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Perspective

Neanderthal genomics and the evolution
of modern humans
James P. Noonan1

Department of Genetics, Yale University School of Medicine, New Haven, Connecticut 06520, USA; Kavli Institute for

Neuroscience, Yale University School of Medicine, New Haven, Connecticut 06520, USA

Humans possess unique physical and cognitive characteristics relative to other primates. Comparative analyses of the
human and chimpanzee genomes are beginning to reveal sequence changes on the human lineage that may have con-
tributed to the evolution of human traits. However, these studies cannot identify the genetic differences that distinguish
modern humans from archaic human species. Here, I will discuss efforts to obtain genomic sequence from Neanderthal,
the closest known relative of modern humans. Recent studies in this nascent field have focused on developing methods to
recover nuclear DNA from Neanderthal remains. The success of these early studies has inspired a Neanderthal genome
project, which promises to produce a reference Neanderthal genome sequence in the near future. Technical issues, such as
the level of Neanderthal sequence coverage that can realistically be obtained from a single specimen and the presence of
modern human contaminating sequences, reduce the detection of authentic human–Neanderthal sequence differences
but may be remedied by methodological improvements. More critical for the utility of a Neanderthal genome sequence is
the evolutionary relationship of humans and Neanderthals. Current evidence suggests that the modern human and
Neanderthal lineages diverged before the emergence of contemporary humans. A fraction of biologically relevant hu-
man–chimpanzee sequence differences are thus likely to have arisen and become fixed exclusively on the modern human
lineage. A reconstructed Neanderthal genome sequence could be integrated into human–primate genome comparisons to
help reveal the evolutionary genetic events that produced modern humans.

We are a young species. The most recent genetic and fossil evidence

suggests that modern humans emerged in East Africa ;200,000 yr

ago, a fraction of the estimated 6 million yr since the divergence of

the human and chimpanzee lineages (Cavalli-Sforza and Feldman

2003; McDougall et al. 2005). In this brief time, modern humans

have spread across the globe, far surpassing all other primate and

archaic human species in sheer numbers, geographic range, tech-

nological sophistication, and impact on the environment. Our

success is due in part to complex biological features, including

increased brain size, bipedalism, and modifications in craniofacial

and limb morphology, which began to emerge on the human

lineage well before the rise of modern humans. These adaptations

facilitated the evolution of uniquely human behavioral traits such

as language and are ultimately due to DNA sequence changes

arising on the human lineage since the human–chimpanzee split.

Identifying these changes has become a major focus of human

genetics and genomics.

The sequencing of the chimpanzee, rhesus macaque, and other

primate genomes has made it possible to comprehensively iden-

tify human-specific sequence changes using comparative methods

(Chimpanzee Sequencing and Analysis Consortium 2005; Rhesus

Macaque Genome Sequencing and Analysis Consortium 2007). Re-

cent studies have attempted to differentiate the critical functional

changes from neutral events using various statistical methods to

identify human genes and gene regulatory sequences showing un-

expectedly rapid evolution compared to the inferred ancestral

primate state (Clark et al. 2003; Chimpanzee Sequencing and

Analysis Consortium 2005; Pollard et al. 2006a,b; Prabhakar et al.

2006, 2008; Haygood et al. 2007). The results from these analyses

comprise a catalog of potential human-specific adaptive evolution

on the molecular level. However, these studies are unable to dis-

tinguish between sequence changes unique to modern humans

and those shared between modern humans and earlier human

species, and thus will not identify uniquely modern human ge-

netic or biological features. Given our recent origin, the sequence

changes that distinguish modern humans from archaic human

species will likely be a small subset of all human–chimpanzee se-

quence differences.

