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Summary

Although many animals communicate vocally, no ex-
tant creature rivals modern humans in language ability.
Therefore, knowing when and under what evolutionary
pressures our capacity for language evolved is of great
interest. Here, we find that our closest extinct relatives,
the Neandertals, share with modern humans two
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evolutionary changes in FOXP2, a gene that has been
implicated in the development of speech and language.
We furthermore find that in Neandertals, these changes
lie on the common modern human haplotype, which
previously was shown to have been subject to a selec-
tive sweep. These results suggest that these genetic
changes and the selective sweep predate the common
ancestor (which existed about 300,000-400,000 years
ago) of modern human and Neandertal populations.
This is in contrast to more recent age estimates of the
selective sweep based on extant human diversity data.
Thus, these results illustrate the usefulness of retriev-
ing direct genetic information from ancient remains for
understanding recent human evolution.

Results and Discussion

One approach to understanding the origin and evolution
of language is to study the evolution of genes necessary
for language acquisition. Although language and speech
are clearly genetically complex phenomena, the only
gene currently known that has a specific role in the de-
velopment of language and speech is FOXP2 [1, 2].
The inactivation of one FOXP2 copy leads primarily to
deficits in orofacial movements and linguistic process-
ing similar to those in individuals with adult-onset
Broca’s aphasia [3]. Although FOXP2 is among the 5%
most conserved proteins among mammals [4], two
amino acid substitutions have fixed in the human lineage
since our split from the chimpanzee common ancestor.
These amino acid substitutions are caused by nucleo-
tide substitutions at positions 911 and 977 in exon 7 of
the FOXP2 gene and change threonine to aspartic acid
and arginine to serine residues, respectively. Coales-
cent simulations using extant human diversity data in
the region around exon 7 suggested that a recent selec-
tive sweep occurred [4, 5] and ended within the last
200,000 years [4]. Taken together, these results are
compatible with the notion that these two amino acid
substitutions are associated with the emergence of fully
modern language ability [4, 5]. We have thus undertaken
atargeted approach to determine the genotype of Nean-
dertals at these FOXP2 positions.

The retrieval of nuclear DNA sequences from ancient
remains by the polymerase chain reaction (PCR) is
fraught with difficulty, primarily because most remains
contain extremely low quantities of endogenous DNA.
An additional problem when Neandertal remains are
studied is that modern human DNA is a frequent con-
taminant of ancient remains and laboratory reagents [6]
and that most human DNA sequences cannot be distin-
guished from Neandertal sequences [7]. Thus, in addi-
tion to designing six primers that in four combinations
amplify the nucleotide positions 911 and 977 (Figure 1),
we designed three types of controls in order to as far as
possible ensure the authenticity of our results.

First, we analyzed the ratio of Neandertal to modern
human mitochondrial (mt) DNA in an mtDNA segment
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Figure 1. Sequence Alignment of Nucleotide Positions 880-1020 from the FOXP2 Gene

The two nonsynonymous nucleotide substitutions on the human lineage are indicated by arrows. Identical positions in the alignment are given as
dots. The three primer pairs used to retrieve the two substitutions from the El Sidron Neandertals are indicated by arrows.

where Neandertals and contemporary humans can be
distinguished on the basis of several substitutions [8]
fixed in each group. Among 46 DNA extracts prepared
from 22 Neandertal bones, we identified two bones
where approximately 98%-99% of the hominid mtDNA
in the extracts are of the Neandertal type and where DNA
is abundant enough for PCR. Both bones originate from
El Sidron Cave in Asturias (north of Spain) [9]. These
bones (numbers 1253 and 1351c) were removed under
sterile conditions directly from the excavation in 2006,
immediately frozen, and transported to our clean room
facility where extractions were performed. Because
additional DNA sequences from the mtDNA hypervari-
able region show that they stem from different individ-
uals (data not shown), they are referred to as the first
and the second Neandertal, respectively, below.

