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Genomic insights into adaptation to high-altitude

environments

ZA Cheviron! and RT Brumfield?

Elucidating the molecular genetic basis of adaptive traits is a central goal of evolutionary genetics. The cold, hypoxic conditions
of high-altitude habitats impose severe metabolic demands on endothermic vertebrates, and understanding how high-altitude
endotherms cope with the combined effects of hypoxia and cold can provide important insights into the process of adaptive
evolution. The physiological responses to high-altitude stress have been the subject of over a century of research, and

recent advances in genomic technologies have opened up exciting opportunities to explore the molecular genetic basis

of adaptive physiological traits. Here, we review recent literature on the use of genomic approaches to study adaptation to
high-altitude hypoxia in terrestrial vertebrates, and explore opportunities provided by newly developed technologies to address
unanswered questions in high-altitude adaptation at a genomic scale.
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INTRODUCTION
The combined effects of hypoxia and cold in high-altitude habitats
impose severe physiological challenges on endothermic animals.
The decrease in the partial pressure of oxygen (Pg;) at high elevation
reduces the oxygen supply arriving at the cells of respiring tissues.
This reduction in tissue oxygenation can severely limit aerobic
metabolism and constrain thermogenic capacity, which is important
to offset the other primary stressor associated with high altitude—the
reduction in ambient temperature. Understanding how high-altitude
endotherms cope with the combined effects of hypoxia and cold can
provide important insights into the process of adaptive evolution,
particularly the mechanisms that underlie tradeoffs associated with
simultaneous adaptation to co-varying environmental factors.
Altitudinal variation in physiological traits has been documented
for many species, and physiological acclimation and acclimatization
responses to hypoxia and cold exposure are relatively well understood
in endothermic vertebrates. An understanding of the molecular
genetic basis of this variation, however, has lagged behind, particularly
in natural populations of non-model species. Much of what is known
about the genetic basis of high-altitude adaptation in natural popula-
tions comes from studies that have taken a ‘candidate gene’ approach,
and many of these studies have focused on sequence variation in
hemoglobin genes. Several of these have become well-known case
studies of the genetics of adaptation (Snyder, 1978, 1985; Snyder et al.,
1982, 1988; Chappell and Snyder, 1984; Jessen et al., 1991; Weber
et al., 2002; Storz et al, 2007, 2009, 2010a), but many other
physiological traits may be as important as blood oxygen affinity in
determining lifetime reproductive success in high-altitude environ-
ments. These physiological parameters are often complex traits with a
polygenic basis.

Recent advances in high-throughput sequencing technologies make
it feasible to extend candidate gene analyses of high-altitude adapta-
tion to analyses of genomic patterns of genetic variation among
populations and species that occupy different altitudinal environments
(Yi et al., 2010). Similarly, an explosion of genomic data has led to the
proliferation of genomic tools, such as complementary DNA (cDNA)
and oligonucleotide microarrays, and these tools are beginning to
be used to study transcriptomic variation between high- and low-
altitude populations of non-model species (Cheviron et al., 2008).
The genomic perspective provided by these technologies promises to
yield novel insights into the mechanisms of high-altitude adaptation
and acclimatization.

Here we review recent literature on the use of genomic approaches
to study the molecular genetic basis of adaptation to high-altitude
hypoxia in terrestrial vertebrates. This is not intended to be a review of
the physiological mechanisms of high-altitude adaptation, as this topic
has been reviewed extensively elsewhere (see, for example, Moore and
Regensteiner, 1983; Bouverot, 1985; Monge and Leon-Velarde, 1991;
Hochachka, 1998; Moore et al., 1998; Beall, 2003; Scott and Milsom,
2006; Beall, 2007; Storz et al., 2010b), but we do draw on this body of
work to make inferences about the adaptive significance of physio-
logical variation in nature, and to identify candidate genes and
biochemical pathways that may underlie physiological adaptations.

