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Abstract

Major challenges for illuminating the genetic basis of phenotypic evolution are to identify causative mutations, to
quantify their functional effects, to trace their origins as new or preexisting variants, and to assess the manner in
which segregating variation is transduced into species differences. Here, we report an experimental analysis of genetic
variation in hemoglobin (Hb) function within and among species of Peromyscus mice that are native to different eleva-
tions. A multilocus survey of sequence variation in the duplicated HBA and HBB genes in Peromyscus maniculatus
revealed that function-altering amino acid variants are widely shared among geographically disparate populations
from different elevations, and numerous amino acid polymorphisms are also shared with closely related species.
Variation in Hb-O, affinity within and among populations of P. maniculatus is attributable to numerous amino acid
mutations that have individually small effects. One especially surprising feature of the Hb polymorphism in P. manicu-
latus is that an appreciable fraction of functional standing variation in the two transcriptionally active HBA paralogs is
attributable to recurrent gene conversion from a tandemly linked HBA pseudogene. Moreover, transpecific polymor-
phism in the duplicated HBA genes is not solely attributable to incomplete lineage sorting or introgressive hybridization;
instead, it is mainly attributable to recurrent interparalog gene conversion that has occurred independently in different
species. Partly as a result of concerted evolution between tandemly duplicated globin genes, the same amino acid changes
that contribute to variation in Hb function within P. maniculatus also contribute to divergence in Hb function among
different species of Peromyscus. In the case of function-altering Hb mutations in Peromyscus, there is no qualitative or
quantitative distinction between segregating variants within species and fixed differences between species.

Key words: adaptation, gene conversion, gene duplication, high altitude, hemoglobin, standing variation.

Introduction within and among species. The joint analysis of intraspecific

A central question in evolutionary genetics concerns the polymorphism and interspecific divergence can provide in-

sources of adaptive genetic variation in natural populations:
Are adaptive phenotypic changes primarily fueled by the fix-
ation of new mutations or preexisting allelic variants (stand-
ing genetic variation)? A corollary question concerns the
extent to which segregating variation can be extrapolated
to explain the genetic basis of phenotypic differences between
species: Are allelic differences that contribute to adaptive
phenotypic variation within species qualitatively or quantita-
tively different from fixed differences that contribute to in-
terspecific divergence? These questions can be addressed
most effectively by examining the functional effects of specific
mutations that contribute to adaptive phenotypic variation

sights into the mutational origins of causative alleles
(Mitchell-Olds et al. 2007; Barrett and Schluter 2008; Wray
2013) and the manner in which segregating variation is trans-
duced into species differences (Stern 2000; Wittkopp et al.
2009).

To investigate the relationship between intraspecific poly-
morphism and interspecific divergence in an adaptively im-
portant biochemical phenotype, we examined the molecular
basis of variation in hemoglobin (Hb)-O, affinity within and
among species of Peromyscus mice that are native to different
elevations. The most geographically widespread and abun-
dant species in the genus, the deer mouse (Peromyscus
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maniculatus), harbors a highly complex, multilocus Hb poly-
morphism that plays a well-documented role in physiological
adaptation to high-altitude hypoxia (Snyder 1981, 1985;
Snyder et al. 1982, 1988; Chappell and Snyder 1984;
Chappell et al. 1988; Storz 2007; Storz, Sabatino, et al. 2007;
Storz and Kelly 2008; Storz et al. 2009; Storz, Runck, et al. 2010;
Storz, Natarajan, et al. 2012; Natarajan et al. 2013). Peromyscus
maniculatus has the broadest altitudinal distribution of any
North American mammal (Hock 1964) and occurs in high
alpine environments at elevations greater than 4,300 m (the
highest elevations in the contiguous United States) where the
partial pressure of O, (PO,) is less than 60% of the sea level
value. Functional studies revealed that high-altitude deer
mice from the Rocky Mountains have evolved an increased
Hb-O, affinity (which enhances pulmonary O,-loading under
hypoxia) relative to lowland mice from the Great Plains (Storz
et al. 2009; Storz, Runck, et al. 2010). Causative mutations
have been identified, site-directed mutagenesis experiments
have quantified their additive and epistatic effects (Natarajan
et al. 2013), and crystallographic analyses of deer mouse Hbs
have yielded insights into the structural mechanisms respon-
sible for the allelic variation in oxygenation properties
(Inoguchi et al. 2013). Complementing these experimental
results, population genetic analyses of electrophoretic varia-
tion (Snyder et al. 1988) and nucleotide variation at the un-
derlying o- and B-globin genes (Storz, Sabatino, et al. 2007;
Storz and Kelly 2008; Storz et al. 2009; Storz, Runck, et al. 2010;
Storz, Natarajan, et al. 2012) have provided indirect, corrob-
orative evidence for a history of divergent selection on Hb
polymorphism between deer mouse populations that are
native to different elevations.

The purpose of the present study was to address questions
about the origins and effects of causative mutations: How
many mutations contribute to evolutionary changes in Hb
function? What are the relative contributions of standing
variation and new mutations? Are the mutational changes
that contribute to divergence between conspecific popula-
tions distinct from those that contribute to divergence be-
tween species? The analysis of intraspecific polymorphism
and interspecific divergence also enables us to address ques-
tions about phenotypic parallelism at different levels: Given
that deer mice inhabit numerous different mountain ranges
across western Northern America, are altitude-related
changes in Hb function replicated across the species’ range?
Are patterns of altitudinal differentiation among conspecific
populations paralleled by patterns of divergence among spe-
cies that have different altitudinal distributions?

We conducted an analysis of Hb polymorphism and func-
tional variation in deer mice that we collected from 15 geo-
graphic localities across the western United States. These
localities span the elevational range of P. maniculatus, ranging
from sea-level to alpine summits at elevations greater than
4,300 m. The high-altitude localities were distributed across
numerous mountain ranges, including alpine and subalpine
collection sites in the Southern Rocky Mountains (Colorado),
the Aquarius Plateau (Utah), the San Francisco Peaks
(Arizona), the Snake Range (Nevada), the White Mountains
(California), and the Sierra Nevada (California; fig. 1A and

supplementary table S1, Supplementary Material online).
The distribution of low-altitude collecting localities was
equally disparate, ranging from coastal California to prairie
grassland in eastern Colorado, Kansas, and Nebraska (fig. 1A
and supplementary table S1, Supplementary Material online).
We surveyed sequence variation in the duplicated globin
genes of all collected specimens, a subset of which were
used as subjects for functional studies of purified Hb variants.
To establish an historical framework for interpreting patterns
of Hb polymorphism and functional variation, specimens
from all 15 localities were included in a range-wide survey
of mtDNA variation to characterize the phylogeographic pop-
ulation structure of the P. maniculatus species complex. To
complement the phylogeographic analysis of mtDNA varia-
tion, we generated genome-wide nucleotide polymorphism
data for a subset of high- and low-altitude population samples
to gain more refined insights into relationships among pop-
ulations. In addition to the survey of Hb polymorphism and
functional variation within P. maniculatus, we also surveyed
globin sequence variation in numerous other species of
Peromyscus, and we characterized functional properties of
purified Hbs from five other Peromyscus species that have
different elevational range limits.

Our functional analysis of naturally occurring Hb variants
in P. maniculatus revealed that genetic variation in Hb-O,
affinity is attributable to multiple o- and B-chain mutations
that have individually small effects. These affinity-altering mu-
tations are widely shared among geographically disparate
populations of P. maniculatus that are native to a broad
range of elevations, and numerous amino acid polymor-
phisms are also shared with closely related species.
Remarkably, a sizable fraction of standing genetic variation
in the duplicated a-globin genes of P. maniculatus is attrib-
utable to interparalog gene conversion from a tandemly
linked pseudogene. Partly as a result of concerted evolution
between duplicated globin genes, the same amino acid
changes that contribute to variation in Hb function within
species also contribute to divergence in Hb function between
species.

Results and Discussion

Genomic Organization of the Globin Gene Clusters of
Peromyscus

Tetrameric Hbs (a,3,) of adult P. maniculatus incorporate
a-chain subunits that are encoded by two tandem gene du-
plicates, HBA-T1 and HBA-T2 (separated by 5.0kb on
Chromosome 8), and -chain subunits that are encoded by
two other tandem duplicates, HBB-T1 and HBB-T2 (separated
by 162 kb on Chromosome 1; Storz et al. 2008; Hoffmann
et al. 2008b). For the purpose of comparison with P. manicu-
latus, we sequenced bacterial artificial chromosome (BAC)
clones containing the complete a.- and -globin gene clusters
of the closely related species, P. leucopus (fig. 1B and C).
Comparisons between homologous gene clusters of the
two Peromyscus species revealed that P. leucopus possesses
a single adult-expressed a-globin gene (HBA-T1) that is ortho-
logous to the HBA-T1 gene of P. maniculatus (fig. 1B and
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A
a-globin gene cluster
B HBZ HBA-T1 HBA-T2 HBQ HBA-T3
P. maniculatus
P. leucopus
HBA-T1 HBQ HBA-T2
B-globin gene cluster
c HBE HBG/E HBG HBB-T1 HBB-T2
P. maniculatus
P. leucopus
HBE HBG HBB-T1 HBB-T2
i
Okb 10kb

Fic. 1. Geographic distribution of collection localities and genomic structure of the globin gene clusters in Peromyscus. (A) Collection localities for the
survey of Hb polymorphism in Peromyscus maniculatus across the central and western United States. Gray shading shows subalpine and alpine terrain
above the 3,000 m elevational isocline. All high-altitude collection localities (6-12) were at elevations greater than 3,000 m (details about collecting
localities are provided in supplementary table S1, Supplementary Material online). (B) Genomic structure of the o-globin gene clusters in P. maniculatus
and P. leucopus. The a-chain subunits of adult Hb are encoded by the HBA-T1 and HBA-T2 genes in P. maniculatus, and by the single-copy HBA-T2 gene
in P. leucopus. HBA-T3 and HBA-T2 are orthologous pseudogenes in P. maniculatus and P. leucopus, respectively (see text for details). (C) Genomic
structure of the B-globin gene clusters in P. maniculatus and P. leucopus. The 3-chain subunits of adult Hb are encoded by the HBB-T1 and HBB-T2 genes

in both species.

supplementary fig. S1A, Supplementary Material online). Both
species also share orthologous HBA pseudogenes (“HBA-T3"
in P. maniculatus, "HBA-T2" in P. leucopus) that are located
downstream of their transcriptionally active paralogs (fig. 1B
and supplementary fig. S1A, Supplementary Material online).
No product of HBA-T3 has been detected in functional o, (3,
Hb tetramers of P. maniculatus (Storz, Runck, et al. 2010), so it
can be considered a pseudogene with regard to Hb synthesis.
However, the gene has an intact reading frame and we cannot
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rule out the possibility that it is expressed in nonerythroid
tissues. The pattern of pairwise sequence matches provides
clear evidence for 1:1 orthology of the HBB gene pair in
P. maniculatus and P. leucopus (supplementary fig. S1B,
Supplementary Material online).

