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Calibrating

the Mitochondrial Clock

Mitochondrial DNA appears to mutate much faster than expected; prompting new DNA forensics

procedures and raising troubling questions about the dating of evolutionary events

In 1991, Russians exhumed a Siberian grave
containing nine skeletons thought to be the
remains of the last Russian tsar, Nicholas II;
and his family and retinue, who were shot by
firing squad in 1918. But two bodies were
missing, 50 no onc could be absolutely certain
of the identity of the remains. And DNA
testingdone in 1992—expected to
settle the issue quickly—instead
raised a new mystery.

Some of the DNA from
the tsar’s mitochondria—
cellular organelles with
their own DNA—didn't
quite match that of his
living relatives. Foren-
sic experts thought that
most people carry only
one type of mitochon-
drial DNA (mtDNA),
but the tsar had two: The
same site sometimes
contained a cytosine and
sometimes a thymine.
His relatives had only
thymine, a mismatch
that fueled controversy
over the authenticity of
the skeletons.

The question of the

much as 20-fold faster, according to two studies
that are causing a stir. Other studies have not
found such rapid mutation ratés, however.
Resolving the issue is vital. For forensic sci-
entsts like Parsons, who use mtDNA to iden-
tify soldiers’ remains and to convict or exoner-
ate suspects, a_high mutation rate might
cause them to miss a match in their
samples. It could also complicate
the lives of evolutionary scien-
tists who use the mtDNA mu-
tation rate as a clock to date
such key events as when
human ancestors spread

around the globe.
Evolutionists _have

assum at the clock
is constant, ticking off

mutations every 6000 to

12,000 years or so. But if

the clock ticks faster or
at different rates at dif-
ferent times, some of the

spectacular results—such

as dating our ancestors’

first journeys into Euro,
at_abou %,@ years

t
ago—may be in_ques-
Genetically distinguished. Nicholas Il J_,WJ,_E_B_“W "We've been treat:
last Russian tsar, ca r— 2
of mitochondrial DNA in his an"’s.

ing this like a stop

tsar's bones was finally

Troubled by the discrepancy in cheir re-

watch, and I'm con-

we have some unknown variable which is

constant mutation rate, calculate how long
ago the populations diverged. But the case of
the tsar highlights how little is known about
the way mtDNA is inherited. His mother
must have carried or acquired a mutation, o
there were hundreds of copies of each of two
kinds of mtDNA in her egg cells. She then
passed some of each kind to her sons. But just
how often do such mutations occur?

The most widely used mutation rate for§
noncoding human mtDNA relies on esti-
mates of the date when humans and chim- §
panzees shared a common ancestor, taken to é

AGENCY

be 5 million years ago. That date is based on
counting the mtDNA and protein differences £
between all the great apes and timing their
divergence using dates from fossils of one great g
ape’s ancestor. In humans, this yields a rate of 2
about one mutation every 300 to 600 genera- 3
tions, or one every 6000 to 12,000 years (as- £
suming a generation is 20 years), says molecu-
lar anthropologist Mark Stoneking of Penn-
sylvania State University in University Park.
Those estimates are also calibrated with other
archaeological dates, but nonetheless yield
wide margins of error in published dates. Buta
few studies have begun to suggest that the
actual rates are much faster, prompting re-
searchers to think twice about the mtDNA
clock they depend upon.

For example, after working on the tsar’s

most concerned about the effect of a faster

sults, the scientists have pooled their data with

causing this,” says Gyllensten.

a few other studies showing heteroplasmy,
hoping to glean a more accurate estimate of

the overall mutation rate. According to s
in press by Parsons, and Stoneking ﬁ Eyl-

lensten, the combined mutation rate—one

mutation per 1200 years—is still higher than

the one mutation per 6000 to 12,000 years
estimated by evolutionists, although not as
fast as the rate observed by Parsons and
Howell. “The fact that we see such relatively
large differences among studies indicates that

chondrial DNA, 25 to 28 October 1997, Wash-

* First International Workshop on Human Mito-
ington, D.C.

Because few studies have been done,

the discrepancy in rates could simply be a .

statistical artifact, in which case it should
vanish as sample sizes grow larger, notes
Eric Shoubridge, a molecular geneticist at
the Montreal Neurological Institute. An-
other possibility is that the rate is higher in
some sites of the DNA than others—so-
called “hot spots.” Indeed, almost all the
mutations detected in Parsons and How-
ell’s studies occur at known hot spots, says
University of Munich molecular generticist
Svante Paibo.

Regardless of the cause, evolutionists are

mutation rate. For example, researchers have

calculated that “mitochondrial Eve"—the

woman whose mtDNA was ancestral to that

in all living people—lived 100,000 to

200,0C0 years ago in Africa. Using the new

clock, she would be a mere 6000 years old.

No one thinks that's the case, but at what
point should models switch from one
mtDNA time zone to the other? “I'm'worried
that people who are looking at very recent
events, such as the peopling of Europe, are
ignoring this problem,” says Laurent Ex-
coffier, a population geneticist at the Uni-
versity of Geneva. Indeed, thé mysterious
and sudden expansion of-modern humans

www.sciencemag.org ¢ SCIENCE ¢ VOL. 279 ¢ 2 JANUARY 1998
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Calibrating the Mitochondrial Clock
Ann Gibbons

“ First International Workshop on Human Mitochondrial DNA, 25 to 28 October 1097, Washington, D.C,
Reprinted wath permission tfrom Gibbons, Ann (1008). “Calibrating the Mitochondnal Clock™
Science 279: 28-29. Copyright 1008, American Association for the Advancement ot Science. http://www . sciencemag.org

Mitochondrial DNA appears to mutate much faster than expected, prompting new DNA forensics
Fr procedures and raising troubling questions about the dating of evolutionary events.

In 1991, Russians exhumed a Siberian grave containing nine skeletons thought to be the remains of
the last Russian tsar, Nicholas II, and his family and retinue, who were shot by firing squad in 1918.
But two bodies were missing, so no one could be absolutely certain of the identity of the remains.
And DNA testing done in 1992--expected to settle the issue quickly--instead raised a new mystery.

N The question of the tsar's bones was finally put to rest after the remains of his brother, the Grand
Duke of Russia Georgij Romanov, were exhumed; the results of the DNA analysis were published in
Nature Geneties in 1996. Like the tsar, the duke had inherited two different sequences of mtDNA
from their mother, a condition known as heteroplasmy. But solving the mystery of the Romanov's
remains raised another puzzle that first troubled forensics experts and 1s now worrying evolutionists.
"How often will this heteroplasmy pop up?” wondered Thomas J. Parsons, a molecular geneticist at
the Armed Forces DNA Identification Laboratory in Rockville, Maryland, who helped identify the
tsar's bones.

Several new studies suggest that heteroplasmy may in fact be a frequent event. They have found that
it occurs in at least 10% and probably 20% of humans, says molecular biologist Mitchell Holland,
director of the Armed Forces lab. And because heteroplasmy is caused by mutations, this
unexpectedly high incidence suggests that mtDNA mutates much more often than previously
estimated--as much as 20-fold faster, according to two studies that are causing a stir. Other studies
have not found such rapid mutation rates, however.

Resolving the issue is vital. For forensic scientists like Parsons, who use mtDNA to identify soldiers’
remains and to convict or exonerate suspects, a high mutation rate might cause them to miss a match
n their samples. It could also complicate the lives of evolutionary scientists who use the mtDNA
mutation rate as a clock to date such key events as when human ancestors spread around the globe.

www.dnai.org DNA
I © Copyright 2003, Dolan DNA Learning Center, Cold Spring Harbor Laboratory. All rights reserved. Dolan % Learning

Cenver

DNA 3nteractive 2

Evolutionists have assumed that the clock is constant, ticking off mutations every 6000 to 12,000
vears or so. But if the clock ticks faster or at different rates at different times, some of the spectacular
results--such as dating our ancestors’ first journeys into Europe at about 40,000 vears ago--may be
in question. "We've been treating this like a stopwatch, and I'm concerned that it's as precise as a sun
dml, "says Neil Howell, a geneticist at the University of Texas Medical Branch in Galveston. "I don't
mean to be inflammatory, but I'm concerned that we're pushing this svstem more than we should.”
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JMoleculac clock debate
Time dependencm molecular rate

estimates for mt

this 1s not the

time for wishful thinking

N Howell, C Howell and JL Elson

Heredity (2008) 101, 107-108; doi:10.1038/hdy.2008.52; published online 4

June 2008

e must respond to the recent
W(Tommenlary by our colleague

Dr Bandelt (Bandelt, 2008). In
brief, he is highly critical of the concept
that rate estimates of mtDNA sequence
evolution are time dependent and fit an
exponential decay model (Ho et al.,
2007). This is a complex issue, but we
argue that many of Dr Bandelt's arrows

analyses and those from phylogenetic
analyses. We disagree that the pedigree
rate is not well defined. It has an explicit
operational definition and is, in fact,
more empirical and less model-depen-

dent than phylogenetic rate estimates
(Howell et al., 2003). Dr Bandelt also
makes the unsubstantiated charge that
pedigree analyses ‘...seem to suffer
from ascertainment bias and ...sequence
errors...". We cannot find evidence for
either and the issues he raises have been
addressed previously (Howell ef al.,
2003). On the other hand, it is Dr

positive selection, but it is not discussed
further, because such a role has failed to
obtain support. Instead, here, we focus
on purifying (negative) selection and its
consequences for the rate of sequence

News and Commentary

simplify mtDNA evolution and, espe-

cially, to champion the use of simple

mtDNA cdocks. It 1S our contrary view,

based both on our research and that of

many other groups, that mtDN A evolu-

tion 15 not clock-like and that the

evidence for tme-dependent rates

should not be dismissed. When it comes

To mtDNA, one should not use a sundial

as a stopwatch.
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Burmmidge CP, Craw D, Retcher D, Waters |M
(2008). Geological dates and molecular rates:
fish DNA sheds light on time dependency.
Mod Biol Evol 25: 624633,

Cree LM, Samuds DC, De Sousa Lopes SC,
Rajasimha HK, Wonnapinij ¥, Mann JR ¢ al
(2008). A reduction of mitochondrial DNA
molecules during embryogenesis explains the
rapid segregation of genotypes. Not Genet 40:
249-254

Elson JL, Tumbull DM, Howell N 2004). Com-
parative genomics and the evolution of human
mitochondrial DNA: assessing the effects of

evolution. While purifying selection
operates at the level of the germline
(Stewart ef al, 2008), it does not act
instantaneously, and, instead, a substan-
tial proportion of slightly deleterious
mutations are lost continuously from
the mtDNA gene pool over a prolonged
period of time (Elson et al., 2004;
Kivisild ¢t al., 2006; Howell ¢t al., 2007;
Elson et al., submitted for publication).
As a result of this selection acting
throughout the human mtDNA phylo-
genetic tree, relatively more mutations
have been lost in older branches (for
example, mtDNAs from Africans) than
in younger branches (for example,
mtDNAs from Europeans). Dr Bandelt
also refers to these results in his
Commentary, but he does not ‘connect
the dots’ and point out that the con-
tinuous loss of mtDNA mutations on a
similar timescale as human evolution
will necessarily result in time-depen-

not appear to have evolved in lockstep
(Howell ¢t al., 2007), and the reasons for
this ‘decoupling” warrant investigation.

