An X-Linked Haplotype of Neandertal Origin Is Present
Among All Non-African Populations
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Abstract

Recent work on the Neandertal genome has raised the possibility of admixture between Neandertals and the expanding
population of Homo sapiens who left Africa between 80 and 50 Kya (thousand years ago) to colonize the rest of the world.
Here, we provide evidence of a notable presence (9% overall) of a Neandertal-derived X chromosome segment among all
contemporary human populations outside Africa. Our analysis of 6,092 X-chromosomes from all inhabited continents
supports earlier contentions that a mosaic of lineages of different time depths and different geographic provenance could
have contributed to the genetic constitution of modern humans. It indicates a very early admixture between expanding
African migrants and Neandertals prior to or very early on the route of the out-of-Africa expansion that led to the
successful colonization of the planet.
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linked lineage.

we provide further evidence of Neandertal admixture. Our
laboratory did not participate in the determination of the
Neandertal sequence. The admixed X-linked haplotype of
Neandertal origin we report was suspected to descend
from a non-African lineage well before the advent of the
Neandertal genome (Zietkiewicz et al. 2003).

To the admixed haplotypes from the bulk of genomic di-
versity, we assume that modern humans left Africa some-
where between 80-50 thousand years ago (Kya) and that
at that time Neandertals occupied western Eurasia (Stringer
2002; Klein 2003; Mellars 2006; Oppenheimer 2009; Petraglia

Introduction

The issue of admixture between Neandertals and modern
humans has been contentious. The arguments for and
against such admixture were raised in several paleontolog-
ical studies (Tattersall and Schwartz 1999; Klein 2003;
Zilhao 2006; Trinkaus 2007). Neandertal mitochondrial
DNA sequencing provided no evidence of Neandertal ma-
trilineal contribution to contemporary humans (reviewed
by, Hodgson and Disotell 2008). In contrast, a draft
sequence of the Neandertal nuclear DNA revealed the pres-
ence of a number of bona fide Neandertal segments in non-

African genomes (Green et al. 2010). Yet, although rather
unlikely given all the precautions taken to eliminate such
a possibility (Green et al. 2010), the admixture results could
be due to contamination of ancient DNA with modern hu-
man genomic fragments (Wall and Kim 2007). In this paper,

et al. 2010). Because these populations diverged 400-800
Kya, a number of derived alleles present in the Neandertal
DNA can be expected to segregate in all human populations
including sub-Saharan Africans. In contrast, segments in hu-
man DNA that were subsequently admixed outside Africa
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Table 1. Twelve Major dys44 Haplotypes and the Neandertal Sequence.

Haplotypes Polymorphic Sites SaSl::n l:'an me-
Aftica Africans
1 2 3 45 6 7 8 9 10111213 141516 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 % (%)
Ancestral |T A A AGT 8N AATGTAATACATTGATACAAAGTAAATATTCTG %) n=4672
Neandertal (C . . na nana . nana nanamna . na na na na . G na na na n=1420
B001 C GG . C cCT G . C C G G . G . 12.5 358
B002 e G. . . .T N . G G G . T| 188 132
B003 C GG .CT.CT G . C C G G . G . 4.4 15.6
B004 C GG G . T . . G . . G G T| 0.1 4.7
B005 C GG . T.CT G C C G . C G . 9.7 53
B006 C . dupl . .o . G . . . . G 0.4 8.7
B007 . . T . .CT . C . C G C . 7.1 0.0
B008 C GG C .CTCG C G C G . . 35 3.9
B009 C GG CT.CT G C . C G C G G 2.7 0.1
B010 C GG .. CT . del . G C G G 4.6 0.0
BO11 C GG : T .CT G c cC C G . C . G . G 0.4 1.8
B012 C G T . CT C C G G P 25 0.1
Total % 66.8 89.2

1: 1s6631517*, 2: rs6418638, 3: rs1456740*, 8: 1s5972510, 9: rs6628685*, 10: rs331370%, 11: rs2854965*, 16: rs6653863, 18: rs331369*, 19: rs331368*,

20: 1572468607, 21: rs3747400%, 22: 1572468609, 23: 173458098, 24: rs16990172%, 26: rs331367%, 28: rs58400027, 31 rs11795471%, 32 : 1567635204,
34:1s331366*, 35: 1s6631518

1: 32139960, 2: 32140361, 3: 32140683, 4: 32140819, 5: 32140848, 6: 32141227, 7: 32141804, 8: 32142291, 9: 32142304, 10: 32142364, 11: 32142804,
12: 32145805, 13: 32143100, 14: 32143103, 15: 32143141, 16: 32143469, 17: 32143713, 18: 32144154, 19: 32144398, 20: 32144834, 21: 32145216,
22: 32145280, 23: 32145700, 24: 32146159, 24: 32146159, 25: 32146199, 26: 32146414, 27: 32146531, 28: 32146861, 29: 32147134, 30: 32147392,
31: 32147542, 32: 32147779, 33: 32147878, 34: 32147882, 35: 32147883