After characterizing the genomic structure of the globin
gene clusters, we then surveyed nucleotide polymorphism at
all four of the adult-expressed o- and B-globin genes in geo-
graphically disparate populations of P. maniculatus across
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central and western North America (fig. 1A and supplemen-
tary table S1, Supplementary Material online). For compara-
tive purposes, we also surveyed polymorphism at orthologous
genes in P. leucopus and another closely related species,
P. keeni, which possesses the same complement of adult-
expressed globin genes as P. maniculatus.

Historical Backdrop: Phylogeographic Structure of the
P. maniculatus Species Complex

In order to interpret altitudinal patterns of Hb polymorphism
and functional variation in an historical framework, we con-
ducted an analysis of mitochondrial cytochrome b (cytb)
sequence variation to characterize the range-wide phylogeo-
graphic structure of the P. maniculatus species complex.
Building on results of previous studies (Dragoo et al. 2006;
Gering et al. 2009; Kalkvik et al. 2012), we analyzed a total of
454 cytb sequences from P. maniculatus and closely related
species, including 74 new sequences. All specimens used in
the experimental analysis of Hb function and in the survey of
sequence variation in the globin genes were also represented
in the cytb data set.

The range-wide phylogeographic analysis recovered seven
main clades of cytb sequences from P. maniculatus (fig. 2). The
analysis also revealed that four nominal species (P. melanotis,
P. keeni, P. arcticus, and P. polionotus) are nested within
P. maniculatus. This pattern of paraphyly—combined with
a consideration of geographic distributions (fig. 2)—suggests
that the above-mentioned species originated as peripheral
isolates of the P. maniculatus parent species, possibly during
Pleistocene glacial-interglacial cycles (Blair 1950). Our results
corroborate the placement of P. polionotus as sister to P.
maniculatus clades 1 and 2 and the placement of P. keeni
as sister to P. maniculatus clade 6 (Gering et al. 2009; Kalkvik
et al. 2012; fig. 2). In broad outline, six of the P. maniculatus
clades have been characterized previously (Dragoo et al. 2006;
Gering et al. 2009; Kalkvik et al. 2012), but our additional
sampling uncovered a highly distinct group (“clade 7”) com-
prising specimens from the central coast of California (San
Luis Obispo and Monterey counties). Bayesian and maxi-
mum-likelihood trees supported the same main clades and
many similar relationships among clades, including sister re-
lationships between clades 1+ 2, clades 3 + 4, and clade 6 + P.
keeni, respectively.

The P. maniculatus specimens used in the survey of Hb
polymorphism all fell in clades 1, 2, 6, and 7. The majority of
specimens from the Southern Rocky Mountains and the
Great Basin (including montane regions of Colorado,
Utah, Arizona, and Nevada) fell in clade 1, the majority of
specimens from the Great Plains (eastern Colorado, Kansas,
and Nebraska) fell in clade 2, and—as mentioned above—
specimens from Central California fell in clade 7 (including all
specimens from San Luis Obispo Co.; supplementary fig. S2,
Supplementary Material online). Specimens from northern
California were the most widely dispersed phylogenetically,
as they all fell into one of two highly distinct clades (1 and 6)
that are distinguished from one another by a net sequence
divergence of 0.1788 at silent sites. Among specimens

collected from high-altitude localities in the Sierra Nevada
and the White Mountains of eastern California, one-third
fell in clade 1 (along with mice from far-flung localities
across the Rocky Mountains and the Great Basin) and the
remaining two-third fell in clade 6 (along with mice from the
coastal lowlands and Central Valley of California; supplemen-
tary fig. S2, Supplementary Material online). Specimens col-
lected from geographically disparate low-altitude localities in
northern California were almost evenly split between clades 1
and 6 (supplementary fig. S2, Supplementary Material online).

Phyletic Continuity among Alpine Populations

The fact that high-altitude mice from geographically disparate
mountain ranges were intermingled in the same clade of the
cytb phylogeny suggests possible historical connections
among alpine populations. To test this using patterns of
genome-wide nucleotide variation, we surveyed 4,344 restric-
tion-site associated DNA (RAD) polymorphisms in a total of
60 deer mouse specimens sampled from two geographically
proximal pairs of high- and low-altitude localities in Colorado
(Mt. Evans [n = 15] and Yuma Co. [n = 15]) and in California
(White Mountain Peak [n = 15] and Humboldt Co.,, [n = 15]).
We then performed a four-population test of “treeness”
(Reich et al. 2009; Patterson et al. 2012) to assess whether
spatial proximity counts for more than native elevation in
explaining phylogenetic affinities. Consistent with the phylo-
genetic patterns of mtDNA variation, the constraint
tree ([Mt. Evans, Yuma Co.], [White Mountain Peak,
Humboldt Co.]) failed the four-population test
(f4 [ £ SE] = 0.0025 % 0.007, Z = 3.88, P < 0.05). This result ap-
pears to be attributable to an historical connection between
the two geographically disparate high-altitude populations, as
genomic differentiation based on all 4,344 nt polymorphisms
was roughly 2-fold lower in the comparison between Mt.
Evans and White Mountain Peak than in the comparison
between Yuma Co. and Humboldt Co. (Fsy=0.0509 vs.
0.1235). Moreover, the level of genomic differentiation be-
tween the two distant alpine populations was also lower
than that between either population and the geographically
closer lowland population: Fsr (Mt. Evans vs. Yuma
Co.)=0.0638 and Fsr(White Mountain Peak vs. Humboldt
Co.) = 0.0982.

Intraspecific Polymorphism and Interspecific
Divergence: HBA Genes

The survey of nucleotide polymorphism in the HBA genes of
P. maniculatus from the central and western United States
(n =406 alleles) revealed 15 intermediate-frequency amino
acid polymorphisms with minor allele frequencies (MAFs)
greater than 0.05 (fig. 3A). We separately cloned and se-
quenced the tandemly linked HBA-T1 and HBA-T2 genes in
a subset of specimens to obtain complete tetraploid geno-
types ( =228 experimentally phased alleles). Likewise, we gen-
erated tetraploid HBA-T1/HBA-T2 genotypes for P. keeni
and diploid genotypes for the single-copy HBA-T1 gene of
P. leucopus (=24 and 22 experimentally phased alleles, re-
spectively). For each of these same three species we also
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Fic. 2. Bayesian phylogeny of cytb sequences from 454 specimens of Peromyscus maniculatus and closely related species based on a GTR+l+G model of
nucleotide substitution. Bayesian posterior probabilities (above) and maximume-likelihood bootstrap support values (below) are shown for all major
nodes in the tree. The inset map of North America shows the geographic range of P. maniculatus and the superimposed distributions of seven main cytb
clades. There is a broad zone of admixture between two highly distinct phylogroups (clades 1 and 6) that extends from coastal California to the western
periphery of the Great Basin. Consequently, cytb sequences from northern Californian mice are distributed between clade 1 (which includes specimens
from geographically disparate high-altitude localities across the western United States) and clade 6 (see supplementary fig. S2, Supplementary Material
online). Also shown are geographic distributions of four other Peromyscus species (P. arcticus, P. keeni, P. melanotis, and P. polionotus) that are

paraphyletic relative to P. maniculatus in the cytb phylogeny.

generated polymorphism data for the downstream pseudo-
gene (HBA-T3 in P. maniculatus and P. keeni, HBA-T2 in
P. leucopus). Data for the HBA-T1 and HBA-T2 genes of
P. maniculatus confirmed previous reports that the same al-
leles are segregating at both genes due to a history of inter-
paralog gene conversion (Storz and Kelly 2008; Storz, Runck,
et al. 2010). However, P. maniculatus specimens from one
particular locality, Humboldt Co., CA, possess structurally dis-
tinct HBA paralogs that are distinguished by fixed or nearly
fixed differences at six amino acid sites (supplementary fig. S3,
Supplementary Material online). Amino acid replacements at
most of the sites that distinguish HBA-T1 and HBA-T2 in
the Humboldt mice are identical to sequence differences be-
tween alternative alleles that are segregating at both paralogs
in mice from other regions (supplementary fig. S3,
Supplementary Material online). HBA-T1 and HBA-T2
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paralogs in the Humboldt mice are also characterized by far
fewer shared polymorphisms in comparison with other pop-
ulation samples of P. maniculatus (supplementary table S2,
Supplementary Material online), suggesting a lower rate of
HBA-T1<>HBA-T2 gene conversion (and, hence, a lower rate
of concerted evolution). However, overall sequence diver-
gence between the HBA-T1 and HBA-T2 paralogs in the
Humboldt mice was not unusually high compared with
levels of interparalog divergence in other populations of
P. maniculatus (supplementary table S2, Supplementary
Material online).