Second, we designed a number of additional controls
for detecting modern human nuclear DNA contamina-
tion. To this end, we used genomic sequence data pro-
duced from a 38,000-year-old Neandertal from Vindija
Cave, Croatia [8] to identify seven sequence positions
on autosomes and the X chromosome that are ancestral
(i.e., identical to the chimpanzee sequence) in the Vindija
Neandertal but derived (i.e., different from the chimpan-
zee sequence) and not known to vary among current hu-
mans. We avoided C to T or G to A differences because
these are common artifacts of ancient DNA sequences
[10-14]. We chose several control positions based on
the Vindija Neandertal because it is not certain that
any particular one would be shared with the El Sidron
Neandertals. Furthermore, given that most extracts con-
tain very low amounts of Neandertal DNA, we expect
only a fraction of amplifications of nuclear target se-
quences in any one experiment to yield products.

Third, we took advantage of the detailed modern hu-
man Y chromosome phylogeny [15] and the fact that
the time to the most recent common ancestor for mod-
ern human Y chromosomes, approximately 90,000 years
ago [16], is more recent than the estimated population
split time with Neandertals [17]. A priori we therefore ex-
pect Neandertal Y chromosomes to fall outside the var-
iation of modern human Y chromosomes unless there
was male gene flow from modern humans into Neander-
tals. This allowed us to design primers that amplify five
positions that define the deepest nodes in the tree of
current Y chromosomes as well as subgroups including
almost all European and Asian and most African Y chro-
mosomes (Figure S1 in the Supplemental Data available
online).

We combined all control primer pairs with different
primer sets for the FOXP2 gene in four different primer

mixes and performed two-step multiplex PCRs [18]. All
primers were amplified for 30 cycles in a first PCR from
which aliquots were removed and then used to amplify
each specific target individually in a second PCR. For
each primer mix and individual, we also performed mock
amplifications containing no template DNA. None of 108
secondary PCRs from such negative controls yielded
any specific product. The results for the two Neandertals
are summarized in Figure 2.

For the autosomal controls, nine out of 20 secondary
PCRs yielded the relevant products. The fact that not
all primer pairs yield products shows that the extracts
contain such small amounts of nuclear DNA that ampli-
fication success is only sporadic and likely to often start
from single-template molecules [10]. For two of the three
autosomal positions analyzed, both individuals carry the
ancestral allele. Out of the five products retrieved for the
third autosomal position (A1, Table S1), both the ances-
tral and derived alleles are found in both El Sidron Nean-
dertals, suggesting that they were polymorphic at this
position. The second individual in addition carried an al-
lele not seen in modern humans or chimpanzees. Given
that this sequence variant is a G to T substitution, not
a substitution commonly associated with ancient DNA
damage [10], it is likely to represent a genuine allele
present in the Neandertals. However, further work would
be necessary to verify this. Out of four X chromosomal
positions, only one yielded products in one individual.
It carried the ancestral state. Both Neandertals yielded
products for Y chromosomal primer pairs, indicating
that they were males. Strikingly, all 15 Y chromosomal
products for the five assayed positions show the ances-
tral allele. This includes two polymorphisms that define
the deepest split among current human Y chromosomes
(Y2 and Y4, Figure S1) as well as two polymorphisms
that cover less common African Y chromosomes (Y3
and Y5, Figure S1). These Y chromosome results must
derive, then, either from Y chromosomes that fall out-
side the variation of modern humans or from the very
rare African lineages not covered by the assay (Fig-
ure S1). For our purposes, this result shows that neither
the maternally inherited mtDNA nor the paternally in-
herited Y chromosome shows evidence of gene flow
from modern humans into Neandertals or of subsequent
contamination of their mortal remains. From these re-
sults, we infer that the multiplex-PCR products derive
from Neandertal nuclear-DNA templates.