For more than a decade, Dr Bandelt

has been wholehearted in his efforts to

Kivisild T, Shen B, Wall DF, Do B, Sung R, Davis K
et al. 2006). The role of selection in the
evolution of human mitochondrial genomes,
Genetics 172: 373-387.

Pulquério MJE Nichols RA (2007). Dates from the
molecular clock: how wrong can we be?
Trends Ecol Ewol 22: 180-184.
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INVITED REVIEW
Revealing the hidden complexities of mtDNA inheritance X

DANIEL JAMES WHITE,* JONCI NIKOLAI WOLFF,+t MELANIE PIERSONf and NEIL JOHN GEMMELL*
*Department of Anatomy & Structural Biology University of Otago, PO Box 56, Dunedin 9054, New Zealand, tSchool of Biological
Science, University of Canterbury, Private Bag, 4800, Christchurch, New Zealand, $Department of Anthropology, University of
Auckland, New Zealand

Abstract

Mitochondrial DNA (mtDNA) is a pivotal tool in molecular ecology, evolutionary and
population genetics. The power of mtDNA analyses derives from a relatively high
mutation rate and the apparent simplicity of mitochondrial inheritance (maternal, without
recombination), which has simplified modelling population history compared to the analysis
of nuclear DNA. However, in biology things are seldom simple, and advances in DNA
sequencing and polymorphism detection technology have documented a growing list of
exceptions to the central tenets of mitochondrial inheritance, with paternal leakage, heter-
oplasmy and recombination now all documented in multiple systems. The presence of
paternal leakage, recombination and heteroplasmy can have substantial impact on analyses
based on mtDNA, affecting phylogenetic and population genetic analyses, estimates of the
coalescent and the myriad of other parameters that are dependent on such estimates. Here,
we review our understanding of mtDNA inheritance, discuss how recent findings mean
that established ideas may need to be re-evaluated, and we assess the implications of these
new-found complications for molecular ecologists who have relied for decades on the
assumption of a simpler mode of inheritance. We show how it is possible to account for
recombination and heteroplasmy in evolutionary and population analyses, but that accurate
estimates of the frequencies of biparental inheritance and recombination are needed. We
also suggest how nonclonal inheritance of mtDNA could be exploited, to increase the ways
in which mtDNA can be used in analyses.

Keywords: implications, inheritance, mtDNA, nonclonality
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Inconsistencies in Neanderthal

Genomic DNA Sequences

Jeffrey D. wall’, Sung K. Kim

Institute for Human Genetics, University of California San Francisco, San Francisco, California, United States of America

Two recently published papers describe nuclear DNA sequences that were obtained from the same Neanderthal fossil.
Our reanalyses of the data from these studies show that they are not consistent with each other and point to serious
problems with the data quality in one of the studies, possibly due to modern human DNA contaminants and/or a high
rate of sequencing errors.

Citation: Wall JD, Kim SK (2007) Inconsistencies in Neanderthal genomic DNA sequences. PLoS Genet 3{10): e175. doi:10.1371/journal pgen.0030175

Inconsistencies in Neanderthal DNA sequences

Author Summary

One of the enduring questions in human evolution is the relation-

ship of fossil groups, such as Neanderthals, with people alive today.

Results

To the extent possible, we tried to employ the same data

filtering criteria that were used in the originalfNoonan et al}

Were Neanderthals direct ancestors of contemporary humans or an

[1} and (Green et al] [2] studies. In total, we analyzed 36,490

evolutionary side branch that eventually died out? Two recent

base pairs of autosomal Neanderthal sequence from the

papers describing the sequendng of Neanderthal nuclear DNA from

C\'non;m et :Iu [1] study and 750,694 base pairs of autosomal

fossil bone held promise for finally answering this question.
However, the two studies came to very different conclusions
regarding the ancestral role of Neanderthals. In this paper, we
reanalyzed the data from the two original studies. We found that the
two studies are inconsistent with each other, which implies that the
data from at least one of the studies is probably incorrect. The likely
culprit is contamination with modern human DNA, which we believe Editor: Gil McVean, University of Oxford, United Kingdom
compromised the findings of one of the original Neanderthal DNA =
studies.

Neanderthal sequence from the{Green et al] [2] study. This
consists of 100% ((N(mu:ml;md roughly 99.8% ((;recn)]nf the
base pairs analyzed in the two original studies,

We performed analyses similar to Noonan et al. [1] on both
datasets (see Materials and Methods). Results that are directly

ived July 2, 2007; Accepted August 28, 2007; Published October 12, 2007

A previous version of this article appeared as an Early Online Release on August 28,
2007 (doi:10.1371/journal.pgen.0030175.e0r).
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Individuals Nature of genome Method Year completed/  References
anticipated
“RP117® Partial haploid Sanger sequencing 2003 Osoegawa et al., 2001;

International Human Genome
Sequencing Consortium, 2001

(J. Craig Venter Complete diploid Sanger sequencing 2007 Levy et al., 2007)

{lames D. Watson Complete diploid 454 pyrosequencing 2007 Wheeler et al., 2008)
YanHuang researcher, Complete diploid lllumina sequencing by 2007 Qiu and Hayden, 2008; Wang
male synthesis et al., 2008
YanHuang paying Complete diploid [llumina sequencing by 2008 Qiu and Hayden, 2008
customer synthesis

‘oruba HapMap sample, Complete diploid Ilumina sequencing by 2008 Bentley et al., 2008]

male synthesis

Knome customers Complete diploid Various m‘xl-generalion 2008 and beyond POV R
technologies %

Individual with acute Complete diploid 454 pyrosequencing 2008 Ley et al., 2008

myeloid leukemia, female  (skin) and tumor

Personal Genome Project;  “Exomes” (coding Polony sequencing 2008 www.personalgenomes.org;

10 individuals exons only) Church, 2006

Korean individual Complete diploid Illumina sequencing by 2008 Ahn et al., 2009

(SJK), male synthesis

Venter Institute; Complete diploid Various ne‘xl-gcneralion 2009 and beyond sl Jaaks

10-50 genomes technologies *

ClinSeq 1000 Exons of 200-400 ‘To be determined 2009 or beyond  www.genome.gov/25521304

cardiovascular genes
anHuang 99 Complete diploid Various next-generation 2010 Xin, 2007

technologies

([GATC 100 Complete diploid Various next-generation 2010 http://www.gatc-biotech.
technologies com/en/discover_gatc/

research/Human_Genome._
Sequencing_Service.php

1000 Genomes Project Various®? Various next-generation 2010 www.1000genomes.org:
technologies www.genome.gpvf26524"516i
Hayden, 2008;Kaiser, 2008"
’ — S J .
Personal Genome Exomes Polony sequencing ? wwiw.personalgenomes.orgs
Project; 500-100,000 \LPhi~ J

Source: Courtesy of Misha Angrist, Ph.D., Duke Institute for Genome Sciences & Policy.
“An anonymous male from Buffalo, New York, whose genome was overrepresented in the publicly funded Human Genome Project.
T6 people fully sequenced at 20 coverage; 180 at 2x; and exons of 1000 genes in 1000 people.
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Resource

The International HapMap

Project Web site

Gudmundur A. Thorisson,'?* Albert V. Smith,'-? Lalitha Krishnan,’

and Lincoln D. Stein’

"Cold Spring Harbor Laboratory, Cold Spring Harbor, New York 11724, USA

The HapMap Web site at http:/ /www.hapmap.org is the primary portal to genotype data produced as part of the

International Haplotype Map Project. In phase | of the project, >I.I million SNPs were genotyped in 270 individuals

from four worldwide populations. The HapMap Web site provides researchers with a number of tools that allow
them to analyze the data as well as download data for local analyses. This paper presents step-by-step guides to using

those tools, including guides for retrieving genotype and

frequency data, picking tag-SNPs for use in association

studies, viewing haplotypes graphically, and examining marker-to-marker LD patterns.

Vol 44918 October 2007|doi:10.1038/nature06258
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A second generation human haplotype

map of over 3.1 million SNPs

The International HapMap Consortium*

We describe the Phase Il HapMap, which characterizes over 3.1 million human single nucleotide polymorphisms (SNPs)

_genotyped in 270 individuals from four geographically diverse populations and includes 25-35% of common SNP variation in
the populations surveyed. The map is estimated to capture untyped common variation with an average maximum r* of
between 0.9 and 0.96 depending on population. We demonstrate that the current generation of commercial genome-wide
genotyping products captures common Phase Il SNPs with an average maximum r* of up to 0.8 in African and up to 0.95 in
non-African populations, and that potential gains in power in association studies can be obtained through imputation. These
data also reveal novel aspects of the structure of linkage disequilibrium. We show that 10-30% of pairs of individuals within
a population share at least one region of extended genetic identity arising from recent ancestry and that up to 1% of all
common variants are untaggable, primarily because they lie within recombination hotspots. We show that recombination
rates vary systematically around genes and between genes of different function. Finally, we demonstrate increased
differentiation at non-synonymous, compared to synonymous, SNPs, resulting from systematic differences in the strength or

efficacy of natural selection between populations.