Phylogenetic analysis of adult HBA genes from P. manicu-
latus, P. keeni, and P. leucopus revealed that a history of inter-
paralog gene conversion has produced a typical pattern of
concerted evolution where paralogs from the same species
cluster together to the exclusion of orthologs from different
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species (supplementary fig. S4, Supplementary Material
online). However, orthologous relationships are revealed by
sequence matches in noncoding flanking regions that are
largely unaffected by interparalog gene conversion (supple-
mentary fig. STA, Supplementary Material online). We suc-
cessfully cloned orthologous HBA genes from multiple
individuals of 12 different Peromyscus species. A multiple
alignment of HBA sequences revealed that the 15 amino
acid sites that are polymorphic within P. maniculatus are
also variable among species (fig. 3A).

In P. maniculatus, the HBA-T1 and HBA-T2 genes share
low- to intermediate-frequency amino acid polymorphisms
at six sites (a5, 210, %12, 2115, 223, and ®.34) where the shared,
minor alleles are fixed or are present at high frequency at
paralogous sites in the HBA-T3 pseudogene. This pattern
suggests that these variants were introduced via HBA-
T3—HBA-T1/T2 gene conversion. In the pooled sample of
P. maniculatus HBA alleles, overall levels of nucleotide diver-
gence between HBA-T3 and the other two HBA paralogs are
sufficiently high that T3-derived conversion tracts are readily
detectable against the T1/T2 background, and vice versa.
Maximum-likelihood analysis of polymorphism data for all
three HBA paralogs of P. maniculatus (n =593 alleles, see
Materials and Methods) indicated that 7% of HBA-T1/HBA-
T2 alleles had coding sequences that were partially converted
by HBA-T3, and these T3-derived conversion tracts accounted
for low-frequency amino acid variants segregating at each of
four triallelic sites. The average conversion tract length was
181bp excluding gaps (range =2-725bp) and the average
per-site probability of detecting interparalog gene conversion
(V) was 0.054 (n =97 informative sites).

Overall levels of nucleotide variation were exceptionally
high for both HBA-T1 and HBA-T2 paralogs in P. maniculatus,
with silent-site diversities greater than 0.025 in all population
samples other than Humboldt Co. (table 1). The HBA-T1 gene
of P. keeni was monomorphic but HBA-T2 of P. keeni and the
single-copy HBA-T1 gene of P. leucopus both exhibited high
levels of nucleotide diversity commensurate with those ob-
served for the HBA-T1 and HBA-T2 genes of P. maniculatus
(table 1).

The history of interparalog gene conversion among the
three HBA genes is reflected in the highly reticulate network
of amino acid haplotypes (fig. 4A). HBA-T1 and HBA-T2 se-
quences sampled from the same geographic locality are typ-
ically far more similar to one another than to alleles of the
same gene that were sampled from more distant localities, a

pattern that reflects different histories of concerted evolution
in different geographic populations (fig. 4A).

The history of interparalog gene conversion also contrib-
utes to shared polymorphism between species. For example,
there are nine amino acid polymorphisms shared between
the HBA-T1 and HBA-T2 genes of P. maniculatus and the
HBA-T2 gene of P. keeni and shared minor alleles at each
site are either fixed or are present at high frequency at para-
logous sites of the HBA-T3 pseudogenes in each species. In
two distinct HBA-T2 alleles of P. keeni, novel amino acid
variants are contained within T3-derived conversion tracts
(515-1,022 bp in length, excluding gaps) that span all of
exon 2 and 57-100% of exon 3 (fig. 5). For the ten HBA-T2
sites segregating T3-derived amino acid variants (fig. 5), the
average persite probability of detecting interparalog gene con-
version was \y = 0.996. These results indicate that shared poly-
morphisms between closely related species are not necessarily
attributable to incomplete lineage sorting or introgressive
hybridization; in the HBA genes of P. maniculatus and P.
keeni, transpecific polymorphism is clearly attributable to re-
current HBA-T3—HBA-T1/T2 gene conversion that has oc-
curred independently in each species.

Intraspecific Polymorphism and Interspecific
Divergence: HBB Genes

The survey of nucleotide polymorphism in the tandemly
linked HBB-T1 and HBB-T2 genes of P. maniculatus revealed
nine intermediate frequency polymorphisms (n = 482 alleles).
We separately cloned and sequenced both alleles from each
of the two genes in a subset of specimens to obtain complete
tetraploid HBB genotypes (=396 experimentally phased al-
leles). Likewise, we generated tetraploid HBB-T1/HBB-T2 ge-
notypes for both P. keeni and P. leucopus (=24 and 40
experimentally phased alleles, respectively). Data for HBB-T1
and HBB-T2 in P. maniculatus confirmed previous reports
that the same alleles are segregating at both genes due to
interparalog gene conversion (Storz et al. 2009; Storz, Runck,
et al. 2010; Storz, Natarajan, et al. 2012) similar to the case
with the HBA genes. The P. maniculatus specimens from San
Luis Obispo Co. CA, constituted the only exception to this
pattern, as the HBB-T1 and HBB-T2 paralogs in mice from that
particular locality were distinguished by a single amino acid
substitution at $135. The alternative residues at this site are
segregating as allelic variants at both paralogs in other pop-
ulations (supplementary fig. S5, Supplementary Material
online), similar to the case of the HBA paralogs in mice

Fic. 3. Continued

At each site, sizes of the letter codes for alternative amino acids are proportional to their representation in the sample, and therefore provide a graphical
depiction of site-specific allele frequency variation within P. maniculatus (top) and conservation among species (bottom). The HBA-T1 and HBA-T2
paralogs are individually identified in P. maniculatus and P. keeni. For P. maniculatus, the “LA” and “HA” alleles refer to the predominant amino acid
haplotypes sampled from lowland (Great Plains) and highland (Rocky Mountain) localities, respectively. Some species (P. leucopus, P. gossypinus, and P.
melanophrys) possess a single-copy HBA gene. In the remaining species, “HBA-a” and “HBA-b” refer to paralogous sequences with unknown linkage
order in the a-globin gene cluster. (B) Alignment of 30 variable amino acid sites in the HBB-T1 and HBB-T2 genes of 16 Peromyscus species. As in panel A,
shaded columns denote sites that harbor intermediate-frequency polymorphisms in P. maniculatus. Sequence logos depict site-specific allele frequency
variation within P. maniculatus (top) and conservation among species (bottom). In both panels, the tree topologies are based on a consensus of recent

phylogenetic studies (Bradley et al. 2007; Gering et al. 2009).
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Table 1. DNA Polymorphism and Intragenic LD in the HBA Genes of Peromyscus maniculatus, P. keeni, and P. leucopus.

Population Paralog Length (bp)* N S 0 (sitent) Owsitent) 4Nc Z.s 7z
P. maniculatus
Humboldt Co., CA HBA-T1 15119 16 85 0.0183 0.0158 0.0020 0.4191 0.0765
Mono Co., CA HBA-T2 1520.6 16 66 0.0111 0.0125 0.0029 0.2810 0.1623
HBA-T1 1499.5 16 252 0.0330 0.0472 0.0018 0.2568 0.1891
HBA-T2 1489.7 16 242 0.0367 0.0461 0.0000 0.4154 0.2192
Clear Creek Co., CO HBA-T1 1505.4 34 241 0.0268 0.0343 0.0036 0.1538 0.1648
HBA-T2 1488.7 34 214 0.0252 0.0297 0.0016 0.1648 0.2038
Yuma Co., CO HBA-T1 1493.2 34 531 0.0589 0.0806 0.0004 0.1705 0.2834
HBA-T2 1493.8 34 346 0.0392 0.0517 0.0065 0.1682 0.1860
P. keeni
Wrangell Island, AK HBA-T1 1548.8 12 0 0.0000 0.0000 — — —
HBA-T2 1530.7 12 60 0.0074 0.0100 0.0000 0.6824 0.2746
P. leucopus
Saunders Co., NE HBA-T1 712.8 22 114 0.0297 0.0439 0.0027 0.1675 0.2160

Note.—For P. maniculatus and P. keeni, polymorphism data are from population samples in which both alleles of the tandemly duplicated HBA-T1 and HBA-T2 genes were
separately cloned and sequenced. Peromyscus leucopus possesses a single adult-expressed o-globin gene, HBA-TT.

*Excluding alignment gaps.

from Humboldt Co., CA. These findings indicate that rates of
gene conversion are variable among populations of P. mani-
culatus, resulting in nonuniform patterns of concerted evolu-
tion across the species’ range. This is reflected in the variable
levels of interparalog divergence in different populations of
P. maniculatus (supplementary table S3, Supplementary
Material online).

Levels of nucleotide variation were generally high for both
HBB paralogs in P. maniculatus and P. leucopus. In P. keeni, in
contrast, silent-site diversity at HBB-T1 was an order of mag-
nitude lower than that at HBB-T2 (table 2). Similar to the case
with the HBA genes, the highly reticulate network of HBB
amino acid haplotypes reflects a history of HBB-T1<«>HBB-
T2 gene conversion and intragenic recombination (fig. 4B).

We successfully cloned both HBB-T1 and HBB-T2 from
multiple individuals of 16 different Peromyscus species.
Similar to the case with the HBA-T1 and HBA-T2 paralogs,
phylogeny reconstructions of HBB sequences in Peromyscus
revealed the classic pattern of concerted evolution where
paralogs from the same species grouped together to the
exclusion of orthologs from different species (fig. 6A-C). In
contrast, phylogeny reconstructions based on 3'-flanking se-
quences (which are largely unaffected by gene conversion)
resolved reciprocally monophyletic groups of HBB-T1 and
HBB-T2 sequences (fig. 6D). Similar to the case of the HBA
genes, the nine HBB sites that are polymorphic within
P. maniculatus are also variable among species (fig. 3B).