GENOMIC APPROACHES TO THE STUDY OF HIGH-ALTITUDE
ADAPTATION

Although hypothesis-driven studies of candidate genes have
clearly made important contributions to our understanding of the
mechanisms of high-altitude adaptation, this strategy has two major
limitations: (1) it is unlikely to lead to the discovery of novel adaptive
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mechanisms because it relies on a priori understanding of potentially
adaptive phenotypes (Storz and Wheat, 2010; Storz and Cheviron,
2011), and (2) the evolution of complex physiological systems that
underlie adaptation to high-altitude stress generally require coordi-
nated evolution of many interacting genes (Flowers et al., 2007;
Wagner, 2009). Because of the limited genomic scope of many
candidate gene approaches, it is often possible to overlook functionally
important variation at interacting loci. Discovery-driven approaches
that examine patterns of polymorphism at a genomic scale are
unconstrained by the current understanding of adaptive phenotypes
and as a result are more likely to implicate novel genes and bio-
chemical pathways that participate in high-altitude adaptation.
Similarly, because of the scale of genomic approaches, researchers
are able to examine hundreds of genes that interact within pathways,
allowing them to rapidly expand candidate gene studies to candidate
pathway analyses. There are a number of genomic approaches that
promise to provide novel insights into the genetic basis of adaptive
traits at high altitude.

Genome scans: detecting selection without knowledge of an
adaptive phenotype

The action of positive natural selection leaves characteristic signatures
in DNA polymorphism data (Neilsen, 2005). In the case of adaptation
to high-altitude environments, positive selection may be expected
to elevate levels of differentiation between high- and low-altitude
populations and reduce within-population diversity at adaptive
(and linked) loci compared with a genome-wide average (Lewontin
and Krakauer, 1973; Begun and Aquadro, 1993, 1995; Hudson and
Kaplan, 1995; Beaumont and Nichols, 1996; Neilsen, 2001, 2005;
Beaumont and Balding, 2004; Beaumont, 2005; Storz, 2005). Similarly,
genetic hitchhiking effects will increase the size of local haplo-
type blocks, and hence the degree of local linkage disequilibrium
around loci that contribute to adaptation to different altitudinal
zones (Maynard-Smith and Haigh, 1974; Stephan et al., 1992, 2006;
Charlesworth et al., 1997; Charlesworth, 1998; Kaplan et al., 1998;
Fay and Wu, 2000; Kim and Stephan, 2002; Sabeti et al., 2002; Kim
and Nielsen, 2004; Neilsen, 2005; Innan, 2006; Jessen et al., 2007;
McVean, 2007; Storz and Kelly, 2008). By surveying genome-wide
patterns of DNA polymorphism, it is possible to identify loci that
exhibit these characteristic signatures. However, cautious interpreta-
tions of genome scan results are necessary because population genetic
structure and certain patterns of historical demography can increase
the detection of false positives (Andolfatto and Prezeworski, 2000;
Teshima et al., 2006; Novembre and Di Rienzo, 2009). Thus, genome
scans are best suited for the identification of novel candidate genes,
which should be the targets of focused studies to establish the
functional significance of this putatively adaptive variation (Storz
and Wheat, 2010).

A series of recent genome scans in Tibetans have independently
identified genes that participate in the hypoxia-inducible factor (HIF)
oxygen-signaling pathway as targets of strong positive selection at high
altitude. Tibetans differ from acclimatized lowlanders and other high-
altitude human populations by maintaining sea-level hemoglobin
(Hb) concentrations at elevations up to 4000m (Beall ef al., 1998;
Beall, 2007). Although moderate increases in hematocrit and Hb
concentration can improve aerobic capacity in normoxia (Ekblom
and Hermansen, 1968; Kanstrup and Ekblom, 1984; Ekblom and
Bergland, 1991), at high altitude, increased Hb concentration caused
by excessive erythrocytosis can hinder tissue oxygenation by increasing
blood viscosity and vascular resistance (Guyton and Richardson, 1961;
Connes et al., 2006; Storz et al., 2010b). Correspondingly, theoretical
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studies have suggested that optimal Hb concentrations may be near
the typical sea-level value (Villafuerte et al., 2004).