Note.—Of 35 polymorphic sites that define dys44 haplotypes (Zietkiewicz et al. 1997, 2003), 26 of their derived alleles are found in the 12 major haplotypes listed here. All sites identifiable in the Neandertal (Green et al. 2010) are defined or
otherwise marked as non available—na. Note that for the sake of compatibility with HapMap, and contrary to our previous reports (e.g, Zietkiewicz et al. 2003), these haplotypes are here defined on the DNA strand complementary to the

dystrophin transcript (sequence numbering is according to March 2006 Assembly).
" Denotes 12 sites present in the HapMap3 database.
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Fic. 1. Worldwide distribution of B006 haplotype based on a sample of 6,092 X-chromosomes. Samples are listed in supplementary table S1,
Supplementary Material online. Certain subpopulations were merged, when justified by their geographic proximity.

are expected to carry additional derived alleles shared with
Neandertals but absent in sub-Saharan Africans. The ad-
mixed haplotypes are also expected to be younger, that
is, less diversified by recombination than the average African
haplotypes at the same loci. Ideally, the allelic structure of
these haplotypes would differ from the bulk of the common
haplotypes reflecting their origin along a separately evolving
lineage.

An X-linked haplotype that fulfills these characteristics
occurs in an 8-Kb intronic segment spanning exon 44 of the
dystrophin gene, referred to as dys44 (Zietkiewicz et al.
1997). We analyzed dys44 polymorphisms in a sample of
6,092 X-chromosomes representing populations from all
habitable continents (supplementary table S1, Supplemen-
tary Material online), including previously published data
(Labuda, Labuda, et al. 2000; Zietkiewicz et al. 2003; Xiao
et al. 2004; Lovell et al. 2005; Bourgeois et al. 2009). We
focus on the 12 major dys44 haplotypes that explain
89% of genetic diversity in non-Africans and 67% in sub-
Saharan Africans (table 1). Of these, haplotype B006 is
structurally distinct; with only four derived alleles, it is
the closest to the ancestral one. Common outside Africa
and virtually absent in sub-Saharan Africa (fig. 1), B006
was earlier proposed to represent an unknown non-African
contribution to the human gene pool (Zietkiewicz et al.
2003). Of 1,420 sub-Saharan chromosomes, only one copy
of BO06 was observed in Ethiopia, and five in Burkina Faso,
one among the Rimaibe and four among the Fulani and
Tuareg, nomad-pastoralists known for having contacts
with northern populations (supplementary table S1, Sup-
plementary Material online). BOO6 only occurrence at the
northern and northeastern outskirts of sub-Saharan Africa
is thus likely to be a result of gene flow from a non-African
source.

In the available Neandertal sequence (Green et al. 2010),
there is information on 20 of 35 dys44 polymorphic sites.
These represent 18 ancestral and 2 derived alleles, fully
matching the corresponding sites of B006 (table 1). One
of the derived alleles, C of rs6631517, is also shared with
other dys44 haplotypes, whereas the second one, G of
rs11795471, is unique to B006 (the information on two re-
maining B006-polymorphisms is not available). Figure 2 il-
lustrates plausible historical pathways leading to the three

observed categories of the dys44 haplotypes. Haplotypes,
such as B007, BO10, and B012 in table 1 are specific to
sub-Saharan Africa. They carry common (sites of type 1
and 3) and African-specific polymorphisms (sites 2, 4,
and 6). The remaining haplotypes, except B006, are cosmo-
politan and are found both inside and outside Africa. The
third category, absent from Africa, is represented by B006,
which carries two types of derived alleles that are shared
with Neandertal DNA. The mutation at site 1 (as
rs6631517 above) was presumably fixed in Neandertals
and segregated along the ancestral allele in the human lin-
eage. Derived alleles acquired through recent admixture
(site 5) are expected to be only found in the progeny of
the admixed individuals as in the case of rs11795471. More-
over, the Neandertal origin of B006 is consistent with the
allelic status of the remaining 19 of the 20 Neandertal sites
of known identity (table 1) and confirmed by analysis of
the B006 flanking segments in HapMap3 (Altshuler et al.
2010).

Twelve of the 35 dys44 polymorphisms available in the
HapMap3 database are sufficient to identify the 12 major
dys44 haplotypes presented in table 1. In the considered
HapMap3 populations (supplementary table S1, Supple-
mentary Material online), these haplotypes represent
369 of 523 (70.6%) sub-Saharan chromosomes and 815
of 891 (91.5%) non-African chromosomes that include
77 copies of B006. We extended the dys44 8-kb region
by 28 additional polymorphisms on the left and 49 on
the right (108 kb in total) to include sites that by inspection
appeared to maintain some degree of linkage disequilib-
rium with the B006 haplotype (fig. 3). In the Neandertal
sequence, no information is available for 28 of these sites,
36 sites represent ancestral alleles and 13 derived alleles.
Importantly, three of the derived alleles (rs17243319,
rs1456729, and rs11796299 in supplementary table S2, Sup-
plementary Material online) are absent from the African
chromosomes, as in the case of the derived G of
rs11795471 from within B0O06. Moreover, all derived alleles
shared with Neandertals occur at high frequencies (0.75
and more) on a background of the extended B006 haplo-
type (fig. 3 and supplementary table S2, Supplementary
Material online) as expected in a segment of recent Nean-
dertal origin.
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Fic. 2. Scheme of evolutionary pathways leading to three categories of haplotypes in the dys44 segment.