Altitudinal Patterning of Hb Polymorphism within
P. maniculatus

In the case of P. maniculatus, altitudinal patterns of allele
frequency variation at 12 of the 24 polymorphic sites in the
HBA and HBB genes have been described previously for pop-
ulation samples from the Rocky Mountains and Great Plains
(a-globin sites 50, 57, 60, 64, 71, 113, 115, and 116, and
[-globin sites 62, 72, 128, and 135; (Storz, Sabatino, et al.
2007; Storz and Kelly 2008; Storz et al. 2009; Storz, Runck,

et al. 2010; Storz, Natarajan, et al. 2012) and site-directed
mutagenesis experiments have quantified their additive and
epistatic effects on Hb function (Natarajan et al. 2013). Results
of the present survey reveal that the same allelic variants that
contribute to variation in Hb-O, affinity in the Rocky
Mountains and the Great Plains are also segregating in high-
land and lowland populations across central and western
North America.

Twelve of the 24 intermediate-frequency polymorphisms
exhibited significant correlations with altitude across all 15
population samples of P. maniculatus (o-chain sites 5, 10, 12,
15, 34, 50, 64, 78, 113, and 115, and B-chain sites 25 and 72);
correlations for two unlinked sites (264 and $72) remained
significant at a Bonferroni-adjusted critical value of
o’ =0.0021. In broad outline, the networks of HBA and HBB
amino acid haplotypes reflect the same underlying pattern of
geographic population structure that was revealed by the
analysis of mtDNA variation (figs. 2 and 4). HBA and HBB
haplotypes harboring multisite combinations of characteris-
tically high-altitude amino acid variants are shared among
mice from geographically disparate high-altitude localities
across the western United States (e.g, node “A” in fig. 4A
and node “C” in fig. 4B). This pattern of allele-sharing
among highland mice from different mountain ranges is con-
sistent with their shared phylogenetic heritage, as reflected
in the mtDNA phylogeny (supplementary fig. S2,
Supplementary Material online) and patterns of genome-
wide nucleotide variation, as discussed above.

Variation in Hb Function within P. maniculatus

Evolutionary changes in Hb-O, affinity may be caused by
changes in intrinsic O, affinity and/or changes in the sensi-
tivity of Hb to the inhibitory effects of endogenously pro-
duced allosteric cofactors (Mairbaurl and Weber 2012). To
gain insight into the mechanistic basis of variation in Hb-O,
affinity, we measured oxygenation properties of purified Hbs
in the presence and absence of two main allosteric effectors
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Fic. 4. Reconstructed networks of HBA and HBB amino acid haplotypes. (A) Network of HBA amino acid sequences from Peromyscus maniculatus
(n=406), P. keeni (n = 24), P. leucopus (n =22), and P. polionotus (n = 8). Also included are 187 HBA-T3 sequences from a geographically diverse sample
of P. maniculatus. The HBA-T3 pseudogene sequences were included in the reconstruction because HBA-T3<>HBA-T1/T2 gene conversion accounts for
many reticulate connections in the network. The sizes of pie diagrams are proportional to the numerical representation of each amino acid haplotype in
the total sample. Pie diagrams labeled A—E are set apart from their corresponding nodes in the network to avoid obscuring the topology. (B) Network of
HBB amino acid sequences from Peromyscus maniculatus (n = 482), P. keeni (n = 24), P. leucopus (n = 40), and P. polionotus (n = 4). As in panel A, pie
diagrams labeled A-D are set apart from their corresponding nodes in the network. One of the salient features of both networks is that identical amino
acid haplotypes are shared between geographically disparate high-altitude populations of P. maniculatus (e.g, node A in the HBA network, and node C
in the HBB network, both of which show extensive haplotype-sharing between high-altitude populations in Colorado and California). Another clearly
discernible pattern relates to semi-independent histories of concerted evolution across the species range: in both networks, T1 sequences typically show
a closer affinity to T2 sequences from the same population than to T1 sequences from different populations and vice versa.
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Fic. 5. Allele-sharing between Peromyscus maniculatus and P. keeni is attributable to interparalog HBA-T3—HBA-T1/T2 gene conversion that has
occurred independently in each species. Site-specific patterns of allele frequency variation in the transcriptionally active HBA-T1 and HBA-T2 genes and
the HBA-T3 pseudogene of P. maniculatus (above) and sequence variation in the corresponding orthologs of P. keeni (below). Shaded columns depict
nine sites (34, 36, 57, 58, 60, 64, 71, 72, and 78) that harbor shared amino acid polymorphisms between the HBA-T1 and HBA-T2 genes of P. maniculatus
and the HBA-T2 gene of P. keeni. At each of the nine sites, the shared minor allele is fixed or present at high frequency in the HBA-T3 pseudogenes of
both species. At site 34, for example, Cys (C) is fixed or nearly fixed in the HBA-T1 and HBA-T2 paralogs of both P. maniculatus and P. keeni, whereas Glu
(E) is the major allele at this site in the HBA-T3 paralog of both species. The same pattern is evident at the remaining eight sites. In the HBA-T2 gene of P.
keeni, conversion tracts from the HBA-T3 donor sequence (shown in boxes) span all of exon 2 and 57-100% of exon 3 in the adjacent HBA-T2 gene. In P.
maniculatus, the same variants were independently derived via HBA-T3— HBA-T1/T2 gene conversion and are present at low frequency across the
species’ range. Although the conversion tracts are depicted in the alignment of amino acid sequences, the gene conversion tracts were identified on the
basis of the underlying nucleotide variation; see Materials and Methods).

that regulate Hb-O, affinity in mammalian red blood cells:
Cl~ ions (added as KCI; 0.1 molI™") and 2,3-diphosphoglyce-
rate (DPG, at 2-fold molar excess over tetrameric Hb).
Measurements of Hb-O, affinity in the simultaneous presence
of CI” and DPG are most relevant to in vivo conditions in the
red blood cells of rodents (Mairbaurl and Weber 2012; Tufts
et al. 2013).

Consistent with previous studies of Hb function in P. man-
iculatus from the Rocky Mountains and Great Plains (Storz
et al. 2009; Storz, Runck, et al. 2010), mice from highland and
lowland localities in California exhibited a high level of inter-
individual variation in Hb-O, affinity (as indexed by P, the
PO, at which Hb is half-saturated) and there was considerable
overlap in the range of values for high- and low-altitude speci-
mens (table 3). In contrast to previous studies which revealed
that highland mice from the Rocky Mountains have evolved
an increased Hb-O, affinity relative to their lowland counter-
parts from the Great Plains (Storz et al. 2009; Storz, Runck,
et al. 2010; Natarajan et al. 2013), the set of California speci-
mens that we examined showed the opposite pattern of dif-
ferentiation: Mice from the sea-level localities (Humboldt Co.
and San Luis Obispo Co.) exhibited slightly higher Hb-O, af-
finities and lower cooperativity coefficients (indicating less
sigmoidal O,-equilbrium curves) relative to conspecifics col-
lected from an elevation of 3,800 m in the White Mountains
(table 3). These experimental results for purified Hbs are con-
sistent with results of a previous survey of blood-O, affinity in
deer mice from different elevations in northern California
(Sawin 1970).

With respect to intrinsic O, affinity and mode of allosteric
regulation, Hbs of mice from the White Mountains (Mono
Co,, CA) were qualitatively similar to those of mice from the
Rocky Mountains (Clear Creek Co., CO) and Great Plains
(Yuma Co,, CO). In contrast, Hbs of lowland California mice
from Humboldt and San Luis Obispo counties had relatively
high O,-affinities in the presence of allosteric effectors (i.e,
low values of Psoippc.ciy) and relatively low cooperativities
(i.e, Hill coefficients, ng, were < 2.00 across all treatments;
table 3). In the case of Hbs from the Humboldt mice, the low
values of Psyppg.icry Were mainly attributable to high intrin-
sic O,-affinities. This is indicated by the especially low Ps, for
“stripped” Hb (purified Hb that is stripped of allosteric effec-
tors) relative to values for other P. maniculatus populations or
other Peromyscus species (table 3). In spite of the unusually
high intrinsic O,-affinity (lower Psg(syippea)), Hbs of the
Humboldt mice exhibit DPG and CI™ sensitivities in the
normal range for the species (supplementary fig. S6,
Supplementary Material online), indicating that the mode
of allosteric regulation was not qualitatively or quantitatively
distinct. In the case of Hbs from the San Luis Obispo mice, by
contrast, the low Psoppg.kcr is mainly attributable to a sup-
pressed sensitivity to Cl ™ ions, as indicated by unusually small
differences in log-transformed Ps, values in the presence and
absence of 0.1 M KCI: Hbs of these mice have lower values of
Alog-Psocisry and Alog-Psy(kci+ppay-sery than any P. mani-
culatus population or any other Peromyscus species (supple-
mentary fig. S6, Supplementary Material online). Thus, the
unexpectedly high Hb-O, affinities of the two lowland
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Table 2. DNA Polymorphism and Intragenic LD in the Tandemly Linked HBB-T1 and HBB-T2 Genes of Peromyscus maniculatus, P. keeni, and P.

