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ABSTRACT

The functional divergence of duplicated genes is thought to play an important role in the evolution of new
developmental and physiological pathways, but the role of positive selection in driving this process remains
controversial. The objective of this study was to test whether amino acid differences among triplicated
a-globin paralogs of the Norway rat (Rattus norvegicus) and the deer mouse (Peromyscus maniculatus) are
attributable to a relaxation of purifying selection or to a history of positive selection that has adapted the gene
products to new or modified physiological tasks. In each rodent species, the two paralogs at the 59-end of the
a-globin gene cluster (HBA-T1 and HBA-T2) are evolving in concert and are therefore identical or nearly
identical in sequence. However, in each case, the HBA-T1 and HBA-T2 paralogs are distinguished from the
third paralog at the 39-end of the gene cluster (HBA-T3) by multiple amino acid substitutions. An analysis of
genomic sequence data from several rodent species revealed that the HBA-T3 genes of Rattus and
Peromyscus originated via independent, lineage-specific duplication events. In the independently derived
HBA-T3 genes of both species, a likelihood analysis based on a codon-substitution model revealed that
accelerated rates of amino acid substitution are attributable to positive directional selection, not to a
relaxation of purifying selection. As a result of functional divergence among the triplicated a-globin genes in
Rattus and Peromyscus, the red blood cells of both rodent species contain a mixture of functionally dis-
tinct a-chain hemoglobin isoforms that are predicted to have different oxygen-binding affinities. In
P. maniculatus, a species that is able to sustain physiological function under conditions of chronic hypoxia at
high altitude, the coexpression of distinct hemoglobin isoforms with graded oxygen affinities is expected to
broaden the permissible range of arterial oxygen tensions for pulmonary/tissue oxygen transport.

THE duplication of protein-coding genes, followed by
functional changes in one or both daughter copies,

is thought to play a fundamental role in the evolution of
new developmental and physiological pathways (Ohno

et al. 1968; Ohno 1970; Kimura and Ohta 1974; Li

1983). However, the role of positive Darwinian selection
in driving the functional divergence of duplicated genes
remains controversial (Hughes 1994, 1999; Lynch and
Force 2000; Lynch et al. 2001; Zhang 2003; Lynch and
Katju 2004; Lynch 2007). One of the fundamental
questions is whether the mutations that are responsible
for the initial retention and subsequent divergence of
newly created gene duplicates are typically advantageous
or degenerative. According to the subfunctionalization
model, the accumulation of degenerative mutations in
one or both gene duplicates leads to a complementary
loss of paralog-specific subfunctions (Force et al. 1999;

Stoltzfus 1999; Lynch and Force 2000; Lynch 2007).
The gene duplicates are then retained by purifying
selection because inactivation of either paralog results in
loss of the ancestral gene function.

According to the neofunctionalization model of Ohno

(1970), the functional redundancy of duplicated genes
entails a relaxation of purifying selection that results in
the accumulation of mutations that are effectively neutral
as long as the other paralog continues to perform the
essential tasks of the ancestral, single-copy gene. In the
vast majority of cases, the redundant gene duplicate will
eventually be rendered functionless by inactivating muta-
tions. In rare cases, the redundant gene copy will escape
pseudogenization by fixing one or more mutations that
fortuitously adapt the encoded protein to a new or mod-
ified function. An alternative model for the evolution of
novel protein functions, suggested by Hughes (1994,
1999),PiatigorskyandWistow(1991),andPiatigorsky

(2007), invokes the presence of functional divergence
prior to gene duplication and does not require an initial
relaxation of functional constraint. This model, referred
to as the ‘‘adaptive conflict’’ model by Lynch and Katju

(2004), envisions an ancestral, single-copy gene that
encodes a generalist protein that is capable of perform-
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ing two or more distinct physiological functions. The
product of this gene suffers from a ‘‘Jack of all trades,
master of none’’ syndrome, as full optimization of the
protein’s multiple functions is constrained by antago-
nistic pleiotropy. Gene duplication then enables the two
paralogous copies to become specialized on distinct sub-
sets of the ancestral functions by eliminating pleiotropic
constraints. The subfunctionalization model, Ohno’s
(1970) neofunctionalization model, and the adaptive-
conflict model all invoke the accumulation of mutations
that would have been off limits prior to duplication. The
key distinction is that in the adaptive conflict model the
partitioning of ancestral functions between the dup-
licated genes is brought about by positive selection
for mutations that refine the restricted set of paralog-
specific subfunctions.

A scenario similar to that envisioned by the adaptive
conflict model was invoked by Goodman et al. (1975,
1987) to explain the evolution of heterotetrameric he-
moglobin in gnathostome vertebrates from a homote-
trameric precursor protein. Functional divergence of
genes encoding the a- and b-globin subunits of the
hemoglobin tetramer produced an allosteric mecha-
nism of cooperative oxygen binding that opened up new
pathways for the evolution of aerobic energy metabolism
in vertebrates. Over the course of vertebrate evolution,
subsequent rounds of gene duplication and divergence
have given rise to families of a- and b-like globin genes
that are ontogenetically regulated and biochemically
optimized for oxygen transport under the vastly dif-
ferent physiological conditions that are encountered
during the embryonic, fetal, and adult stages of devel-
opment. The globin superfamily of genes therefore
provides an excellent example of how physiological
pathways can be elaborated and refined through func-
tional and regulatory divergence of duplicated genes
that encode different subunit polypeptides of the same
multimeric protein.

In contrast to levels of divergence between globin
genes that are expressed during different stages of de-
velopment, paralogs that are coexpressed during the
same stage of development are typically identical or
nearly identical in sequence. For example, most mam-
mals studied to date possess a tandemly duplicated pair
of adult a-globin genes that have identical coding se-
quences and therefore encode identical polypeptides
(Higgs et al. 1989; Hardison 2001). This pattern is
generally thought to reflect a history of concerted evo-
lution, mediated by gene conversion and/or unequal
crossing over (Zimmer et al. 1980; Lam and Jeffreys

2006; Hoffmann et al. 2008).
Here we investigate two notable exceptions to this gen-

eral pattern of concerted evolution in the a-globin gene
family of mammals. The Norway rat (Rattus norvegicus)
and the deer mouse (Peromyscus maniculatus) are un-
usual in that they each possess three transcriptionally
active copies of adult a-globin. In each species, the two

paralogs at the 59-end of the a-globin gene cluster (HBA-
T1 and HBA-T2) are evolving in concert and are there-
fore identical or nearly identical in sequence. However,
in each case, the HBA-T1 and HBA-T2 paralogs are
distinguished from the third paralog at the 39-end of the
gene cluster (HBA-T3) by multiple amino acid substitu-
tions. Consequently, the red blood cells of these animals
contain a heterogeneous mixture of a-chain hemoglo-
bin isoforms that may have different biochemical prop-
erties. Depending on the nature of the amino acid
differences among the different a-chain subunits, this
type of hemoglobin isoform differentiation may have
important physiological effects on blood-oxygen trans-
port and red blood cell metabolism (Weber 2000, 2007).

