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Abstract. In this study, the molecular population
genetics of the orangutan�s a-2 globin (HBA2) gene
were investigated in order to test for the action of
natural selection. Haplotypes from 28 orangutan
chromosomes were collected from a 1.46-kilobase
region of the a-2 globin locus. While many aspects of
the data were consistent with neutrality, the observed
heterogeneous distribution of polymorphisms was
inconsistent with neutral expectations. Furthermore,
a single amino acid variant, found in both the Bor-
nean and the Sumatran orangutan subspecies, was
associated with different alternative synonymous
variants in each subspecies, suggesting that the allele
may have spread separately through the two sub-
species after two distinct origination events. This
variant is not in Hardy–Weinberg equilibrium
(HWE). These observations are consistent with neu-
tral models that incorporate population structure and
models that invoke selection. The orangutan Plas-
modium parasite is a plausible selective agent that
may underlie the variation at a-2 globin in orangu-
tans.
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Introduction

Malaria is a parasitic human disease caused by four
different species of Plasmodium: P. falciparum, P.
vivax, P. malariae, and P. ovale. The disease has long
been considered a recent selective force in humans,
related to the invention of agriculture (Livingstone
1958), which occurred roughly 12,000 years ago
(Smith 1995). Initially, phylogenetic evidence sug-
gested a recent lateral transfer of P. falciparum from
birds (Waters et al. 1991, 1993), but subsequent evi-
dence has revealed that Plasmodium has a more an-
cient relationship with the human lineage (Ayala
et al. 1999; Escalante and Ayala 1994, 1995; Esca-
lante et al. 1995; 1997, 1998; Perkins and Schall 2002;
Qari et al. 1996). Many studies bolster malaria as a
recently expanded disease in humans, including a
recent genetic �Eve� of the major human parasite, P.
falciparum (Ayala et al. 1999; Rich and Ayala 2000;
Rich et al. 1998; Volkman et al. 2001; see Mu et al.
[2002] for an older date), a recent population
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expansion of Anopheles mosquito species (Donnelly
et al. 2001), and a recent age for malaria resistance
alleles at G6PD (Tishkoff et al. 2001; Saunders et al.
2002; Verrelli et al. 2002) and b-globin (Currat et al.
2002). These observations suggest that malaria�s
prevalence extends into the past, but likely in a re-
stricted fashion prior to the recent virulent explosion
of Plasmodium in humans (Ayala et al. 1999; Coluzzi
1999; Rich and Ayala 2000; Rich et al. 1998).

Studies of living apes provide key information for
reconstructing the lives of early hominids. In humans,
malaria is responsible for high rates of mortality, but
few studies have investigated Plasmodium�s impact on
wild primates. At least 20 other primates also harbor
their own Plasmodium species, including apes (Coat-
ney et al. 1971). One well-studied case is in wild and
semicaptive orangutans (Pongo pygmaeus), where
Plasmodium parasites are present at high frequencies
(Wolfe et al. 2002). Individuals can become ill from
the parasite (Wolfe 1999), and antimalarial medicines
ameliorate their symptoms (Wolfe 1999). Skinner and
Hopwood (2004) link diseases including malaria to
enamel hypoplasia, an indicator of stress, in large-
bodied hominoids. In macaques (Genus Macaca),
experimental infections with non-native Plasmodium
species are often fatal in novel hosts (Fooden 1994).
These studies suggest that similar to humans, malaria
exerts a selective pressure on nonhuman primates,
predicting that primates may also be adapting to their
Plasmodium parasites.

In this study, we investigated the population
genetics of the orangutan a-2 globin locus as a
candidate gene under malarial selection. This locus
was chosen for two reasons. First, molecular
phylogenies show that the orangutan parasites,
P. pitheci and P. silvaticum, belong to the same
evolutionary radiation as P. vivax (Wolfe 1999), and
generally, these parasites are only distantly related to
P. falciparum and the other human parasites (Per-
kins and Schall 2002). Human a-thalassemias (dele-
tions of a-globin genes) interact with Plasmodium
(Flint et al. 1986), and there is evidence for some
form of relationship between a-thalassemias and P.
vivax (Allen et al. 1997; Williams et al. 1996;
Zimmerman et al. 1999). Second, orangutan a-glo-
bin proteins have two variants that are found in
both the Bornean and Sumatran subspecies (Barni-
cot and Jolly 1966; Bruce and Ayala 1979; de Boer
and Meera Khan 1982; Sullivan and Nute 1968),
suggesting balancing selection or allelic replacement
may play a role.