Among the many transcriptional responses to hypoxia that are
regulated by transcription factors in the HIF-signaling pathway is the
control of erythropoiesis (Wang et al., 1995; Rankin et al., 2007), and
several HIF-pathway genes have been shown to exhibit both signatures
of recent positive selection and an association with Hb concentration
in Tibetans. Among these genes are the egl 9 homolog 1 (EGLNI),
endothelial PAS domain 1 (EPASI also known as HIF2x) and peroxi-
some proliferator-activated receptor-o. (PPARA) genes (Beall et al., 2010;
Bigham et al., 2010; Simonson et al., 2010; Yi et al., 2010). EGLNI
degrades HIF2a proteins under normoxia, preventing the transcrip-
tion of HIF-inducible genes such as erythropoietin (EPO), which in
turn is responsible for increased red blood cell production (Rankin
et al., 2007; Simonson et al., 2010) (Figure 1). EPASI encodes the
oxygen-sensitive o-subunit of the transcription factor HIF2, and
because of the transcriptional effects of HIF2 on EPO (Figure 1),
may also mechanistically contribute to the blunted erythropoietic
response in Tibetans. Finally, PPARA expression is inhibited by
HIF1 transcription factors under hypoxic conditions, and increased
PPARA activity is also known to reduce Hb concentration (Wilding
et al., 2007). For all three of these loci, the allelic variants that are

EGLN1
EPAS1
PPARA EPO
EPO
receptor

Erythropiesis

Figure 1 Schematic representation of HIF regulation of erythropoiesis. Gray
boxes represent genome scan-nominated candidate genes that have been
hypothesized to contribute to the blunted erythropoietic response in
Tibetans. The genes in the white boxes are provided for reference. Note that
for simplicity, many other genes that participate in erythropoiesis (for
example, hepcidin, ferroportin, transferrin and Janus kinase) have been
omitted. Figure modified from those in Semenza (2009) and Simonson
et al. (2010).
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most common in Tibetans are negatively associated with Hb concen-
tration (Beall et al., 2010; Simonson et al., 2010; Yi et al., 2010),
suggesting that the blunted erythropoietic response in Tibetans
may be because of the independent or joint effects of mutations in
these genes.

Although these studies utilized different genotyping platforms,
analytical methods and independent population samples, all three
converged on the HIF pathway as the target of natural selection in
Tibetan adaptation to high altitude. Given the pleiotropic effects of the
HIF-signaling cascade, however, it is unclear whether Hb concentra-
tion is the direct phenotypic target of natural selection or whether it
simply represents a pleiotropic phenotypic effect of selection on
another physiological trait that is regulated by the HIF-signaling
cascade (Storz, 2010; Storz and Cheviron, 2011). Indeed, EGLNI
was also identified as an outlier in genome scans of high-altitude
Andeans (Quechua and Amayra), who exhibit a vigorous erythro-
poietic response to hypobaric hypoxia (Bigham et al, 2009, 2010),
and variation in both EGLNI and EPASI has been implicated in
susceptibility to high-altitude pulmonary edema, suggesting another
potential phenotypic target of selection (Lorenzo et al., 2009; Aggarwal
et al., 2010).

Similar genome scans in indigenous Andean highlanders (Quechua
and Amayra) suggest little overlap in the genetic targets of selection in
Tibetans and Andeans despite their common evolutionary exposure to
high-altitude hypoxia (Bigham et al, 2009, 2010). One striking
exception to this pattern is EGLNI, which exhibits signatures of
positive selection in both populations (Bigham et al., 2009, 2010;
Simonson et al., 2010; Yi et al., 2010). Beyond EGLN1, the apparent
genetic targets of selection are different in the two populations. Two
loci, PRKAALI (protein kinase, AMP-activated o 1 catalytic subunit)
and NOS2A (nitric oxide synthase 2A), exhibit strong signatures of
recent positive selection in Andeans, but not in Tibetans (Bigham
et al., 2010). PRKAAL1 is a cellular ATP sensor that also has effects on
HIF-1 transcriptional activity (Jaakkola et al, 2001; Shaw, 2006;
Bigham et al., 2010). NOS2A contributes to nitric oxide synthesis
that plays important roles in smooth muscle relaxation, vasodilation
and increased uteroplacental blood flow (Julian et al., 2009), high-
lighting the importance of vascular traits as additional phenotypic
targets of selection at high altitude (Julian et al., 2009; Bigham et al.,
2010). Although some of the apparent differences in the genetic
architecture of high-altitude adaptation in Tibetans and Andeans
may be attributable to technical and analytical differences among
independent studies, as Yi et al. (2010) suggest: ‘it is also consistent
with the physiological differences between Tibetan and Andean
populations (Beall, 2007); suggesting that these populations have
taken largely distinct evolutionary paths in altitude adaptation’.