The objective of this study was to determine whether
the observed amino acid differences among the tripli-
cated a-globin paralogs of Rattus and Peromyscus are
attributable to a relaxation of purifying selection or to a
history of positive selection that has adapted the gene
products to new or modified physiological tasks. In
principle, hypotheses about the role of positive selec-
tion in the initial retention and subsequent functional
divergence of duplicated genes can be tested by using
methods of comparative sequence analysis (Yang and
Nielsen 2002; Bielawski and Yang 2003, 2004; Gu

2003; Raes and Van De Peer 2003; Aguileta et al. 2004;
Zhang et al. 2005). We first conducted a comparative
genomic analysis to reconstruct the history of gene
duplication and divergence in the a-globin gene family
of rodents. We then used a likelihood-based analysis of
codon substitution and an in silico analysis of hemoglo-
bin structure to assess whether positive selection has
played a role in driving functional diversification of the
adult a-globin genes in Rattus and Peromyscus.

MATERIALS AND METHODS

Nomenclature for globin genes: Following the nomencla-
ture of Aguileta et al. (2006), we refer to the embryonic
z-globin gene, the adult a-globin gene, and the u-globin gene,
as HBZ, HBA, and HBQ, respectively. Since mammalian a-
globin genes have undergone multiple rounds of duplication
that have resulted in tandemly repeated sets of paralogous
gene copies (Czelusniak et al. 1982; Proudfoot et al. 1982;
Hardison and Gelinas 1986; Goodman et al. 1987; Flint et al.
1988, 2001; Hoffmann and Storz 2007; Hoffmann et al.
2008), we index each duplicated gene with the notation ‘‘-T’’
followed by a number that corresponds to the linkage order in
the 59-to-39 orientation (Aguileta et al. 2006). For example, in
Mus, HBA-T1 and HBA-T2 refer to the 59 and 39 a-globin
paralogs, respectively. Following the convention of Dickerson

and Geis (1983), each amino acid residue is indexed with an
alphanumerical code that designates its position relative to
seven a-helical domains of the a-globin polypeptide (A, B, C, E,
F, G, and H).

Functional annotation of genomic sequences: We anno-
tated genomic contigs spanning the a-globin gene cluster in
four rodent species: the brown Norway rat, R. norvegicus (family
Muridae); the house mouse, Mus musculus (family Muridae);
the deer mouse, P. maniculatus (family Cricetidae); and the
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guinea pig, Cavia porcellus (family Caviidae). All a-like globin
genes were annotated by comparison with the human 16p13.3
genomic sequence (GenBank accession no. NT_037887). We
analyzed publicly available genomic sequence data in the
case of Rattus (NW_047334), Mus (AY016021), and Cavia
(AC181986). In the case of Peromyscus, we isolated and
characterized a genomic contig spanning the entire a-globin
gene cluster by screening a bacterial artificial chromosome
(BAC) library, as described below.

BAC isolation, sequencing, and analysis: To isolate and
characterize the a-globin gene cluster of P. maniculatus, we
screened an EcoRI/EcoRI methylase BAC library using one
labeled probe designed for the embryonic z-globin gene (HBZ-
T1) and another labeled probe designed for the the 39 adult
a-globin gene (HBA-T3). The HBZ-T1 and HBA-T3 genes are
located at the 59- and 39-ends of the a-globin gene cluster,
respectively. The HBZ-T1 probe was designed using an align-
ment of orthologous sequences from Mus, Rattus, and humans,
and the HBA-T3 probe was designed from a P. maniculatus
sequence derived from a l-bacteriophage genomic library
(Storz et al. 2007b). After the hybridization screening, we end-
sequenced probe-positive BAC clones to identify inserts that
spanned the entire a-globin gene cluster. After selecting a
single BAC clone for shotgun sequencing, a library with an
average insert size of 4 kb was prepared using the PUC119
vector with BAC insert DNA sheared with a HydroShear device
(Genemachines, San Carlos, CA). The library was sequenced
by using M13 universal primers on an ABI3700 capillary se-
quencer with BigDye Terminator chemistry. Base calling and
quality assessment were performed using Phred (Ewing and
Green 1998; Ewing et al. 1998), assembly was performed using
Phrap/Cross_match/Swat, and editing and finishing was
performed using Consed/Autofinish (Gordon et al. 1998,
2001). The assembled sequence was masked for interspersed
repeats by using the program RepeatMasker (http://ftp.genome.
washington.edu/RM/RepeatMasker.html) and was then an-
notated by an assessment of sequence homology with genomic
sequence from Mus, Rattus, and humans. In comparisons
between the Peromyscus BAC sequence and genomic sequen-
ces from the other species, we identified locally alignable chro-
mosomal segments using PipMaker (Schwartz et al. 2000),
MultiPipMaker (Schwede et al. 2003), and Mulan (Ovchar-

enko et al. 2005), and we used the BLAST suite of programs
(Altschul et al. 1997) to identify sequence matches. In com-
parison to genomic sequence from Rattus and humans, the
a-globin gene cluster in Mus exhibits an abrupt break in
conserved synteny due to a translocation of the 39-end of the
gene cluster from chromosome 11 to chromosome 17 (Leder

et al. 1981; Tufarelli et al. 2004). For this reason, we con-
centrated mainly on comparing the Peromyscus BAC sequence
with genomic sequences from Rattus and humans.

Phylogenetic analysis: For the comparative analysis of se-
quence variation of the four rodent species, we aligned a
4223-bp chromosomal fragment that extended 2 kb upstream
of the start codon of each a-globin gene and 1 kb downstream
of the stop codon. Sequences were aligned using MUSCLE
(Edgar 2004), and coding regions were manually inspected
to keep them in frame. Phylogenetic relationships among
orthologous and paralogous a-globin sequences were in-
ferred using a maximum-likelihood tree-building method.
Maximum-likelihood tree searches were conducted using
Treefinder (version February 2007; Jobb et al. 2004), and this
program was also used to estimate parameters of a GTR 1 G
model of nucleotide substitution. Measures of bootstrap sup-
port were based on 1000 pseudoreplicates.

In the case of multigene families, orthologous relationships
among duplicated genes may often be obscured by a history of
concerted evolution (Zimmer et al. 1980; Ohta 1990, 2000). As

a result of gene conversion or unequal crossing over, paralo-
gous genes within a species are often more similar to one
another than either one is to its orthologous counterpart in
closely related species. Gene conversion between tandemly
duplicated globin genes of rodents has been especially well
documented (Erhart et al. 1985, 1987; Storz et al. 2007a,b).
However, since interparalog gene conversion is often largely
restricted to coding sequence (Chen et al. 2007), orthologous
relationships between duplicated genes can still be reliably
inferred by examining flanking sequence that lies outside of
identified gene conversion tracts (Hardison and Gelinas

1986; Hardison and Miller 1993; Storz et al. 2007a;
Hoffmann et al. 2008). For this strategy to succeed, the length
of the duplication block needs to exceed the length of the
gene conversion tract so that there is a sufficient amount of
‘‘uncontaminated’’ sequence to preserve the historical record.
To detect evidence of gene conversion among triplicated
a-globin paralogs in Rattus and Peromyscus, we masked sim-
ple sequence repeats and used the program GENECONV
(Sawyer 1989) with the G-scale parameter (mismatch pen-
alty) set to 1.0.