In most apes, there are two a-globin gene copies, a-
1 and a-2 globin, encoding the same protein (Bailey et
al. 1997; Lauer et al. 1980; Liebhaber et al. 1981;
Marks et al. 1986) (Fig. 1), though gene number
polymorphism exists (Takenaka et al. 1993; Zimmer
et al. 1980). The substitutions responsible for the two

alleles in orangutans are present at both a-globin loci,
a-1 and a-2. In this study a-2 was examined because it
is expressed at 2.6 times the rate of a-1 globin in hu-
mans (Albitar et al. 1992), implying that the majority
of a-globin is most likely translated from this gene in
orangutans. Each a-globin gene is approximately 700
base pairs long, with three exons encoding 141 amino
acids. The orangutan a-globin variants differ at codon
57. One allele (here termed WT) has a glycine residue,
a tiny, borderline uncharged amino acid, and the
other allele (here termed MUT) has an aspartic acid
residue, a small, negatively charged amino acid.
Structurally, this codon is not in the heme-binding
site, it is part of the E helix, one of the hemoglobin
molecule�s a-helices. This residue�s only contact is
with site 52, another member of the E helix (Sack et al.
1978). There is some evidence that the different
hemoglobins resulting from MUT and WT alleles of
orangutans are functionally different and, therefore,
distinguishable by natural selection. Hemoglobins
from homozygous orangutans have significantly dif-
ferent MCHC values (the average hemoglobin con-
centration per volume of packed red cells) and near-
significant MCH values (the amount of hemoglobin in
a red blood cell) (Huser 1970). However, there are no
differences in the oxygenation properties of the dif-
ferent orangutan hemoglobins (Sullivan and Nute
1968) and the same codon 57 replacement (glycine
fi aspartic acid) does not result in any phenotypic
differences in humans (Bunn and Forget 1986;
Hardison et al. 1998a, b; Huisman et al. 1996; Leh-
mann and Kynoch 1976), though these studies have
examined only heterozygotes.

To test for the action of natural selection at the a-
2 globin locus, we collected 1.46 kilobases of a-2
globin DNA sequences from orangutans of both the
Bornean and Sumatran subspecies. These data pro-
vided information on patterns of intraspecific poly-
morphism, interspecific divergence, haplotype
structure, linkage disequilibrium, and recombination
at the a-2 globin locus. These observed patterns al-
lowed testing against the expectations of neutral
evolution. The presence of two variants in both
subspecies suggested two main selective hypotheses,
balancing selection and allelic replacement, which
were forwarded previously based on protein elec-

Fig. 1. Genetic map of the a-globin region of hominoids (not to
scale).
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trophoretic evidence (de Boer and Meera Khan
1982; Sullivan and Nute 1968). Though these
methods enable tests for the action of selection at
this locus, they cannot prove that Plasmodium is the
selective pressure responsible for the pattern of ge-
netic polymorphism at orangutan a-2 globin, only
that it is a plausible pressure.

Materials and Methods

Samples

Samples were obtained from field sites, zoos, and research facili-

ties for both Sumatran and Bornean orangutans (see Supplemen-

tary Material for the list of 24 orangutans examined at the DNA

sequence level).

PCR

A 1.46-kilobase portion of the a-2 globin region was amplified

using seminested PCR. For both PCR rounds, an initial dena-

turation step (2 min 30 s at 96�C) was followed by 40 cycles of

denaturation (30 s at 96�C), annealing (30 s at 59.3�C in round 1

and 58�C in round 2), and extension (60 s at 70�C) with the

Epicentre FailSafe PCR System (Madison, WI). Primers were

designed using the program Oligo (distributed at http://www.ol-

igo.net/) with the human a-globin region as a guide (No.