Of the two FOXP2 substitutions in exon 7, position 911
was retrieved four times from the first individual and
twice from the second. In all cases, the recovered allele
was the derived allele seen in modern humans. Position
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Figure 2. Summary of the Results of the Four Multiplex PCRs Carried out in Leipzig on the Two El Sidron Neandertals

PCRs that yielded products carrying ancestral allelic states are in red, derived allelic states are in green, blue indicates a derived Neandertal-
specific state, and gray indicates PCRs where no specific products were obtained. Detailed results are given in Tables S1 and S2.

977 was retrieved once from the first individual and
twice from the second individual. Again, in all cases
the alleles were the derived variant that is fixed in mod-
ern humans. To test the reproducibility of these results,
we sent bone fragments of the first Neandertal individual
as well as information about the control primers to one
laboratory in Barcelona, Spain and one laboratory in
Lyon, France. Both laboratories confirmed the results
by consistently finding the derived state for the FOXP2
substitutions and the ancestral states in the controls
(see Supplemental Experimental Procedures and Tables
S3 and S4 for details). This not only corroborates the
results obtained in Leipzig but also shows that at least
the first individual was likely to be homozygous for the
two FOXP2 substitutions in exon 7, even under the con-
servative assumption that each successful amplification
reflects a single starting molecule (individual 1; position
911, 13 independent amplifications, p = 1.2 x 10™%; po-
sition 977, five independent amplifications, p = 3.1 X%
1072 [19].

In order to address the question of whether the signal
of a selective sweep detected by the allele-frequency
spectrum close to exon 7 in the FOXP2 gene among
present-day humans was present also in the Neander-
tals, we included in multiplex PCR 3 and 4, described
above, nine primer pairs that encompass nucleotide
polymorphisms in the intronic region upstream of exon
7 and that carry high-frequency alleles that are derived
among humans [4]. For seven of these nine positions,

which are crucial for detecting and dating the selective
sweep signal (Supplemental Experimental Procedures),
at least one product was obtained from each of the two
Neandertals (Figure 2). For six of the seven sites, all Ne-
andertal products showed the derived allele (Table S1).
For one site, one product carried the derived allele in
the first Neandertal and the second Neandertal carried
the ancestral allele, indicating that this position (S5, Ta-
ble S1) was polymorphic among Neandertals. It should
be noted that the frequency of the derived allele for the
later position in contemporary humans is 0.88, whereas
itis > 0.97 for the other six positions [4], suggesting that
this derived allele may be younger than the others. Thus,
not only was the derived form of the FOXP2 protein pres-
ent in Neandertals, but it is also linked to the haplotype
that is common among modern humans and appears to
have been subject to a selective sweep.

If the selective sweep that affected this genomic re-
gion was in fact associated with one or both of the amino
acid substitutions in FOXP2, then one of three scenarios
must apply to the evolution of FOXP2 in hominids. The
first scenario is that the positively selected FOXP2 hap-
lotype was transferred into Neandertals from modern
humans or vice versa through gene flow. This seems
to be an unlikely possibility. Neither mitochondrial
nor—as we show here—Y chromosomal gene flow be-
tween the two hominid groups can be detected. Further-
more, other tests for admixture that rely on autosomal
variation have hitherto failed to detect any gene flow
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into Neandertals (J. Mullikin and D. Reich, personal
communication). The second scenario is that the rele-
vant FOXP2 haplotype was present in the ancestral pop-
ulation of modern humans and Neandertals and was
later positively selected in humans after their divergence
from Neandertals. For this scenario to be likely, the rele-
vant haplotype would have needed to be at a consider-
able frequency in the ancestral population in order to
obtain the relatively high frequencies in Neandertals.
However, the higher the frequency of a variant is before
it becomes positively selected, the less likely it is to de-
tect a signature of a selective sweep [20]. Hence, this
scenario might also be considered relatively unlikely.
The third scenario is that the selective sweep started
before the divergence of the ancestral populations of
Neandertals and modern humans around 300,000-
400,000 years ago [17]. Note that given a divergence
time of chimpanzees and humans of 6.5 million years
[21, 22], the fixation of the sweep would have occurred
within the last 260,000 years, and that a sweep driven
by a selective advantage of 1% takes 50,000-80,000
years on average to come to completion [23]. This, in
conjunction with the fact that deviations from model
assumptions about generation times, selection coeffi-
cients, population sizes, and panmixia could further in-
crease the variance on these time estimates, makes it
possible that the sweep started or occurred in the com-
mon ancestral population of Neandertals and modern
humans. In fact, estimates based on the variation in cur-
rent human populations by necessity rest on simplistic
models about human population history and parameters
not known with certainty, making these estimates inher-
ently unreliable with respect to the absolute timing of
events. Therefore, if the third scenario is correct—i.e.,
the substitutions in FOXP2 and the selective sweep orig-
inated in the common ancestor of Neandertals and mod-
ern humans—this work demonstrates the usefulness of
directly testing for modern human substitutions in Nean-
dertals. A Neandertal genome sequence will thus pro-
vide invaluable direct information on the timing of ge-
netic changes on the human lineage relative to the
divergence to Neandertals [8].

