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A limited role for balancing selection
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Balancing selection has been shown to act on several

genes in short-term evolutionary contexts, but it is not

known whether this force is responsible for maintaining

a significant number of long-term polymorphisms. We

aligned 7628 chimpanzee virtual transcripts and 5524

chimp ESTs to the 4! chimp draft genome assembly

and identified polymorphisms in chimpanzee that also

occurred in the human single nucleotide polymorphism

database (dbSNP). Our analysis suggests that the

incidence of ancestral polymorphism is low or absent

and that balancing selection on the time-scale of

chimpanzee–human divergence has not been a signifi-

cant force in human evolution.

The debate over the role of balancing selection in
maintaining genetic polymorphism has a long history.
Balancing selection was in the past a frequently postu-
lated factor used to explain high levels of genomic
variation, notably in legendary debates between
Dobzhansky and Muller [1,2]. The development of the
neutral theory of molecular evolution provided a compet-
ing explanation for the high frequency of genetic poly-
morphism, but it remains unclear how common balancing
selection really is. This form of selection has been
demonstrated in several contexts: a number of common
human genetic diseases are believed to be maintained in
the population as a result of balancing selection, for
example, sickle-cell anemia [3], glucose-6-phosphate
dehydrogenase deficiency [4], thalassemia [5] and cystic
fibrosis [6]. In addition, there is evidence that the
extremely high rate of polymorphism in mammalian
MHC proteins is due to balancing selection [7].

Some patterns of balancing selection develop in unique,
short-term contexts. In human evolution, a number of
alleles that are pathogenic in the homozygous state can
confer significant selective advantages in the hetero-
zygous state (overdominance) (Box 1). For example,
several mutations in the cystic fibrosis transmembrane
conductance regulator, ATP-binding cassette gene (CFTR)
confer cystic fibrosis. By far the most common variant is
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Box 1. Definitions

Balancing selection
Genetic variation typically has a finite lifetime. Even under neutral

evolution, in the absence of natural selection, polymorphisms will

eventually vanish, as allele frequencies slowly fluctuate because of

genetic drift until one allele becomes fixed. On average this will take

4Ne generations, where Ne is the effective population size of the

organism. Both positive and negative selection will tend to shorten

this average lifespan; if an allele is positively selected for, it will

increase in frequency more quickly than it would because of genetic

drift, whereas an allele that is selected against will decrease in

frequency more quickly.

However, some forms of selection will protect genetic variation

and increase the average lifespan of a polymorphism, possibly

indefinitely. These are collectively called ‘balancing selection’ and

can result from several causes:

Overdominance or heterozygote advantage

The heterozygous form has a selective advantage over either

homozygous form. Often this can maintain a deleterious phenotype

in the population.

Frequency dependence
An advantage is conferred by a rare feature; for example, mate

preference for unique appearance.

Variable environments
If an organism occupies multiple environments, polymorphisms

might be maintained in the population if the possession of either

allele is advantageous in a different environment.
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the CFTR DF508 allele – although the effects are severe in
homozygotes for this mutation, in the heterozygote form it
might protect against childhood asthma [6]. Such patterns
are unlikely to be stable, because they are highly prone to
being replaced with alternatives that are not associated
with a strongly deleterious phenotype.

However, balancing selection might have preserved
some polymorphisms for a considerably longer period, if
there is no negative pressure against any variant but
some advantage is conferred by heterozygosity then such
ancestral polymorphisms might appear in several closely
related species. For example, New World primates are
polymorphic in an X-linked opsin allele, which confers
color vision; males and female homozygotes have two-color
vision, but female heterozygotes have three-color vision,
which might confer a selective advantage through
increased ability to identify ripe fruit or young leaves
[8]. In other instances, polymorphism might be main-
tained by frequency-dependent selection (e.g. rare alleles
that confer a selective advantage). Other examples of genes
with ancestral polymorphisms that are believed to be
maintained through balancing selection include the ABO
blood group genes [9] and the major histocompatibility
complex (MHC) class I and II antigen genes, for which trans-
species polymorphisms have been identified [10,11].
Identifying trans-species polymorphism

The incidence of trans-species polymorphisms between
two species can serve as an indicator of the importance of
balancing selection in maintaining polymorphism. The
availability of polymorphism information for the chim-
panzee genome enables us to make such a comparison
between chimps and humans. We have made use of three
www.sciencedirect.com
chimpanzee datasets – 7628 virtual transcripts [12],
GenBank chimpanzee ESTs obtained from several large-
scale studies [13,14] and the Arachne 4! draft chimp
assembly. Because balancing selection should occur at
functional positions, our analysis only considered coding
sequence; although there is increasing evidence that non-
coding sequences might contain many positions of high
functional importance, the proportion of functionally
significant single nucleotide polymorphisms (SNPs) is
much higher in the coding sequence.

We aligned the virtual transcripts and ESTs against the
Arachne draft chimp assembly using BLAT [15] and
identified SNPs. Because the draft assembly is incomplete
in its coverage, we restricted our alignments to those
where both chimp sequences aligned with the same locus
in the University of California, Santa Cruz (UCSC) human
genome assembly (http://genome.ucsc.edu/). The average
SNP density was one SNP every 968 bases.