These insights could in principle be obtained by examining

genomic DNA directly from an archaic hominid that diverged from

the modern human lineage prior to the emergence of contempo-

rary humans. Neanderthal has been the primary target of such

studies, for several reasons. Neanderthals are close relatives of an-

atomically modern humans, and both species are believed to

have cohabited Europe for ;6000 yr, raising the possibility of in-

terbreeding (Krings et al. 1997; Mellars 2004). Also, remains are

available and are occasionally of a sufficient level of preservation

that DNA can be recovered from them. Most efforts in this field

have largely focused on PCR amplification of short mitochon-

drial sequences. However, several recent studies have employed

a metagenomic approach coupled with massively parallel high-

throughput sequencing to obtain genomic sequence from mam-

moth and Neanderthal remains (Green et al. 2006; Noonan et al.

2006; Poinar et al. 2006; Miller et al. 2008). Based on these early

successes, a Neanderthal genome project was initiated in 2005. As

of this writing, this project has produced a low coverage, draft

genome sequence that has yet to be released (Dalton 2009). There

has been considerable speculation about what this project will

reveal about Neanderthals and their relationship to modern hu-

mans, as well as fanciful notions raised in the popular media of

using a Neanderthal genome sequence to somehow resurrect the

species. Here we will consider the technical and analytical issues

involved and discuss what insights a Neanderthal genome se-

quence may provide about modern human evolution.
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Rationale
The primary motivation behind generating a Neanderthal refer-

ence genome is to determine how distinct modern humans really

are from all earlier versions of humanity. We are the only re-

maining human species, and thus we do not know if Neanderthals

or our other extinct relatives shared our capacity for invention,

abstract reasoning, or language. We have had to speculate on these

matters based on the bones, the settlements, and the artifacts

Neanderthals left behind. The question of modern human and

Neanderthal biological similarity is particularly compelling given

the recent common ancestry of both species: Based on both ge-

nomic and mitochondrial sequence comparisons, the lineages

leading to modern humans and Neanderthals likely diverged in

Africa ;300,000–700,000 yr ago (Krings et al. 1997; Serre et al.

2004; Green et al. 2006, 2008; Noonan et al. 2006). This genetic

evidence has become folded into a narrative of modern human

and Neanderthal evolutionary history that continues to frame

comparative studies of both species. In its simplest form, the

modern human and Neanderthal lineages continued on parallel

evolutionary tracks subsequent to their divergence, with the de-

scendants of one branch migrating to Europe and giving rise to

Neanderthals, and the other branch remaining in Africa and

eventually producing us (White et al. 2003; Mellars 2004; Hublin

2009; Tattersall 2009). The modern human colonization of Europe

;40,000 yr ago potentially brought both lineages back into

widespread contact (Mellars 2004).

Given their very recent common ancestry, how much did the

species have in common at this point? Were modern humans and

Neanderthals capable of interbreeding, and, if so, did it happen to

any appreciable extent? Or were the species so different that no

meaningful exchange of information could occur? The first mod-

ern humans to colonize Europe had the same cognitive capacities

as humans living today: They made cave paintings, figurines, and

rudimentary musical instruments and most likely had language,

indicating a highly developed modern human capacity for ab-

straction (Mellars 2004; Bailey et al. 2009; Conard 2009; Conard

et al. 2009). Such symbolic behavior was not a new phenomenon;

there is strong evidence that modern humans were making per-

sonal decorations and carving abstract representations in Africa

at least ;75,000 yr ago (Henshilwood et al. 2002, 2004, 2009). We

do not know if Neanderthals had similar talents; they certainly

made tools and may have had larger brains than modern humans

(Ponce de León et al. 2008). However, hypotheses that Neander-

thals were independently capable of complex symbolic behavior,

based on analyses of artifacts speculated to have been fashioned

by Neanderthals, are disputed (Gravina et al. 2005; Zilhão et al.