J00153.1). The forward primer used in round 1 was 5¢a @ 6065

(5¢-AGT-GAC-TAT-CGC-CAG-AGG-GAA-AG-3¢) (numbers

correspond to human sequence accession no. J00153.1) and the

reverse was 3¢a @7885 (5¢-AAG-GGG-TGG-GAA-TGA-GAG-

AAA-TGT-T-3¢). Genomic DNA from the orangutan samples

was used in the initial round. In round 2 a different forward

primer, 5�a @ 6438 (5¢-GGG-ATG-GGC-GGG-AGT-GGA-GT-

3¢), located �400 base pairs downstream from the original for-

ward primer, was used with 3�a @ 7885, in a PCR containing a

diluted aliquot of the PCR from round one as template DNA.

PCRs were analyzed via gel electrophoresis.

Restriction Digest

A larger set of Bornean orangutans (n = 54) was screened for

MUT and WT alleles at a-2 globin via restriction digest (list of

individuals available upon request). A small region encompassing

the MUT/WT nonsynonymous site was amplified from the second

round of nested PCR using the following primers: Geno6866-F (5¢-
TCC-TGG-CCC-CGG-ACC-CAA-AC-3¢) and Geno7130-R (5¢-
CCG-CCG-CTC-ACC-TTG-AAG-TTG-3¢). These PCR products

were exposed to the restriction enzyme AvaII (NEB), which rec-

ognizes 5¢-GGWCC-3¢, found in MUT alleles.

Cloning and Sequencing

PCR fragments were cloned using the Zero Blunt TOPO PCR

Cloning Kit for Sequencing (Invitrogen Corp., Carlsbad, CA)

according to the manufacturer�s directions. DNA from individual

colonies was amplified using PCR and sequenced by the Dana-

Farber/Harvard Cancer Center High-Throughput DNA Sequenc-

ing Facility. Primers M13R, M13F, 7098P (5¢-GGT-GGA-CCC-

GGT-CAA-CTT-C-3¢), and 7168R (5¢-AAC-CCG-CGG-GAT-

GCT-CTG-3¢) were used for PCR and sequencing. Within Suma-

tran orangutans, both haplotypes were determined for four indi-

viduals, totaling eight haplotypes. Within Bornean orangutans, a

single random haplotype was collected from 15 orangutans and

both haplotypes were sequenced from 5 orangutans. This totaled

25 Bornean haplotypes. The observed frequencies of the MUT and

WT alleles in the Bornean orangutan sample did not closely match

the allele frequencies derived from the restriction analysis, which

sampled a larger pool of orangutans (Fisher�s exact test, p = 0.11).

To correct the WT and MUT frequencies in the DNA sequence

data set, only one haplotype was included from each of the five

Bornean individuals from which two haplotypes were collected.

This resulted in a data set of 20 Bornean haplotypes. Culling the

data set in this manner had no significant impact on the analyses.

To determine each haplotype, between 4 and 15 colonies were se-

quenced from at least two different PCR and cloning reactions.

This strategy was carried out both to identify colonies with inserts

having undergone PCR-mediated recombination (Bradley and

Hillis 1997; Cronn et al. 2002; Judo et al. 1998; Pääbo et al. 1990)

and to detect PCR errors so they could be removed from the data

set. Because the primers anchored in the downstream region were

specific to the a-2 globin gene, no sites specific to the downstream

region of the orangutan a-1 gene were detected in the clones se-

quenced. Several clones of PCR products from each orangutan

sample were compared to one another. In addition, these clones

were compared with sequences from other samples in the study, as

well as an a-2 globin sequence that was obtained from a genomic

library and not subject to PCR recombination (accession no.

M12158).

Population Genetic Analyses

Population genetic statistics were calculated with the program

DnaSP, versions 3.53 and 3.99 (Rozas and Rozas 1999; Rozas et

al. 2003). Probability values for Tajima�s D (1989) and Fu and

Li�s (1993) tests were generated from 5000 coalescent simulations

conditional on the hW(Gene) and recombination rates estimated

from the data set. McDonald�s heterogeneity tests (Runs tests)

(1996, 1998) were carried out with the program DNA Slider

(distributed by J. McDonald at http://udel.edu/�mcdonald).