Outside Africa, B006 is found in all habitable continents
including Australia, as determined from a remote commu-
nity of isolated indigenous Australians living in Central
Australia (fig. 1). The ubiquity of B006 lineage reflects
a worldwide contribution of Neandertal lineages to non-
African genomes. It indicates very early Neandertal admix-
ture prior to successful range expansion of the population
ancestral to virtually all contemporary non-African popu-
lations and confirms earlier contention of very early admix-
ture based on the analysis of Neandertal segments
in European, Han, and Papuan genomes (Green et al.
2010). Hodgson et al. 2010 proposed such admixture
through early Levantine contacts of modern humans
and Neandertals, prior to the most recent out-of-Africa
expansion, and suggested that traces of such admixture
should be still detectable in sub-Saharan populations of
Northeastern Africa. In contrast, rather than considering
admixture, an alternative explanation posits that the ances-
tral population of present-day non-Africans was more
closely related to Neandertals than the ancestral popula-
tion of present-day Africans (Green et al. 2010). Indeed,

ANncestral ese oo
NA oo o oo o
Derived 2SS

W

All others B006

the evidence is accumulating on deep subdivisions within
the ancestral population in Africa (Labuda, Zietkiewicz,
Yotova 2000; Falush et al. 2003; Cohen et al. 2007; Yotova
et al. 2007; Behar et al. 2008; Gunz et al. 2009). As in the case
of admixture through Levantine contacts, the latter expla-
nation also implies significant sharing of Neandertal hap-
lotypes between all non-Africans and Northeastern
Africans. On the other hand, no evidence for these scenar-
ios is found in our data, whereas the oldest lineages tend to
be found in South rather than Northeastern Africa (Behar
et al. 2008; Campbell and Tishkoff 2010). Paleontological
findings (Shea 2008; Petraglia et al. 2010) point to the oc-
cupation of the Levant by Neandertals and early H. sapiens
at nonoverlapping time periods making their early contacts
unlikely. Interestingly, some of the HapMap3 haplotypes
from the segments proposed by Green et al. 2010 and ful-
filling our criteria of Neandertal admixture, also turn out in
Maasai, where, however, their occurrence can be due to
recent back-to-Africa migration (Sikora et al. 2011).

In contrast to other candidate haplotypes, such as these
from “ASPM” and “MCPH1” that seem to have failed the

o oo O o o oo oo o o oo
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Dys44 Haplotype

Fic. 3. Derived allele frequencies in the HapMap3-based extended dys44 haplotype. Superimposed histograms compare derived allele
frequencies seen on the background of the 77 extended B006 haplotypes (upper) with frequencies of the same alleles on the remaining 1,337
haplotypes from this data set (supplementary table S2, Supplementary Material online). The status of the Neandertal alleles is marked on the

top as ancestral, derived, or not available, NA.
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test (Green et al. 2010; Lari et al. 2010), the evidence for
Neandertal origin of BO06 appears very strong. This pro-
vides additional verification of the findings by Green
et al. (2010) that Neandertals contributed to the genetic
makeup of modern human populations outside Africa.
Our data indicate that Neandertal admixture occurred very
early or prior to their worldwide expansion. Considering
such early encounter of H. sapiens with Neandertals, a ques-
tion may be raised: was this encounter coincidental and
without important evolutionary consequences or (either
through genetic or cultural exchanges, or both, Premo
and Hublin 2009) did it facilitate adaptations to novel en-
vironmental conditions that actually contributed to the
successful expansion of human migrants from Africa to
other continents?

Materials and Methods

DNA samples, listed in supplementary table S1, Supple-
mentary Material online, were genotyped for dys44 poly-
morphisms as previously reported (Zietkiewicz et al.
1997). All samples were non-nominative, originating either
from existing collections or peripheral blood samples do-
nated by consenting informed adults, following the proto-
col approved by the institutional review boards of the
Sainte-Justine University Hospital Center in Montreal.
The study of samples from a community of isolated indig-
enous Australians was approved by the University of New-
castle Human Research Ethics Committee and Hunter New
England Health Research Ethics Committee (written ap-
proval was additionally obtained from the traditional land
owners of the community from which the samples were
originally collected). The extended dys44 haplotypes were
analyzed using a subset of HapMap3 data (Altshuler et al.
2010) described in supplementary table S1, Supplementary
Material online. Contour maps were obtained from haplo-
type frequencies using Surfer 8.02 from Golden Software.

Supplementary Material

Supplementary tables S1 and S2 are available at Mo-
lecular Biology and Evolution online (http://www.mbe
.oxfordjournals.org/).
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