In contrast to other genome scan studies of high-altitude adapta-
tion in humans, Yi et al. (2010) used exon capture arrays to sequence
exonic and flanking sequence of nearly 20000 genes, allowing the
researchers to determine whether single-nucleotide polymorphisms
bearing the strongest signatures of natural selection in Tibetans occur
in the coding or regulatory regions of candidate genes. The EPASI
single-nucleotide polymorphism with the greatest difference in allele
frequency between Tibetans and Han Chinese was intronic, and no
amino-acid-altering variants had a population frequency difference of
> 6%. Similarly, the EGLNI-associated single-nucleotide polymorph-
ism with the greatest allele frequency difference occurs downstream of
the EGLNI coding region. Thus, in both cases, the strongest signal of
selection occurred in noncoding regions that may affect gene regula-
tion. PPARA was not detected as an outlier by Yi et al. (2010). Detailed
molecular studies are warranted to examine the differences in EPASI
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and EGLNI gene expression between Tibetans and other highland and
lowland populations.

Genome-wide gene expression profiles: detecting variation in
gene regulation

Gene expression profiles are important molecular phenotypes that
not only highlight genes that are important in coping with physio-
logical challenges, but also provide insight into the role of regulatory
variation in adaptive evolution (Somero, 2005; Gracey et al., 2008).
Evidence of the action of positive selection on HIF-transcription
factors in humans underscores the importance of gene regulation at
high altitude, and experimental exposure to cold and hypoxia are
known to have profound effects on genome-wide patterns of gene
expression (Gracey et al., 2001, 2004; Powell, 2003; Chen et al., 2005;
Fan et al., 2005; Whitehead and Crawford, 2006; Baze et al., 2010).
Thus, adaptation to high-altitude habitats may often proceed through
mutations that alter gene expression phenotypes.

There are a number of technologies available for measuring
genome-wide patterns of gene expression (Lorkowski and Cullen,
2006). The most commonly employed are cDNA and oligonucleotide
microarrays. Microarrays are powerful tools for studying genome-
wide patterns of gene regulation, but they are limited by several
technical constraints. Expression level is indirectly inferred from
fluorescence intensity, which can be subject to errors associated with
differences in hybridization efficiency across probes and biological
targets (Lorkowski and Cullen, 2006; Bar-Or et al., 2007). Expression
microarrays also suffer by not providing sequence information on
mRNA transcripts. Whole transcriptome shotgun sequencing (WTSS
or RNA-seq) using next-generation sequencing technologies allows for
a direct estimate of relative transcript abundance by sequencing cDNA
pools. RNA-seq approaches have a number of advantages over
microarrays because they are not reliant on hybridization dynamics,
and they allow for the measurement of both transcript abundance and
allelic variation among transcripts. These advantages are likely to
propel RNA-seq technologies into the forefront of gene expression
analysis. However, interpretation of the results of RNA-seq experi-
ments does rely heavily on efficient and accurate mapping of sequence
reads to a reference genome, which is subject to nontrivial technical
and biological challenges (reviewed in Marguerat and Béhler, 2009;
Wang et al., 2009). Regardless of the method employed, analyses of
differential gene expression among taxa from different elevational
zones are likely to provide novel insight into the role of transcriptional
regulation in high-altitude adaptation and acclimatization.