Probability values were estimated as suggested by McDonald

(1998). For each test, a range of recombination parameters was

used (0–128). From these simulations, the recombination

parameter with the highest probability value was chosen, and

additional simulations were run over a smaller interval of

recombination values (e.g., 12–20), resulting in a conservative test

for rate heterogeneity. The HKA test (Hudson et al. 1987) was

carried out with the programs HKA (distributed by J. Hey at

http://lifesci.rutgers.edu/�heylab) and DnaSP. In this test the a-2
globin data set was compared to 14 orangutan haplotypes from

the Xq13.3 region (Kaessmann et al. 2001), which is a noncod-

ing, presumably neutral 10-kb region. This test was corrected for

the difference in Ne between the autosomally linked a-2 globin

gene and the X-linked Xq13.3 region. The Haplotype test

(Hudson et al. 1994) was implemented with a version of Hud-

son�s psubs program used by Parsch et al. (2001) (10,000 random

samples were generated). A molecular clock approach for esti-

mating the date of the ancestor of the a-2 globin alleles was

conducted with MEGA v. 2.1 (Kumar et al. 2001) using cali-

bration dates of 12 million years for the human–orangutan split

and 17 million years for the gibbon–orangutan split (Young and

MacLatchy 2004). Where required, human and gibbon sequences

were used as outgroups (human accession no. J00153.1, gibbon

accession no. M94634).

Results

Fifty-four Bornean orangutans were screened for the
a-2 globin MUT and WT alleles by restriction digest.
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In this sample, the observed frequencies of the WT
and MUT alleles were 0.69 and 0.31, respectively.
Based on these gene frequencies, the Hardy–Wein-
berg expectations were tested against the observed
number of orangutans of each genotype. This test

showed a significant difference from the equilibrium
hypothesis when all Bornean orangutans were in-
cluded and when restricted only to orangutans from
the Sabah subpopulation (Table 1).

In total, DNA sequences from 28 orangutan
haplotypes were determined for a 1.46-kilobase re-
gion encompassing the a)2 gene (Fig. 2). The hap-
lotypes were partitioned into four groups (all
orangutans, Sumatran orangutans, Bornean orangu-
tans, and Sabah orangutans) and summary statistics
were calculated (Table 2). No deviations from the
neutral model were found using Tajima�s (1989) test
statistic of neutral evolution (D) or similar tests (Fu
and Li 1993). The HKA test (Hudson et al. 1987),
which detects deviations in polymorphism and
divergence between two loci, was used to compare a-2
globin and the Xq13.3 region. Balancing selection at
a-2 globin would increase levels of intraspecific
diversity relative to Xq13.3, while allelic replacement
would lower the level of diversity at h-2 globin rela-
tive to Xq13.3. No significant disparity in the levels of
polymorphism and divergence was found between
these loci (all orangutans, p = 0.66; Bornean,
p = 0.86; Sumatran, p = 0.54). The allelic replace-
ment hypothesis was tested by ascertaining whether a
subset of alleles had a disproportionately large or
small proportion of the overall variation present in
the data set. The likeliest case of allelic replacement in
this data set was in Sumatra, where there was a lack
of variation within their MUT alleles. A pattern
consistent with neutral evolution was found by the
haplotype test, showing that the MUT alleles in Su-
matran orangutans did not undergo a selective sweep.

Deviations from neutrality can cause heterogeneity
in the distribution of polymorphic sites among a
group of DNA sequences (McDonald 1996, 1998).
For example, due to hitchhiking, balancing selection
can skew a region of DNA toward an excess of
polymorphic sites, while a selective sweep can skew a
region toward fewer polymorphic sites. Evidence of
heterogeneity in the distribution of polymorphic and
fixed differences in the (a-2 globin data set was

Table 1. Test for fit to Hardy–Weinberg expectation

Genotype Region Observed Expecteda (O)E)2/E

WT/WT Borneo 31 26.04 0.94

Sabah 29 25.52 0.47

WT/MUT Borneo 13 22.92 4.29

Sabah 12 18.96 2.55

MUT/MUT Borneo 10 4.88 4.40

Sabah 7 3.52 3.44

v2 (p)b Borneo 10.11 (0.002**)

Sabah 6.47 (0.011*)

aThe number of expected individuals based on gene frequencies found in the text.
bProbability values are two-tailed with 1 df.