Advances made possible by the Phase | haplotype map
The International HapMap Project was launched in 2002 with the

aim of providing a public resource to accelerate medical genetic

rescarch. The objective was to genotype at least one common SNP

every 5 kilobases (kb) across the euchromatic portion of the genome

in 270 ndividuals from four geographically diverse populations®=: 30

mother—father—adult child trios from the Yoruba in Ibadan, Nigeria

(abbreviated YRI); 30 trios of northern and western European ances-

try living in Utah from the Centre d’Etude du Polymorphisme

Humain (CEPH) collection (CEU ); 45 unrelated Han Chinese indi-

viduals in Beijing, China (CHB); and 45 unrelated Japanese indivi-

duals in Tokyo, Japan (JPT). The YRI samples and the CEU samples

cach form an analysis panel; the CHB and JPT samples together form
an analysis panel. Approximately 1.3 million SNPs were genotyped in
Phase I of the project, and a description of this resource was pub-
lished in 2005 (ref. 3).

In Phase 11 of the HapMap Project, a further 2.1 million SNPs
were successfully genotyped on the same individuals. The resulting
HapMap has an SNP density of approximately one per kilobase
and is estimated to contain approximately 25-35% of all the 9-10
million common SNPs (minor allele frequency (MAF) = 0.05) in the
assembled human genome (that is, excluding gaps in the reference
sequence alignment; see Supplementary Text 1), although this num-
ber shows extensive local variation. This paper describes the Phase 11
resource, its implications for genome-wide association studies and
additional insights into the fine-scale structure of linkage disequilib-
rium, recombination and natural selection.

Construction of the Phase Il HapMap

Most of the additional genotype data for the Phase Il HapMap were
obtained using the Perlegen amplicon-based platform'*. Briefly, this
platform uses custom oligonucleotide arrays to type SNPs in DNA
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To inform efforts aimed at rectifying this, we expanded the public
HapMap Phase I and II resource by performing genome-wide SNP

genotyping and CNP detection, as well as polymerase chain reaction

(PCR) resequencing in selected genomic regions. We collected and

studied an extended set of 1,184 samples from 11 populations (Sup-

plementary Information). These mcluded all HapMap Phase I and IT

samples, along with further samples from the same four populations:

individuals from the Centre d’Etude du Polymorphisme Humain col-

lected 1n Utah, USA, with ancestry from northern and western Europe

(CEU); Han Chinesein Beijing, China (CHB); Japanese in Tokyo, Japan

(JPT); and Yoruba in Ibadan, Ni%cria (YRI). Samples from seven addi-
tional populations were also included: African ancestry in the south-

western USA (ASW); Chinese in metropolitan Denver, Colorado, USA

(CHD); Gujarati Indians in Houston, Texas, USA (GIH); Luhya in

plementary Methods). The consensus genotype set contains 1,440,616
SNPs that are polymorphic in 1,184 individuals from 11 populations.
Analysis shows a small but statistically significant-bias against-rare
(MAF = 0.05-0.5%) allele calls (observed in both plalfOnm), consistent
with previous reports (Supplementary Information). The data‘ywere
then phased (Supplementary Information).

Regional sequencing _

We selected ten 100-kb regions for direct PCR-Sanger-capillary
sequencing analysis. These regions included the central 100 kb from
five previously sequenced HapMap-ENCODE 500-kb regions' and
five ENCODE regions not previously subject to sequencing in the
HapMap Project (Supplementary Table 4). A total of 692 unrelated

samples chosen from the ten then-available genotyped population

Webuye, Kenya (LWK); Maasai in Kinyawa, Kenya (MKK); Mexican

samples (ASW, CEU, CHB, CHD, GIH, JPT, LWK, MXL, TSI and

ancestry in Los Angeles, California, USA (MXL); and Tuscans in Italy

YRI) were interrogated and passed quality control metrics (Sup-

(Toscani in Italia, TSI). These populations were included to provide

plementary Table 1). SNPs were discovered from the raw sequence

turther variation data from each of the three continental regions repre-

sented in HapMap Phase I and I, as well as data from some more

admixed populations residing in the US. The specfic populations

and localities were chosen based on contacts with researchers who

(o Corox Bl andlloe coi Ol y85

data using SNP Detector 3.0 software'. Subsequent genotyping
showed an overall genotype concordance rate of 99.2% and an
86.8% genotype concordance rate for genotypes with minor alleles
(Supplementary Table 5a). Also, a 93.6% genotype concordance rate
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ARTICLES

Global variation in copy number in the
human genome

Richard Redon', Shumpei Ishikawa®”’, Karen R. Fitch?, Lars Feuk®®, George H. Perry’, T. Daniel Andrews',

Heike Fiegler', Michael H. Shapero®, Andrew R. Carson™®, Wenwei Chen®, Eun Kyung Cho’, Stephanie Dallaire’,
Jennifer L. Freeman’, Juan R. Gonzalez®, Ménica Gratacos®, Jing Huang®, Dimitrios Kalaitzopoulos',

Daisuke Komura®, Jeffrey R. MacDonald®, Christian R. Marshall™®, Rui Mei*, Lyndal Montgomery',

Kunihiro Nishimura®, Kohji Okamura™®, Fan Shen®, Martin J. Somerville’, Joelle Tchinda’, Armand Valsesia’,
Cara Woodwark', Fengtang Yang', Junjun Zhang®, Tatiana Zerjal', Jane Zhang', Lluis Armengol®,

Donald F. Conrad'?, Xavier Estivill®'!, Chris Tyler-Smith’, Nigel P. Carter', Hiroyuki Aburatani>'?, Charles Lee”"'?,
Keith W. Jones®, Stephen W. Scherer™® & Matthew E. Hurles'

Copy number variation (CNV) of DNA sequences is functionally significant but has yet to be fully ascertained. We have
constructed a first-generation CNV map of the human genome through the study of 270 individuals from four populations
with ancestry in Europe, Africa or Asia (the HapMap collection). DNA from these individuals was screened for CNV using two
complementary technologies: single-nucleotide polymorphism (SNP) genotyping arrays, and clone-based comparative
genomic hybridization. A total of 1,447 copy number variable regions (CNVRs), which can encompass overlapping or
adjacent gains or losses, covering 360 megabases (12% of the genome) were identified in these populations. These CNVRs
contained hundreds of genes, disease loci, functional elements and segmental duplications. Notably, the CNVRs
encompassed more nucleotide content per genome than SNPs, underscoring the importance of CNV in genetic diversity and
evolution. The data obtained delineate linkage disequilibrium patterns for many CNVs, and reveal marked variation in copy
number among populations. We also demonstrate the utility of this resource for genetic disease studies.
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CORRESPONDENCE

Fallacious claims for HGP

SIR — Maddox has argued’ for the value
of the_Human Genome Pro;&-( {HGPE.
Although his case i1s largely based on
obvious ability of the project to generate
enthusiasm in the molecular biology com-
munity, he also argues that it will (1)
provide important medical benefits in the
form of significantly enhanced diagnostic
abilities and (2) help understanding of the
evolution of the genome itself. These last
claims are unwarranted at present®.

The argument that medical benefits
would be obtained by a comparison
between any arbitrary sequence and a
“presumably representative” sequence of
the human genome s flawed. Diverg-
ences would presumably be indicative of
genetic abnormality, perhaps even dis-
case. The “representative sequence”
would thus be used for diagnostuc pur-
poses.

The trouble with this argument is that
there ssimply 15 no such entity as a
“representative seq ¢ of the h
{or any) genome; the amount of vanabil-

ity without loss of function in the DNA
sequence of any natural population is far
o0 _great, consider, for example, (he
DN f sequence of a hacmoglobin,

AIN'T NECESSARILY S

THE DREAM OF THE HUMAN GENOME
AND OTHER ILLUSIONS

SECOND EDITION

Ik WITH A NEW ESSAY ON GENETICALLY MODIMED FOOD

choose one of the many normal sequ-
ences, perhaps the most common. But
such a sequence would be of little di-

agnostic value. A sequence that diverges
from it at many different points could yet
code for a fully functional protein where-
as even a single difference at a critical site
might destroy function (as in the case of
the sickle-cell haemoglobin). [f accurate
medical diagnosis s the purpose of the
use of sequence information, cach arbit-
rary sequence will have to be indepen-
dently judged for functionality.

This argument does not even take into
account that many of the genes impli-
cated in disease have low or highly
vanable expressivity'. In such circumst-
ances an extragenetic factor is critical 10
the aetiology of the disease and there is
no reason to believe that such an environ-
mental component is in gencral due to
the epistatic effect of genes at other loci.
Sequence information is of lirtle value in
these cases, since what has to be under-
stood are the interactions with the ¢n-
vironment which, at least to a first appro-
ximation, consist of, or are mediated by,
biological entities at higher levels of

organization than the DNA sequence.

TRAISE VOR 1T AINT NECESSARR V50

“Lewnetin s the Voltaior of the Age of fhe Abuolate'
Wih clarity, wit, snd & pracscnd rye for high-anch bom-
bog, be expones the Sallacies and isspostines of all sors of
Poaiogcal deserminisen, from evolsonary pas Moo, (he
Bell Corve, and sochropometrical bram weghing 20 gene
(herapy, Sand-fuscron dean mapgeeg. BNA cuatisn, g
dooed werligerce, i swia aredy. As
hecinmes dur dommniet scence and Dacwininm our maser
nareanvy, This i 3 seceary ook *

e Chtford Geerna

“Lood and hused 00 derp undentandiag o many
Gomnainy, these emays aor noe ooly Sghly mbsrmane bt
ako mvacably sezelateg and peovocative, har vake
ohened by sew maeenal of (he sane argvessve quakly
4 dgaificarce.”