Recently, we used a zebra finch ¢cDNA microarray to measure
transcriptomic variation among rufous-collared sparrow (Zonotrichia
capensis) populations distributed along an altitudinal gradient in the
Peruvian Andes (Cheviron et al., 2008). Initially, we measured gene
expression profiles in individuals that were sampled at their native
elevations, and identified over 200 genes that were differentially
expressed between high-altitude (4100 m) and low-altitude (2000 m)
populations. Gene ontology and pathway analyses revealed that most
of these differentially expressed genes directly interact with one
another in oxidative phosphorylation (OXPHOS) and oxidative stress
response pathways, suggesting large-scale upregulation of aerobic
metabolic processes at high elevation.

To determine the extent to which these gene expression differences
were environmentally induced, we also performed a transplant experi-
ment in which individuals were transferred from their native altitude
to a common garden at sea level and allowed to acclimate for 1 week
before sampling. Under common garden conditions, none of the genes
that were differentially expressed at the native altitudes remained



significantly different, demonstrating dramatic and rapid plasticity in
the transcriptomic profiles of Z. capensis, and suggesting that the
observed expression differences at native elevations were largely
environmentally induced. On the whole, the results of these analyses
demonstrated that much of the altitudinal variation in metabolic
gene expression in Z. capensis is because of environmentally induced
changes, and not to mutations that permanently affect gene regulation.

These results underscore the importance of experimental design
for inference of regulatory adaptation. Because gene expression
profiles are inherently plastic, steps must be taken to account for
the environmental component of expression differences through either
common garden or reciprocal transplant designs. After regulatory
variation has been decomposed into environmental and genetic
components, it should then be possible to distinguish between
regulatory changes associated with physiological acclimatization and
evolutionary adaptation.

Pathway population genomics: expanding candidate genes to
candidate pathways

Given that high-altitude adaptation requires coordinated changes in
the expression and structure of many genes that participate in
interacting biochemical pathways, a holistic understanding of the
mechanisms of adaptive evolution at high altitude requires a path-
way-level perspective. By expanding the genomic scope from candi-
date genes to candidate pathways, it is possible to examine the
importance of gene interactions in high-altitude adaptation, and to
study the genetics of adaptation in integrated biochemical systems.
Similarly, because these analyses operate in a hypothesis-driven frame-
work, the design of functional experiments to test the biochemical
consequences of genetic variation will be more tractable. A pathway-
level population genomic approach to the study of high-altitude
adaptation is also well suited to make contributions that extend
beyond high-altitude research to general questions regarding the
genetics of adaptation. For example, how does the network position
of genes influence their evolutionary rate? Are genes that occur in
upstream pathway positions more likely to contribute to adaptation
than those that occur in peripheral positions? Do pleiotropic effects
constrain or promote the role of highly connected genes in the process
of adaptive divergence? These questions are of fundamental impor-
tance to the study of the genetics of adaptation (Cork and Purugga-
nan, 2004), and high-altitude adaptation is a promising system to
address them because the molecular pathways that contribute to this
process are relatively well characterized.

This type of pathway-level population genomic approach has
recently become feasible for most species that occur at high elevations.
Again, high-throughput sequencing technologies hold the key for
these advances. Sequence-capture arrays are a microarray-based
approach for selecting a subset of the genome for efficient resequen-
cing of selected targets (Hodges et al., 2007; Okou et al., 2007; Ng
et al., 2009). Custom sequence-capture arrays are available from
several commercial suppliers and can be used to capture up to
30Mbp of target sequence, more than enough to capture all of the
~75 genes that interact in the mammalian HIF-signaling cascade
(Semenza, 2009). Once targets are captured for representative high-
and low-altitude populations, they can be sequenced rapidly using
any high-throughput sequencing technology. Similarly, RNA-seq tech-
nologies can be used to sequence the transcriptome of highly meta-
bolic tissues, such as cardiac or skeletal muscle, and comparisons
of RNA-seq reads between high- and low-altitude populations can be
made in a pathway—population genomic context. This latter strategy is
particularly promising because it can also be used to examine
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transcript abundance. Both of these methods can be applied to
virtually any species, and when they are applied to well-characterized
pathways, it should be possible to design biochemical assays to test the
functional consequences of putatively adaptive variation and make
mechanistic connections between genotype and adaptive biochemical
phenotypes. Although this pathway-level population genomic
approach has not yet been applied to the study of high-altitude
adaptation, we anticipate that it will make important contributions
to high-altitude research in the years to come.

