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Abstract

Polymorphism data in humans suggest that the gene encoding the transcription factor FOXP2,
which influences speech and language development, has been subject to a selective sweep
within the last 260,000 years. It has been proposed that one or both of two substitutions that
occurred on the human evolutionary lineage and changed amino acids were the targets for
selection. In apparent contradiction to this is the observation that these substitutions are
present in Neandertals who diverged from humans maybe 300,000-400,000 years ago. We
have collected polymorphism data upstream and downstream of the substitutions. Contrary to
what is expected following a selective sweep, we find that the haplotypes extend across the
two sites. We discuss possible explanations for these observations. One of them is that the
selective sweep reflected in FOXP2 polymorphism data was not associated with the two

amino acid substitutions.

Main text

Humans carrying only one functional copy of the gene encoding the transcription factor
FOXP2 are impaired in speech and language acquisition (Vargha-Khadem et al. 2005),
showing deficits in a wide range of expressive and receptive language skills, particularly in
the timing and sequencing of orofacial movements (Alcock KJ 2000; Watkins 2002). Two
lines of evidence suggest that positive selection has affected FOXP2 and that it has acquired
novel properties on the human evolutionary lineage (Enard et al. 2002; Zhang, Webb, and
Podlaha 2002). First, two amino acids encoded in exon 7 of the FOXP2 gene changed on the
human lineage after separation from the common ancestor with chimpanzees (Enard et al.
2002; Zhang, Webb, and Podlaha 2002) and are now fixed among humans (Supl. Data). Since
FOXP2 is extremely conserved among mammals, this represents a significant accumulation of

amino acid substitutions (Enard et al. 2002; Zhang, Webb, and Podlaha 2002; Clark et al.



2003; Nickel et al. 2008). Furthermore, when these substitutions are introduced into the
endogenous mouse Foxp2, they affect the function of cortico-striatal circuits and alter
vocalization (Enard 2009). Second, when a ~14,000 bp segment immediately upstream of
exon 7 was sequenced in 20 individuals from all major continents, an excess of rare alleles,
including rare ancestral alleles, was found (Enard et al. 2002). It is unlikely that a neutral
scenario with demographic models appropriate for humans explains such a signal (Enard et al.
2002). Since the signature of a selective sweep decays quickly (especially the signature of an
excess of rare ancestral alleles) (Przeworski 2002), the fixation of the sweep seen in FOXP2 is
likely to have occurred within the last 260,000 years (Enard et al. 2002; Supl. Data). A second
dating approach even suggests that the sweep began as recently as 42,000 years ago (Coop et
al. 2008). The two amino acid substitutions have been considered as the best candidates for
the cause of this sweep (e.g. Enard et al. 2002; Zhang, Webb, and Podlaha 2002; Krause et al.
2007; Coop et al. 2008). There is, however, no direct evidence linking either of the amino
acids with the sweep. Furthermore, two 43,000-year-old Neandertals have been found to carry
the amino acid substitutions (Krause et al. 2007), suggesting that the amino acid substitutions
predate the separation of human and Neandertal ancestral populations 300,000 to 400,000
years ago (Stringer and Hublin 1999; Noonan et al. 2006). Here we further explore the
hypothesis that one (or both) of the amino acids is the cause of the selective sweep signal seen
in polymorphism data.

Any substitution initially occurs on one particular chromosomal haplotype. If that
substitution is beneficial and increases in frequency, all derived and ancestral alleles on this
haplotype also increase in frequency. However, recombination during the sweep can bring the
beneficial substitution to other haplotypes that carry different alleles than the haplotype upon
which the substitution initially occurred. Thus recombination can rescue alleles that otherwise

would be lost during a selective sweep. Upon fixation, alleles rescued by recombination will



tend to be at low frequency, while alleles on the haplotype on which the selected substitution
arose will tend to be at high frequency (fig. 1A). Some of these low-frequency alleles will be
derived and some will be ancestral. In contrast, mutations during and after the sweep create
low-frequency derived alleles (barring back-mutations). Thus, recombination leads to an
increased occurrence of low-frequency ancestral (or high-frequency derived) alleles in the
vicinity of the selected site (Fay and Wu 2000). Indeed, 16 rare alleles, 7 of which are
ancestral, were seen in one Nigerian individual among the 20 individuals initially sequenced,
supporting a selective sweep (Enard et al. 2002). If one or both of the amino acid substitutions
caused the sweep, the Nigerian haplotype upstream of exon 7 is expected to have been rescued
by a crossing-over event between it and exon 7 during the sweep (fig. 1A). However, since
polymorphic sites on either side of a selected site are expected not to be in linkage
disequilibrium (LD) (Kim and Nielsen 2004; Stephan, Song, and Langley 2006; Jensen et al.
2007; McVean 2007), the Nigerian individual is not expected to carry any rare haplotype
downstream of exon 7.

To test if LD breaks down across exon 7, we sequenced 7,606 bp downstream of exon
7 in the Nigerian individual that carries the 7 low-frequency ancestral alleles as well as in
three other individuals (Supl. Data). We found five sites at which the Nigerian individual was
heterozygous and carried ancestral alleles that were absent in the human reference genome
and the other individuals sequenced. This suggests that the LD seen upstream of exon 7
extends across exon 7. To test this, we sequenced a 3,575 bp region containing the
polymorphic sites downstream and two of the 7 sites upstream of exon 7 in 14 additional
Nigerian individuals. We find two main haplotypes: one that carries the derived state at the
sites upstream and at the first four sites downstream, and a second haplotype that carries the
ancestral state at all 6 sites (fig. 1B, Table S1). Thus, contrary to what one would expect

following a sweep where the selected site was within exon 7, we find significant LD



(w=r’=D'=1; p<0.001) between sites upstream and downstream of exon 7 (fig. 1B).
Simulations suggest that such a pattern of complete LD is unlikely both for a standard sweep
model and a sweep model with demography appropriate for the Nigerian population (p<0.001;
Supl. Data).