- Nowm Ovomky

WAt s sl Mot Liwinen and b dloguens crivges
A thae, apa E“qud:m
F_-irﬁ' 1‘?&'
oJ{'th;-o-'nnnﬁnrng

mﬁcmnno:u«

=Ty Jormdey Thows (london)
*A wory o a0d importane book, and 3 very necewsey
coerective to all sorts of popelas fallaces ™

— Uiv Gaardian

“Hu wniting i conunsmely dhegaes and readable,
froquently funrry, and abosedieg with provocative
remas "

~ Natwre
“Wel-wrimen, inngheful, and 2 sseful reminder of dw

complen mvwes il unroadved s e biclogical wimon, ™
el

Figures in dispute

SIR — Referring to indirect costs at the
University of Michigan (Narure 353,196,
1991) you state: “This is not a dispute
about munor errors in a scientific manu-
script, but one in which millions of
dollars have been lost to scientific re-
search. The disputed charges in Michi-
gan alone add up to $8.3 million.” This
statement is false. The charges being
disputed are 15 per cent of about $2
million, and the government has not yet
been charged any of this, neither
$300,000 nor $8.3 million. The issue of
allowable costs has arisen dunng nego-
tiation prior to the setting of overhead
rates, not over indirect costs already
billed. In the course of these negotia-
tions, government auditors questioned
$8.3 million in university expenditure of
which the university proposed to charge
government grants and contracts 15 per
cent as overhead. The university volun-
teered to withdraw more than $6 million,
leaving 15 per cent of S2 million in
dispute. The cost of the Rose Bowl
tickets is not in that $2 million.

Tromas M. DONAHUE
Department of Atmospheric,

Oceanic and Space Sclences,

. Space.Research Building.
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Sequencing and Analysis of
Neanderthal Genomic DNA

(James P- Noonan)*? Graham Coop,® Sridhar Kudaravalli,> Doug Smith,*
Johannes Krause,® Joe Alessi,* Feng Chen," Darren Platt," Svante Padbo,*
Jonathan K. Pritchard,® Edward M. Rubin™?*

Our knowledge of Neanderthals is based on a limited number of remains and artifacts from which
we must make inferences about their biology, behavior, and relationship to ourselves. Here, we
describe the characterization of these extinct hominids from a new perspective, based on the

T development of a Neanderthal metagenomic library and its high-throughput sequencing and
[ analysis. Several lines of evidence indicate that the 65,250 base pairs of hominid sequence so far

identified in the Ubrary are of Neanderthal origin, the strongest being the ascertainment of
sequence identities between Neanderthal and chimpanzee at sites where the human genomic
sequence is different. These results enabled us to calculate the human-Neanderthal divergence
time based on multiple randomly distributed autosomal loci. Our analyses suggest that on average
the Neanderthal genomic sequence we obtained and the reference human genome sequence share
a most recent common ancestor ~706,000 years ago, and that the human and Neanderthal
ancestral populations split ~370,000 years ago, before the emergence of anatomically modemn
humans. Our finding that the Neanderthal and human genomes are at least 99.5% identical led us
to develop and successfully implement a targeted method for recovering specific ancient DNA
sequences from metagenomic libraries. This initial analysis of the Neanderthal genome advances
our understanding of the evolutionary relationship of Homo sapiens and Homo neanderthalensis
I and signifies the dawn of Neanderthal genomics.

nature

ARTICLES

RESEARCH ARTICLE

ranains (8-//). In contrast to previous efforts to
obtain ancient sequences by direct analysis of
extracts (3-6, /2), metagenomic libraries allow the
immontalization of DNA isolated flom precious
ancient samples, obviatng the need for repeated
destructive extractions (/). In addition, once an
ancient DNA fragment 5 cloned into a metagenomic
library, it can be distinguished ffom contamination
that might be introduced during subsequent PCR
amplification or sequencing by the vector sequences
linked to each library-derived insert (Fig. 1)
Recovery of Neanderthal nuclear DNA
sequences using a metagenomic approach. In
this study, we applied an amplification-independent
direct cloning method to construct a Neanderthal
metagenomic library, designated NEI, using DNA
extracted from a 38,000-year-old specimen from
Vindija, Croatia (6, /3). We have recovered 63,250
base pairs (bp) of Neanderthal genome sequence

from this Tbrary through a combination of Sanger

sequencing and massively parallel pyrosequencing.

We have also used the metagenomic Iibrary as a
substrate to wsolate specific Neanderthal sequences
by direct genomic sclection. Several lines of evi-
dence mdicated that the hominid sequences in this
library were largely Neanderthal, rather than modem

Vol 44416 November 2006|doi:10.1038/nature05336

Analysis of one million base pairs of

Neanderthal DNA

o\ Richard E. Green'} Johannes Krause', Susan E. Ptak', Adrian W. Briggs', Michael T. Ronan?, Jan F. Simons?, Lei Du?,
A Michael Egholm®, Jonathan M. Rothberg?, Maja Paunovic’} & Svante Paabo'

Neanderthals are the extinct hominid group most closely related to contemporary humans, so their genome offers a unique
opportunity to identify genetic changes specific to anatomically fully modern humans. We have identified a 38,000-year-old
Neanderthal fossil that is exceptionally free of contamination from modern human DNA. Direct high-throughput sequencing
of a DNA extract from this fossil has thus far yielded over one million base pairs of hominoid nuclear DNA sequences.
Comparison with the human and chimpanzee genomes reveals that modern human and Neanderthal DNA sequences
diverged on average about 500,000 years ago. Existing technology and fossil resources are now sufficient to initiate a
Neanderthal genome-sequencing effort.
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Inconsistencies in Neanderthal

Genomic DNA Sequences

Jeffrey D. wall’, Sung K. Kim

Institute for Human Genetics, University of California San Francisco, San Frandisco, Califonia, United States of America

Two recently published papers describe nuclear DNA sequences that were obtained from the same Neanderthal fossil.
Our reanalyses of the data from these studies show that they are not consistent with each other and point to serious
problems with the data quality in one of the studies, possibly due to modern human DNA contaminants and/or a high

rate of sequencing errors.

Citation: Wall JD, Kim SK (2007) Inconsistencies in Neanderthal genomic DNA sequences. PLoS Genet 3(10): e175. doi:10.1371/joumal.pgen.0030175

Author Summary

One of the enduring questions in human evolution is the relation-

ship of fossil groups, such as Neanderthals, with people alive today.

Inconsistencies in Neanderthal DNA sequences

Results

To the extent possible, we tried to employ the same data

filtering criteria that were used in the originalf Noonan et al}

Were Neanderthals direct ancestors of contemporary humans or an

[1] and {Green et al] [2] studies. In total, we analyzed 36,490

evolutionary side branch that eventually died out? Two recent

base pairs of autosomal Neanderthal sequence from the

papers describing the sequencing of Neanderthal nuclear DNA from

{Noonan et al] [1] study and 750,694 base pairs of autosomal

fossil bone held promise for finally answering this question.

Neanderthal sequence from the {Green et al] [2] study. This

However, the two studies came to very different conclusions

regarding the ancestral role of Neanderthals. In this paper, we

consists of 100% ((Noonan)land roughly 99.8% ((Green)lof the

reanalyzed the data from the two original studies. We found that the

base pairs analyzed in the two original studies.

two studies are inconsistent with each other, which implies that the

data from at least one of the studies is probably incorrect. The likely

culprit is contamination with modermn human DNA, which we believe

compromised the findings of one of the original Neanderthal DNA

We performed analyses similar to Noonan et al. [1] on both
datasets (see Materials and Methods). Results that are directly

Editor: Gil McVean, University of Oxford, United Kingdom

studies.
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The complete genome sequence of a
Neanderthal from the Altai Mountains

Kay Prifer', Fernando Racimo?, Nick Patterson?, Flora Jay?, 'snr-lm Sankararaman’?, Susanna Sawyer', Anj.] Heinze',

Gabriel Renaud', Peter H. Sudmant®, Cesare de Filippo', Heng Li', Swapan Mallick ™ . , Michael Dannemann’, (\med Fu'

Martin Kircher™®, Martin Kuhlwilm', Michael Lachmann', Matthias Meyer', M.ulhl.L\ ()ngw.rlh Michael Siebauer',

Christoph lhgungrl Arti Tandon™* l’rh.: Moorjani*, Josq)h Pickrell®, James C. Mullikin?, Samuel H. Vohr®, Richard E. Green®,
Ines Hellmann”+, Philip L. F. Johnson'®, Héléne Blanche!!, Howard Cann'’, Jacob O. Kitzman®, Jay Sh«.ndun. , Evan E. Eichler®'?,
Ed S. Lein'?, Trygve E. Bakken'?, Liubov V. Golovanova's, v ladimir B. Doronichev'™, Michael V. Shunkov'®

Anatoli P. Derevianko'®, Bence Viola'® . Montgomery Slatkin® , David Reich**!7 . Janet Kelso' & Svante Piibo’

We present a high-quality genome sequence of a Neanderthal woman from Siberia. We show that her parents were
related at the level of half-siblings and that mating among close relatives was common among her recent ancestors. We
also sequenced the genome of a Neanderthal from the Caucasus to low coverage. An analysis of the relationships and
population history of available archaic genomes and 25 present -day human genomes shows that several gene flow events
occurred among Neanderthals, Denisovans and early modern humans, possibly including gene flow into Denisovans
from an unknown archaic group. Thus, interbreeding, albeit of low magnitude, occurred among many hominin groups
in the Late Pleistocene. In addition, the high-quality Neanderthal genome allows us to establish a definitive list of
substitutions that became fixed in modern humans after their separation from the ancestors of Neanderthals and
Denisovans.

