because DAPC maximizes
the differences between populations while simultaneously
minimizing the differences within populations (94). Basi-
cally, the DAPC analysis identifies a linear combination of
SNPs producing the largest differences between populations.
A DAPC of the Oyster Creek triad (north and south reference
and TE sites, Figure 9A) shows that all three sites have subtle
allele frequency differences (X-axis) and that the TE site
can be distinguished from both reference sites (Y-axis). To
identify the SNPs that contribute to this difference between
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Figure 9 Local adaptation to warmer temperatures. Three populations (triads) were examined: a northern and
southern reference population and a locally heated thermal effluent (TE) population. (A) Genetic structure among
Oyster Creek TE site using all approximately 5400 SNPs. X and Y axes are the first and second principal compo-
nents (linear equation maximizing the variation among populations). The first principal component separates all
three sites, and the second separates the TE site (red) from both northern and southern reference sites. (B) Outlier
SNPs with statistically large and unexpected Fq; values for paired comparisons between TE and references. SNPs
evolving by natural selection are the 94 SNPs where TE differs from both reference populations but are not dif-
ferent between the pair of reference populations. (C) Structure plots using 94 outlier SNPs for 2, 3, or 4 groups
of individuals (k =2, 3, or 4). TE site is distinct in all comparisons. (D) Linkage disequilibrium as indicated by
similar Fg; values relative to the DNA distance (base pair, bp). Dashed line is the mean, and shading is the 95%
confidence bounds for the mean genome-wide Fg; value estimate for both TE versus reference comparisons. Red
is the decline in Fg; value for outlier SNPs, and blue is the mean Fg; value when TE and references are randomly
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permutated.

the TE and reference sites, SNPs with significantly large
Fgr values were selected. SNPs with significantly large Fgp
values are unexpected because they greatly exceed neutral
models based on random permutations (Figure 9B). These
selectively important SNPs had to be an outlier for TE versus
both references, but not between references. The rationale
behind defining adaptive selection this way is threefold:
(i) outlier SNPs have Fgr values that exceed the neutral
expectation, (ii) they are significant for the TE sites relative
to both cooler reference sites, and (iii) they do not have
significant demographic effects because they are not different
between the two cooler reference sites (49).

These data indicate that 94 SNPs in the Oyster Creek TE
site display significantly large genetic distance (Fgp) that is
most parsimoniously explained by adaptive selection. To ver-
ify that these SNPs have frequencies that distinguish the TE
site from both references, the 94 outlier SNPs from Oyster
Creek where used in a Structure analysis (154), which groups
individuals based on shared and similar allele frequencies.
The Structure analyses clearly distinguished the TE site from
both reference sites (Figure 9C). Regardless of clustering into
two, three, or four groups (k =2, 3, or 4, Figure 9C), the
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Oyster Creek TE site segregates from both reference sites,
which share similar allele frequencies.

These analyses of approximately 5400 SNPs show that
many SNPs have unusually large Fgp values indicative of
evolution by natural selection. The interesting observation
is that none of the adaptive SNPs were rare in the reference
populations, nor did they reach fixation in the TE population.
Importantly, selection seems to be SNP-specific since linkage
distance is minimal (Figure 9D) and there are no significant
LDs among the 94 outlier SNPs in Oyster Creek.

In conclusion, the rapid adaptation to recent thermal warm-
ing at a TE site appears to be polygenic because it involves
standing genetic variation in many independent genes that are
not swept to fixation (49).

Local, rapid adaptation to pollution

The production of persistent organic pollutants (POPs)
including polycyclic aromatic hydrocarbons (PAHs) and
polychlorinated biphenyls (PCBs) contribute to one of the
more serious forms of pollution: exposure is associated with
carcinogenicity and mutagenicity (11, 67, 109, 111, 160, 210)
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and has been associated with metabolic diseases, including
type 2 diabetes, obesity, and energy metabolism (7, 96, 107,
108, 112, 160). F heteroclitus populations at polluted sites
have adapted to a widely distributed class of POPs even
though polluted habitats are only a few decades old (31, 38,
121, 126-129). The toxic effects of these POPs are medi-
ated largely through the aryl hydrocarbon receptor (AHR)
pathway (68, 122, 147). Importantly, F. heteroclitus embryos
from the polluted populations are resistant to these POPs in
the first and second generations after rearing in a common
clean environment (127-129). Thus, the differential survival
of fish from polluted habitats is due to genetic adaptation
rather than reversible physiological effects.

Resistance to POPs in F. heteroclitus is associated with
normal development and the lack of cardiac abnormalities
that occur among individuals from reference populations
(populations from relatively nonpolluted sites) when exposed
to POPs during development (25, 26). The abnormal devel-
opment is associated with changes in mRNA expression not
seen in fish from polluted populations (24, 26). POPs also
alter the function of metabolic pathways, specifically the
OxPhos pathway that is responsible for the vast majority of
ATP production. Similar to development and gene expression
patterns, resistant populations show little change in OxPhos
metabolism when exposed to POPs, whereas nearby clean
reference populations have significant changes, which are
heritable (57, 58). These phenotypic changes reduce POPs’
influence on development and metabolism and enhance
survival and are recent adaptations. A key challenge was to
identify the molecular and genetic basis for this adaptation.