leucopus.
Population Paralog Length (bp)® N N 01 (sitent) Ow(sitenty 4Nc Z.s 77
P. maniculatus
Humboldt Co., CA HBB-T1 1303.7 16 30 0.0066 0.0067 0.0001 0.448 0.1674
HBB-T2 12849 16 56 0.0156 0.0129 0.0023 0.4262 0.1077
Marin Co., CA HBB-T1 1298.6 10 63 0.0152 0.0169 0.0045 0.4389 0.042
HBB-T2 1290.4 10 9% 0.0283 0.0252 0.0114 0.3869 0.1455
Monterey Co., CA HBB-T1 1295.6 10 115 0.0316 0.0292 0.0037 0.6844 0.0043
HBB-T2 1287.5 10 161 0.0405 0.0395 0.0051 0.4893 0.0616
San Luis Obispo Co., CA HBB-T1 1302 12 1 0.0001 0.0003 — — —
HBB-T2 1291.8 12 0 0 0 — — —
Merced Co., CA HBB-T1 1278.6 12 101 0.0157 0.0228 (1] 0.4302 0.1634
HBB-T2 1299.6 12 104 0.0255 0.0232 0.0016 0.4309 0.2139
Tuolemne Co, CA HBB-T1 1284.6 12 86 0.0195 0.0214 0.0169 02751 0.1678
HBB-T2 1297.1 12 127 0.029 0.0309 0.0175 0.2658 0.1707
Mariposa Co., CA HBB-T1 1287.4 12 99 0.0186 0.0247 0.004 0.3343 0.157
HBB-T2 1293.2 12 75 0.0205 0.0184 0.0024 0.5504 0.0878
Mono Co., CA HBB-T1 1246.1 16 139 0.0223 0.0327 0.0041 0.1859 0.1511
HBB-T2 1262.3 16 93 0.0196 0.0213 0.0001 0.4984 0.1456
White Pine Co., NV HBB-T1 1285.6 10 62 0.0146 0.0165 0.0045 0.3519 0.2395
HBB-T2 1293.5 10 86 0.0246 0.023 0.0059 0.4612 0.0628
Coconino Co., AZ HBB-T1 1283.2 10 71 0.0198 0.0196 0.014 0.3735 0.2284
HBB-T2 1296.5 10 76 0.0215 0.0205 0.0063 0.4487 0.1274
Wayne Co., UT HBB-T1 1282.8 10 57 0.0142 0.0157 0.0083 0.3606 0.1594
HBB-T2 1296.6 8 62 0.0167 0.0184 0.0009 0.4556 —0.0104
Clear Creek Co. CO HBB-T1 1200.9 28 94 0.0141 0.0178 0.0065 0.2095 0.0723
HBB-T2 12324 28 97 0.0211 0.0194 0.0026 0.3185 0.0674
Yuma Co., CO HBB-T1 1212.7 30 88 0.013 0.0169 0 0.4184 —0.0067
HBB-T2 1204.4 30 78 0.0139 0.0149 0 0.4585 0.0107
Pawnee Co., KS HBB-T1 1296.9 10 14 0.0022 0.0033 0.0364 0.375 0
HBB-T2 12911 10 26 0.0059 0.0063 0.0027 0.3113 0.3902
P. keeni
Wrangell Island, AK HBB-T1 1302.3 12 6 0.0011 0.0015 0 1 0
HBB-T2 1224.6 12 91 0.0237 0.0195 0.0015 0.5554 0.151
P. leucopus
Saunders Co., NE HBB-T1 1271.6 20 40 0.0115 0.0089 0.0078 0.364 0.2219
HBB-T2 1268.3 20 68 0.0075 0.014 0 0.4252 0.0265

Norte.—For each species, polymorphism data are from population samples in which both alleles of the HBB-TT and HBB-T2 genes were separately cloned and sequenced.

Excluding alignment gaps.

populations of California mice are attributable to different
functional mechanisms, suggesting that each must have a
distinct structural basis.

Genotype-Phenotype Associations

The causative effects of individual amino acid replacements
can be most readily discerned in comparisons of Hb function
among specimens from the same locality or, in some cases,
among those from geographically proximal localities, as the
Hbs of such mice often differ by a relatively small number of
amino acid changes. Previous analyses of native Hb variants
and recombinant Hb mutants yielded clear insights into the
structural basis of allelic differences in Hb function that dis-
tinguish mice from the Rocky Mountains and Great Plains
(Storz et al. 2009; Storz, Runck, et al.2010; Inoguchi et al. 2013;
Natarajan et al. 2011). New comparisons involving select spe-
cimens from highland and lowland California localities con-
firmed the functional effects of previously identified sites and
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revealed several additional amino acid polymorphisms that
contribute to variation in Hb-O, affinity. For example, com-
parisons among three specimens from Humboldt and Mono
counties isolated the net effect of three B-chain mutations
against otherwise identical genotypic backgrounds at the HBA
and HBB genes: Psyci+ppcy Was 32.7% lower for the triple-
mutant 36 G-B25 A-B72 S genotype relative to the alternative
6 A-B25 G-72 G genotype (9.35 vs. 13.89 torr, respectively).

To complement the comparisons involving small numbers
of genotypically similar specimens, we conducted an associa-
tion analysis in a Bayesian framework to estimate the quan-
titative effects of all segregating amino acid sites and the
cumulative proportion of phenotypic variation that they ex-
plained in a larger set of P. maniculatus specimens from mul-
tiple populations. In spite of the fact that we have a full
accounting of all segregating amino acid variants that could
potentially contribute to genetically based variation in the
functional properties of purified Hbs, and in spite of the
fact that the analysis controlled for the effects of population
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Fic. 6. Maximum-likelihood phylogenies depicting relationships among the HBB-T1 and HBB-T2 genes of 16 Peromyscus species. Phylogeny recon-
structions were based on four discrete data partitions: (A) 5'-flanking region (upstream), (B) the complete coding sequence (cds), (C) intron 2, and (D)
3'-flanking region (downstream). Phylogenies in (A-C) show the characteristic pattern of concerted evolution where paralogs from the same species
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gene conversion, so the phylogeny in D depicts relationships that reflect the true history of species divergence. For the tree in panel D (which is the only
tree that is informative about orthologous relationships), measures of support for relevant nodes are presented as Bayesian posterior probabilities

(above) and bootstrap values (below).

structure, estimates of heritability (h) for most measures of
Hb function were substantially less than unity (h* = 0.22-0.72;
supplementary table S4, Supplementary Material online).
This is likely due to a combination of small sample size,
the low magnitude of overall phenotypic variation, heteroge-
neity of variance among populations, and pervasive
epistasis among affinity-altering mutations (Natarajan et al.
2013). It may also be partly attributable to recurrent
gene conversion, as the resultant allelic heterogeneity would
diminish measured associations with particular causative
mutations.

Sites with the largest effects on intrinsic Hb-O, affinity (as
indexed by Pso(sipped)) Were restricted to the a-chain, includ-
ing previously implicated sites (264, 71, ®113, 115, and
a116; Inoguchi et al. 2013; Natarajan et al. 2013;) (supplemen-
tary table S5, Supplementary Material online). In contrast,
sites with the largest effects on CI™ sensitivity (as indexed
by Alog-Psocistry) Were mainly restricted to the B-chain,
including 6 in addition to several previously implicated
sites (62, P72, B128, and a50; supplementary table S5,
Supplementary Material online). DPG sensitivity (as indexed
by Alog-Psoippc-siy) exhibited the largest genetic variance

(supplementary table S4, Supplementary Material online).
Four closely linked o-globin sites (a12, a15, 23, and 34)
made the largest site-specific contributions to variation in
DPG sensitivity, with individual effects that were greater
than 10-fold higher than the median value across all sites
(supplementary table S5, Supplementary Material online).
These results suggest a modular architecture of Hb-O, affinity,
with distinct sets of mutations affecting intrinsic O,-affinity
and different modes of anion-mediated allosteric regulation.

Which sites are responsible for the unexpectedly high Hb-
O, affinities in mice from Humboldt and San Luis Obispo
counties? In the presence of allosteric effectors, the elevated
Hb-O, affinity of the Humboldt mice is associated with de-
rived variants at six o-globin sites that span the A- and
B-helices of the encoded a-chain polypeptide (5, 210, 12,
a15, a23, and a34; supplementary table S5, Supplementary
Material online). As described above, these derived variants
appear to have been introduced via gene conversion from the
closely linked HBA-T3 pseudogene. These findings demon-
strate that HBA-T3— HBA-T1/T2 gene conversion provides
an important source of standing genetic variation in Hb
function.
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Table 3. O, Affinities (Pso, torr) and Cooperativity Coefficients (nso) of Purified Hbs from Different Populations of Peromyscus maniculatus and

Different Species of Peromyscus (mean = 1SD).

Stripped +DPG +KCl DPG + KCl
Pso Nso Pso Nso Pso Nso Pso Nso

P. maniculatus
Humboldt Co., CA (n=4) 6.04+0.71 1.82+0.19 781+£120 1.87+022 1060+1.69 190+0.24 10.42+1.33 1.844+0.28
San Luis Obispo Co, CA (n=6) 7.55+085 1574+0.17 946+139 1.79+031 1061+124 1.68+0.15 1134+0.85 1.75+0.22
Mono Co., CA (n=4) 8881092 235+006 9.66+052 249+0.08 1410£0.58 2.50+£0.12 14.08+0.35 2.44+0.09
Clear Creek Co., CO (n=3/20) 696+024 201+028 810+0.76 227+023 11.62+073 221+0.15 12344055 2.30=+0.21
7.38+0.52 2.12+0.25 9.00+112 221+0.19 1264+113 225+0.13 13.65+ 148 2.36+0.19
Yuma Co., CO (n=3/15)* 7394022 231+0.03 953+030 248+0.10 13.70+040 2.49+0.14 1432+0.54 2.45+0.20
7911054 227+007 9.60+099 244+0.12 1447+£1.05 250£0.10 13.90+0.52 2.46+0.14
P. keeni (n=4) 1003+£1.10 224+0.18 1296+£0.75 2.50+£0.08 15.04+1.09 241£0.19 1540+1.27 2.2940.24
P. polionotus (n=2) 852+0.74 209+035 11.68+037 237+020 13.62+£035 2.60+£0.04 14131049 2.49+0.03
P. leucopus (n=2) 7.631+055 209+032 1230+0.79 2.19+0.19 1442+£056 226+£0.03 14.94+0.10 2.38+0.04
P. aztecus (n=2) 796+054 217+027 10.94+063 236+0.11 1316132 247+0.18 14.00+059 2.48+0.17
P. melanophrys (n=2) 771+£054 175+0.12 1151+£1.07 2.18+0.03 1565+0.81 2.18+£0.18 13.71£0.10 2.10+0.12

Note.—Ps, is the PO, at which Hb is 50% saturated, and is therefore an inverse measure of O, affinity. O, equilibria were measured in 0.1 M HEPES buffer at pH 7.40 (= 0.02),
37°C, in the absence of allosteric effectors (stripped), in the presence of DPG alone (DPG/Hb tetramer ratio, 2.0), in the presence of Cl~ alone (0.10M KCl), and in the
simultaneous presence of both effectors ([heme], 02-0.3 mM). Ps, and ns, values were obtained by fitting the Hill equation to the experimental O, saturation data using a

nonlinear regression model.