These observations may be explained by five different scenarios. The first scenario is
that the signals for positive selection are spurious and that no sweep affected FOXP2. Given
the evidence (Enard et al. 2002; Zhang, Webb, and Podlaha 2002), this seems unlikely, but
remains a possibility.

The second scenario is that the sweep is old and began prior to the split between
humans and Neandertals. This was deemed most likely in (Krause et al. 2007), based on the
dating method used in (Enard et al. 2002), which make numerous assumptions about human
demography and the selective sweep. However, the phylogenetic method used by (Coop et al.
2008) is based only on the accumulation of substitutions in the chromosomal region and thus
makes no such assumptions. Hence we do not find this scenario likely.

The third scenario is that at least one of the amino acid substitutions arose in humans
after their divergence from Neandertals and then swept to fixation. The amino acid
substitutions seen in Neandertals are either due to gene flow between humans and Neandertals
or to experimental contamination from modern humans. A number of lines of evidence
suggest that this is unlikely. No evidence for gene flow from Neandertals to humans have
hitherto been found (Serre et al. 2004; Noonan et al. 2006; Krause et al. 2007), although low
levels of admixture cannot presently be rejected. Krause et al. consistently saw the derived
state at both amino acid positions in the Neandertal extracts in several experiments in two
Neandertal individuals from Spain, and for one of these individuals the results were

independently reproduced in two other laboratories (but see Coop et al. 2008). The derived



state of both amino acid positions has now been observed in high-throughput sequencing of
other Neandertal individuals from Croatia (Burbano and Padbo, unpublished data).

In addition, for both the second and third scenario we still need to explain the finding
of LD across the selected site. A possibility is gene conversion during the sweep (Jones and
Wakeley 2008). Yet, simulations of a selective sweep in the presence of gene conversion, for
this region, suggest that such strong LD occurs only for high rates of gene conversion that are
restricted to the area around exon 7 (Supl. Data). Although we can not rule out gene
conversion, gene-conversion alone is not sufficient to explain the findings at FOXP2, given
the presence of the amino acid substitutions in Neandertals and the estimated timing of the
sweep.

The fourth scenario is that both amino acid substitutions occurred prior to the split of
modern humans and Neandertals, but at least one of them was not fixed and persisted in both
populations after the split. At some point, this amino acid spread to a second haplotype. The
two haplotypes carrying the amino acids then became selectively favored and swept to
fixation in humans. However, the signals of an excess of rare alleles and rare ancestral alleles
are less likely under such a scenario than under a model of selection on new variation (Innan
and Kim 2004; Hermisson and Pennings 2005; Przeworski, Coop, and Wall 2005; Teshima,
Coop, and Przeworski 2006) and become increasingly less likely as the frequency of the
selected allele increases (Hermisson and Pennings 2005; Przeworski, Coop, and Wall 2005).
Furthermore, the paucity of variation present in this region (Coop et al. 2008) is unlikely if the
selected site persisted long enough prior to selection to spread to two haplotypes.

The fifth scenario is what the LD and Neandertal data are telling us prima facie,
namely that the two amino acids are not associated with the selective sweep. This suggests
that sometime after the human-chimpanzee split but prior to the modern human-Neandertal

split, the two amino acid substitutions arose and became fixed, possibly due to positive



selection. A selective sweep then affected FOXP2 in humans after their separation from
Neandertals. The variant that drove this sweep remains unknown, but is likely to be either
upstream or downstream of the region studied to date. It is possible that the selected variant
has not reached fixation in humans, but since genome scans have failed to find evidence for
ongoing selection at FOXP2 (Voight et al. 2006; Wang et al. 2006) and since the
polymorphism patterns seen at FOXP2 are more compatible with a finished or nearly finished
sweep, this seems less likely. That two selective events affected a single gene during human
evolution is obviously less likely than that a single event did so. However, multiple selective
events have been suggested for other genes in humans (Clark et al. 2003; Bustamante et al.
2005; Nielsen et al. 2005) and as much as 10% of the human genome may carry signatures of
recent selection (Williamson et al. 2007). In any event, that two selective events may have
affected a human gene involved in aspects of speech and language is intriguing. It will
therefore be important to analyze any functional elements located upstream or downstream of

exon 7 that carry differences between current humans and Neandertals.
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Figure legend

Fig. 1. LD structure around FOXP2. (A) Schematic figure illustrating how crossing-over
events cause alleles to occur at low-frequency at sites around the beneficial allele (star). Since
such crossing-over events occur independently on the two sides of the beneficial allele, they
eliminate linkage disequilibrium (LD) across the selected site. (B) Schematic figure of the part
of FOXP2 surrounding exon 7, which encodes the two amino acid substitutions that occurred
during human evolution. Positions of polymorphic sites are indicated by bars (see also Table
S1) and the number of inferred haplotypes carrying derived (D) and ancestral (A) alleles in 30
chromosomes are shown. The observed haplotype configuration is unlikely under this simple
model of crossing-over. Below, strong LD (R? and D’ = 1, p<0.001) is indicated by red and

medium LD (R?=0.36, D’ = 0.74; p=0.006) by pink.
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Figure 1
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