To reconstruct the ancestral amino acid sequences of
rodent a-globins, we used the maximum-likelihood approach
of Yang (1995) and Koshi and Goldstein (1996).

Analysis of codon-substitution patterns: We explored vari-
ation in the ratio of nonsynonymous-to-synonymous substitu-
tion rates (v¼ dN/dS) among the rodent a-globin genes using
a maximum-likelihood approach (Goldman and Yang 1994).
We first applied lineage-specific likelihood models (Yang

1998; Yang and Nielsen 1998), which assume variation in
selection pressure among lineages but no variation among sites
in the alignment. To test for evidence of rate heterogeneity
among lineages, we compared the one-ratio model, which
assumes the same v-ratio for all lineages, with the free-ratio
model, which allows an independent v-ratio for each branch of
the phylogeny. We also implemented intermediate models to
assess whether the HBA-T3 terminal branches of Rattus and
Peromyscus were characterized by v-ratios that differed from
those of the remaining branches. The first model assumes two
independent v-ratios, one ratio for the HBA-T3 terminal
branches of Rattus and Peromyscus and another ratio for the
remaining branches in the phylogeny. The second model
assumes three independent v-ratios, one for the Rattus HBA-
T3 terminal branch, one for the Peromyscus HBA-T3 terminal
branch, and one for the remaining branches. In all cases we
checked for the existence of multiple local optima by running
all models three times with different starting values for v (0.1,
1.0, and 2.0). Nested models were compared using likelihood-
ratio tests (LRTs).

We then applied branch-site model A of Zhang et al. (2005),
which assumes four classes of sites: site class 0 includes codons
that are subject to stringent functional constraints with 0 , v0

, 1 estimated from the data; site class 1 includes codons that
are unconstrained with v1¼ 1 fixed; and site classes 2a and 2b
include codons that are conserved or neutral on the back-
ground branches but can undergo a shift to positive directional
selection on the foreground branches with v2 estimated as a
free parameter. We used model A to construct an LRT in which
the null hypothesis was a simplified version of model A with
v2 ¼ 1 fixed. This null model allows a shift from purifying
selection on the background branches to relaxed constraint on
the foreground branches. Consequently, the LRT involving the
comparison of model A vs. the null model allows us to test
whether accelerated rates of nonsynonymous substitution on
the foreground branches are attributable to positive selection
or to a relaxation of functional constraint. After obtaining
maximum-likelihood estimates of parameters under the branch-
site model, we used the Bayes empirical Bayes (BEB) method of
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Yang et al. (2005) to identify the specific sites that are inferred
to be under positive selection. Specifically, the BEB approach
was used to calculate the Bayesian posterior probabilities that a
given site belongs to the site class with v . 1. All model-based
analyses of codon substitution were conducted using the
codeml program in the PAML4 package (Yang 2007; http://
abacus.gene.ucl.ac.uk/software/paml.html).

To quantify site-specific variation in functional constraint,
we used the method of Valdar (2002). We used an alignment
of 55 adult a-globin protein sequences from 39 mammalian
species (representing 12 mammalian orders) to compute
residue-specific conservation scores based on a modified
PET91 distance.

Analysis of hemoglobin structure: Structural modeling of
the rodent hemoglobins was conducted using the Swiss model
server (Schwede et al. 2003). Homology-based structural
templates were selected from the Protein Data Bank (Berman

et al. 2000). Structural validations and additional optimizations
were conducted with Swiss-PdbViewer (Guex and Peitsch

1997) and the Procheck protein crystallography program from
the CCP4 suite (Collaborative Computational Project

1994). Calculations of interatomic distances were performed
using Swiss-Pdb Viewer (Guex and Peitsch 1997), and
calculations of local binding energy minimization were con-
ducted using AutoDock4 (Morris et al. 1998). All graphical
representations of molecular structures were prepared using
PyMOL (DeLano Scientific, San Carlos, CA).

RESULTS

Genomic structure of the a-globin gene cluster in ro-
dents: We isolated, subcloned, and sequenced a 184,952-
bp BAC clone that contained the entire a-globin gene
cluster of the deer mouse, P. maniculatus (GenBank ac-
cession no. EU053203). The Peromyscus contig contains
five putatively functional a-like globin genes in the

following order: 59-HBZ, HBA-T1, HBA-T2, HBQ-T2,
and HBA-T3-39. The HBA-T2 and HBA-T3 genes corre-
spond to the 59 and 39 a-globin genes, respectively, in
Storz et al. (2007b). The five a-like globin genes in the
cluster span �30 kb from the start codon of HBZ to the
stop codon of HBA-T3, and this fragment aligns to nu-
cleotide positions 15,592,379–15,556,379 of Rattus chro-
mosome 10 (GenBank accession no. NW_047334). On
the basis of patterns of conserved synteny with Rattus
and Mus (Dawson et al. 1999; Ramsdell et al. 2006), we
deduced that the a-globin gene cluster of P. maniculatus is
located on chromosome 8. We found no evidence of
additional genes immediately upstream of the HBZ
gene. Downstream of HBA-T3, we identified the Peromy-
scus ortholog of Luc7L, which lies downstream of the a-
globin gene cluster in Rattus, humans, and most other
mammalian species studied to date (Flint et al. 2001;
Tufarelli et al. 2004; Hughes et al. 2005). Farther
downstream we found sequences matching most of the
annotated genes found in comparable positions in the
Rattus and human genomes (supplemental Table 1).

A comparison of genomic sequences spanning the
a-globin gene cluster in Mus, Rattus, Peromyscus, and
Cavia revealed variation in the number of tandemly
duplicated HBA and HBQ genes (Figure 1). Whereas
Cavia possesses a single copy of HBZ, HBA, and HBQ,
copy number differences in Mus, Rattus, and Peromy-
scus suggest the hypothesis that a block triplication
involving a linked pair of HBA and HBQ genes occurred
in the ancestor of muroid rodents sometime after the
divergence from Cavia. According to this block triplica-
tion hypothesis, the genomic structure of the a-globin

Figure 1.—Genomic
structure of the a-globin
gene family in rodents.
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gene cluster in Rattus closely approximates the ancestral
state in the stem lineage of muroid rodents whereas the
syntenic chromosomal region in Mus and Peromyscus
must have experienced multiple lineage-specific dele-
tions or translocations. Although Mus also possesses
triplicated copies of a HBA–HBQ gene pair, the third
(39) block has been transposed from chromosome 11 to
chromosome 17 (Leder et al. 1981; Tufarelli et al.
2004). The pair of HBA-T3 and HBQ-T3 genes on Mus
chromosome 17 are pseudogenes, but it is not known
whether they were already inactivated prior to the trans-
location. Consequently, Peromyscus and Rattus each
have three adult a-globin genes (HBA-T1, HBA-T2, and
HBA-T3) whereas Mus has only two functional copies. In
Peromyscus, the block triplication hypothesis requires
the secondary loss of HBQ-T1 from the first (59) block
and the loss of HBQ-T3 from the last (39) block.