To identify the genetic basis for adaptation to pollution,
one of the first genomic surveys used mass spectrometry,
which sorts charged DNA molecules based on their mass-
to-charge ratio, to identify 354 SNPs among three polluted
populations [Figure 10A, (203, 205)]. For each of the 354
SNPs, the three polluted populations were compared to two
references in a triad design [one clean population north and
one clean population south of the resistant polluted popu-
lation (Figure 10A)]. In the triad design, evolution by local
adaptation requires the polluted population to be significantly
different from both northern and southern reference sites
without significant difference between the references. These
requirements were applied to three separate evolutionary
analyses: outlier Fgp distribution, significant association
between allele frequencies and level of pollution, and signif-
icant differences in MAF (minor allele frequencies) (205).
The union of three separate adaptive tests (i.e. all three tests
were significant) identified approximately 2% to 4% adaptive
SNPs among the three triads (Figure 10A). All three polluted
populations are resistant to pollution with each having 6 to
15 SNPs significant for all three statistical tests (Figure 10A).
Yet, only one SNP was shared among the three triads: a
SNP in CYPI1A, the enzyme cytochrome P4501A. CYP1A
is a phase I xenobiotic-metabolizing enzyme integral to the
detoxification pathway (205). The observation that the major-
ity of putatively adaptive SNPs differed among the three
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polluted populations could reflect polygenic selection with a
redundant genetic variation that results in a similar pheno-
type (resistance to pollution). Yet, there are two alternative
interpretations of the lack of shared adaptive SNPs. One alter-
native is that each of the triads could have specific POPs and
other environmental stressors and the selectively important
SNPs represent unique solutions to these different selective
forces. A second alternative is that with sparse sampling of
the genome (as is the case for any GBS study) there can
be variation in linkage among SNPs in highly polymorphic
populations such that different SNPs are linked to the same
adaptive variant in different populations. If this were to occur,
one would risk incorrectly concluding that different loci are
responsible for adaptation in different populations. Whether
the different selectively important SNPs among populations
represent redundant polygenic adaptation is thus unresolved.

The only selectively important SNP shared in all three
polluted populations was the CYP1A SNP in the first intron.
The frequency of this outlier SNP was approximately 60%,
22%, and 10% in polluted, southern reference and northern
reference populations, respectively. To determine its func-
tional significance, the promoter-intron was sequenced in 24
individuals from the polluted New Bedford population and
the two reference populations [n = 8/population, Figure 10A
(206)]. To test how these promoter-introns regulate mRNA
transcription, these promoters were linked to a reporter gene,
and the expression of the reporter gene was quantified in cell
culture (Figures 10C and 10D). These hybrid gene complexes
(CYPIA promoter-intron and reporter gene) were sensitive
to the amount of added POP (Figure 10C) indicating that the
promoter sequence was sufficient to regulate mRNA expres-
sion in response to pollution. Importantly, the promoters
from the polluted New Bedford site had significantly greater
gene expression than promoters from either clean, reference
population (Figure 10D). Thus, polluted and both clean ref-
erence populations have functional differences due to DNA
sequence variation (206). Interestingly, promoter-intron
sequences exhibited extremely large sequence variation
[~9% of the sites were polymorphic (206)] and the polluted
promoter clades with both reference populations as well as
with F. grandis suggesting they are independently evolved.
Additionally, the outlier CYP1A SNP (red star Figure 10B) is
found in both reference populations and is absent in approx-
imately 16% of individuals from polluted New Bedford
population (i.e. 16% are homozygous for the “clean reference
allele) (205). Furthermore, none of the polymorphic sites
were shared among all eight polluted promoters, and all of
the variable DNA sites were found in the clean reference
populations. Thus, even though the promoters from the
polluted populations altered gene expression, this change
was accomplished with distinct DNA sequence variations
in each individual, and not parallel evolved changes. This
pattern of multiple different genetic combinations influencing
an adaptive change most likely arose because of the large
amounts of standing genetic variation (Figure 10B), such
that multiple variants may exist that affect function, but in a
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Figure 10 Rapid local adaptation to pollution. Analyses of polluted populations using changes in allele frequencies for
354 SNPs defined by mass spectrophotometry. (A) In each of three comparisons a polluted population (P) was compared
to two clean reference populations (C). The Venn diagram for these three triads (C-P-C) was used to identify statistically
significant SNPs based on an outlier test (Outlier, unexpectedly large Fgp), environmental association of SNPs (Assoc.),
and changes in minor allele frequencies (MAF). The red number is the number of SNPs that are significant in all three tests.
(B) Maximum parsimony tree of the 24 CYP1A promoter-intron sequences use fo test the effect of DNA sequence variation
on gene expression. Blue highlights are sequences from polluted New Bedford populations. Red stars are for sequences
with derived outlier SNP. (C) Induction of gene expression with exposure to persistent organic pollutants (POP) in cells
in culture for CYP1A promoter from polluted and clean populations. (D) Average pollution-induced gene expression from
CYP1A promoter from the two clean (green and blue] and the polluted New Becﬁord population (red). Letters represent
posthoc analysis indicating that the polluted New Bedford is significantly different from both clean populations, and there
is no significant difference between the clean populations.

redundant manner. This is illustrative of how, among different
individuals, different polymorphisms may achieve the same
functional phenotype. With different sets of variants sub-
jected to selection, it would lead to an incomplete sweep of
any single mutation; this result is analogous to what happens
during polygenic adaptation, such that small allele frequency
changes underlie adaptive shifts in phenotype.