Fig. 2. Twenty-eight orangutan a-2 globin haplotypes and one
outgroup (human). Each haplotype name is followed by the
number of times observed in parentheses. Two repeats from the 3¢
microsatellite region are also included which harbor two motif
point mutations and one indel mutation. There are three states in
this microsatellite: five repeats, six repeats, and five repeats with an
altered motif (GG at sites 1394 and 1397), referred to as 5, 6, and
GG5, respectively, in the text. Although there are two differently
sized variants in the population, only mutations in the motif were
utilized because it was unclear how to code for this labile and
potentially homoplastic mutation. The structure of the gene is gi-
ven above the data matrix. The nonsynonymous variant at position
546 is noted with an asterisk. Characters matching the state in the
first haplotype are indicated by a ‘‘.’’ notation. The initiation codon
AUG is at site 117.
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uncovered using multiple tests (Table 3). Significantly
nonrandom distributions of fixed and polymorphic
sites were found at the species and subspecies levels,
using both human and gibbon as outgroups. No
significant deviations were found in the Sabah sub-
population, possibly because the small number of
polymorphisms affected the test�s power. The signif-
icant deviations were recovered mainly with the
Kolmogorov–Smirnov and mean sliding G statistics.
These two test statistics are best at detecting a graded
pattern where the ratio of polymorphism to diver-
gence is different at the two ends of a gene

(McDonald 1998). This pattern was confirmed by a
plot of the polymorphism to divergence ratio, which
showed that the first half of a-2 globin had more
polymorphism than the second half (Fig. 3). This was
consistent with either a force having increased poly-
morphism in the 5¢ region, such as balancing selec-
tion, or a force that reduced variation in the 3¢ region,
such as purifying selection. While these tests would
not be significant after a Bonferroni correction,
McDonald (1998) suggested that each test of heter-
ogeneity could be considered independent, though p
values between 0.05 and 0.017 should not be taken as

Table 2. Summary statistics

Group Nchroms S hw p R(between sites) Rm sites

All 28 21 0.00378 0.00362 0.0157 (82;154) (154;546)

(546;640) (640;1044)

Sumatra 8 13 0.00351 0.00413 0.0157 (82;154)

Borneo 20 12 0.00237 0.00247 0.0176 (154;546) (546;640)

Sabah 13 9 0.00203 0.00242 0.0131 (154;546) (546;640)

Note. Nchroms—number of chromosomes; S—number of segregating sites; hw—Watterson�s h; p—nucleotide diversity; R—recombination

parameter (Hudson 1987). hw, p, and R calculated per site. Rm sites—sites comprising the minimum number of recombination events

(Hudson and Kaplan 1985).

Table 3. McDonald�s (1996, 1998) tests for site heterogeneity

Ingroup Outgroup p value (R)a Testb

All Homo 0.040* (5) K-S

Gibbon 0.015* (6) K-S

0.038* (12) Avg. G

Sumatra Homo 0.027* (18) K-S

Gibbon 0.019* (10) K-S

Borneo Homo 0.057 (8) Avg. G

Gibbon 0.026* (60) Runs

0.019* (10) Var.

0.049* (11) Avg. G

aProbability values calculated as described in Materials and Methods. R—recombination parameter resulting in the maximum p value.
bK-S—Kolmogorov–Smirnov test statistic; Avg. G—mean sliding G test statistic; Var.—interval length variance; Runs—runs statistic.

*p < 0.05.