Comparison of the Peromyscus and Rattus sequences
using PipMaker revealed extensive matches over the
full �185 kb, indicating that synteny and gene order is
conserved across the entire chromosomal region (Fig-
ure 2). In the bottom left of Figure 2, the clustering of
off-diagonal elements shows multiple sequence matches
among a-like globin genes between Rattus and Peromy-
scus. A more detailed dot plot of this region shows that

the boundaries of duplication blocks are not clearly
evident (Figure 3). If the triplicated HBA genes in Mus,
Rattus, and Peromyscus are true 1:1 orthologs (i.e., if the
block triplication containing the HBA–HBQ gene pair
was inherited from the common ancestor of all three
species), then the pattern shown in Figure 3 indicates
that the intervening sequences between the duplication
blocks have experienced multiple insertion and de-
letion events downstream of the T1 duplication block
(and including the T1 duplication block in the case of
Peromyscus). By contrast, the 59-end of the gene cluster
appears to have remained stable. This is indicated by the
uniform intergenic distance between HBZ and HBA-T1
in all four rodent species (Figure 1) and the extensive
colinearity of sequence matches in the region spanning
HBZ and HBA-T1 in the Rattus and Peromyscus gene
clusters (Figure 3).

Inferring orthologous relationships: The block trip-
lication hypothesis predicts that each paralogous clade
of a-globin sequences should independently recover
the true history of species divergence (((Mus, Rattus)
Peromyscus) Cavia). Contrary to the predicted pattern,
phylogenetic reconstructions based on the coding se-
quence and those based on upstream and downstream
flanking sequence all yielded tree topologies in which

Figure 2.—Dot plot of
the P. maniculatus BAC se-
quence (185 kb) against
the rat chromosome 10 se-
quence (250 kb) with
masked repeats.
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a-globin sequences from the same species grouped
together to the exclusion of sequences from other spe-
cies (Figure 4). This pattern is partly attributable to a
history of concerted evolution, as HBA-T2 has been
partially converted by HBA-T1 in both Rattus and
Peromyscus (Table 1). The same conversion tracts were
identified when the analysis was restricted to noncoding
sites and third codon positions (data not shown). A
history of recurrent gene conversion between the HBA-
T1 and HBA-T2 genes of Mus has been documented
previously (Erhart et al. 1985).

Detailed analysis of sequence matches outside of iden-
tified gene conversion tracts in each pairwise combina-
tion of species confirmed evidence for 1:1 orthologous
relationships among the HBA-T1 genes of Mus, Rattus,
Peromyscus, and Cavia. These orthologous relationships
are also corroborated by the sharing of SINE/B4 and
SINE/Alu repetitive elements in the upstream flanking
sequence of HBA-T1 in each species. By contrast, in Mus
and Rattus, the T2 and T3 duplication blocks appear to
have originated by a process of unequal crossing over
that occurred after Peromyscus diverged from the com-
mon ancestor of these two species (supplemental Figure
1A), and the HBA-T3 gene in Peromyscus appears to be
the product of a lineage-specific duplication event that

involved at least one and possibly two successive rounds
of unequal crossing over (supplemental Figure 1B). As
a consequence of these lineage-specific duplication
events, the HBA-T2 and HBA-T3 genes of Rattus are

Figure 3.—Dot plot of a
chromosomal fragment
spanning the P. maniculatus
a-globin gene cluster (40
kb) against the syntenic re-
gion of rat chromosome 10
sequence (50 kb) with
masked repeats.

Figure 4.—Maximum-likelihood phylogeny of rodent a-
globin genes based on coding sequence. Bootstrap support
values are based on 1000 replicates.
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orthologous to the HBA-T1 and HBA-T2 genes of
Peromyscus, respectively, but the newly created HBA-
T3 gene of Peromyscus has no ortholog in Rattus. Evi-
dence for lineage-specific duplications based on se-
quence matches is corroborated by (1) the sharing of
derived SINE/B2 and SINE/Alu repetitive elements
between the flanking regions of HBA-T2 and HBA-T3
in Rattus, but not in Peromyscus, and (2) the sharing of
derived SINE/B2, SINE/Alu, and SINE/ID repetitive
elements and a derived exon 39 HBA pseudogene frag-
ment between the flanking regions of HBA-T2 and HBA-
T3 in Peromyscus, but not in Rattus.

The phylogeny shown in Figure 5 provides an illus-
tration of the inferred history of lineage-specific gene
duplication based on (i) pairwise sequence matches in
flanking regions and (ii) the distribution of shared,
derived repetitive elements and pseudogene fragments
in flanking regions. Since this tree depicts an inferred
set of phylogenetic relationships that is not confounded
by the effects of interparalog gene conversion, the
branching order of HBA-T2 and HBA-T3 genes differs
from that depicted in the phylogeny based on coding
sequence shown in Figure 4.

Variation in selection pressure among branches and
among sites: To test for evidence of variation in v-ratios
across the inferred phylogeny of a-globin sequences, we
first compared the one-ratio model with a free-ratio
model that allowed an independent v-ratio for each
branch in the phylogeny. The one-ratio model yielded a
log likelihood of �1564.37, with the estimate v ¼ 0.33,
whereas the free-ratio model yielded a log likelihood
of�1538.78. The LRTrevealed that the free-ratio model
provided a significantly better fit to the data than the
one-ratio model (2D‘¼ 2 3 25.59¼ 51.18, d.f.¼ 12, P ,

0.001). This result suggests that variation in v-ratios

across the phylogeny of rodent a-globin sequences may
be attributable to heterogeneous selection pressures.
We then compared the one-ratio model to a two-ratio
model that allowed different v-ratios for the HBA-T3
terminal branches and the remaining branches of the
a-globin phylogeny. The two-ratio model yielded a log
likelihood of �1550.85, with estimates of v ¼ 1.19 for
the HBA-T3 terminal branches and v ¼ 0.20 for the
remaining branches (Table 2). The LRT revealed that
the two-ratio model provided a significantly better fit to

TABLE 1

Genomic positions of interparalog gene conversion tracts in the a-globin gene clusters of R. norvegicus and P. maniculatus

Genes P-valuea Alignment position Length (bp) Affected gene region

R. norvegicus
HBAT1; HBAT2 ,0.001 1172–2676 1505 59-UTR: 35/35 bp

Exon 1: 95/95 bp
Intron 1:115/115 bp
Exon 2: 205/205 bp
Intron 2: 32/185 bp

HBAT2; HBAT3 ,0.010 3347–3618 272b 39 flanking sequence

P. maniculatus
HBAT1; HBAT2 ,0.001 1551–2540 990 59-UTR: 35/35 bp

Exon 1: 95/95 bp
Intron 1: 124/124 bp
Exon 2: 205/205 bp
Intron 2: 8/173 bp

In each case the directionality of gene conversion is from the 59 paralog to the neighboring 39 paralog. No conversion tracts
were identified in the HBA-T3 coding sequences of either species.

a Calculated from the permutation test of Sawyer (1989).
b The conversion tract starts 390 bp downstream of the stop codon.