In 2008, a hominin finger phalanx was discovered during excavation

in the cast gallery of Denisova Cave in the Altai Mountains, From lhl\

bone, a genome sequence was determined to —30-told coverage'.
Analysis showed that it came from a previously unknown group of
archaic humans related to Neanderthals which we named ‘Denisovans™,
Thus, at least two distinct human groups, Neanderthals and the related
Denisovans, inhabited Eurasia when anatomically modern humans
emerged from Africa. In 2010, another hominin bone, this time a prox-
imal toe phalanx (Fig. 1a), was recovered in the east gallery of Denisova
Cave'. Layer 11, where both the finger and the toe phalanx were found,
is thought to be at least 50,000 years old. The finger was found in sublayer
11.2, which has an absolute date of 50,300 * 2,200 years (OxA-V-2359-16),
whereas the toe derives from the lowest sublayer 11.4, and may thus be
older than the finger (Supplementary Information sections 1 and 2a).
The phalanx comes from the fourth or the fifth toe of an adult indi-
vidual and its morphological traits link it with both Neanderthals and
modem humans’.

Genome sequencing

In initial experiments to determine if DNA was preserved in the toe
phalanx, we extracted and sequenced random DNA fragments. This
revealed that about 70% of the DN A fragments present in the specimen
aligned to the human genome. Initial inspection of the fragments with
similarity to the mitochondrial (mt) genome suggested thatits mtDNA
was closely related to Neanderthal mtDNAs. We therefore assembled the

29 6o YIF Jlu 5o 3 o] s

full mitochondrial sequence by aligning DNA fragments to a complete
Neanderthal mitochondrial genome* (Supplementary Information sec-
tion 2b), A phylogenetic tree (Fig, 2a) shows that the toe phalanx mtDNA
shares a common ancestor with six previously published Neanderthal
mtDNAs” to the exclusion of present-day humans and the Denisova
finger phalanx. Among Neanderthal mtDNASs, the toe mtDNA is most
closely related to the mtDNA from infant 1 from Mezmaiskaya Cavein
the Caucasus®,

i W R, T N4 = TR
0% A67 T30\ asd weots 2ht| N

Figure 1 | Toe phalanx and location of Neanderthal samples for which
genome wide data arcavailable. a, The toe phalanx found in the cast gallery of
Denisova Cave in 2010. Dorsal view (left image), left view (right image). sal
length of the bone is 26 mm. b, Map of Eurasia showing the location of Vindija
Cave, Mezmaiskaya Cave and Denisova Cave, where Neanderthal samples used
here were found.
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Figure 2 | Phylogenetic relationships of the Altai Neanderthal. a, Bayesian
tree of mitochondrial sequences of the toe phalanx, the Denisovan finger

phalanx, six Neanderthals and five present-day humans. Posterior probabilities

are given for branches whose support is less than one (Supplementary
Information section 2b). b, Neighbour-joining tree based on autosomal
transversion differences among the toe phalanx, four Neanderthals, the

Denisova genome and seven present-day human individuals. Bootstrap values

are shown for branches supported by less than 100% of 1,000 bootstrap
replicates (Supplementary Information section 6).

9 OleMbl plllad JSlgsod 0595 o pin 4 dxdllao (ol y0 a5 > OIS
DNA » wlal p ool vy Suiijold sy €550 jo b Oglas 5 9 0959

Rl &S s950 a labil 0 dxdllao 0 50 « MEDNA U juuS g0 DNA » g « glasws

390 € JU 5055 gl ol JolS i 49 DNA » 590 30 o Suiijolid s p0 90

. an

(S5 2T H015) « DenisoVan : lggmass oyLuil» 4 pguige bl g (K5 y 30,3 “&

§. 9

13,135 (o0 pled 4 1y (Fglaso gy a5 Ll '@Q

2y

an /7

g o Coalll i 0550 0 00l 7 e slaleol aS ol o0 0 ool aaS CJllas 4y axg5 L WE
?

OMSie Jl0 sl g wlaol 51 & (53900 sla Ll » g « Lo JB 05l » DNA sla cglas

sgai olazel ole ki 5l dalesl 45Tl &) 3 a5 Bl o g0

E?gﬁ




O ¢y o0 PMasl 4 sla Ll slaxl L « o 6,05l » slast Jojel 5,50 50 W (o

4 6yl o5g 0l o loolaws a5 Sy Sldllas o 5T Lol lod anils e L

Olelis JolSS slesl pls a5 « Denisovans : lgguass sl Ll » (Oldlas ol b a5
Yeye Jlo ,o g &l e « Hominid (Hominin) : (L5 ll) Lo bl » 56 o )]
<l 6,05 » b p OV OY) ] ooy S (6 o SLIT slo 098 jo b )] s ((s0dLo
a5 Aawd (6,500 o Sldllae andl (YS! ails ool € by olusl olasl » 4
slo Ll ool & « Denisovans : lyguass sle Ll » g « la JU,0ils » 5 ogdle
o Masl 4 la Ll » slaxl L (AY)« HOMO Erectus : (LwssS )| gog0) cwld cusl »

(Y YMMas! asils o ,lal 5 « (0

Sl ax € 555500 > ol 4 sla il slasl L« lo JB,05l » b5l (6 aiee Ll
slalesl Yool « Hominids : bl bl » Lo o « o Jb,0ls» ojmel o LT $5,l
0aiS oo ol 1) lobis oSS

@ ol 5 gleles JolSs 5l S 4 4z o o olFas 5l eaud,S S 5 OB aS 46T e
«63950l sl » b € aien 5 ludl » (6 € digS P 5l e o « U 05l » (6 € 4565 » lgie
sle Sy Jdo 4 oS ad @) IS Lo gle Gl I (srez 32 Gz dp (oo b
slo Dolis (S glylo s (29,5 (90 sl glessl (F i de gilen (S Ly 0l
Gyl P (6 Al do ols pl 4 azg b adall il oy ;K0 lo Care b SIS

ool a4 b « (il » (o atus o G5 g (dumd alisie Slalllas 3l sla Jlo (Db o
z e € oy 00 sla plusl slasl» g« o U 0l » ol ,9,L « Interbreeding » _ole

Cla 59 S ldS amsg g bo 5 oan JESH « el » (ol Lol g ail eoges




ot 3l B onnd pl yo sl Al (59500 slo lusl € Slas 8T 2> slasli o
(TIV):53,5 oo asly] il 0903 oLl alts 1l 4y a5 5Ylie

www.sciencenews.org October 8, 2011 | SCIENCE NEWS | 13

4 6 Denisovan-derived 4 Neandertal-
— DNA in some derived DNA in
percent Melanesians percent | some Europeans

Humans benefited by interbreeding

Important immune system DNA came from Neandertals

Sole evidence

Most criminals know to avoid
leaving fingerprints at a crime
scene, but soon footprints may
also be a dead give-away. Rather
than signature ridges, the sole
of the foot has an identifiable
pressure signature that can be
used to identify someone with
99 percent accuracy, an analysis
of 104 individuals reveals. The
new work examined only barefoot
walkers; how shoes and different

of Melanesians of Papua New Guinea is
4 to 6 percent Denisovan (SN: 6/5/10,
p-5:SN:1/15/11, p. 10).

Laurent Abi-Rached of Stanford Uni-
versity School of Medicine and colleagues
decided to home in on three particular
immune system genes called HLA genes,
which help the body recognize foreign,
potentially dangerous invaders. HLA
matches in donors and
recipients are crucial for
organ transplants.

By Rachel Ehrenberg

Sleeping around can expose you to dis-
eases, but, at least in the course ofhuman
evolution, it may help you fight ‘em.
New research suggests that thousands
of years ago humans acquired impor-
tant immune system genes via liaisons
with some of our extinct hominid cous-
ins, the Neandertals and
Denisovans. These dalli-
ances may have allowed

The results
indicate

Fig. 6. Four possible scenarios of genetic mixture

traces in_the present-day gene pool. Scenario 3

> involving Neandertals. Scenario 1 represents gene

represents gene flow between Neandertals and the

flow into Neandertal from other archaic hominins,

ancestors of all non-Africans. 1his 15 the most par-

here collectively referred to as Homo erectus. This

simonious explanation of our observation. Although

would manifest itself as segments of the Neandertal

we detect gene flow only from Neandertals into

genome with unexpectedly high divergence from

modern humans, gene flow in the reverse direction

present-day humans. Scenario 2 represents gene

may also have occurred. Scenario 4 represents old

flow between late Neandertals and early modern

substructure in Africa that persisted from the origin

humans in Europe and/or western Asia. We see no

of Neandertals until the ancestors of non-Afnicans

' evidence of this because Neandertals are equally

left Africa. This scenario is also compatible with the

distantly related to all non-Africans. However, such

current data.

gene flow may have taken place without leaving
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Resurrecting Surviving Neandertal

Europeans and 286 East Asians. from
the 1000 Genomes Project (table S1)
(12). Specifically. we calculated S* in

Lineages from Modern Human

50kb sliding windows (tables S2 to S8)
(10). and determined statistical signifi-

Genomes

Benjamin Vernot and Joshua M. Akey*

Department of Genome Sciences, University of Washington, Seattle, WA, USA.