It is worth noting that we have analyzed only the two
changes that are known to have occurred in exon 7 of
the FOXP2 gene after the divergence of humans and
chimpanzees. Although unlikely given the high degree
of conservation of this gene, it is possible that other Ne-
andertal-specific substitutions existed elsewhere in
FOXP2. Only the full sequence of the entire gene, as
will eventually be provided by a Neandertal genome
sequence [8], will therefore allow a comprehensive eval-
uation of the function of FOXP2 in Neandertals.

In conclusion, the current results show that the Nean-
dertals carried a FOXP2 protein that was identical to that
of present-day humans in the only two positions that dif-
fer between human and chimpanzee. Leaving out the
unlikely scenario of gene flow, this establishes that
these changes were present in the common ancestor
of modern humans and Neandertals. The date of the
emergence of these genetic changes therefore must
be older than that estimated with only extant human
diversity data, thus demonstrating the utility of direct
evidence from Neandertal DNA sequences for under-
standing recent modern human evolution. Whatever

function the two amino acid substitutions might have
for human language ability, it was present not only in
modern humans but also in late Neandertals. Ongoing
in vivo and in vitro experiments should help to delineate
these functions.

Experimental Procedures

DNA Extraction and Amplification

The EI Sidrén bone samples were removed under sterile conditions
with laboratory coveralls, sterile gloves, face masks, and sterile
blades directly from the excavation in 2006 and were immediately
frozen and transported to Leipzig. In Leipzig, DNA sampling and ex-
tractions were performed in a laboratory dedicated exclusively to
ancient DNA work. For minimizing contamination with modern hu-
man DNA, the surface of the bone was first removed, and then
~350 mg of bone was sampled, powdered, and extracted as de-
scribed [24]. Two-step multiplex PCRs [17] in a total volume of
20 pl containing up to 14 primer pairs were set up and incubated
for 10 min at room temperature with 0.5 units of Shrimp Nuclease
(Biotec Pharmacon) to degrade double-stranded DNA that may con-
taminate reagents. After inactivation of the nuclease for 30 min at
65°C, 5 ul of extract was added. Thirty cycles of PCR were per-
formed in the first and second PCR, respectively. Reaction condi-
tions were as described [18] except for the annealing temperature,
which was 55°C. Amplification products of the correct size were
cloned with the TOPO TA cloning kit (Invitrogen), and three to 16
clones from each product were sequenced with an ABI3730 capillary
sequencer (Applied Biosystems) (Table S1). Primer sequences, ex-
traction and amplification conditions, and detailed results from the
Barcelona and Lyon laboratories are described in the Supplemental
Data.

Supplemental Data

Experimental Procedures, one figure, and five tables are available
at http://www.current-biology.com/cgi/content/full/17/21/1908/
DC1/.
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