Figure 5.—Phylogenetic relationships among rodent a-glo-
bin genes inferred from sequence matches in flanking regions
as well as shared, derived SINE elements and pseudogene frag-
ments that lie outside of gene conversion tracts. The recon-
structed history of gene duplication and species divergence
indicates that the HBA-T3 genes of Rattus and Peromyscus orig-
inated via independent, lineage-specific duplication events.
Nodes with solid circles denote duplication events.
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the data than the one-ratio model (2D‘ ¼ 2 3 13.52 ¼
27.04, d.f. ¼ 1, P , 0.001). This result suggests that var-
iation in v-ratios across the phylogeny of rodent a-globin
sequences may be attributable to positive selection in
the separate HBA-T3 branches of Rattus and Peromy-
scus against a background of strong purifying selection
in the remaining branches. Finally, to assess whether
this result was attributable to just one of the HBA-T3
branches, we fit a three-ratio model to the data, which
yielded a log likelihood of �1550.75, with estimates of
v ¼ 1.38 for the branch leading to HBA-T3 of Rattus
(HBA-T3Rat), v ¼ 1.04 for the branch leading to HBA-
T3 of Peromyscus (HBA-T3Pero), and v ¼ 0.20 for the
remaining branches, as before (Table 2). The LRT re-
vealed that the three-ratio model did not provide a
better fit to the data than the more simple two-ratio
model (2D‘ ¼ 2 3 0.1 ¼ 0.2, d.f. ¼ 1, P . 0.05) due to
the fact that v-ratios for the HBA-T3Rat and HBA-T3Pero

terminal branches were so closely similar that they

collapsed into a single class. The fact that v-ratios were
.1 in both HBA-T3 terminal branches suggests a similar
history of positive selection in each lineage.

Results of the lineage analyses were confirmed by
estimates of pairwise v-ratios, which do not depend on
any particular tree topology. We calculated pairwise v-
ratios using the method of Yang and Nielsen (2000), as
implemented in the yn00 program in PAML. In both
Rattus and Peromyscus, pairwise comparisons between
HBA-T3 and the other two HBA paralogs exhibited the
highest v-ratios (supplemental Table 2). In the case of
Rattus, the HBA-T3 vs. HBA-T1 or HBA-T2 comparison
yielded v ¼ 1.50 (dN ¼ 0.140 6 0.022, dS ¼ 0.094 6

0.033). In the case of Peromyscus, the HBA-T3 vs.
HBA-T1 comparison yielded v ¼ 0.88 (dN ¼ 0.095 6

0.018, dS ¼ 0.109 6 0.036) and the HBA-T3 vs. HBA-T2
comparison yielded v ¼ 0.97 (dN ¼ 0.084 6 0.017, dS ¼
0.087 6 0.032). The distribution of pairwise v-ratios sug-
gests that the rodent a-globin sequences are character-

TABLE 2

Maximum-likelihood analysis of variation in the dN/dS ratio (= v) across branches and across sites

Model Parameter estimates ‘
No. of

parameters
Candidate sites for
positive selection

Lineage models (Yang 1998)
One ratio v ¼ 0.33 �1564.37 15 NA
Two ratio vT3 ¼ 1.19, vBackground ¼ 0.20 �1550.85 16 NA
Three ratio vT3 Rat ¼ 1.38, vT3 Pero ¼ 1.04,

vBackground ¼ 0.20
�1550.75 17 NA

Branch-site models (foreground
branch: HBA-T3Rat)

Null A v0-b ¼ v0-f ¼ 0.03, (p0 ¼ 0.54) �1517.82 17 NA
v1-b ¼ v1-f ¼ 1.00, (p1 ¼ 0.25)
v2A-b ¼ 0.03, v2A-f ¼ 1.00, (p2A ¼ 0.14)
v2B-b ¼ 1.00, v2B-f ¼ 1.00, (p2B ¼ 0.07)

A v0-b ¼ v0-f ¼ 0.03, (p0 ¼ 0.62) �1511.54 18 19(AB1) Gly /
v1-b ¼ v1-f ¼ 1.00, (p1 ¼ 0.29) Asn**
v2A-b ¼ 0.03, v2A-f ¼ 19.62, (p2A ¼ 0.06) 24(B5) Tyr / Ile**
v2B-b ¼ 1.00, v2B-f ¼ 19.62, (p2B ¼ 0.03) 29(B10) Leu / Ile*

38(C3) Thr / Ser*
39(C4) Thr / Ser*
48(CD6) Val / Thr**
50(CD8) Pro / Glu*

Branch-site models (foreground
branch: HBA-T3Pero)

Null A v0-b ¼ v0-f ¼ 0.03, (p0 ¼ 0.56) �1519.36 17 NA
v1-b ¼ v1-f ¼ 1.00, (p1 ¼ 0.29)
v2A-b ¼ 0.03, v2A-f ¼ 1.00, (p2A ¼ 0.09)
v2B-b ¼ 1.00, v2B-f ¼ 1.00, (p2B ¼ 0.05)

A v0-b ¼ v0-f ¼ 0.03, (p0 ¼ 0.62) �1512.79 18 32(B13) Met / Asp**
v1-b ¼ v1-f ¼ 1.00, (p1 ¼ 0.32) 36(C1) Phe / Pro**
v2A-b ¼ 0.03, v2A-f ¼ ‘, (p2A ¼ 0.04) 58(E7) His / Gln*
v2B-b ¼ 1.00, v2B-f ¼ ‘, (p2B ¼ 0.02)

Maximum-likelihood estimates of v that are indicative of positive selection are in italics. **P . 0.95, *0.95 . P . 0.75.
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ized by two contrasting modes of evolution. In prin-
ciple, the accelerated rate of nonsynonymous substitu-
tions in the HBA-T3 genes of Rattus and Peromyscus
could be attributable to positive selection or to a
relaxation of functional constraint. By contrast, the
remaining comparisons between orthologous and pa-
ralogous gene pairs are characterized by relatively low v-
ratios (range ¼ 0.14–0.39) that are indicative of strong
purifying selection.