*Sample sizes refer to values in upper/lower rows. For each population, the upper row reports Ps, and ns, values for individual specimens with HBA and HBB genotypes that
represent the most common genotypes in the total sample. The lower row reports values for individual specimens and pooled samples of 2-8 specimens with identical
genotypes that represent all sampled Hb variants; mean Ps, and ns, values are not weighted according to the frequency of each variant in the population sample.

Variation in Hb Function among Species

To complement the analysis of variation in Hb function
within P. maniculatus, we also measured oxygenation prop-
erties of purified Hbs from five other Peromyscus species,
including three predominantly lowland species, P. keeni,
P. polionotus, and P. leucopus, and two species that occur at
intermediate to high elevations in montane regions of
Mexico, P. aztecus (500-3,200m) and P. melanophrys
(100-2,600 m). The range of variation in Hb-O, affinity
among these five species is commensurate with the observed
range of variation among populations of P. maniculatus
(table 3). The three lowland species have slightly lower
mean Hb-O, affinities than those of P. aztecus and P. mela-
nophrys (Psoopg+kciy = 14.13-15.40 torr vs. 13.71-14.00 torr,
respectively), but the overall magnitude of variation is too
small to permit conclusions about a possible altitudinal
trend. Functional properties of Hbs from these five species
are qualitatively similar to those of the P. maniculatus Hb
variants. Under identical experimental conditions, Hb-O, af-
finities of Peromyscus species were higher than those of house
mice in the genus Mus (Psoippc-ciy = 16.9-17.5 torr; Runck
et al. 2010; Storz, Weber, et al. 2012).

Lowland P. keeni from Alaska have Hbs with especially low
intrinsic O,-affinities relative to all other Peromyscus species
and populations of P. maniculatus (table 3). Comparisons of
interspecific sequence divergence reveal that this reduced
affinity is attributable to the independent or joint effects of
substitutions at eight a-chain sites: o5, 10, o15, 071, 078,
2113, 115, and 0116, each of which also contributes to var-
iation in intrinsic Hb-O, affinity within P. maniculatus (sup-
plementary table S5, Supplementary Material online). For
example, in the case of three closely linked sites, o113,
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o115, and o116, P. keeni is fixed for the three-site haplotype
“LSD,” whereas the predominant haplotype in all other spe-
cies is “HAD” or “HAE” (figs. 3 and 5). The same three-site LSD
a-globin haplotype occurs at high frequency in lowland deer
mice from the Great Plains, and is associated with a reduced
intrinsic Hb-O, affinity relative to high-altitude specimens
from the Rocky Mountains that possess the HAE haplotype
(Storz et al. 2009; Storz, Runck, et al. 2010; Natarajan et al.
2013). Thus, divergence in Hb function among species of
Peromyscus is caused by the same amino acid changes that
contribute to variation within P. maniculatus.

Origins of Genetic Variation in Hb Function

Having identified amino acid mutations that contribute to
variation in Hb function within and among populations of the
P. maniculatus species complex, and having determined that
the causal variants are widely shared among geographically
disparate populations of P. maniculatus and closely related
species, we can now turn to questions about the origins and
effects of these variants.

How Many Mutations Contribute to Evolutionary
Changes in Hb Function?

Consistent with results of site-directed mutagenesis experi-
ments (Natarajan et al. 2013) and targeted comparisons of
native Hb variants that differ at just one or a few amino acid
sites, results of the association analysis of naturally occurring
amino acid polymorphisms suggest that variation in Hb-O,
affinity is attributable to multiple mutations that have indi-
vidually small effects. Our analysis of native Hbs from mice
with known genotypes suggests that there are no single
amino acid mutations that account for most of the naturally
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occurring variation in Hb-O, affinity. The concentration of
many small-effect allelic variants distributed across tandemly
linked genes results in large aggregate effects for each of the
linked HBA and HBB gene pairs. This genetic architecture of
Hb-O, affinity is consistent with theoretical predictions for
divergently selected traits in populations at migration-selec-
tion equilibrium (Yeaman and Whitlock 2011). More gener-
ally, models of adaptation from standing genetic variation
predict a disproportionate contribution of allelic variants
with small effects (Hermisson and Pennings 2005). Our results
suggest that changes in biochemical phenotype can be pro-
duced by the composite effects of small-effect variants at
numerous sites in the same gene or in closely linked genes,
consistent with results of several other candidate gene asso-
ciation studies (Stam and Laurie 1996; Bickel et al. 2017;
Linnen et al. 2013).

What Are the Relative Contributions of Standing
Variation and New Mutations to Local Adaptation?

In cases where it is possible to identify causative alleles that
have contributed to the adaptation of particular populations
to geographically localized conditions, past selection on
standing variation is implicated if the same alleles are segre-
gating in other geographic populations and/or closely related
species that have experienced a different selection regime
(Colosimo et al. 2005 Barrett and Schluter 2008). Our
survey of HBA and HBB variation in P. maniculatus demon-
strated that affinity-altering variants are widely shared among
geographically disparate populations, and numerous amino
acid polymorphisms are also shared with P. keeni and
P. leucopus. These findings suggest that divergence in Hb
function between locally adapted populations of P. manicu-
latus is largely attributable to the sifting of standing genetic
variation by spatially varying selection.

Several other candidate gene studies have documented
evidence for adaptation from standing variation in natural
populations of animals and plants (Colosimo et al. 2005;
Steiner et al. 2007; Tishkoff et al. 2007; Feldman et al. 2009;
Rebeiz et al. 2009; Wittkopp et al. 2009; Domingues et al. 2012;
Jones et al. 2012; Prasad et al. 2012), although in many cases
the causative mutations have not been conclusively identi-
fied. One of the unique features of the deer mouse Hb poly-
morphism is that an appreciable fraction of functional
standing variation in the two transcriptionally active HBA
paralogs is attributable to recurrent gene conversion from a
linked pseudogene (HBA-T3). This finding contributes to a
growing body of data documenting a role for ectopic gene
conversion as a source of functional genetic variation (Casola
et al. 2012). Whether the functional variation contributed by
HBA-T3— HBA-T1/T2 gene conversion is beneficial, deleteri-
ous, or neutral remains an open question, although there is
no evidence to suggest that T3-derived amino acid variants
contribute to high-altitude adaptation. In high-altitude deer
mice from the Rocky Mountains, none of the HBA-T1/T2
mutations that have contributed to an increased Hb-O, af-
finity are contained within T3-derived conversion tracts
(Storz, Runck, et al.2010).

Are the Mutational Changes that Contribute to
Divergence between Conspecific Populations
Qualitatively or Quantitatively Distinct from Those
That Contribute to Divergence between Species?

Reciprocal-transplant experiments involving wild-derived
strains of P. maniculatus revealed trade-offs in physiological
performance associated with different Hb-O, affinities at dif-
ferent elevations: When tested under hypoxic conditions at
high altitude, mice with high-affinity HBA genotypes ex-
hibited superior aerobic performance relative to mice with
the alternative low-affinity genotypes (due to enhanced pul-
monary O,-loading at low alveolar PO, that safeguards arte-
rial O, saturation), whereas mice with low-affinity HBA
genotypes exhibited superior performance at sea-level (due
to enhanced O, unloading to respiring tissues under nor-
moxic conditions when arterial O, saturation is maximal;
Chappell and Snyder 1984; Chappell et al. 1988). Similar
types of trade-offs have been documented for allelic variants
that contribute to local adaptation in natural populations of
animals and plants (Mitchell-Olds et al. 2007; Anderson et al.
2017; Colautti et al. 2012). According to one school of thought
(Jeong et al. 2008; Stern and Orgogozo 2008, 2009) such var-
iants may contribute to adaptive phenotypic differences be-
tween conspecific populations but are not likely to make
important contributions to phenotypic divergence between
species. The reasoning is that locally adaptive alleles with an-
tagonistically pleiotropic effects in different environments are
unlikely to become fixed at the species level. Contrary to this
expectation, however, our results demonstrate that the same
amino acid changes that contribute to variation in Hb func-
tion within P. maniculatus also contribute to divergence in Hb
function among different species of Peromyscus. In the case of
affinity-altering HBA and HBB alleles in Peromyscus, there is no
qualitative or quantitative distinction between segregating
variants within species and fixed differences between species.

No Evidence for Phenotypic Parallelism among
Highland Populations or Species

Although affinity-enhancing variants are present at high-fre-
quency in many high-altitude deer mouse populations across
western North America, these variants clearly do not have
independent mutational origins, as they often occur in iden-
tical haplotype backgrounds in geographically disparate local-
ities (fig. 4). On the basis of physiological experiments, Snyder
and colleagues argued that the altitudinal patterning of Hb
polymorphism in P. maniculatus reflects a history of spatially
varying selection that favors different Hb-O, affinities in dif-
ferent elevational zones (Snyder 1981, 1985; Snyder et al. 1982,
1988; Chappell and Snyder 1984; Chappell et al. 1988). The
evidence for local adaptation to different elevational zones is
strongest in comparisons of population samples from the
Southern Rocky Mountains and the Great Plains, as indicated
by differentiation in Hb function and steep altitudinal clines in
allele frequency at causative sites (Snyder et al. 1988; Storz
2007; Storz, Sabatino, et al. 2007; Storz and Kelly 2008; Storz
et al. 2009; Storz, Runck, et al. 2010; Storz, Natarajan, et al.
2012). At face value, the altitudinal patterns of allele
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frequency variation across the western United States suggest
that repeated adaptation to high-altitude could have involved
the parallel reuse of standing variation. However, our insights
into patterns of population structure across the species’ range
suggest that the altitudinal patterning of Hb polymorphism
may also be largely explained by population history, as alpine
mice from geographically disparate mountain ranges show
closer genetic affinities with one another than with geograph-
ically closer lowland populations.