A limitation of the just discussed Williams and Oleksiak
(205) study is that it only examined hundreds of SNPs. It
is possible that much more shared DNA sequence variation
exists in polluted populations. To investigate the presence of
many shared DNA variants, whole genomes were sequenced
in 384 individuals from 4 polluted and 4 clean reference pop-
ulations [48 individuals from each population, Figure 11A
(157)]. For all four polluted populations, F heteroclitus
showed little change in mRNA expression when exposed to
POPs, whereas F. heteroclitus from clean reference popu-
lations were transcriptionally responsive to POP exposure
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(Figure 11B). That is, all polluted populations share a com-
mon phenotype: the absence of mRNA response to POP
exposure, especially for genes involved in the AHR pathway
(Figure 11C). These mRNA expression patterns were related
to changes in the F. heteroclitus genome (157) (Figures 11C
and 11D).

The AHR protein is a transcription factor that is activated
by binding PAHs, PCBs, and other xenobiotics, which then
changes mRNA expression and POP toxicity (Figure 11C).
By binding PAHs, AHR is released from AIP (AHR inter-
acting protein), moves into the nucleus, and associates with
ARNT (aryl hydrocarbon receptor nuclear translocator) to
form a complex that regulates the mRNA expression by inter-
acting with DNA that binds AHR (AHR response elements
or AHREs) (63, 183). One of the more common mRNAs
regulated by AHR is CYP1A. A similar phenotypic response
occurs in four polluted F. heteroclitus populations—they
lack enhanced transcription of genes regulated by AHR
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Figure 11  Genomics of adaptation fo recent anthropogenic pollution. (A) Four pairs of
populations were sampled: for each pair, one population inhabits highly polluted marine envi-
ronments and individuals are tolerant to POPs (T), and the second population is in a clean,
nonpolluted reference site and individuals are sensitive to POPs (S). (B) Pairs of mRNA expres-
sion for controls and POP exposure among tolerant (T) and sensitive (S) populations. Each
population has mRNA expression for two sets of conditions: control and exposure to POP. In
each row is the relative expression of an mRNA, with high expression as bright yellow. The
lower panel highlights genes activated by ligand-bound AHR protein. (C) Diagram of AHR
signaling pathway including co-regulators and transcriptional targets. Color boxes are color
coded for location defined in (A). Filled boxes are genes idenﬁ?ied as evolving by natural
selection. (D) Fgr values and « (pi, nucleotide diversity) between tolerant (T) and sensitive (S)
populations. Gray shading highlights DNA sequences with unusually large significant Fg; val-
ves, extreme pi values, or both. These regions of the genome also have significant Tajima’s D
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(not shown).

(Figure 11B). While, thousands of DNA variants with signa-
tures of natural selection occur in each of the four polluted
populations, most are not shared among polluted populations.
However, all four populations share changes in the DNA
sequences for the AHR, AIP, ARNT, and CYP1A genes
(Figure 11D). The DNA sequences in these regions exhibit
significant changes indicative of evolution by natural selec-
tion: large Fgp values between polluted and clean reference
populations, low nucleotide divergence, and significant neg-
ative Tajima’s D (Figure 11D). These data showing locally
polluted F. heteroclitus populations with greater survivorship
to POPs have derived patterns of AHR-dependent mRNA
expression and patterns of DNA sequence variation indica-
tive of evolution by natural selection. Overall, these data are
indicative of rapid adaptive evolution.

These data are similar to the original DNA sequence
analyses using 354 SNPs: considering the genetic variants
associated with pollution resistance, there are many more
DNA variants associated with each polluted population
than shared among all four populations. Additionally, while
several genes are consistently involved in adaptive genomic
changes among the four polluted populations (154), few of
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the selectively important variants within these genes are the
same (Figure 11D). Instead, some populations have unique
sets of genomic variants, even in genes that have shared
signatures of selection, and adaptive alleles have not swept
to 100% frequency. These patterns are consistent with many
functionally redundant alleles offering a similar selective
advantage segregating within adapted populations. The
observation that there are many selectively important DNA
sequence variants among many genes, that these sequence
variants differ among polluted populations, and none of
them are swept to 100% within a population, is indicative
of polygenic adaptation. Furthermore, different functionally
redundant unlinked variants that influence a single gene
are segregating within populations and when adaptive they
resemble polygenic adaptation: SNPs will not be sweep to
100% frequency.

One of the important lessons from these empirical results is
that when multiple populations converge on the same adaptive
polygenic phenotype, it is likely that the underlying adaptive
alleles will be different in different populations. These results
are consistent with a variety of theoretical studies discussed
above (23, 170, 209). Furthermore, even if a trait has a simple
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genetic basis, in different populations that converge on the
same adaptive phenotype different allelic variants may be
responsible because of genetic redundancy. Therefore, we
suggest that in F. heteroclitus populations with high levels
of genetic diversity, functional redundancy and polygenic
adaptation commonly contribute to adaptive variation for
physiological traits. This form of adaptive evolution results in
incomplete sweeps of adaptive genetic variation within a pop-
ulation, and allele frequency changes at different sets of loci
in different populations. Importantly, polygenic adaptation
with redundancy maintains genetic polymorphism within and
among populations, and thus provides the genetic variation
necessary for future evolutionary change.

To summarize local, rapid adaptation in
F. heteroclitus

* Rapid (<100 s of generations) adaptive evolution involves
many genes.

e F. heteroclitus populations subjected to recent, anthro-
pogenic changes in the thermal environment demonstrate
enhanced survival to high temperatures associated with
adaptive changes in mRNA expression and DNA sequence
variation.

* F heteroclitus populations living in highly polluted waters
have evolved adaptive changes that enhance survivorship
and are insensitive to the negative effects of pollution on
development and metabolism relative to individuals from
nonpolluted populations.

* Polluted populations exhibit adaptive changes in the AHR
pathway that is observable in patterns of mRNA expres-
sion and DNA sequence variation across the genome.