To perform a more definitive test to distinguish be-
tween the effects of positive selection and relaxed func-
tional constraint as explanations for the accelerated rate
of nonsynonymous substitution in the HBA-T3 terminal
branches and to identify the specific substitutions in
each lineage that may be responsible for adaptive mod-
ifications of hemoglobin function, we used the branch-
site model A of Zhang et al. (2005; see also Yang and
Nielsen 2002). In the first branch-site analysis, we
treated HBA-T3Rat as the foreground branch and all
other branches in the tree were treated as background
branches. Branch-site model A provided a significantly
better fit to the data than the null model A (2D‘ ¼ 2 3

6.28¼ 12.56, d.f.¼ 1, P , 0.001) and suggested that 9%
of sites are under positive selection in the HBA-T3Rat

lineage with v2 ¼ 19.62 (Table 2). Similarly, when the
analysis was repeated with HBA-T3Pero as the foreground
branch, model A provided a significantly better fit to
the data than the null model A (2D‘¼ 2 3 6.57¼ 13.14,
d.f. ¼ 1, P , 0.001) and suggested that 6% of sites are
under positive selection in the HBA-T3Pero lineage with
v2 ¼ ‘ (Table 2). Since the LRT was highly significant,
this result simply indicates that v2 ? 1.0, but the precise
value cannot be estimated (Z. Yang, personal commu-
nication). In each of the two branch-site tests, results
were essentially identical when the HBA-T3 sequence
from either Rattus or Peromyscus was treated as the
foreground branch and the HBA-T3 sequence from the
other species was removed from the data set. Since each
of the a-globin paralogs of P. maniculatus are known to
segregate functionally distinct protein alleles (Storz

2007; Storz et al. 2007b; J. F. Storz, unpublished
results), we repeated all codeml analyses using HBA-
T1, HBA-T2, and HBA-T3 sequences that were repre-
sentative of different allele classes. Parameter estimates
were highly similar in all cases (data not shown).

In summary, results of the codon-substitution analyses
revealed an accelerated rate of nonsynonymous sub-
stitution in the HBA-T3 lineages of both Rattus and
Peromyscus. Results of likelihood-ratio tests based on
branch-site model A of Zhang et al. (2005) indicate that
the accelerated rate of amino acid substitution in the
HBA-T3Rat and HBA-T3Pero lineages is attributable to
positive selection.

Effects of interparalog gene conversion on the LRTs:
Since the HBA-T2 coding sequences of Rattus and
Peromyscus have experienced a history of interparalog
gene conversion (Table 1), it is important to assess the

effects of such conversion events on the LRTs. In gen-
eral, gene conversion should not produce spurious evi-
dence for positive selection because both synonymous
and nonsynonymous sites are affected in a uniform
manner (Aguileta et al. 2004). However, in phylogeny-
based analyses, interparalog gene conversion can in-
directly affect the LRTs by causing converted and uncon-
verted segments of the same sequence to have different
tree topologies (Anisimova et al. 2003). To assess the
effects of different tree topologies on the LRTs, we
conducted the same codeml analyses using the topology
that depicts the inferred set of orthologous relationships
among rodent a-globin sequences (Figure 5). As shown
in supplemental Table 3, parameter estimates were sim-
ilar when the codeml analyses were based on this alter-
native tree topology. Importantly, the branch-site tests of
positive selection were still highly significant for both
HBA-T3Rat and HBA-T3Pero and the same sets of Bayes-
predicted sites were identified at the 0.95 probability
threshhold. Given that the use of different tree topolo-
gies did not alter the results of the LRTs, and given that
the accelerated rates of nonsynonymous substitution in
the HBA-T3Rat and HBA-T3Pero lineages were readily
apparent in the topology-independent pairwise analysis
(supplemental Table 1), it appears that the results of our
analysis were not unduly affected by the known history of
gene conversion. Most importantly, there was no evi-
dence of gene conversion in the HBA-T3 coding se-
quences of Rattus or Peromyscus (Table 1), as these are
the two genes that were inferred to have experienced a
history of positive selection.

Identifying sites involved in the adaptive modifica-
tion of hemoglobin function: In Rattus, the HBA-T1
and HBA-T2 genes are identical in coding sequence, but
each of these paralogs are distinguished from HBA-T3
by 32 amino acid substitutions (Figure 6). Maximum-
likelihood reconstruction of the ancestral HBA se-
quence indicated that all 32 substitutions occurred in
the branch leading to HBA-T3. Using a 95% posterior
probability cutoff, the BEB method predicted that 3 of
the 32 substitutions in the HBA-T3Rat lineage are at-
tributable to positive selection. The three substitutions,
19(AB1)Gly / Asn, 24(B5)Tyr / Ile, and 48(CD13)Val
/ Thr, involved residue positions that were moderately
to highly conserved (i.e., conservation scores were 0.69,
0.92, and 0.79, respectively). In Peromyscus, HBA-T1
and HBA-T2 are distinguished from one another by
three amino acid substitutions, whereas each of these
two paralogs are distinguished from HBA-T3 by 23 and
20 amino acid substitutions, respectively (Figure 6).
Maximum-likelihood reconstruction of the ancestral
HBA sequence indicated that 20 substitutions occurred
in the branch leading to HBA-T3 and three substitutions
occurred in the branch leading to HBA-T1. Using the
same 95% posterior probability cutoff, the BEB method
predicted that 2 of the 20 substitutions in the HBA-
T3Pero lineage are attributable to positive selection.
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These two substitutions, 32(B13)Met / Asp and
36(CD1)Phe / Pro, involved residues with conserva-
tion scores of 0.75 and 0.93, respectively. None of the
Bayes-predicted sites under positive selection repre-
sented parallel substitutions between the independently
derived HBA-T3 genes of Rattus and Peromyscus.
However, in the HBA-T3 genes of both species, a dis-
proportionate number of amino acid substitutions were
concentrated in the A, B, and C helices (Figure 6).

Structural and functional variation in rodent hemo-
globins: In the case of both Rattus and Peromyscus,
hemoglobin tetramers that incorporate a-chain subu-
nits encoded by the independently derived HBA-T3
genes are predicted to have higher oxygen-binding
affinities than those that incorporate products of the
HBA-T1 or HBA-T2 genes (Table 3). In the case of
Rattus, it is not clear which of the 32 amino acid
substitutions that distinguish HBA-T3 from the other
two a-globin paralogs are responsible for the predicted
isoform differences in hemoglobin–oxygen affinity. By

contrast, in the case of Peromyscus, predicted differ-
ences in hemoglobin–oxygen affinity are primarily
attributable to the 58(E7)His / Gln substitution in
HBA-T3. This site had the third highest posterior
probability in the BEB analysis, but it fell below the
0.95 threshhold (Table 2). The 58(E7)His / Gln
substitution affects one of the more highly conserved
residue positions in the a-chain polypeptide (Figure 7).
In nearly all mammals studied to date, the E7 residue of
the highly conserved E-helix domain is a histidine that
plays a critical role in the reversible binding of oxygen to
the heme iron. Specifically, the Ne atom of the imidazole
side chain donates a hydrogen bond to the free atom of
the bound dioxygen molecule, which helps stabilize the
heme–ligand complex (Shaanan 1980; Phillips and
Schoenborn 1981; Olson et al. 1988; Lukin et al. 2000;
Perutz 2001). In the a-chain hemoglobin isoform that
incorporates the product of HBA-T3, the substitution of
glutamine for histidine at this E7 position is predicted to
increase the Ne–O bond distance by 1.9 Å (Figure 8),

Figure 6.—Structural alignment of mammalian a-globins. The A, B, E, F, G, and H a-helical domains are shaded, and the C
helix is underlined.
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thereby producing a minor shift in the three-dimen-
sional coordinates of the heme–ligand complex. This
shift is predicted to increase the intrinsic oxygen affinity
of the E7(Gln)-containing isoform by reducing the free
energy of oxygen binding by 0.45 kcal/mol relative to
the E7(His)-containing isoform (Table 3). Functional
experiments will be required to test this prediction of
our model-based in silico analysis.