*Corresponding author. E-mail: akeyj@uw.edu

Anatomically modern humans overlapped and mated with Neandertals such that
non-African ‘iumans inherit ~1-3% of %Eeir enomes from Neandertal ancestors. wWe

cance through coalescent simulations
using a computationally efficient ap-
proach (fig. S6) (10). At an S* thresh-
old comresponding to p-value < 0.01. we
identified ~40 Gb of candidate intro-
gressed sequence. Note. S* p-values are
robust to demographic uncertainty (fig.
S7). The distnbution of Neandertal
match p-values for this set of candidate
introgressed  sequences (Fig. 1D)
demonstrates a strong skew toward

entified Neandertal lineages that persist in the of modern humans, In whole-
L 3;§ European and 286 East Asian individuals, recoverin

zero, consistent with the hypothesis that
they are strongly enriched for Neander-

genome sequences from urop: g
over ot introgressed sequence that spans =~ o O e Neanderta genome

= 3%). Analyses of surviving archaic lineages suggests that there were fithess

tal lincages. The distribution of Nean-

costs to hybridization, admixture occurred both before and subsequent to
eandertals were a source of

ivergence of non-Airican modern humans, an

dertal match p-values for sequences that
do not possess significant evidence of

adaptive variation for loci involved In Skin phenotypes. our results provide a new
avenue for paleogenomics studies, allowing substantial amounts of population-
level DNA sequence information to be obtained from extinct groups even in the

absence of fossilized remains.
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introgression. as revealed by S*. 1s
approximately uniform (Fig. 1D) (10).
indicating that our statistical approach
is able to distinguish between intro-
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The complete genome sequence of a

Neanderthal from the Altai Mountains

Kay Priifer', Fernando Racimo?, Nick Patterson®, Flora Jay?, Sriram Sankararaman’®*, Susanna Sawyer', Anja Heinze',

Gabriel Renaud’, Peter H, Sudmant®, Cesare de Filippo', Heng Li%, Swapan Mallick™*, Michael Dannemann’, Qigomei Fu'?,
Martin Kircher'®, Martin Kuhlwilm', Michael Lachmann', Matthias Meyer', Matthias Ongyerth', Michael Siebauer,

Christoph Theunert', Art Tandon™*, Priya Moorjani®, Joseph Pickrell?, James C. Mullikin?, Samuel H. Vohr®, Richard E. Green®,
Ines Hellmann”+, Philip L. F, Johnson'?, Héléne Blanche'', Howard Cann'’, Jacob O. Kitzman®, Jay Shendure®, Evan E. Eichler™'%,
Ed S. Lein'?, Trygve E. Bakken'?, Liubov V., Golovanova'#, Vladimir B. Doronichev'?, Michael V. Shunkov',

Anatoli P. Derevianko'®, Bence Viola'®, Montgomery Slatkin?, David Reich™ 7, Janet Kelso' & Svante Piibo'

We present a high-quality genome sequence of a Neanderthal woman from Siberia. We show that her parents were
related at the level of half-siblings and that mating among close relatives was common among her recent ancestors. We
also sequenced the genome of a Neanderthal from the Caucasus to low coverage. An analysis of the relationships and

population history of available arck
occurred among Neandert 2NISO VNS

enomes and 25 present-day h

from an unknown archaic . Thus, intert
in the Late n addition, the hi
substitutions
Denisovans.

In 2008, a hominin finger phalanx was discovered during excavation

in the cast gallery of Denisova Cave in the Altai Mountains. From this
‘bone, a genome sequence was determined to ~30-fold coverage'.
Analysis showed that it came from a previously unknown group of
archaic humans related to Neanderthals which we named "Denisovans™,
Thus, at least two distinct human groups, Neanderthals and the related
Denisovans, inhabited Eurasia when anatomically modern humans
emerged from Africa. In 2010, another hominin bone, this time a prox-
imal toe phalanx (Fig. 1a), was recovered in the cast gallery of Denisova
Cave’. Layer 11, where both the finger and the toe phalanx were found,
is thought to be at least 50,000 years old. The finger was found in sublayer
11.2, which hasan absolute date of 50,300 =+ 2,200 years (OxA-V-2359-16),
whereas the toe derives from the lowest sublayer 11.4, and may thus be
older than the finger (Supplementary Information sections 1 and 2a).
The phalanx comes from the fourth or the fifth toe of an adult indi-
vidual and its morphological traits link it with both Neanderthals and
modem humans’,

Genome sequencing

In initial experiments to determine if DNA was preserved in the toe
phalanx, we extracted and sequenced random DNA fragments. This
revealed that about 70% of the DN A fragments presentin the specimen
aligned to the human genome. Initial inspection of the fragments with
similarity to the mitochondrial (mt) genome suggested thatits mtDNA
was closely related to Neanderthal mtDNAs. We therefore assembled the

. POS
»magnitude, occurred among many hominin groups
h-quality Neanderthal genome allows us to establish a definitive Hst o
ne fixed in modern humans after their separation from the ancestors of Neanderthals and

full mitochondrial sequence by aligning DNA fragments to a complete
Neanderthal mitochondrial genome* (Supplementary Information sec-
tion 2b). A phylogenetic tree (Fig. 2a) shows that the toe phalanx mtDNA
shares a common ancestor with six previously published Neanderthal
mtDNAs® to the exclusion of present-day humans and the Denisova
finger phalanx. Among Neanderthal mtDNASs, the toe mtDNA is most
closely related to the mtDNA from infant 1 from Mezmaiskaya Cave in
the Caucasus”,

Figure 1 | Toe phalanx and location of Neanderthal samples for which

genome-wide data are available, a, The toe phalanx found in the cast gallery of
Denisova Cave in 2010, Dorsal view (left image), left view (right image). Total
length of the bone is 26 mm. b, Map of Eurasia showing the location of Vindija
Cave, Mezmaiskaya Cave and Denisova Cave, where Neanderthal samples used
here were found.
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Genetic evidence for archaic admixture in Africa
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AN

porary populations? This question is typically focused on the
genetic contribution of archaic forms outside of Africa. Here we
use DNA sequence data gathered from 61 noncoding autosomal
regions in a sample of three sub-Saharan African populations
(Mandenka, Biaka, and San) to test models of African archaic ad-
mixture. We use two complementary approximate-likelihood
approaches and a model of human evolution that involves recent
population structure, with and without gene flow from an archaic
population. Extensive simulation results reject the null model of
no admixture and allow us to infer that contemporary African
populations contain a small proportion of genetic material (=2%)

T} Edited by Ofer Bar-Yosef, Harvard University, Cambridge, MA, and approved July 27, 2011 (received for review June 13, 2011) !il..
A long-debated question concerns the fate of archaic forms of the that introgressed =35 kya from an archaic population that split n N
‘ genus Homo: did they go extinct without interbreeding with an-  from the ancestors of anatomically modern humans =700 kya. g“
~ atomically modern humans, or are their genes present in contem- Three candidate regions showing deep haplotype divergence, un-

usual patterns of linkage disequilibrium, and small basal clade size
are identified and the distributions of introgressive haplotypes
surveyed in a sample of populations from across sub-Saharan
Africa. One candidate locus with an unusual segment of DNA that
extends for >31 kb on chromosome 4 seems to have introgressed
into modern Africans from a now-extinct taxon that may have
lived in central Africa. Taken together our results suggest that
polymorphisms present in extant populations introgressed via

relatively recent interbreeding with hominin forms that di-

Pleistocene.

verged from the ancestors of modern humans in the Lower-Middle

Europe’s hominin inhabitants of the time and

| GENOMICS | 16 | NATURE | VOL 504 | 5 DECEMBER 2012
H inin DNA baffl rt
Analysis of oldest sequence from a human ancestor suggests link to mystery population.
BY EWEN CALLAWAY
FAMILY MYSTERY
nother ancient genome, another The mitochondrial genome of a 400,000-year-old femur has an unexpected link with a group of hominins
rstery. DNA lea i f o called Denisovans. sne interpretation is that this could be the result of interbree ling between more ancient
mystery. ds g e ncf rom a populations, such as Homo antecessor and Homo hel gensis.
400,000-year-old femur from Spain N :
has revealed an unexpected link between H. antecessor H. heidelbergensis

a cryptic population, the Denisovans, who are
known to have lived much more recently in
southwestern Siberia.

The DNA, which represents the oldest
hominin sequence yet published, has left
researchers baffled because most of them
believed that the bones would be more closely
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Fig. 6. Four possible scenarios of genetic mixture

traces in_the present-day gene pool. Scenario 3

involving Neandertals. Scenario 1 represents gene

represents gene flow between Neandertals and the

“flow into Neandertal from other archaic hominins,

ancestors of all non-Africans. This i1s the most par-

here collectively referred to as Homo erectus. This

simonious explanation of our observation. Although

would manifest itself as segments of the Neandertal

we detect gene flow only from Neandertals into

genome with unexpectedly high divergence from

modern humans, gene flow in the reverse direction

present-day humans. Scenario 2 represents gene

may also have occurred. Scenario 4 represents old

flow between late Neandertals and early modern

substructure in Africa that persisted from the origin

humans in Europe and/or western Asia. We see no

of Neandertals until the ancestors of non-Africans

evidence of this because Neandertals are equally
distantly related to all non-Africans. However, such

_gene flow may have taken place without leaving

left Africa. This scenario is also compatible with the

current data.
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carries a substitution inferred to change an amino dCld inthe encoded
protein as well as a substitution that affects a conserved: ":ite in a motif
that occurs across the genome™. Functional inv csligahons will be
necessary to clarify whether these and other such dmnges affect any
phcnol)’p&‘\ in present-day humans.