* The adaptive responses to both recent changes in thermal
and polluted environments arose from standing genetic
variation and are best described as polygenic—involving
many different genetic changes, not all of which are
shared among all adapted individuals, such that allele
frequency change at any given locus rarely proceeds to
fixation within an adapted population.

Epistatic Evolution between Nuclear and
Mitochondrial Genomes

Epistasis is when the functional influence of variation at
one gene depends on the genetic variation at another gene.
This limits the pace of adaptive evolution by requiring
allelic variants in separate genes to occur together without
recombination. Thus, epistatic evolution is the process by
which the selection on an allele is influenced by the genetic
variation at another gene. The study of epistatic evolution
is challenging because of the large number of potential
interactions and the difficulty of inferring phenotypes from
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the underlying additive effects of genetic variation (114,
115). One important example of the potential for epistatic
interactions is the genes that form the OxPhos pathway. The
OxPhos pathway involves proteins that are encoded in both
the nuclear and mitochondrial genomes. As in nearly all
animals, the mitochondrial genome is maternally inherited
and thus different from the nuclear genome, which contains
alleles from both parents. Importantly, the mitochondrial and
nuclear genes that form the OxPhos pathway are responsible
for most aerobic ATP production. The OxPhos pathway is
comprised of 5 enzyme complexes with approximately 91
proteins; the mitochondrial genome encodes 13 of these pro-
teins while the nuclear genome encodes 78 (Figure 12A). The
interactions among these 91 proteins in the OxPhos pathway
are sensitive to acute and chronic temperature exposures
(161, 162). It is the DNA sequence variation between the
two genomes (nuclear and mitochondrial) that ultimately is
responsible for the observed variation in OxPhos (described
below).

Northern F. heteroclitus populations have evolved a mito-
chondrial genome that differs from the southern type by
five amino acid substitutions among the 13 mitochondrial
encoded proteins (198). Yet, the DNA sequence changes
between the northern and southern mitochondrial genome
provide little evidence for adaptation (198). For quantita-
tive physiological traits, F. heteroclitus individuals from
northern and southern populations reveal subtle OxPhos
metabolic differences that are most obvious at low tempera-
tures (35, 36, 65, 83, 164). OxPhos metabolism is quantified
by measuring mitochondrial oxygen consumption, or State
3 respiration (an integrative measure of ADP and substrate-
dependent mitochondrial respiration). Importantly, OxPhos
metabolic differences between F. heteroclitus with northern
and southern mitotypes alter acute temperature responses
(13) (Figure 12B): when acclimated to 28°C, individuals with
southern mitotypes are much more sensitive to acute temper-
ature changes than individuals with the northern mitotypes.
Yet, interactions between nuclear and mitochondrial genomes
are not addressed in these studies between individuals with
northern and southern mitotypes.

To examine the epistatic evolution in F. heteroclitus involv-
ing the mitochondrial and nuclear genomes, we compared
DNA sequence variation in nuclear genomes between indi-
viduals with northern or southern mitotypes. Fortunately,
local populations in northern New Jersey, just south of the
Hudson River, have nearly equal frequencies of both mito-
types (79). In these populations, the bimodal distribution
of nuclear allelic variation with significantly lower number
of heterozygotes is indicative of natural selection favoring
a specific combination of nuclear and mitochondrial genes
(120). The functional effect of this interaction and the role
of specific genes involved were determined by measuring
OxPhos physiology among individuals in a single population
containing both mitotypes (13, 14).

Within and between the two mitotypes found in a single
panmictic population the variation in nuclear genotypes alters
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Figure 12  Epistatic adaptive evolution. (A) Oxidative Phosphorylation pathway and the number of protein subunits encoded by mitochondrial
and nuclear genomes (95). (B) Mitochondrial OxPhos dependent respiration (State 3) measured in Fundulus heteroclitus from a single New Jersey
population. Individuals were acclimated to either 12 or 28°C and had either the northern or southern mitochondrial haplotype. Acclimation,
acute (assay temperature), and mitochondrial effects were all significant. (C) Distribution of wFg; values for 11,705 nuclear SNPs calculated
between the two mitochondrial haplotypes within the single population. Plot contains wFs; values and corresponding negative log10 pvalues
(e.g. —log10(0.01)=2). Blue values are significant with a p-value less than 0.01, green values are significant with a 1% FDR correction,
and purple values are significant with a Bonferroni correction. Histograms show wFg; and pvalue distributions. (D) Mitochondrial OxPhos
dependent respiration (State 3) as a function of the fraction of southern nuclear alleles. State 3 is the residual from a mixed model with body
mass, acclimation, and assay temperatures. Individuals with greater than 75% northern nuclear alleles and the northern mitochondria are blue,
individuals with less than 75% northern nuclear alleles, and the northern mitochondria are green. Individuals with less than 75% southern
nuclear alleles and with southern mitochondria are orange. Individuals with greater than 75% southern alleles and the southern mitochondria

are red.

OxPhos (14). This result relied on evolutionary analyses that
identify unexpectedly large, significant differences in nuclear
allele frequencies between the two mitotypes (Figure 12C).
In a single panmictic population (where individuals randomly
breed), nuclear alleles should not vary between mitotypes.
The variation in allele frequencies between individuals
with different mitotypes relative to the total variation is
Fgr, and because it is within a population, it was denoted
as wFgr (14). Examining approximately 11,000 different
sites with DNA polymorphism (SNPs), revealed 349 out-
lier SNPs: SNPs with significantly large and statistically
unlikely wFgr values (Figure 12C). With little admixture
and much support for random mating, the most parsimonious
explanation for the allele frequency differences between the
two mitotypes is that they are evolving by natural selection.
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These data suggest that the different mitotypes and nuclear
genome are evolving epistatically. To test this hypothesis
one can test whether these 349 outlier SNPs have functional
effects.