Integrating genomic and functional data: linking genomic and
mechanistic biology

The best prospects for elucidating the molecular genetic basis of
adaptive traits lie in the integration of evolutionary genetic analyses
with functional assays (Storz and Wheat, 2010), and a number of
studies of high-altitude adaptation have successfully achieved this level
of integration. Below we review two recent and exemplary case studies
of integration of genetic and functional data to illustrate examples
of functional assays that can be used to validate population genomic
inferences of adaptive differentiation.

Hb polymorphisms in deer mice

In vertebrates, Hb transports oxygen from the respiratory surfaces,
through the blood to the cells of respiring tissues. Changes in oxygen-
binding affinity of Hb proteins can have major effects on oxygen
transport, especially under hypoxic conditions, and the increased Hb
oxygen affinity of high-altitude animals is arguably the most famous
adaptation to high altitude (reviewed in Perutz, 1983; Bouverot, 1985;
Hochachka and Somero, 2002; Weber, 2007; Storz and Moriyama,
2008). Hb oxygen affinity is the product of the intrinsic ability of Hb
molecules to bind oxygen and other erythrocytic cofactors, and the
intracellular concentration of these cofactors (Weber et al., 2002;
Weber and Fago, 2004; Weber, 2007; Storz and Moriyama, 2008).
A number of erythrocytic compounds are known to influence Hb
oxygen affinity in vertebrates. In mammals, an increase in 2,3-dipho-
sphoglycerate (DPG; also known as 2,3-biphosphoglycerate (2,3
BPG)) and CI™ ions decreases Hb oxygen affinity by stabilizing the
low-affinity deoxygenated conformation of Hb (Weber, 2007). Inosi-
tolpentaphosphate is known to affect Hb oxygen affinity through
similar mechanisms in birds (Lutz, 1980).

The most comprehensive studies of adaptive Hb differentiation
in natural populations have been performed on the deer mouse
(Peromyscus maniculatus), which occurs from below sea level in
Death Valley, California, to over 4300 m above sea level in the mountains
of western North America (Hall, 1981). In P. maniculatus, two tandemly
duplicated genes encode the o-chain (HBA-T1 and HBA-T2) and
B-chain (HBB-T1 and HBB-T2) subunits of the tetrameric adult Hb
(Snyder, 1978; Storz et al., 2007, 2009, 2010a). Altitudinal patterns of
nucleotide diversity and linkage disequilibrium are indicative of local
adaptation of a- and B-globin genes to different altitudinal zones, and
Hb genotypes differ in oxygen affinity and aerobic performance
(measured by VO, max) (Chappell and Snyder, 1984; Chappell
et al., 1988; Snyder et al., 1988; Storz et al., 2007, 2010a, 2009; Storz
and Kelly, 2008). The rank order of performance depends on the
altitude at which the genotypes are tested, and is also consistent
with local adaptation, with high-altitude «-globin genotypes
outperforming low-altitude genotypes at 3800 m and vice versa at
340 m (Chappell and Snyder, 1984; Chappell et al., 1988). Measure-
ments of O,-equilibrium curves demonstrate that the difference
in oxygen-binding affinity between high- and low-altitude Hb geno-
types is attributable to reduced binding affinity of allosteric cofactors
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(2,3-DPG and Cl~ ions) of high-altitude Hbs (Figure 2) (Storz et al.,
2009, 2010a). Moreover, comparisons between Hbs with iden-
tical o-globin chains but different B-globin chains suggest that the
reduced sensitivity to allosteric cofactors was largely because of
variation in the B-chain (Storz et al., 2009, 2010a). The two main
[-globin allele classes differ from one another by four tightly linked
amino-acid substitutions in the E- and H-helices of the B-chain
subunit, and hence the adaptive differentiation of deer mouse Hb
appears to be attributable to the independent or joint effects of these
substitutions.