Fig. 3. Proportion of polymorphic
sites, relative to all polymorphic and
fixed sites. Y-axis—proportion of
polymorphic sites; X-
axis—nucleotide position, with
black boxes indicating exons and an
asterisk marking the approximate
location of position 546. Sliding
windows contain 25 total sites. Each
line represents the data from a
particular ingroup and outgroup;
legend shown in the inset.
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definitive rejections of the equilibrium model. In the
tests of a-2 globin, nearly all the p values were within
this interval. There were two reasons why these tests
were likely ascertaining a significant, though weak
pattern. First, statistical significance was achieved by
a nonrandom set of heterogeneity tests, those that
specifically perform best at detecting a graded pat-
tern. If these were spurious rejections, there would
not have been a pattern in the heterogeneity tests.
Second, the finding of a graded pattern was con-
firmed with an HKA test: when splitting the a-2
globin locus into two data sets of equal length, the
halves had significantly different levels of polymor-
phism and divergence (all orangutans, p = 0.048*;
Bornean, p = 0.089; Sumatran, p = 0.044*).

Within the Bornean subspecies a noteworthy pat-
tern of linkage disequilibrium and recombination was
found. Specifically, the lone nonsynonymous variant
in the data set (position 546) and a synonymous
variant (position 640) were in linkage disequilibrium,
but also had experienced recombination (Table 2 and
Fig. 4). Both of these variants were in linkage dis-
equilibrium with a microsatellite in the 3¢ region. In
Borneo, the MUT haplotypes mainly consisted of an
A at position 546 most often associated with a T at
site 640 and a six-repeat motif (A-T-6) (Fig. 2). The
Bornean WT alleles had a G at position 546, which
was most often associated with a G at position 640
and a GG5 microsatellite allele (G-G-GG5) (some G-
T-5 haplotypes were also present). In Sumatra, the
opposite states were associated at positions 546 and
640, and all Sumatran haplotypes had a five-repeat
microsatellite allele (A-G-5 and G-T-5). One Bornean
MUT haplotype (B-MUT-5) had the Sumatran A-G-
5 haplotype but lacked Sumatran-typical variants at
positions 1044 and 1106, suggesting that this haplo-
type was the result of a recombination or gene con-
version event. A second Bornean haplotype (B-MUT-
4) had the typical Borneo MUT combination at sites
546 and 640 (A-T), but with a five-repeat allele,
possibly a homoplastic mutation.

The association of the nonsynonymous mutation
(site 546) with different sites in the two orangutan
subspecies suggested that this mutation might have
occurred as independent point mutations in each
orangutan subspecies. However, alternative explana-
tions exist for the presence of this mutation in both
Borneo and Sumatra, such as recombination or an
intra- or interlocus gene conversion event. One pos-
sibility is that recombination or an intralocus gene
conversion event placed the mutation onto two dif-
ferent haplotypic backgrounds in the last common
ancestor of Bornean and Sumatran orangutans.
Then, in each descendant subspecies, the opposite
haplotypes became fixed while the other was lost.
However, this model does not easily explain the
presence of the Sumatran-typical substitutions that
occur on both MUT and WT alleles (positions 1044
and 1106) (Fig. 2). Under this model, these subspe-
cies-typical mutations must have spread to both al-
leles through gene conversion or recombination. A
second hypothesis is an interlocus gene conversion
event between the a-1 and the a-2 globin genes, as the
point mutation at position 546 occurs at both loci in
orangutans. If the mutation originated in the last
common ancestor the orangutan subspecies at a-1
globin, two separate interlocus gene conversion
events in each descendant subspecies could have
independently transferred the G fi A mutation
from a-1 to a-2 globin. This second scenario more
parsimoniously explains the presence of the Sumatra-
typical substitutions common to both WT and MUT
alleles.

Discussion

The estimates for variation at orangutan a-2 globin
are similar to those from another nuclear region se-
quenced in orangutans, Xq13.3 (p = 2.65 · 10)3 and
hw = 2.39 · 10)3) (Kaessmann et al. 2001). a-2
Globin is slightly more diverse than Xq13.3, which is
expected due to its larger effective population size as
an autosomal locus. Compared to 16 genes examined
in humans (Przeworski et al. 2000), orangutan a-2
globin diversity is approximately 3.5 times greater
than the diversity found at 5 autosomal loci and 4.75
times higher than at 11 X-linked loci. Though fewer
Sumatran individuals were sampled, this subspecies
has higher nucleotide diversity than Bornean
orangutans. Higher polymorphism in Sumatra is
found in most other orangutan population genetic
data sets (Kaessmann et al. 2001; Noda et al. 2001;
Muir et al. 2000; Warren et al. 2001; Zhang et al.
2001; Zhi et al. 1996) and may reflect past geological
events and a higher historical population size in
Sumatra (Muir et al. 2000). The a-2 globin data
support this interpretation.