Functionally, individuals with both ‘“southern” nuclear
and mitochondrial genomes have higher OxPhos metabolism
(State 3) than individuals with both northern nuclear and
mitochondrial genomes (Figure 12D). Yet, the evidence for
epistatic evolution is among individuals with northern mito-
chondria and a high frequency of southern nuclear alleles, or
vice versa (southern mitochondria with many northern alle-
les). We call these nuclear SNP alleles “northern” or “south-
ern” because they are most frequently associated with the
northern or southern mitochondrial haplotypes. Among indi-
viduals with a mixture of southern and northern mitochondrial
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and nuclear genotypes, OxPhos metabolism is related to the
frequency of “southern” nuclear alleles (Figure 12D): individ-
uals with northern mitochondria and more southern nuclear
genes had higher OxPhos metabolism while individuals with
southern mitochondria and more northern nuclear genes had
lower OxPhos metabolism (Figure 12D). These data (12-14,
83, 120) indicate that the interaction between the mitochon-
drial haplotype and nuclear genotype influences the survival
of individuals as well as OxPhos physiology.

What is amazing about the epistatic evolution between the
nuclear and mitochondrial genomes of F. heteroclitus is that it
would require selection at every generation. Not surprisingly,
no nuclear DNA sequence variation is fixed (at a frequency
of 100%) for either mitochondrial haplotype. Instead, allele
frequency differences are lower than 26%. Thus, significantly
large wFgr values are due to the small variance in nuclear
genes between each haplotype. Additionally, because no
individual has all SNPs associated with either the northern
or southern mitochondrial haplotype, it suggests that only
a subset of SNPs is necessary for epistatic adaptation. In
conclusion, these data suggest high standing genetic variation
influences mitochondrial function and only some of this
variation is necessary to cause the adaptive change in OxPhos
metabolism.

Assortative mating (88) provides an alternative explana-
tion for the significant divergence between 349 outlier SNPs.
For example, if the 349 SNPs modulate mating cue that
contributed to assortative mating, then assortative mating
could result in outlier wFgy’s. Yet, this would not explain the
physiological differences among individuals with different
proportions of northern or southern nuclear 349 SNPs. Nor
would assortative mating explain why the wF g values exceed
the Fgr values for the same 349 SNPs between populations.
It possible that an assortative mating cue is related to mito-
chondrial function and this would explain the data. That is,
individuals with northern mitotype prefer individuals with
both northern nuclear alleles and mitotypes because of a mat-
ing cue associated functional divergence in OxPhos function.
This epistatic interaction would evolve due to sexual selection
and would not necessarily be an adaptive physiology.

To summarize the evidence for F. heteroclitus
epistatic evolution

e In northern New Jersey, populations have nearly equal
frequencies of “northern” and “southern” type mitochon-
drial haplotypes that have 5 amino acid differences among
the 13 mitochondrial-encoded proteins.

* In this population, individuals with the northern type
mitochondria have different nuclear allele frequencies
relative to individuals with the southern type mitochon-
dria.

* The large significant differences in nuclear allele frequen-
cies are indicative of natural selection altering allele fre-
quencies in these genes due to epistatic evolution.
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* Nuclear genes with large significant allele frequency dif-
ferences alter OxPhos physiology depending on an indi-
vidual’s mitochondrial haplotype.

e These data indicate a significant epistatic interaction
between mitochondrial and nuclear genomes that is
evolving by natural selection, suggesting epistatic adap-
tation.

Fine-scale Evolution Within a Population
to Microhabitats

Watching thousands of F. heteroclitus move in and out with
the tides, where intertidal creeks are typically dry at low tide
as they drain into basins, supports the concept that a local
estuary is a single panmictic population. Yet, within these
estuaries are shallow permanent ponds (0.5—1 m deep) where
individuals are likely to be resident (5). These microhabitats
(basins, inter-tidal creeks, and ponds) are less than a few
100 m apart and exhibit significant environmental differences
(Figure 13A). In a panmictic F. heteroclitus population
that lays and fertilizes eggs in the high upper-tidal zone of
saltwater marsh estuaries, genetic variation among these
physically close microhabitats is unlikely. The hypothesis
of genetic similarity is supported by the observation that in
populations from three geographically separate estuaries,
most DNA sequences have similar allele frequencies among
basins, intertidal creeks, and permanent ponds (195). Specif-
ically, among approximately 4700 SNPs a vast majority have
similar allele frequencies. Yet, surprisingly, in all three sep-
arate estuaries, individuals are significantly different for 1%
to 2% of SNPs among microhabitats (Figure 13B). For each
separate estuary, SNPs with significant and large differences
in allele frequencies between microhabitats were determined
using three statistical tests (Figure 13B). SNPs that were
significant for all three tests were considered “outlier SNPs.”
The magnitude of the difference in allele frequencies is
demonstrated in the Fgp values: Fgr values for the outlier
SNPs are much greater than either most other SNPs or for
random permutation of the data (e.g. only 0.4% of 413 million
random Fgr values exceed the lower 95% CI of the outlier
SNPs Figure 13C) (195). Importantly, among outlier SNPs,
allele frequency differences between microhabitats (<100 m
apart) exceed the differences among estuaries (100,000 m
apart, Figure 13D). Based on these data, unexpected allele
frequency differences among microhabitats are most likely
due to evolution by natural selection.