2006; Mellars et al. 2007). We also do not know if Neanderthals

had language, although arguments for and against have been

made based on the significance of anatomical features shared be-

tween humans and Neanderthals that may or may not have en-

abled Neanderthals to speak (Houghton 1993; Lieberman 1994;

Martinez et al. 2008). The fundamental problem in all of these

studies is the lack of data: Modern humans came to dominate the

planet, while Neanderthals died out ;28,000 yr ago (Finlayson

et al. 2006). A reference Neanderthal genome sequence by itself

will not resolve such questions. What it will provide, when com-

pared with the modern human and chimpanzee reference ge-

nomes, is a list of genetic changes unique to modern humans or

Neanderthals and changes relative to chimpanzee that are shared

between both human species. This will facilitate the experimental

discovery of biological differences between modern humans and

Neanderthals at a molecular level. The discovery of changes in

gene expression or protein function unique to modern humans or

Neanderthals will serve as an entry point for studying more com-

plex biological phenomena in each lineage, including language

and other behavioral traits.

Technical challenges, early studies, and solutions

Ancient DNA degradation and contamination

All studies of Neanderthal genomic DNA use material obtained

from fossilized Neanderthal bones that are tens of thousands of

years old. As one might expect, the quality of the material that can

be recovered from such specimens is very poor, as DNA degrades

over time. Consequently, there is wide variability in DNA preser-

vation among available Neanderthal specimens, and most Nean-

derthal bones yield no usable DNA (Green et al. 2006). When

present, Neanderthal genomic DNA is recovered in short (50- to

100-bp) fragments. The information content of Neanderthal DNA

is also degraded: Individual nucleotides are subject to chemical

modification, with deamination of cytosine to uracil the most

common lesion (Pääbo et al. 2004; Briggs et al. 2007). Moreover,

the fragments of Neanderthal genomic DNA are mixed with mi-

crobial contaminants that constitute >90% of the recovered DNA.

The amount of DNA damage and microbial contamination are

dependent on ambient environmental conditions: The ancient

specimens that have provided the most intact DNA are mammoth

remains recovered from permafrost. These specimens often in-

clude preserved hair shafts and soft tissues from which relatively

high-quality DNA can be recovered (Poinar et al. 2006; Rogaev

et al. 2006; Gilbert et al. 2007; Miller et al. 2008). None of the

Neanderthal specimens providing the DNA for whole-genome se-

quencing approach this level of preservation (Green et al. 2006,

2008; Briggs et al. 2007). In addition to these challenges, ancient

specimens frequently become contaminated with modern human

DNA during handling and DNA extraction (Pääbo et al. 2004). This

poses obvious problems for distinguishing modern human from

Neanderthal DNA, since the frequency of single-base mismatches

between the two genomes is estimated to be <0.5% (Noonan et al.

2006).

All ancient DNA studies must overcome these limitations.

The earliest efforts to recover Neanderthal sequence relied on PCR

amplification of mitochondrial DNA (Krings et al. 1997). Analysis

of PCR-amplified mtDNA hypervariable region sequences from

several Neanderthals suggested the modern human and Nean-

derthal lineages diverged over 500,000 yr ago, with little sub-

sequent admixture (Krings et al. 1997; Serre et al. 2004). This was

the first evidence that Neanderthals most likely did not interbreed

with modern humans during their cohabitation of Europe. How-

ever, compared with genomic sequences, mtDNA provides limited

insight into modern human and Neanderthal evolutionary history

and no insight into Neanderthal biology. However, PCR was clearly

not suitable for large-scale, high-throughput recovery of Nean-

derthal genomic DNA, so a new approach was required.