With regard to functional properties of Hb, our data pro-
vide no strong evidence for a replicated pattern of altitudinal
differentiation across the species range in western North
America. The altitudinal differentiation in Hb function that
has been documented between deer mice from the Rocky
Mountains and the Great Plains (Storz et al. 2009; Storz,
Runck, et al. 2010) is not apparent in comparisons between
highland and lowland population samples from California
(table 3). The original electrophoretic surveys of Hb polymor-
phism in deer mice also documented that levels of altitudinal
differentiation were highest in comparisons between popula-
tions from the Rocky Mountains and the Great Plains (Snyder
et al. 1988). Lower levels of altitudinal differentiation in the
mountain ranges of California and elsewhere was attributed
to the swamping effects of gene flow from surrounding low-
land populations. In comparison, the Southern Rocky
Mountains of Colorado are characterized by a much vaster
expanse of terrain in the alpine and subalpine zones, a geo-
graphic circumstance more conducive to local adaptation, as
selection that favors an increased Hb-O, affinity in alpine
mice would be less constrained by countervailing gene flow
from lowland populations.

Our experimental results did not reveal any dramatic var-
iation in Hb function among Peromyscus species with differ-
ent elevational distributions. Comparative studies of other
vertebrate taxa have documented positive associations be-
tween Hb-O, affinity and native elevation in some cases
but not in others (Projecto-Garcia et al. 2013; Revsbech
et al. 2013; Cheviron et al. 2014; Tufts et al. 2015). In cases
where genetically based modifications of Hb-O, affinity are
not implicated in physiological adaptation to high-altitude
hypoxia, it is of interest to determine whether adjustments
at other steps in the O, cascade have obviated the need for
such changes (Storz, Scott, et al. 2010).

In the absence of experimental measures of Hb function,
the observed patterns of amino acid sequence variation
within and among species could be uncritically interpreted
in purely adaptive terms, especially given a priori expectations
for a positive association between native elevation and Hb-O,
affinity (Storz and Moriyama 2008; Storz, Scott, et al. 2010).
Interpretation of the sequence data in light of experimental
results forces a more nuanced view. Given that variation in
the respiratory properties of deer mouse Hb stems from a
combination of common polymorphisms and population-
specific substitutions, and given the pervasiveness of epistasis
among affinity-altering mutations (Natarajan et al. 2013), pat-
terns of functional variation within and among species
cannot be accurately predicted on the basis of sequence
data alone. Our results highlight the importance of obtaining
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experimental data on protein function in order to interpret
the evolutionary significance of amino acid variation within
and among species (Jensen et al. 2007; Storz and Wheat 2010;
Storz and Zera 2011), an approach that is central to the
functional synthesis of molecular biology, biochemistry, and
evolution (Golding and Dean 1998; Dean and Thornton 2007;
Harms and Thornton 2013).

Materials and Methods

Samples

The analyses of intraspecific polymorphism and Hb variation
was based on a total of 148 specimens of P. maniculatus from
15 localities in North America, as well as 7P. keeni from
Wrangell Island, AK, and 11P. leucopus from Saunders Co,
NE (supplementary table S1, Supplementary Material online).
For the comparisons among species, we collected specimens
of P. melanotis from the Chiricahua Mountains of southern
Arizona (Cochise Co.), and we obtained blood samples and
frozen tissues of P. polionotus, P. aztecus, and P. melanophrys
(two individuals per species) from the Peromyscus Genetic
Stock Center at the University of South Carolina. For the
remaining Peromyscus species that were used in the analysis
of sequence variation, we obtained frozen tissues (at least two
individuals per species) from the Museum of Vertebrate
Zoology (Berkeley, CA). All field-collected mice used in this
study were deposited as vouchered specimens in the zoolog-
ical collections of the University of Nebraska State Museum
(Lincoln, NE), the Denver Museum of Nature and Science
(Denver, CO), the Natural History Museum of Utah (Salt
Lake City, UT), the University of Arizona Museum of
Natural History (Tucson, AZ), the Museum of
Southwestern  Biology (Albuquerque, NM), and the
Museum of Vertebrate Zoology (Berkeley, CA).

All field-collected mice were live-trapped and handled in
accordance with guidelines approved by the University of
Nebraska Institutional Animal Care and Use Committee
(IACUC no. 07-07-030D). After killing each mouse, heart
and liver were snap-frozen in liquid nitrogen and were
stored at —80°C prior to DNA or RNA extraction. For
mice used in the experimental analysis of Hb function,
blood was collected via cardiac puncture and red cell fractions
were snap-frozen in liquid nitrogen.

BAC Clone Sequencing

We isolated, subcloned, sequenced, and assembled separate
BAC clones that contained the entire a- and B-globin gene
clusters of P. leucopus using the same approach that we used
previously to characterize the orthologous globin gene clus-
ters of P. maniculatus (Storz et al. 2008). The P. leucopus
contigs containing the o- and B-globin gene clusters were
187.4 and 179.8 kb in length, respectively.

Polymerase Chain Reaction, Cloning, and Sequencing

Protocols for amplifying and sequencing cytb are provided in
Gering et al. (2009). Polymerase chain reaction (PCR) proto-
cols, cloning protocols, and paralog-specific primer sequences
for the HBA-T1 and HBA-T2 genes were described in Storz and
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Kelly (2008), those for the HBB-T1 and HBB-T2 genes were
described in Storz et al. (2009) and Storz, Natarajan, et al.
(2012), and RT-PCR protocols and primer sequences for
both sets of gene duplicates were described in Storz, Runck,
et al. (2010). For several Peromyscus species, we used a differ-
ent set of paralog-specific primers for the HBA-T1 and HBA-
T2 genes: HBA-T1, forward: GATGGGCACTGCTCAGGCTGGT
G HBA-T2, reverse: ACCCAGCCAAGTACTGCTGGAG; HBA-
T2, forward: GATGGACACTGCTCAGGCTGGTG; HBA-T2, re-
verse: AGGCCAGGACAAGAGGCTCTCCAC. The genes were
PCR-amplified using the following thermal cycling protocol:
94.°C (1205) initial denaturing, [94 °C (105), 50-60 °C (705s),
68°C (1205)] 10 cycles, [94°C (155), 50-60°C (30s), 68°C
(12055)] 20 cycles, and a final extension step at 72 °C (7 min).
Automated DNA sequencing of cloned PCR products was
performed on an ABI 3730 capillary sequencer using Big
Dye chemistry (Applied Biosystems, Foster City, CA). For all
P. maniculatus specimens from Lancaster Co, NE (n=12),
and a subset of specimens from Clear Creek Co, CO
(n=17), HBA and HBB cDNAs were derived from P. manicu-
latus  transcriptome assemblies generated via RNA-seq
(Cheviron et al. 2012, 2014). Sequence data from 58 P. man-
iculatus specimens from Clear Creek Co., CO, Yuma Co., CO,
and Pawnee Co, KS, have been published previously (Storz,
Sabatino, et al. 2007; Storz and Kelly 2008; Storz et al. 2009;
Storz, Natarajan, et al. 2012).

Phylogeographic Analysis

We used cytb sequences from a total of 454 museum-
vouchered specimens of P. maniculatus and other
Peromyscus species to conduct an analysis of phylogeo-
graphic structure using Bayesian and maximum-likeli-
hood phylogenetic analyses. All analyses were run using
the best-fit model of nucleotide substitution, GTR+1+G,
with sequences from P. leucopus and P. gossypinus as out-
groups. We used MrBayes 3.2 (Ronquist and Huelsenbeck
2003) to estimate tree topologies and Bayesian posterior
probabilities for each node. Analyses were run for 10
million generations, sampling every 1,000 generations,
with the first 1,000 trees discarded as burn-in. A plot of
—In L against generations was used as a guide to assess
convergence. Maximum-likelihood tree searches and 100
bootstrap replicates were conducted in Garli 2.0 (Zwickl
2006), which employs a genetic algorithm to effectively
search large tree space. Analyses were run until -In
L values converged (changing <0.02 in 5,000 generations),
and consensus values for bootstraps were summarized in
PAUP* (Swofford 2002). Redundant haplotypes were
identified using a distance matrix and were removed at
random to leave one individual per haplotype in the
resulting tree.

RAD-Seq Analysis

To survey genome-wide patterns of nucleotide variation
among high- and low-altitude populations of deer mice, we
produced multiplexed, reduced-representation lllumina li-
braries following Parchman et al. (2012). The analysis was

based on a total of 60 individuals (15 individuals each from
four population samples: Humboldt Co, CA, White
Mountain Peak, CA, Yuma Co., CO, and Mt. Evans, CO [col-
lected from localities 1, 8, 12, and 13 in fig. 1A; see
Supplementary table S1, Supplementary Material online]).
We digested genomic DNA samples with two restriction en-
donucleases, EcoRl and Mse1. Following digestion, we ligated
double-stranded adaptor oligonucleotides to the resulting
DNA fragments that contained Illumina sequencing binding
sites and a unique 10 bp barcode for individual identification,
and we used PCR to amplify the adaptor-ligated fragments.
Details on the adaptor sequences as well as the digestion and
PCR conditions can be found in Parchman et al. (2012).
Following amplification, barcoded amplicons from each indi-
vidual were pooled in equimolar concentrations, and electro-
phoresed on 2% agarose gels for size selection. We excised
fragments that were between 350 and 500 bp in length and
purified these gel-extracted fragments using a Qiaquick gel
extraction kit (Qiagen Inc.). The pooled library was sequenced
in a single lane on the lllumina HiSeq 1000 platform as 100 nt
single-end reads. The resulting RAD-seq data were processed
using the program STACKS (Catchen et al. 2013).