Discussion

We present evidence for three to five cases of interbreeding among

four distinct hominin populations (Fig, 8). Clearly the real population

Potential

history is likely to have been even more complex. For example, most

ur
hominin

cases of gene flow are likely to have occurred intermittently, often in

both directions and across a geographic range. Thus, combinations of

gene llow among dilferent groups and substructured populations may

Figure 8 | A possible model of gene flow events in the Late Pleistocene. The

have vielded the patterns detected rather than the discrete events

direction and estimated magnitude of inferred gene tlow events are shown.

considered here. Nevertheless, our analyses show that hominin groups

met and had offspring on many occasions in the Late Pleistocene, but

Branch lengths and timing of gene tlows are not drawn to scale. The dashed line

indicates that it is uncertain if Denisovan gene tlow into modern h in

that the extent of gene tlow between the groups was generally low.

mainland Asia occurred directly or via Oceania. D.L denotes the introgressing

We note that the observation that the Neanderthal DNA sequences

_Denisovan, N.I. the introgressing Neanderthal. Note that the age of the archaic

in non-Africans share more derived alleles with the Neanderthal from

genomes precludes detection of gene-flow from modem humans into the

the Caucasus than with Neanderthals from either Croatia or the Altai

archaic hominins.

indicates that the archaic gene flow into non-Africans occurred at a

time when Neanderthal populations had separated from each other.
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T’he mind of the
species problem
' Jody Hey
g f The species problem is the long-standing failure of biologists to agree on how we Have enouglllx words been said and written on the
/ [ should identify species and how we should define the word ‘spedes .The subject of what species are? How many evolutionary
% innumerable attacks on the problem have turned the oft P i biologists sometimes wish that not one more word, in
4 ‘what are species?’into a philosophical drum.Today, the ptelerred form of speech or text, be spent on explaining species? How
/ attack is the well-crafted arg t,and deb s seem to have stopped inquiring many biologists feel that they have a pretty good
S about what new information is needed to solve the problem.However, our understanding of what species are? Among those wha
knowledge is not complete and we have overlooked hing. The speci do, how many could convince a large, diverse group of
problem can be overcome if we understand our own role, as conflicted scientists that they are correct?
i igators, in ing the probl. At this last and most essential task, many great

scientists have tried and failed. Darwin. Mayr, Simpson

and others have taught us about species, but none has

been broadly convincing on the basic questions of what
Jody Hey \ the word ‘species means or how we should identify
DaptoiGenetes, Rutgera species. For its entire brief history, the field of

University, son = = 3
Biciod cal Labe 803 evolutionary biology has simply lacked a consensus on

Allison Rd, Piocatavay. these two related questions. Indeed, there was broader
NJ08354.3082, USA. ’ consensus before Darwin. Given the once widespread
e-mail.

acceptance of an essentialist view of species, perhaps
Linnaeus was our most capable and persuasive species
pundit?, although he was wrong, of course. Darwin
killed species essentialism, but in so doing he fostered
rather than settled questions about what species really
are. Since then. the species problem has beseeched us
“Tike the mythical sirens, Again and again, we pose and
seek an answer to the question ‘what are species?.
Other allegories seem apropos as well®: consider that the
species problem 1s like a sword, thrust by Darwin into
the stone, and left for us to yank upon with
_determination and futility. The often dreamed of
magic is a compelling definition of 'species that fits our
uniersmnding of the causes of biological diversity and
that leads us to identify species accurately and agreeably.

jhey@mbdl rutgers edu
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Figure 1, A typical illustration in textbooks showing the supposed evolution of man’s
cranial capacity, 1. Chimpanzee 2. Australopithecine 3. Homo erectus 4. Neanderthal 5.
Cro-Magnon —
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The genomic landscape of Neanderthal ancestry in

present-day humans

Sriram Sankararaman™?, Swapan Mallick, Michael Dannemann®, Kay Priifer’, Janet Kelso®, Svante Piibo®, Nick Patterson™*

& David Reich'**

Genomic studies have shown that Neanderthals interbred with modern

humans, and that non-Africans today are the products of this mixture'~.

that Neanderthal alleles continue to shape human biology. An unex-

pectedfinding is that regions with reduced Neanderthal ancestryare

Theantiquity of Neanderthal gene flowinto modern humans means
that genomic regions that derive from Neanderthals in any onechuman
today are usually less than a hundred kilobases in size. However, Nean-
derthal haplotypes are also distinctive enough that several studies
have been able to detect Neanderthal ancestry at specific loci'*,
We systematically infer Neanderthal haplotypes in the genomes of
1,004 present-day humans’. Regions that harbour a high frequency

enriched in genes, implying selection Lo remove genetic material

derived from Neanderthals. Genes that are more highly expressed

in testes than in any other tissue are especially reduced in Neander-

“thal ancestry, and there is an approximately fivefold reduction of

Neanderthal ancestry on the X chromosome, which is known from

studies of diverse species to be especially dense in male hybrid ster-

ility genes ™12 These results suggest that part ol the explanation for

of Neanderthal alleles are enriched for genes affecting Keratin fila-

Lenomic rch'ions of reduced Neanderthal ancestry is Neanderthal

ments, suggesting that Neanderthal alleles may have helped modern

alleles that caused decreased fertility in males when moved to a modern

humans toadapt to non-African environments. W eidentifty multiple

human genetic background.
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Neanderthal-derived alleles that confer risk for discase, suggesting

Recelved 05 September 2013 | Accepted 18 December 2013 | Published online 29 January 2014

0au8 )5 it « Nature » yopuinn (g 41 s 40 1 sl a5 gl Alio 40 g dil>gedo 35 > 4o
ol » o 49U (Interbreeding) (i ol (6 alivme Suzxo (5 9y cpoud Alio 4L g0 «em!
9 |y pig g (5P wiled « b 5> 3l (B as (pl glesl g JU,Wl0» g« a
Solows (i b b po (s (45 (B9 0 9 90 cCawgy G (iigp b bad o ;00 s 1) (S
O3 3 (B aS &l ool oo cawl adl ST b Lud! 5 6 les a « b U055 » 51
aS |y leawl Al JWES! b obwdl 4« JU sl » 51 30 410 yo « (59,LL» o ygo B«
& “am > Bl b Jolw )0 9« X» 095909, 10 « L JU,uilE» 1 by po « (b 5> Sl
ON s Jolw plw g pgjgegys plw jo « by JU uils sbd 57 31 oS jlows « 1oy
!C«.u.ﬂ » OL».J‘

i 593,55 a0 S5 5 allie 10 orrme (6 A5 e (Ko Jol 5 alng 04z 4
sle Hlsl» o g b« Interbreeding » b « o5l (o a5 0,Lg0 o 7,kae b ®

& amio s SVl anle 5 lie (pl 45 098 jgal &l U0l » g €y o0 PMasl 4 9,
dresgh (58S S by 45 50,5 o Lymsedn ol llie 1yl oyt B0 b Lol Ll o L3 ’;~
,9,b « Interbreeding » L « (il » (6 alus ol SV y000,5 piie g o8k
ool Glolis JolSS (Y VAYVYIC o JU 0l » 9 € oy y00 sl 4 gle Lusl» o0

9 € yde Pl 4 slo Ll » wilg o s (pl &5 (pl @ Al L g 00ges Hlas

YA




Sad 3l e a0 U Wil ooged D s )13 € asly 6 4igS > (S0 ]y <l B ,asly
Sl oo 5 wizdly 5 € ol JolS5 > o5 olSitm aly 5 Laiylos (5 sl sl (ol 38l
L€l J6,uls» g« lo Ll o ly 9L « Interbreeding » L « oyl » (s alias
Jol> ;8 az S0 waS aui¥ely Lble 4 1) S5 (pl B wisged (000 igd S IS
Lol dail 0395 y5,b (IS &y 4 € Lo JB,05l5» €y y00 pMasl & slo lusl» el
ol deol cpl Budo o & jle o lasl ailo ba bl plos a4y G (6 S (5,9,b & ,08
5 € oo sl @ gla ladl > geel 5l ol (13558 50 (555,L0 4 bgrye sl 3
O cBlate g ol axils (658 (555,b B cnl b asl oad e Lo JUjailer
il g pols jac gla Ll € XD p55509,5 0« la JUB, 00l » 4 by o slo 5 055

Clamled oo aa>do 2aS (lo 0 (6 aan

Vs 5l ol e 0l Gl Qlobid Sl s allidse 5 alS eyl 5, ol
<l Ly o 9, « Interbreeding » L « iyl » (6 aius (5 00 ylgre sanie

Lol el oals 2hb plas ol b adl 5 wlais e jlaw 4> 5 « b JU,0ls »

il (o0 ) Tt A aS 9l 32 plales] i sl (e sl Gl calisetss

il DNA » S50 olool s anlllas 511, 095 oDl 51 551 )55 e (g dnllas (A
w0505 0,L51 T byl 55 B a8 4% yles a5 el 05,5 cews 4 « Ancient DNA
DNA S o 5/ o (oloands Ol (joomad (g00xi0 OMSUwe «Slalllas 1 S (] )0
o9y s O Il o olRiglo;] flug g Ao DNA L lo digai sl 3  Sog)] (Sl
5 el ol g s b ed DNA g 00g)l Jlozs] o itz DNA _lelllas slo
i lidl 5 odd 45t glo gy laes 1 il i} (sl g dgmg Jlotnl ot azslid
DNA . o Slillbo jo odhsyo 5 o)y Sl jop (5 aliae 58,5 ool
o) 5] 55 (9,0 (S gy ST o 8 B 0 dMEDNA) b juS st
slo iz g cilizo gl o ol o odd ) SoiTjald (slo &2 )0 (I55TsS o(lo SYE
» L« 20 DNA » 550 i g o SCijols slo o5 y0 b (ol dddw 0,55 0 DNA Cilixo




slo HLiI» «lo Jb,ls » o« (5900l ZMao] 4 slo L] Cora sy « digas DNA

13,15 3423 ... 3 « DENisovans : g B4

» lp €« aiges DNA » g « 2> DNA » 55 b ol S5 30 )u S 465 lea (B %:;;
ol 505 Ul il b 5 el o i o5 € L 5,5 5 € oyt 2ol 4y (sl f@‘
» oz, « Sl DNA » 5l & 55 5500 o asdllas ,0 1)l 0g3g bo ] a4 Slows e
» L alio glp o« JB 0l » SO a by e « Sbiwl DNA » 51 s oSl « Lo U0l “J?im;
o JbG,05ls » 4 Glae Jowd SO e g 1] ool ssliiwl &y y00 PMasl 4 sla L ’:;

(YY)l ool 63‘9 6]5 A LS-L‘-"“ «

Preparation of the 1000 Genomes data. We applied the CRF to the computa-
tionally phased haplotypes in each of the 13 populations in the 1000 Genomes
Project” (1KG), excluding the west-African Yoruba (YRI). The CRF requires ref-
erence genomes from African individuals and Neanderthals. For the African
population, we used 176 haplotypes from 88 YRI individuals. For the Neanderthal
genome, for most analyses we used the genotypes called from the recently gener-
ated high-coverage Neanderthal sequencd® We restricted our analysis to sites
passing the filters described in ref. 2 and for which the genotype quality score was
=30. These filters discarded sites that are identified as repeats by the Tandem

Priifer, K. et al. The complete genome sequence of a Neanderthal from the Altai
Mountains. Nature 505, 43-49 (2014).
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Differences in ovarian aging patterns between
races are associated with ovarian genotypes
7 and sub-genotypes of the FMRT gene

s\ Norbert Gleicher'?", Ann Kim', Andrea Weghofer'* and David H Barad'?