Fig. 4. Sites determined to be in significant linkage disequilibrium
via Fisher�s exact test. Gray denotes p values <0.01; black denotes
p< 0.001; B denotes significance after the Bonferroni correction. A
Graph for the entire data set. B Graph for Bornean orangutans. C
Graph for Sabah orangutans. No sites were found to be in signif-
icant linkage disequilibrium in the Sumatran data set.
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The polymorphism and divergence, haplotype
patterns, and the deviations from HWE at this locus
are consistent with different interpretations. The
deviations from HWE in Borneo and Sabah are sug-
gestive of a nonequilibrium pattern of evolution and
may reflect selection forMUT homozygotes, selection
against heterozygotes, inbreeding, and/or the Wahl-
und effect. Microsatellite analyses of Bornean
orangutans also recover departures from HWE that
are suggestive of inbreeding (Warren et al. 2000). In
the case of a-2 globin, interpretation of the HWE
deviation is further complicated by the presence of the
alleles at both a-2 and a-1 globin (individuals homo-
zygous at one a-globin gene may be effectively het-
erozygous at the phenotypic level). This departure
may reflect the interaction of these two a-globin genes,
as well as a third a-globin gene (Takenaka et al. 1993;
Zimmer et al. 1980).

The heterogeneous distribution of polymorphism
at the locus is consistent with two interpretations: a
force increasing polymorphism in the first half of the
gene or a force reducing variation in the second half.
An elevation of polymorphism in the 5¢ region may
have been caused by the hitchhiking effect on sites
near to the nonsynonymous variant. Because there
was no overall increase in intraspecific polymor-
phism found at a-2 globin relative to Xq13.3, this is
not a straightforward case of balancing selection.
Instead, these data may represent balancing selection
in its early stages, complicated by the presence of
multiple a-globin loci. In a case of young balancing
selection, the expected buildup of variation or an-
cient coalescent dates may not have had the time to
occur. Dates calculated for the ancestor of the
orangutan a-2 globin alleles are similar to those
estimated for other genes, supporting this interpre-
tation (r-2 globin, 2.2 million years ago [MYA;
gibbon outgroup] and 1.5 MYA [human outgroup];
Xq13.3, 1.4–3.4 MYA [Kaessmann et al. 2001];
COII, 3.5 MYA [Ruvolo 1994]; ND5, 2.3 MYA
[Zhang et al. 2001]; multiple loci, 1.7 MYA [Zhi et
al. 1996]). A neutral alternative, incorporating pop-
ulation subdivision, could explain the deviation from
HWE and lack of significant differences between a-2
globin and Xq13.3, but it does not easily explain the
skew toward polymorphism in the first half of the
gene. The separate geographical distribution of the
a-2 globin haplotypes, which may be attributable to
the spread of a favorable amino acid polymorphism
following two gene conversion events, further sup-
ports the proposition that this gene may not follow a
neutral pattern of evolution. Additional studies of
the a-1 globin gene and other neighboring regions
would aid in clarifying the evolutionary history of
the orangutan a-globin region.

Although there is evidence for functional differ-
ences among orangutan hemoglobins (albeit limited),

these differences cannot be related to variation in
malarial resistance. It is crucial to conduct further
studies of orangutan population genetics including
the association of their hemoglobin polymorphisms
with Plasmodium incidence. If Plasmodium is the
selective pressure mediating the evolution of orang-
utan a-globin region, this suggests that humans are
not the only primates adversely affected by malaria.
Other genetic studies bolster this idea, including work
on the hominoid glycophorin genes, which are
evolving under positive selection, possibly to evade
Plasmodium parasites (Wang et al. 2003). If Plasmo-
dium infection and disease is not limited to postag-
ricultural Homo sapiens, this predicts the presence of
ancient Plasmodium resistance alleles in the contem-
porary human gene pool. In addition, other nonhu-
man primate species that harbor Plasmodium may
have molecular and behavioral adaptations to fight
this parasite.
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