The three New Jersey populations (Figure 13A) are repli-
cate study sites for microhabitats, and each population has
significant and large outlier SNPs among microhabitats. Yet,
no outlier SNP was shared among all three populations. How-
ever, among all three populations outlier SNPs were present
in common genes either by occurring (i) in the same gene
at a different position, (ii) in a duplicate gene or paralog, or
(iii) among genes with similar annotations. In fact, 11 outlier
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Figure 13 Fine-scale evolution among microhabitats. (A) Three New Jersey saltmarsh estuaries
(Mantoloking, Rutgers University Marine Field Station, Stone Harbor) and an enlarged image of
Rutgers University Marine Field Station with three microhabitats Basin (B), Creek (C), and Pond (P).
The distance between microhabitats was never greater than 200 m and usually less than 50 m. (B)
Evolutionary analyses among microhabitats for three populations, where each population has three
analyses: (1) SNPs with significantly different Fs; values, (2) Lositan identified significant outlier SNPs,
and (3) Arlequin identified significant outlier SNPs. Significant SNPs detected in all three analyses with
joint FDR less than 1% were considered outlier SNPs. (C) Density of Fs; values within each of the three
New Jersey saltmarsh populations. Plotted are large significant outlier SNPs (blue), 4352 nonoutlier
SNPs (gold), and SNPs when population assignment is randomly permuted among microhabitats
(red). (D) Density of outlier-SNP Fg; values within and among populations. Significant outlier SNP-
specific Fgp values for within Rutgers University Marine Field Station (blue) and between Rutgers

Marine Station and Stone Harbor (gold) or Mantoloking (red).

SNPs are in the same or paralogous gene. One example is
outlier SNPs 33 bp apart in the same intron of vav guanine
nucleotide exchange factor 2 (VAV2, signal transduction
gene). Another example is outlier SNPs among different
glutamate receptors found in all three replicate populations:
(GRM4, GRM4/, and GRMS5, where GRM4 and GRM4/
are two duplicate genes on different scaffolds). In addition
to these examples, many more outlier SNPs share similar
functions as defined by their gene ontology (195). These data
suggest that many different and variable genes can respond to
natural selection and distinct sets of adaptive genes occur in
each population. Once again, these data support the concept of
polygenic selection operating on standing genetic variation.
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Polygenic selection from standing genetic variation also
requires a lack of long-distance linkage (linkage disequilib-
rium, LD). By examining 15,259 SNPs, 8,180 (12% of all
possible) have significant LD and 93% of these are less than
100 bp apart. Linkage between the 261 outlier SNPs with all
the other 14, 998 SNPs reveal that 1192 have significant LDs,
yet all but 67 or 94% of these are less than 100 bp apart. In the
classic model of evolution, where new mutations quickly go
to fixation when evolving by natural selection, outlier SNPs
should be associated with large linkage blocks. Clearly, this is
not what we find, nor would we expect to if the microhabitats
within a population are inundated with admixed young of
the year every spring. Instead, the short distances among all
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SNPs and among 94% of outlier SNPs with significant LD is
indicative of long-term standing genetic variation.

An alternative explanation to natural selection influencing
these SNP allele frequencies is that individuals display hom-
ing behavior to specific microhabitats. Thus, offspring might
choose their parent environments even though individuals
randomly reproduce in the higher tidal zone. None of the
data suggest widespread isolation (i.e. most SNPs have small
Fgr values, Figure 13C). Yet, it is possible that the outlier
SNPs modulate homing behavior. This would suggest natural
selection favors alleles that alter behavioral choices, versus
natural selection favoring these outlier SNPs because they
enhance adult behavior. Either explanation still relies on
polygenic selection but differs with respect to the life stage,
physiological mechanism or functional trait evolving by
selection.

The observation of significant and frequent allele fre-
quency differences among microhabitats less than 100m
apart is surprising when at high tides individuals have
access to the whole estuary. It is surprising because natural
selection would have to exceed migration, which should be
substantial. Yet, the strong selection is probable considering
that ponds experience high daily temperature maxima, low
nightly dissolved oxygen levels, and are more productive
than basins or creeks (4, 5, 188). In contrast, tidal basins
have lower diurnal fluxes in water temperature, salinity, and
dissolved oxygen (78, 91, 187, 188). Large differences in
SNP allele frequencies among microhabitats exceed those
among geographically distant populations (Figure 13D) and
are indicative of fine-scale genetic structure. The evolution-
ary importance of this observation depends on two points:
(i) whether outlier Fgr values are statistical errors (type I
errors) or (ii) whether neutral evolutionary processes are
likely to explain the large Fgy outliers. A detailed analysis of
SNP allele frequencies indicates that the genetic divergence
among microhabitats is not due to these two points, and thus
indicates adaptive divergence between microhabitats (195).
What is missing are the functional consequences of genetic
divergence. Functional data would greatly enhance this study,
providing a separate dataset to support or reject the idea of
rapid, fine-scale adaptation.

To summarize the data on fine-scale evolution

* Among three separate New Jersey estuaries, SNP allele
frequencies are significantly different among microhabi-
tats within each estuary.

e Among the outlier SNPs, none are shared in all three pop-
ulations, but many of the outlier SNPs occur in the same
or similar genes.

* Long-distance linkage is rare (nearly all SNPs exhibit LD
of 100 bp or less).