In summary, in both Rattus and Peromyscus, amino
acid substitutions between HBA-T3 and the other two a-
globin paralogs are predicted to produce differences in
oxygen-binding affinity among alternative a-chain he-
moglobin isoforms. In Peromyscus, isoform differences
in hemoglobin–oxygen affinity appear to be primarily
attributable to a single amino acid substitution in a
highly conserved heme–protein contact.

DISCUSSION

Our analysis of a-globin sequence variation in rodents
has revealed that the functional differentiation of a-
chain hemoglobin isoforms in both Rattus and Peromy-
scus has been brought about by two independent,
lineage-specific rounds of gene duplication and diver-
gence. In the independently derived HBA-T3 genes of
both species, the application of codon-substitution
models revealed that accelerated rates of amino acid
substitution are attributable to positive directional
selection, not to a relaxation of purifying selection.
These results suggest that hemoglobin isoform differ-
entiation has been driven by selection that favors some
type of physiological division of labor between the
functionally distinct a-globin paralogs. We first address
the possible adaptive significance of this isoform differ-
entiation with respect to blood-oxygen transport. We
then discuss the possibility that functional divergence
preceded the lineage-specific duplication events. Spe-
cifically, we consider whether the apparent specializa-
tion of function between duplicated a-globin genes
evolved as a refinement of preexisting subfunctions in a
pleiotropically constrained ancestral gene (as envi-
sioned by the adaptive conflict model; Piatigorsky

and Wistow 1991; Hughes 1994, 1999; Piatigorsky

2007) or whether the specialization of function between
duplicated genes originated as a specialization of
function between alternative alleles that were main-
tained as a single-locus balanced polymorphism (as
envisioned by the balancing selection model; Spofford

1969; Proulx and Phillips 2006).
Functional significance of hemoglobin isoform

differentiation: Although there was very little overlap
in the specific amino acid substitutions that accumu-
lated in the HBA-T3 genes of Rattus and Peromyscus
(Figure 6), in both species the product of the HBA-T3
gene is predicted to have a higher oxygen-binding affinity
than the a-chain products of the paralogous HBA-T1 and
HBA-T2 genes. In the case of Peromyscus, the predicted

Figure 7.—Homology-based structural model of the P.
maniculatus a-globin polypeptide, showing the location of
20 amino acid substitutions that are unique to the product
of the HBA-T3 gene. Color coding of the ribbon diagram
shows site-specific variation in conservation scores (see text
for details). Residue positions in blue are invariant or nearly
invariant across all mammals (and are therefore presumably
subject to stringent functional constraints), whereas residue
colors that are further toward the red end of the spectrum
are more variable (and are therefore presumably subject to
less stringent functional constraints).

Figure 8.—Isoform differences in hydrogen-bond distance
between the E7 residue side chain and the free atom of the
bound dioxygen molecule. (A) Heme–ligand complex in
the (E7)His-containing a-globin produced by the HBA-T1
and HBA-T2 genes of P. maniculatus. (B) Heme–ligand com-
plex in the (E7)Gln-containing a-globin produced by the
HBA-T3 gene of P. maniculatus.

TABLE 3

Energy calculation for dioxygen binding by different
a-chain hemoglobins

Hemoglobin a-chain Binding energy (kcal/mol)

Cavia HBA-T1 �1.80
Mus HBA-T1 �1.80
Mus HBA-T2 �1.80
Peromyscus HBA-T1 �1.80
Peromyscus HBA-T2 �1.80
Peromyscus HBA-T3 �1.35
Rattus HBA-T1, -T2 �1.80
Rattus HBA-T3 �1.74
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isoform differences in hemoglobin–oxygen affinity are
primarily attributable to the 58(E7)His / Gln sub-
stitution in HBA-T3. Consistent with our modeling
results (Table 3), protein engineering studies of human
hemoglobin have revealed that the E7-Gln b-chain mu-
tant results in an increased oxygen-binding affinity at
low partial pressures of oxygen (pO2) relative to wild-
type E7-His b-chain hemoglobin (Nagai et al. 1987). As
a result of functional divergence among the triplicated
a-globin genes in Rattus and Peromyscus, the red blood
cells of both rodent species contain a mixture of func-
tionally distinct hemoglobin isoforms that are predicted
to have different oxygen-binding affinities. This hemo-
globin isoform differentiation may have important ef-
fects on tissue oxygenation under conditions of anemia
or high-altitude hypoxia (van Vlietand Huisman 1964;
Weber 2000, 2007). The effects of high-altitude hypoxia
are especially relevant in the case of P. maniculatus. This
species has the broadest altitudinal distribution of any
North American mammal and is able to survive and
function under conditions of chronic hypoxia at ele-
vations .4300 m (Storz 2007).

The expression of multiple hemoglobin isoforms with
graded oxygen affinities is expected to broaden the
permissible range of arterial oxygen tensions for pul-
monary/tissue oxygen transport and may thus provide a
regulatory reserve of oxygen transport capacity (Weber

2000, 2007). This cascade mechanism of blood-oxygen
transport appears to have played an important role in
the evolution of hypoxia tolerance in birds that are
capable of flying at extremely high altitudes (Hiebl et al.
1987a,b,c, 1988, 1989; Weber et al. 1988a). The high-
affinity hemoglobin isoforms are specialized on the task
of pulmonary oxygen loading at low pO2, whereas the
low-affinity isoforms are specialized on the task of oxygen
unloading in the peripheral circulation (Weber et al.
1988a; Weber 2007).

In mammals, this form of hemoglobin isoform dif-
ferentiation appears to be quite rare. Under conditions
of high-altitude hypoxia, adult alpacas (Vicugna pacos)
and yaks (Bos grunniens) are known to upregulate a fetal
b-like globin gene, which results in the synthesis of a
relatively high-affinity fetal hemoglobin (Reynafarje

et al. 1975; Sarkar et al. 1999). This high-affinity fe-
tal hemoglobin is adapted to placental/tissue oxygen
transport in the hypoxic intrauterine environment and
apparently can be co-opted for pulmonary/tissue oxy-
gen transport under conditions of hypoxic stress during
postnatal life. In addition to the coexpression of fetal
and adult hemoglobins under hypoxic conditions, yaks
also possess multiple adult hemoglobin isoforms due to
functional divergence among tandemly duplicated a-
and b-globin genes (Lalthantluanga et al. 1985;
Weber et al. 1988b). Since yaks inhabit alpine environ-
ments at elevations of 3000–6000 m on the Tibetan
Plateau, the cascaded oxygen affinities of the fetal and
adult hemoglobin isoforms appear to play an important

role in the hypoxia tolerance of these animals during
both pre- and postnatal life. The differentiation in
oxygen-binding affinity among a-chain hemoglobin iso-
forms of P. maniculatus may play a similar role in hypoxia
tolerance and cold tolerance. For example, under condi-
tions of cold stress in a hypoxic environment, regulatory
adjustments in the stoichiometric ratio of high- and
low-affinity hemoglobin isoforms may increase the cir-
culatory conductance of oxygen in the blood stream,
thereby providing an enhanced capacity for aerobic
thermogenesis. Perhaps as importantly, the reduced
autoxidation rate associated with the E7-Gln mutant
would inhibit the formation of oxygen free radicals,
which also occurs more readily at low pO2 (Dosek et al.
2007).