( Abstract

Background: Ovarian aging patterns differ between races, and appear to affect fertility treatment outcomes. What
causes these differences is, however, unknown. Variations in ovarian aging patterns have recently been associated
with specific ovarian genotypes and sub-genotypes of the FMRT gene. We, therefore, attempted to determine
differences in how functional ovarian reserve (FOR) changes with advancing age between races, and whether
changes are associated with differences in distribution of ovarian genotypes and sub-genotypes of the FMR1 gene.

Methods: We determined in association with in vitro fertilization (IVF) FOR in 62 young Caucasian, African and
Asian oocyte donors and 536 older infertility patients of all three races, based on follicle stimulating hormone (FSH),
anti-Mdullerian hormone (AMH) and oocyte yields, and investigated whether differences between races are
associated with differences in distribution of FMR1 genotypes and sub-genotypes.

Results: Changes in distribution of mean FSH, AMH and oocyte yields between young donors and older infertility
patients were significant (all P < 0.001). Donors did not demonstrate significant differences between races in AMH
and FSH but demonstrated significant differences in ococyte yields [F(2,59) =4.22, P = 0.019]: Specifically, African
donors demonstrated larger oocyte yields than Caucasians (P =0.008) and Asians (P=0.022). In patients, AMH levels
differed significantly between races [F (2,533)=4.25, P =0.015]. Holm-Sidak post-hoc comparisons demonstrated
that Caucasians demonstrated lower AMH in comparison to Asians (P = 0.007). Percentages of FMR! genotypes and
sub-genotypes in patients varied significantly between races, with Asians demonstrating fewer het-norm/low
sub-genotypes than Caucasians and Africans (P=0.012).

Conclusion: FOR changes in different races at different rates, and appears to parallel ovarian FMR1 genotypes and
sub-genotype distributions. Differences in ovarian aging between races may, therefore, be FMRT-associated.

Keywords: Ovarian reserve, Ovarian aging, Follicle stimulating hormone, Anti-Mullerian hormone, Oocyte yield,
FMR1 gene, Infertility, In vitro fertilization

Table 1 Patient characteristics in oocyte donors and infertility patients

Qocyte donors Infertile patients
Total Caucasian African Asian Total Caucasian African Asian
(n=62) (n=46) (n=10) (n=6) (n=536) (n=373) (n=81) (n=82)
Agelyears) 24137 24240 238+22 23.7+42 375+52' 37.8+50 378+53 36.1 6.1
BMl(kg/m7’) 21.0+28 206+26 223+28 215%4.1 2454517 245+53 268+5.1 222431
Estradiol(pg/mL) 515+26.1 525+277 490+ 194 462+216 550+378 57.0+402 519+345 488+275
FSH(mIUW/mL) 68+29° 67+30 66+15 82128 123 £10.1° 125+102 138+134 102+4.1
AMH(ng/mL) 45+29"° 43+30 5719 46+37 1722 16+19° 20+29 23+24°
Oocyte yield 17.7£7.7° 167 %66 23.7£10478 148+ 64° 81x67° 8.1%68 79+73 81+59
FMR1 n (%)
_norm_ 33 (532) 26 (56.5) 4 (40.0) 3 (50.9) 315 (588) 218 (584) 41 (506) 56 (68.3)
het-norm/high 6(9.7) 3(65) 1(100) 2(333) 86 (160) 51 (137) 18 (222) 17 (20.7)
3 het-norm/low 19 (306) 14 (304) 5 (50.0) 0(0.0) 107 (200) 83 (22.3)° 19 (235)° 5 6.1)°
_hom_ 4 (65) 365 0 (00 1116.7) 28 (5.2) 21 (5.6) 3(37) 4(49)
3 Primary infertility diagnosis n (%)
DOR N/A N/A N/A N/A 279 (52.1) 199 (47.5) 38 (47.5) 42(51.2)
‘ Male factor N/A N/A N/A N/A 134 (25.0) 9 (25.7) 18 (229 20'24.4)
Tubal Disease N/A N/A N/A N/A 105 (196) 70 (16.7) 23(253) 12 (1386)\
Endometriosis N/A N/A N/A N/A 27 (5.0) 21 (56) 103) [ AlsED
Uterine factors N/A N/A N/A N/A 36 (6.7) 20 (5.3) 1(12) 15418.8)
N PCOS N/A N/A N/A N/A 39 (7.3) 27 (7.2) 6 (75) 6 (7.3

Values are presented as means + SD. Subscripts denote significant differences at P <0.05 (chi-square, t-tests and Holm-Sidak post hoc comparisons).
' P=0001; ?P=0.001; * P=0001; * P=0001; * P=0.007; ® P=0.001; 7 P=0.008; ® P=0.022; * P=0012.
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X CHROMOSOME GENES AND PREMATURE OVARIAN FAILURE—Bione, Toniolo

FRAXA EXPANSION

The fragile X syndrome (FRAXA) is the most

common cause of X-linked mental retardation.”* In 2rx
most instances the syndrome is caused by the ex-

pansion of a CGG repeat in the 5" UTR region of the pen:
FMRT gene in Xq27.3. In the normal population, e
the number of CGG repeats varies from 6 to 54

units with an average size of 30 units. Expansion of

the CGG repeat between 43 and 200 units appar- S
ently has no clinical effect (premutation) but pre-

disposes to the further expansion that occurs in the pase
female germ line and to the full mutation. Subjects ks
with more than 200 CGG repeats are fully mutated; xewperz
they present with mental retardation and the whole

spectrum of clinical characteristics of FRAXA syn- FrAXA

drome. Full mutation is usually associated with hy-

Ak . 2 o - 2y Figure 1. Schematic representation of the human X
P.t‘n"(‘th_\ l.m.on of the repeat and of its ﬂ.an.lung re- R d OGIZRG, of he s (inbed b
gions, resulting in inhibition of transcription and ihe text.
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The ‘evolution’ of Neanderthals over the last 100 years
says more about us

The dramatic change in our perception of the Neanderthals as a species since

the discovery of their remains in the Neander Valley in 1856 is reflected in the following
tmeline of images. Over the last 100 years, reconstructions of their appearance have
slowly become "humanised’ with each new revelation about their culture and physiology,
culminating in the stunning discovery in 2010 that up to 4% of the genome all modern
humans of European and Aslan origin carry Neanderthal DNA, as a result of interbreeding
between the two species.

ety
R — R S TE s 2004 - Thoughtful 0¥ )
19905 - Functional 2000 - Robust 2004 - Thowghtful 2006 - Characterful

s € 1 JU 506505 > gl lwlic JolST bl 5 oFwsd 830 50 Ll Jlio S JaF

0 SPS ol3 Y o8 lamal 5l by JU,uils» glb dozo 9 5 0 2 glai (gl ‘

iy 4 ooy (b 50 gy 4 Lol iud (o0 (B yme € (ygeuo alio» g « (Lhog» (Flogage

NG
: %
S« Llia I Mol » « clods] o5 » « ool Clie » « (40e5 » (Jl0g>g0 Liyguo d Ww

Ao Mol ool yo i Lo 4 « Ll » aiilo Yol Ly ls 9 « Camazeds gl lo» o« ,Saio» « jLw

Iy« by JU,06le» Ol pods goow &5 Cowl GMWQJ)L’T G ygo & pgas (w0 e




e i (398 palai o bl a5 wad oo s Bl Jlw Ver b Lol JolsS oo o

(o5 ol i yo ol 41 ez 31 5 oy 49 YU 51 i 55 4 9Ll dsloyd (o0 alixdlo [ T

@ Lol esaniS o L €l JU,uils » el o 095 (6 adol slales] 5l cails 5 g (wguunxals
i i wuax olassS Ll T L3 slales) culadls 5l lbolbsee @bl 51 pum yy jglaia
Olaite 5 gas Slolanl 5l aile o b cgus 4355 e Sl s b asas plosl ol 4l 95

1S g

9 009.:..3 « QLM;LU.» J.qli.: » Lg)l.il.cd 9 da> U")‘>T 9 U’Jﬁ‘ ng‘ é\al.ada.o uls)?- L).A.A} G\.M.”

”‘33"” M‘? JL@& ‘) Oj? wﬁg&)dfwdljb wl.».w o)‘j.o&ljbd‘gd}g J.Q‘j.‘?b

9« Hominids : lals Ll » « o el » & Lo j50) » € Lo 0 5lolls » & Lo ygaun » &«
plale il » @ bae « s Lid g » o) @ dxgi L a5 pgas 4 lail o .
slasls Lowd JIg» hwg Lowd g5 opl o050 5 ScoolST gulne ;0 « HOominids
ol (oo (6 pion jlan Caedl (Ll JolST oBuo 5l « S iis o » (6 Al &

oy ludl » (gl € S i 3 P 8929 (s 0,b,0 Col o 4 Ll JolST oS cpl I (6 455
(Yo )0 4999 4 g ainled o Cuoro g € Lol LY e o3lells » Lo ygeue » &
J).';..;’;.AA.?»w\bl‘@.w‘sogﬁft“oiﬁ‘o?m]a&@&upl..,_ég;,‘.‘;f‘c;:)l.?u
Cawl € LS » g« 0LlT » 59250 SO ] joip a5 590 « COmmon Ancestor :
(VO):0b = olwliss oSS slales! jo (o0 Hhws (6 00500 (5 Al SO g o]




ALLIN THE FAMILY: An up-to-date genealogy of mo dern humans and their evolutionary predecessors
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