* These patterns of divergence suggest polygenic selection
from standing genetic variation on a fine ecological scale.
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Discussion

FE. heteroclitus has adapted to the thermal cline along the
eastern seacoast of North America, along the salinity gra-
dients in bays and estuaries and to locally heated, polluted,
and variably saline environments. These adaptive changes
have involved glycolytic or OxPhos enzymes, changes in
genome-wide mRNA expression, and a large number of
SNPs. The adaptive divergence in physiological traits and the
genes that influence these traits occur at different spatial and
temporal scales: along the eastern seacoast of North America
or among bays evolving for thousands of years and in local
environments evolving for a few decades or less.

One of the genes responsible for adaptation along the east-
ern seacoast is LDH-B. The two LDH-B alleles have different
biochemical properties that alter reaction rates, glycolysis,
swimming, and developmental rates (Figures 2 and 3). The
different biochemical properties between the two LDH-B
alleles are associated with nonsynonymous substitutions and
analyses of sequence divergence among populations reject
the null hypothesis of neutral divergence (Table 1). Along
this continental coast are also promoter DNA sequence vari-
ations evolving by natural selection that alter LDH-B mRNA
expression (Figure 4). Thus, the adaptations associated with
LDH-B are related to both promoter variation influencing
mRNA expression and two amino acid substitutions influenc-
ing enzyme catalysis. Neither the promoter with either amino
acid substitution or the two amino acids are in LD. LDH-B
evolving by natural selection is most similar to the classic
theory of adaptive divergence where a single locus of large
effect has large differences in allele frequencies creating a
nearly fixed difference between populations.

Beyond the single LDH-B locus, genome-wide patterns of
mRNA expression have a surprisingly high amount of varia-
tion among individuals within populations (~20% of mRNAs
are significantly different among individuals). Two separate
analyses indicate adaptive differences in mRNA expression
among populations along the eastern seacoast (Figures 5
and 6). Importantly, the variation in mRNA expression alters
cardiac metabolism (Figure 7) but in a complex way: the
specific genes of importance responsible for physiological
traits vary among individuals: in some individuals, mRNA
expression in glycolysis is more important and in others,
mRNA expression in OxPhos is more important. These
data suggest that the expression of several different genes
influence adaptive physiological traits and, in contrast to
LDH-B, that evolution by natural selection occurs by poly-
genic adaptation from standing genetic variation (multiple
genes of small effect where many polymorphisms result in
similar adaptive phenotypic change).

In addition to adaptive patterns of mRNA expression
(Figures 4-7), local populations have significant differences
in SNP allele frequencies. Outlier SNPs, those evolving by
natural selection, typically have allele frequency differences
among populations with large, improbable Fgp values. In
studies of local populations that are a few hundred kilometers
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to less than 100m apart, outlier SNPs have intermediate
allele frequencies. That is, across environments with dif-
ferences in temperature, pollution levels or salinity, outlier
SNPs display allele frequency differences that are neither
fixed nor nearly fixed (i.e. MAF > 10%). Importantly, among
replicate polluted populations few of the outlier SNPs are
shared; however, many evolutionarily significant SNPs
are associated with the same gene, pathway, or metabolic
function (Figures 10 and 11). The functional significance
of this is seen in the similar adaptive patterns of mRNA
expression where all four polluted populations share the same
phenotypic pattern of mRNA expression even though few
associated DNA sequence polymorphisms are shared among
the adapted populations. On the finest scale, three replicate
saltmarsh estuaries have outlier SNPs that are indicative of
adaptation to microhabitats within each estuary, yet none
of the outlier SNPs are shared among the three replicate
saltmarshes (Figure 13). Yet among microhabitats and similar
to studies on polluted populations, while none of the outlier
SNPs are the same in all three estuaries, many occur in the
same gene, in duplicate genes or in genes with a similar
function. Based on this research we conclude that adaptive
evolution can occur readily and rapidly when operating on
large standing genetic variation among many genes that
can influence physiological traits. These observations of
genetic redundancy and polygenic adaptation enhance our
understanding of evolution and physiological adaptation,
thus informing both biological and medical scientists about
genotype-phenotype relationships.

In addition to polygenic adaptation, changes in phys-
iological function are associated with epistatic evolution
(Figure 12), which adds another level of complexity to adap-
tive evolution. Natural selection is most effective via additive
genetic variation. The reliance on the co-occurrence of alleles
at two independent loci implies that many individuals will
have the wrong combination of alleles. This reduces the effec-
tiveness of natural selection. Pleiotropic effects (genetic varia-
tion that influences two or more traits) also occur. Thus, while
polygenic adaptation can involve many different combina-
tions of genes, some combinations may be more frequent
because they epistatically work better together to create the
adaptive phenotype and have few negative pleiotropic effects.
This has the dual outcome of maintaining polymorphisms by
selecting for combinations of epistatic genes and limiting the
number of different adaptively important genotypes.

These patterns of genetic divergence and their impact on
physiological function as demonstrated in F. heteroclitus
enhance our understanding of evolutionary genetics. In 1966,
Lewontin and Hubby (110) provided data on 18 proteins and
concluded that excessive genetic variation exists within a
species, but they could not resolve the evolutionary forces
responsible for this variation. Sixty years later, it is not clear
that we have resolved this dilemma (34, 85, 104, 131). Yet, the
studies described here for the teleost F. heteroclitus suggest
that within a species many polymorphisms may exist due
to natural selection acting on different spatial and temporal
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scales and among genomes (mitochondrial and nuclear)
within individuals. Most importantly, multiple solutions for
physiological adaptation occur on small geographic and
small time scales, and depend on many polymorphic genes
where combinations of different subsets of allelic variants in
different individuals can cause equivalent adaptive pheno-
types. To identify these polygenic solutions and thus address
Lewontin’s and Hubby’s (110) fundamental problem about
the maintenance and evolution of genetic polymorphism
required studies that used selectively different environments
and combined genomic analyses with physiological deter-
minations. The attributes of closely related polymorphic
populations living in diverse environments make the small
teleost fish F. heteroclitus an excellent model for these studies
and for understanding adaptive physiology.