The possibility of functional divergence prior to
duplication: The evidence for positive selection on the
independently derived HBA-T3 genes in Rattus and
Peromyscus is consistent with predictions of the adap-
tive conflict model (Piatigorsky and Wistow 1991;
Hughes 1994, 1999; Piatigorsky 2007) and the
balancing selection model (Spofford 1969; Proulx

and Phillips 2006). Both models invoke divergent
selection on protein subfunctions prior to gene dupli-
cation, and neither model requires a post-duplication
phase of relaxed functional constraint. In the case of the
adaptive conflict model, gene duplication is favored
because it alleviates pleiotropic constraints that hinder
the full optimization of different protein subfunctions
( Jensen 1976; Orgel 1977; Jensen and Byng 1981;
Piatigorsky and Wistow 1991; Hughes 1994). In the
case of the balancing selection model, gene duplication
is favored because it alleviates the segregation load
associated with the maintenance of alternative alleles by
overdominant selection (Spofford 1969; Otto and
Yong 2002; Walsh 2003; Proulx and Phillips 2006).

In addition to predicting a primary role for positive
selection in driving the functional divergence of dupli-
cated genes, the adaptive conflict model also postulates
that the specialized subfunctions of duplicated genes
were previously performed by a multifunctional, but
pleiotropically constrained, ancestral gene. This un-
duplicated ancestral state may still be retained in extant
species of murid or cricetid rodents, and in fact, M.
musculus has essentially reverted back to this ancestral
state as a result of the pseudogenization of HBA-T3.

In the case of species like P. maniculatus that inhabit
high-altitude environments, there is a clear basis for
pleiotropic constraints on blood-oxygen transport by
hemoglobin. Under conditions of extreme hypoxia, a
high hemoglobin–oxygen affinity is generally advanta-
geous because there is a premium on pulmonary oxygen
loading at low pO2 (Turek et al. 1973; Hsia 1998; Storz

2007). The physiological trade-off is that high hemo-
globin–oxygen affinity hinders the release of oxygen in
the tissue capillary beds. However, if the interrelated
tasks of arterial oxygenation and tissue oxygenation are
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partitioned between the products of duplicated genes,
then the coexpression of distinct hemoglobin isoforms
with graded oxygen affinities may help to optimize
blood-oxygen transport over a broad range of arterial
oxygen tensions.

One possible alternative to the scenario envisioned by
the adaptive conflict model is that the ancestral, single-
copy gene was segregating two alternative alleles that
performed distinct subfunctions. Under the balancing
selection model for the initial fixation and subsequent
retention of duplicated genes (Spofford 1969; Proulx

and Phillips 2006), the segregation load associated
with the maintenance of balanced polymorphism would
create an immediate selective advantage for a duplica-
tion that converted allelic variation in protein function
to nonallelic variation between the two nascent paral-
ogs. In P. maniculatus, this model appears to be quite
plausible because nonallelic differences in oxygen
affinity between the product of HBA-T3 and those of
the HBA-T1 and HBA-T2 genes are mirrored by differ-
ences in oxygen affinity between alternative protein
alleles that are segregating at both HBA-T1 and HBA-T2
(Storz et al. 2007b; J. F. Storz, unpublished results).
Moreover, the two alternative protein alleles are main-
tained as a long-term balanced polymorphism by spatially
varying selection that favors different hemoglobin–
oxygen affinities in different elevational zones (Storz

et al. 2007b). Experiments involving wild-derived strains
of P. maniculatus that carry different a-globin haplotypes
in identical-by-descent condition have revealed that this
allelic variation in blood–oxygen affinity contributes to
fitness-related variation in aerobic capacity and thermo-
genic capacity under hypoxic conditions (Snyder 1981;
Chappell and Snyder 1984; Chappell et al. 1988;
Storz 2007). These findings demonstrate that levels
of functional divergence between alleles segregating at
the same locus may be similar in magnitude to levels of
functional divergence between duplicated genes, al-
though in this particular case, the amino acid changes
that distinguish functionally distinct alleles at the
HBA-T1 and HBA-T2 genes do not represent fixed dif-
ferences relative to the HBA-T3 paralog. If there is var-
iation in a-globin copy number among different species
of Peromyscus, it should be possible to determine
whether the products of derived gene duplicates in P.
maniculatus perform functions that are performed by
alternative alleles at the ancestral a-globin pro-ortholog
in sibling species.

The role of duplicated globin genes in adaptive mod-
ifications of blood-oxygen transport: In mammals, as in
other gnathostome vertebrates, regulatory and func-
tional divergence of a- and b-like globin genes has
resulted in the production of distinct hemoglobin
isoforms that are biochemically optimized for oxygen
binding and oxygen transport during different stages
of development (Hardison 1998, 2001; Nagel and
Steinberg 2001). The hemoglobin isoform differenti-

ation observed in Rattus and Peromyscus is unusual in
that the functionally distinct a-globin paralogs are co-
expressed in adult erythroid cells. In a number of
hypoxia-tolerant animals, hemoglobin isoform differ-
entiation appears to have played an important role in
broadening the range of permissible arterial oxygen ten-
sions for blood-oxygen transport (Weber 2000, 2007).
In a similar fashion, divergence of duplicated genes that
encode long-wavelength visual photopigments in but-
terflies has played an important role in broadening the
range of spectral sensitivities (Frentiu et al. 2007a,b),
and divergence of duplicated immunoglobulin VH genes
(Tanaka and Nei 1989) and defensin genes (Hughes

and Yeager 1997) has apparently helped to broaden the
scope of host immune surveillance in mammals.

In summary, functional divergence among the tripli-
cated a-globin paralogs of Rattus and Peromyscus
stands in stark contrast to the pattern of concerted
evolution that has been documented for the a-globin
paralogs of most other mammals studied to date (Zimmer

et al. 1980; Higgs et al. 1989; Hardison 2001). Additional
work is required in both species to elucidate the adaptive
significance of hemoglobin isoform differentiation in
blood-oxygen transport. Due to the wealth of knowledge
about structure–function relationships in vertebrate he-
moglobin (Perutz 1983, 2001), the globin gene family
provides an especially promising system for addressing
questions about the evolution of duplicated genes be-
cause patterns of sequence divergence can be related to
functional properties of the encoded proteins.
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