To determine whether any of these polymorphisms
were trans-species polymorphisms, we searched within
the database of human SNPs (dbSNP, revision 118), and
identified those SNPs that occurred at the same position
in human and chimpanzee (the position was based on the
UCSC Dec 2003 human–chimp genome alignment). We
identified 11 SNPs that occurred in the same position in
chimp and human for the draft assembly and virtual
transcript alignment. Seven of these were the same
polymorphism by sequence (e.g. an A to C polymorphism
occurred in both genomes); of the six SNPs that occurred
in the draft assembly–EST alignment, only one was the
same polymorphism by sequence.

Oftheseeight trans-speciespolymorphisms,oneoccurred
in untranslated sequence, one was ambiguous for synonymy
and three occurred at synonymous coding sites. Only three
occurred at non-synonymous sites, and these could a result
of balancing selection. However, the surrounding regions of
all three sites (one in the myosin IIIA gene (MYO3A) [16],
one in the SMARCAD1 gene [17] and the final one in a
hypothetical gene of unknown function) lack the high
polymorphism density that would certainly be expected of
an ancient polymorphism [18]. Four out of eight of these
polymorphisms occurred at highly mutable CpG sites.

As a control we examined trans-species polymorphism
in a set of MHC Class I genes. We obtained the sequence
for 30 alleles from three different chimpanzee MHC Class I
genes (Patr-A, Patr-B and Patr-C) from the GenBank
database. We aligned these sequences against the chimp
draft genome assembly using BLAT and looked for trans-
species polymorphisms in human. We identified 12 trans-
species polymorphisms that occurred at non-synonymous
positions,11 ofwhich were the same sequence polymorphism.

An absence of ancestral polymorphism

There are three possible sources of trans-species poly-
morphisms: (i) neutral ancestral polymorphisms that have
survived due to random chance; (ii) ancestral polymorph-
isms that have been maintained as a result of balancing
selection; and (iii) coincidental mutations that occurred
subsequent to speciation at the same locus.

Given the evolutionary distance between humans and
chimpanzees, it is unlikely that a neutral ancestral
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polymorphism could be maintained by chance in the
absence of balancing selection. On average, a neutral
polymorphism would persist for 4 Ne generations, where
Ne is the effective population size. In humans, this is
estimated to be 10 000 [19]. Estimates of the effective
population size of chimpanzee have not reached a
consensus; as a conservative figure we can use the
effective population size of the common ancestor of all
chimp variants, estimated at 50 000 [20]. We calculated
the probability of detecting a neutral shared polymorph-
ism in six human lineages (the fold coverage for humans in
dbSNP) and two individual chimpanzee lineages according
to coalescence [12]. According to these estimates of effective
population size, a shared polymorphism would survive for
4.6 millionyears (a lower limit for estimated divergence time
between chimps and humans [21]) with a probability of
2!10K6. For 6.7!103 sites (the number of SNPs detected in
our virtual transcript and draft assembly alignment), we
would not expect to see a neutral ancestral polymorphism
surviving with any significant probability.

It should be noted that this analysis excludes poly-
morphisms that might have been balancing for some
portion of their history but subsequently became neutral
and died out; similarly, long-lived balancing polymorph-
isms that emerged after speciation might also exist. Such
polymorphisms might have been balancing for several
million years, and thus might be considered ‘long-term’.
Our analysis will not detect such polymorphisms. We
should therefore be circumspect in speaking of ‘long-term’
balancing selection, by which we must mean polymorph-
isms with a lifetime of greater than w4.6 million years.

A significant proportion of trans-species polymorphisms
will be the result of coincidental mutation. We counted 104

human database SNPs in the 6.3!106 human coding
bases that corresponded to our chimpanzee virtual tran-
script dataset. If we presume a uniform rate of mutation
across all coding positions, we would expect to find
approximately ten polymorphisms co-occurring by site
with our 6.7!103 chimpanzee polymorphisms. However,
there are significant context dependencies resulting in
much higher mutation rates for CpG dinucleotides. Forty
two percent of human coding SNPs occur at CpG sites,
67% of these are the result of fast CpG-destroying muta-
tions. If we assume: (i) that the same proportion of the
1.7!103 chimpanzee SNPs that occur at CpG sites are the
result of CpG-destroying mutations; and (ii) that 7% of
coding sites occur in CpG dinucleotides, then we would
expect to find w12 human polymorphisms co-occurring
by random chance with our 6.7!103 chimpanzee SNPs
compared with the 11 SNPs that we actually identified.
This number is a conservative estimate, because disparity
between SNP density at synonymous and non-synonymous
positions, heterogeneous mutation rates and selective
effects will tend to increase the likelihood of co-occurrence.
A final source of apparent coincidental mutations might be
errors in sequencing that produce false-positive SNPs.
However, because we see few trans-species polymorphisms,
even if our dataset is rife with sequencing errors, it can not
have significantly altered our result.
www.sciencedirect.com
Concluding remarks

The total incidence of trans-species polymorphism in our
analysis is low, and can be parsimoniously attributed to
coincidental mutation rather than to surviving ancestral
polymorphism. It is plausible that individual cases of
balancing selection might be found in the future, because
we screened only a fraction of the polymorphisms. How-
ever, our analysis suggests that statistically the effect of
balancing selection is limited.
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