Sequences were parsed by individual barcodes and
trimmed of adaptor sequences using the program process_
radtags in STACKS resulting in a final mean read length
of 87nt. Individual reads were assembled de novo using
the following input parameters for ustacks:—m 3, -M 2, -N
4, ——max_locus_stacks 3. Twenty individuals (five randomly
chosen individuals from each population) were included
when compiling the single nucleotide polymorphism catalog
in cstacks. We restricted downstream analysis to loci that
were genotyped in at least ten individuals per population
with a minimum sequencing depth of 3 reads/locus/individ-
ual and an MAF of 0.05 using the sstacks and populations
programs in STACKS resulting in a final data set of 4,344
unique loci. Parsed lllumina reads have been deposited in
the NCBI short read archive (SRA PRINA271314).

Population Genomic Analysis of Population Structure

To evaluate the relative importance of geographic distance
and native elevation in explaining phylogenetic relationships
among deer mouse populations, we performed the four-pop-
ulation test of treeness (Reich et al. 2009; Patterson et al. 2012)
using RAD-Seq data from the 60 mice sampled from geo-
graphically proximal high- and low-altitude localities in
California (White Mountain Peak, CA, and Humboldt Co,
CA) and Colorado (Mt. Evans and Yuma Co.). Using the pro-
gram TreeMix v. 1.12 (Pickrell and Pritchard 2012), we calcu-
lated the f; test statistic for the tree ([White Mountain Peak,
Humboldt Co.], [Mt. Evans, Yuma Co.]). Testing whether f, is
consistent with zero constitutes a test of whether each pair of
geographically proximal highland and lowland populations
are clades in the tree. The standard error of f, was computed
using a weighted block jackknife and statistical significance
was assessed using a Z-score (Patterson et al. 2012). We com-
puted genome-wide Fst values using the populations pro-
gram in STACKS.
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Assigning Orthologous Relationships

To infer gene orthology and to characterize the extent of
interparalog gene conversion in the o- and [B-globin gene
clusters, we used the program Pipmaker (Schwartz et al.
2000) to make pairwise comparisons of sequence similarity
between the P. maniculatus and P. leucopus BAC clones. To
complement this approach, we used sequence data from a
more inclusive set of Peromyscus species to conduct phylo-
genetic analyses on four discrete data partitions of the HBA
and HBB genes: 5'-flanking sequence immediately upstream
of the initiation codon (350 and 93 bp for the HBA and HBB
genes, respectively), the complete coding sequence, the com-
plete intron 2 sequence, and 3'-flanking sequence immedi-
ately downstream of the termination codon (125 and 52 bp
for the HBA and HBB genes, respectively). Comparisons
among phylogenies that were based on different data parti-
tions allowed us to infer orthologous relationships and to
detect past histories of interparalog gene conversion (Storz,
Baze, et al. 2007; Hoffmann et al. 2008a, 2008b; Opazo et al.
2008a, 2008b, 2009; Runck et al. 2009; Gaudry et al. 2014). We
used HBA and HBB paralogs from Rattus novegicus as out-
group sequences in all analyses.

We aligned sequences using the L-INS-i strategy from Mafft
v7 (Katoh and Standley 2013) and we performed maximum-
likelihood phylogenetic analyses in Treefinder, version March
2011 (Jobb et al. 2004), evaluating support for the nodes with
1,000 bootstrap pseudoreplicates. We used the “propose
model” tool of Treefinder to select the best-fitting models
of nucleotide substitution based on the Akaike information
criterion with correction for small sample size. We estimated
Bayesian phylogenies in Mr. Bayes v.3.1.2 (Ronquist and
Huelsenbeck 2003), running six simultaneous chains for
2 x 107 generations, sampling every 2.5 x 10° generations,
and using default priors. A given run was considered to
have reached convergence once the likelihood scores reached
an asymptotic value and the average standard deviation of
split frequencies remained less than 0.01. We discarded all
trees that were sampled prior to convergence, and we eval-
uated support for the nodes and parameter estimates from a
majority rule consensus of the last 2,500 trees.

Population Genetic Analysis of the Globin Genes

Summary statistics of nucleotide polymorphism and linkage
disequilibrium (LD) were computed with the programs SITES
(Hey and Wakeley 1997) and DnaSP v. 5.0 (Librado and Rozas
2009). To characterize levels of nucleotide variation, we com-
puted two different estimators of the scaled mutation rate at
silent sites (=4Nu, where N is the effective population size
and w is the mutation rate per nucleotide): 077, based on
nucleotide diversity and Watterson's 6y, based on the
number of segregating sites. To characterize levels of intralo-
cus LD, we computed Hudson'’s (1987) estimator of the scaled
recombination rate, 4Nc, where c is the rate of crossing-over
between adjacent nucleotides. We also measured Kelly's
(1997) Z,s, a measure of intralocus LD based on the average
squared correlation in allele frequencies (*) between pairs of
sites. To summarize the effect of recombination on intralocus
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LD, we computed the ZZ test statistic of Rozas et al. (2001),
which measures the difference in r* between adjacent nucle-
otide polymorphisms and the average of pairwise r* values
across the entire gene. To test for significance of Z,,s and ZZ
values we conducted 10,000 coalescent simulations (no re-
combination) that were conditioned on the number of seg-
regating sites. Finally, to measure nucleotide divergence
between tandemly duplicated globin genes, we computed
the average number of nucleotide substitutions per site, Dy,
(Nei 1987, eq. 10.20), the number of net nucleotide substitu-
tions per site, D, (Nei 1987, eq. 10.21), and silent-site diver-
gence with Jukes—Cantor correction (Nei 1987, eq. 5.3). We
used a maximume-likelihood method (Betran et al. 1997) to
detect evidence of interparalog gene conversion in both di-
rections between HBA-T3 and the HBA-T1/HBA-T2 gene pair.
We estimated observed tract lengths and the persite proba-
bility of detecting an ectopic conversion event (\) using
equations A1 and A4, respectively, in Betran et al. (1997).
We reconstructed networks of amino acid haplotypes using
a force-directed algorithm, as implemented in the program
HapStar v.0.5 (Teacher and Griffiths 2011).

Protein Purification and Experimental Analysis of
Hb Function

Hbs were stripped of organic phosphates and other ionic
cofactors by means of a mixed bed resin MB-1 AG501-X8
column (BioRad, Hercules, CA). The purified samples were
concentrated by ultrafiltration (cutoff 10,000), dialyzed in CO-
equilibrated 10mM HEPES buffer, pH 7.6, and stored at
—80°C as CO-derivatives. The Hb composition of hemoly-
sates from each individual mouse was confirmed by using
thin-layer isoelectric focusing (PhastSystem, GE Healthcare
Biosciences, Piscataway, NJ).

After eliminating heme-bound CO by cycles of N,- and O,-
equilibrium of the purified Hb solutions, O,-equilibrium
curves were measured on 3 ul thin-film samples (0.2-
0.3mM heme concentration, 0.1 M HEPES buffer) at pH 7.4
and 37°C. Using standard experimental conditions (Imai
1982; Mairbaurl and Weber 2012), we measured oxygenation
properties of purified Hb solutions under four treatments: 1)
in the absence of allosteric effectors (stripped), 2) in the pres-
ence of CI™ ions (0.1 M KCl), 3) in the presence of DPG (DPG/
Hb tetramer ratio = 2.0), and 4) in the simultaneous presence
of both effectors, as described previously (Storz, Runck, et al.
2010; Storz, Weber, et al. 2012). O,-equilibrium curves were
measured using a modified O, diffusion chamber and absorp-
tion at 436 nm was monitored while subjecting thin-film sam-
ples to varying O, tensions of gas mixtures (prepared using
Wosthoff gas-mixing pumps) that perfuse the chamber
(Weber 1981, 1992). P, (O, tension at half-saturation) and
nso (Hill's cooperativity coefficient at half-saturation) values
were obtained by fitting the Hill equation Y =PO,"/(Psy "+
PO,") to the experimental O, saturation data using a non-
linear regression model (Y = fractional saturation and n = ng,
cooperativity coefficient). Measurements of Hb function in P.
maniculatus from Clear Creek Co. and Yuma Co., CO, were
reported previously (Storz, Runck, et al. 2010).
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Free Cl™ concentrations were controlled with a model 926 S
Mark Il chloride analyzer (Sherwood Scientific Ltd,
Cambridge, UK).

Association Analysis

To estimate the individual effects of segregating amino acid
variants on respiratory properties of Hb, we performed an
association analysis based on a BayesB algorithm (Kizilkaya
et al. 2010) using GenSel software (Fernando and Garrick
2009). The phenotypic trait values represent in vitro measure-
ments of ligand affinities on purified Hbs under standardized
experimental conditions. Thus, there is essentially no scope
for environmental variance or background genetic variance in
trait values that is not accounted for by sequence differences
in the HBA-T1, HBA-T2, HBB-T1, and HBB-T2 genes. To min-
imize the impact of among-group variance, and to ensure
that we were assessing variation among potentially inter-
breeding (conspecific) individuals, we restricted the associa-
tion analysis to a set of 43 P. maniculatus specimens from
Humboldt, CA, White Mountains, CA, Mt. Evans, CO, and
Yuma Co., CO. The association analysis was restricted to a
total of 21 amino acid polymorphisms (15 o-globin sites and 6
[-globin sites) in specimens for which we had complete -
and B-globin genotypes. Specimens from San Luis Obispo Co.,
CA, were not included in the association analyses due to the
fact that they formed a highly divergent clade in the mtDNA
phylogeny (fig. 2). Consequently, the association analysis ex-
cluded three segregating sites that were monomorphic in all
population samples outside of San Luis Obispo Co. To ac-
count for the effects of population structure, population-of-
origin was fitted in the model as a fixed effect. The Markov
Chain Monte Carlo chain length was 150,000 iterations with
the first 50,000 discarded as burn-in. The proportion of sites
assumed to have a null effect was set equal to 0.5, such that at
each iteration only half of the sites were fitted in the model to
avoid overparameterizing, given the small sample size. The
results represent the mean over all 100,000 post burn-in
iterations.

Supplementary Material

Supplementary figures S1-S6 and tables S1-S5 are available at
Molecular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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