Cytochrome c oxidase in bar-headed geese

OXPHOS and ATP production are ultimate end points of oxygen
transport. Thus, OXPHOS is a physiological system with obvious
functional importance at high altitude. Given its role in the OXPHOS
pathway, the mitochondrial genome has recently received renewed
attention as a candidate locus for high-altitude adaptation.

The vertebrate mitochondrial genome contains 13 protein-coding
genes, all of which play central roles in the OXPHOS pathway.
Thermogenic capacity and nonshivering thermogenesis have been
shown to be associated with mitochondrial variation between high-
and low-elevation populations of white-toothed shrews (Crocidura
russula), suggesting local adaptation of mitochondrial haplotypes
(Fontanillas et al., 2005). Similarly, patterns of population genetic
structure and levels of gene flow in rufous-collared sparrows that are
distributed along elevational gradients in the Andes also suggest local
adaptation of mitochondrial haplotypes (Cheviron and Brumfield,
2009), and patterns of nucleotide substitutions across the mitochon-
drial genome are suggestive of divergent selection acting on high-
and low-altitude haplotypes in Tibetan horses, pikas, yaks and
several species of high-altitude sheep and goats (Di Rocco et al,
2006; Xu et al., 2007; da Fonseca et al., 2008; Luo et al., 2008; Hassanin
et al., 2009).

The bar-headed goose (Anser indicus) has figured prominently in
the study of high-altitude adaptation. This species breeds on the high
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Figure 2 Functional differences between high- and low-altitude deer mouse
hemoglobin isoforms. Psg represents the pO, at which hemoglobin is 50%
saturated, and lower Pgq values indicate higher oxygen affinity. High-altitude
isoforms exhibit higher oxygen affinity than low-altitude isoforms (lower Psq
values) in the presence of allosteric cofactors (2,3 DPG and ClI~ ions), but
oxygen affinities are similar in their absence. These results demonstrate that
differences in oxygen affinity are because of differences in their sensitivity to
these erythrocytic allosteric cofactors. Figure modified from data presented
in Storz et al. (2009, 2010a).
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plateaus of central Asia and, remarkably, has been observed flying over
the summit of Mt Everest (8850m) during its fall migration to
northeastern India (Swan, 1970). A number of physiological traits
increase O, uptake, circulation and diffusion to contribute to the
remarkable physiological performance of bar-headed geese in hypoxic
conditions (Petschow et al., 1977; Perutz, 1983; Jessen et al., 1991;
Scott and Milsom, 2007; Scott et al., 2009a, b, 2011). Recently, Scott
et al. (2011) reported variation in cytochrome ¢ oxidase (COX)
enzyme kinetics between bar-headed geese and closely related lowland
species. This alteration of mitochondrial energy metabolism should be
beneficial at high elevations, and may be related to a single amino-acid
substitution in subunit three of the mitochondrial cytochrome ¢
oxidase gene (COX3).

COX catalyzes the terminal reduction of O, in OXPHOS, and
consequently plays a major role in tissue O, utilization and the
production of damaging reactive O, species. Scott et al. (2011)
examined the kinetic properties of several cardiac metabolic enzymes
and one, COX, exhibited striking differences between bar-headed
geese and lowland congeners. COX of bar-headed geese exhibited a
much lower maximum catalytic activity (Vi) and substrate affinity
for reduced cytochrome ¢ (cytc[Fe’™]) (K,,) (Figure 3). What is
the potential adaptive benefit of these altered enzyme kinetics in
bar-headed geese? Reduced O, supply to COX can cause an increase in
reactive O, species production at high elevation by shifting mitochon-
drial redox to a more reduced state (Aon et al., 2010). Because they
require less cytc[Fe?"] to maintain maximal activities of COX, bar-
headed geese are able to offset this increased potential for oxidative
damage by maintaining a more oxidized electron transport chain.