Conclusion

For F. heteroclitus populations, evolutionarily adaptive diver-
gence occurs for transcriptional, biochemical, metabolic,
osmotic, and whole animal physiologies. The strength of
the studies reviewed here is the use of an evolutionary
approach contrasting large populations (large N, number of
individuals) in habitats where individuals are well suited to
their environment. Large population sizes mean that small
selection coefficients (>1/2N,) are effective and thus we can
expect fine-tuning of adaptive phenotypes. The variation in
the native environments with associated changes in physio-
logical functions provides a "natural experimental” approach
to identify genetic changes associated with environmental
variation and then relate them to functionally important
physiological traits. It is the combination of functional quan-
titative physiological analyses with evolutionary analyses
that have provided insights into the genetics of adaptation in
this system.

The evolutionary insights from the research on F. het-
eroclitus are many. For LDH-B, it is its pleiotropic effect
on hemoglobin oxygen binding (and not the direct effect
on metabolism per se) that is one of the advantages of
northern LDH-BY in cold waters. Additionally, the effect
of the single LDH-B gene on adaptive physiology involves
many independent evolved changes: nonsynonymous sub-
stitutions that alter enzyme kinetics, changes in DNA that
alter transcription binding sites altering the amount LDH-B
expression, and the acclimation response. Most importantly,
in contrast to the importance of a single gene of large effect
(like LDH-B), many evolved physiological traits appear to be
polygenic adaptations that originated from standing genetic
variation. Moreover, they involve many genes of small effect
with many redundant adaptive solutions. For example, the
adaptive variation in cardiac metabolism is associated with
changes in the utilization of different substrates (glucose,
fatty acid, or secondary metabolites) and variation among
individuals in which substrate is most important. Further-
more, among different groups of individuals, the rate of
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utilization for any single substrate is dependent on different
pathways (glycolysis, TCA, or OxPhos). In general, results
from F heteroclitus are consistent with the general finding
that evolutionary change that enhances Darwinian fitness to
local environments are polygenic. Importantly, populations
that have similar adaptive phenotypes associated with similar
environments do not share all of the same adaptive genetic
polymorphisms. The observation that individuals within a
population that have adapted to the local environment do not
share all of the same adaptive alleles at multiple unlinked loci
is best explained by a past and ongoing process of polygenic
adaptation. Polygenic adaptation is likely in populations
with large amounts of standing genetic variation because
multiple polymorphisms are likely to be functionally redun-
dant and available for natural selection. Similarly, multiple
polymorphisms within a single gene may also be functionally
redundant, such that natural selection often does not fix any
single genetic variant within a population. Thus, because
different individuals can have different adaptive alleles it
follows that different populations may not share the same
genetic variation responsible for an adaptive phenotype, even
if the same gene is involved.

The most important evolutionary insight from studies of
adaptive evolution in F. heteroclitus may be the support for
the hypothesis that polygenic adaptation in highly polymor-
phic populations is responsible for adaptive evolutionary
changes in physiological traits. We define polygenic adapta-
tion with sufficient standing genetic variation as the evolution
by natural selection of a trait influenced by many (tens to
thousands) of variable genes of small effect, where many of
the different variants are functionally redundant. If polygenic
adaptation is achieved by changes in diverse and redundant
polymorphisms, then it may require large and highly polymor-
phic population characteristic of species like F. heteroclitus
(156). Yet, highly polymorphic populations (populations with
high amounts of standing genetic variation) and polygenic
adaptation are not independent. They are not independent
because polygenic adaptation both requires many genes that
have similar effects on the phenotype (redundant variation)
and provides a mechanism to maintain genetic variation
within populations. Thus, with multiple solutions for an
adaptive "problem" (ways to make an adaptive phenotype),
few of the genetic polymorphisms will go to fixation—most
genetic polymorphisms will remain polymorphic, even those
with a selective advantage. That is, this high level of standing
genetic variation occurs because with polygenic adaptation
few alleles are swept to fixation during selection and thus,
there is a great reduction in the rate or near elimination of
purge genetic variation even under strong selection (153, 170,
209). Thus, under this scenario, one need not only invoke
balancing selection for heterozygotes or epistasis to account
for large reservoirs of standing variation in some species like
FE. heteroclitus; instead, natural selection favoring multiple
solutions can retain functionally important variation.

Although polygenic adaptation is an attractive explanation
for the patterns we observe in F. heteroclitus and can explain
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most of the data, it is not the only possible explanation.
The variation in genetic response associated with adapta-
tion within a population could arise because of pleiotropy,
epistasis, or unaccounted gene-by-environment interactions.
Similarly, the lack of the parallel genetic variation among
populations adapted to similar environments could reflect
subtle differences in the environment (e.g. greater salinity
with higher temperatures, or different combinations of organic
pollution), differences in ecological communities (e.g. fewer
predators), or gene-by-environmental interactions. Thus,
although we believe the existing evidence strongly suggests
that polygenic adaptation is important in this system, we
acknowledge the need for further research. In particular,
future research should focus on testing the predictions
of polygenic adaptation. Fundulus genomic research that
examines equivalent adaptive physiological changes among
populations should contribute to these objectives, and Fun-
dulus should continue to serve as a model system to study
evolutionary adaptation, particularly when studying complex
physiological traits in natural populations.
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