Differences in enzyme kinetics can be because of a combination
of the inherent kinetic properties of enzymes, differences in gene
expression, protein translation or degradation. In this case, the unique
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Figure 3 Cytochrome oxidase kinetics in bar-headed geese. Bar-headed
geese differ from lowland congeners in (a) Michaelis-Menton enzyme
kinetics, (b) substrate affinity (K,;) and (c) maximal cytochrome oxidase
activity (Vmax). *Significant differences (P<0.05) from both species of
lowland geese. Figure modified from Scott et al. (2011).



COX kinetics of bar-headed geese do not seem to be because of
differences in mRNA or protein expression as expression differences
were not uniquely different in bar-headed geese (Scott et al., 2011).
Instead, analyses of sequence variation of subunit three of the
mitochondrial COX gene (COX3) suggest that a single amino-acid
substitution (Trp 116 — Arg) may alter the interaction between sub-
units 1 (COX 1) and 3 (COX3) of the catalytic core of COX and this
substitution likely contributes to the unique enzyme kinetics in bar-
headed geese. It is important to note that COX is a heteromeric
enzyme that is composed of 10-12 subunits in birds (Kadenbach et al.,
1991; Little et al, 2010). The authors only examined sequence
variation in those subunits encoded by the mitochondrial genome
(COX 1, 2 and 3), and hence it is still unknown whether sequence
variation in nuclear-encoded COX subunits also contribute to the
altered enzyme kinetics in bar-headed geese.

Although both these case studies are examples of candidate gene
analyses, they illustrate the types of functional analyses that can be
used to validate putatively adaptive loci. High-throughput genomic
surveys are likely to identify scores of novel candidate genes for high-
altitude adaptation over the coming years, but in order to make
meaningful contributions to our understanding of the molecular
mechanisms of adaptive traits, these candidates will need to be
validated using lower-throughput functional assays. As a result,
genomic studies of high-altitude adaptation are likely to provide
fertile ground for collaborations between genomic biologists, popula-
tion geneticists and biochemical physiologists.

CONCLUSIONS

High-altitude adaptation requires coordinated changes in the regula-
tion and structure of many genes that interact in several biochemical
pathways. To gain a more holistic understanding of high-altitude
adaptation at the molecular level, the genomic scope of these types of
studies needs to be expanded, and efforts should be made to integrate
the study of DNA sequence polymorphism with analysis of transcrip-
tional variation. Although genomic analyses will undoubtedly increase
our understanding of the mechanisms of high-altitude adaptation and
acclimatization, they are not without challenges of their own.
One major challenge is being able to sufficiently interpret genomic
patterns to make testable hypotheses of the functional consequences of
underlying sequence variation. Even dense genome scans to identify
loci that may have experienced a history of divergent selection often
implicate large genomic regions (~ 1-3 Mb; Sabeti et al., 2007) as
candidate loci, and these regions often contain dozens to hundreds of
genes, making it difficult to localize the actual target of natural
selection. A second issue is related to experimental validation of
candidate loci. Although genome scans are powerful analyses to
identify novel candidates, the design of functional experiments to
validate them could be hampered if the appropriate phenotype to be
screened is not obvious. Pathway-level population genomic
approaches expand the scope of genetic studies, and because they
are hypothesis driven and focused on well-characterized pathways,
the design of functional experiments may be more tractable. Finally,
although genome-wide analyses of gene expression variation can
provide insights into the role of regulatory variation in high-altitude
adaptation, proper experimental designs are needed to separate the
genetic and environmental components of transcriptional varia-
tion. Only heritable differences in gene expression can contribute to
evolutionary adaptations. Plastic gene expression differences, however,
are likely to underlie acclimatization responses, and documenting
coordinated changes in gene regulation that are associated with
exposure to high-altitude stressors can increase our understanding
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of the molecular mechanisms that underlie physiological adjustments
at high altitude.

Finally, cold and hypoxia tend to operate synergistically to affect
organism performance at high altitude (cold increases metabolic
demands in the face of hypoxia), yet the vast majority of studies
have focused solely on adaptation to hypoxia. Consideration of the
joint effects of these co-varying environmental stressors should be
a priority for future work (Altschuler and Dudley, 2006; Storz
et al., 2010b).
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