Metagenomic analysis of ancient DNA

The development of metagenomic approaches for characterizing

complex DNA mixtures, in which high-throughput sequencing is

used to comprehensively characterize all sequences present in

a sample and the origins of each sequence are determined by

comparison to known genomes, has made it possible to recover
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significant amounts of Neanderthal genomic DNA (Tringe and

Rubin 2005). The first study to apply a metagenomic strategy to

ancient DNA used standard library construction methods to clone

all DNA obtained from skeletal remains of two ;40,000-yr-old

Pleistocene cave bears, followed by conventional Sanger sequenc-

ing massively parallelized on an industrial scale. Putative cave bear

genomic sequences were identified based on comparison to the

dog genome (Noonan et al. 2005). The results of this study high-

lighted the technical difficulties a Neanderthal genome project

would face. Only 1.3% (26 kb out of 2.09 Mb) of all sequenced

bases appeared to be cave bear genomic sequence. The remaining

sequences were most similar to known prokaryotic genomes or

other metagenomic samples such as soil or were from a source not

represented in the sequence databases. However, this study sug-

gested that brute force sequencing could be used to separate an-

cient genomic sequences from a species of interest from an ex-

tremely high background of microbial contaminants.

Short-read, massively parallel next-generation sequencing

technologies generate enough raw sequence data to make whole

genome-sequencing from ancient specimens technically feasible.

The current standard in metagenomic analysis of ancient DNA is to

eliminate the library construction step in favor of direct sequenc-

ing. The first such study used 454 Life Sciences (Roche) pyrose-

quencing to generate 13 Mb of mammoth genomic sequence from

a well-preserved sample (Poinar et al. 2006). The same approach

was subsequently used to generate a low coverage (0.7-fold) shot-

gun sequence of the mammoth genome (Miller et al. 2008). In

both studies, a large fraction of the recovered DNA was mammoth

(>90% in one case), due to the exceptional preservation of the

samples. Subsequent ancient DNA studies have used much higher

throughput sequencing platforms, such as the Illumina Genome

Analyzer, that generate tens of millions of reads of up to 100 bp

in a single run (Blow et al. 2008). These technologies are well suited

for metagenomic analysis of highly fragmented ancient DNAs,

and the Neanderthal genome sequence about to be released was

generated using a combination of 454 and Illumina sequencing

(Pennisi 2009).

The feasibility of Neanderthal genome sequencing was es-

tablished by two complementary studies of DNA obtained from

a ;38,000-yr-old Neanderthal specimen from Vindija Cave, Cro-

atia (Green et al. 2006; Noonan et al. 2006). In one study, Nean-

derthal genomic DNA was cloned into libraries and sequenced

using a combination of traditional Sanger sequencing and 454

pyrosequencing (Noonan et al. 2006). Approximately 1% of the

reads obtained were putatively Neanderthal, yielding ;65 kb of

sequence. When compared to human and chimpanzee, these reads

exhibited a pattern of apparent Neanderthal-specific substitutions

that were heavily biased toward C-to-T and G-to-A transitions,

suggesting many of these events were errors induced by cytosine

deamination. Analyses of human–Neanderthal divergence based

on the putatively Neanderthal autosomal sequences obtained in

this study indicated that the time to the most recent common

ancestor (TMRCA) of the reference human genome and Vindija

Neanderthal is ;700,000 yr and that the ancestral populations

that gave rise to modern humans and Neanderthals split ;370,000

yr ago. No significant evidence of human–Neanderthal admixture

was found. In the parallel study, DNA obtained from the same

specimen was directly analyzed by massively parallel 454 pyrose-

quencing (Green et al. 2006). Approximately 6.2% (;1 Mb)

of the sequences recovered appeared to be Neanderthal DNA, a

somewhat greater yield than the related study obtained from the

same sample. The estimated reference human genome–Vindija

Neanderthal TMRCA was also somewhat lower: ;516,000 yr,

slightly larger than the divergence time the investigators calcu-

lated between two humans (;459,000 yr). At the time, this result

suggested a considerable level of admixture between modern hu-

mans and Neanderthals. Subsequent analyses suggested that the

putative Neanderthal DNA analyzed in this study was substantially

contaminated with modern human DNA, an issue we will return to

below (Wall and Kim 2007; Green et al. 2008). Despite such tech-

nical issues, these studies demonstrated that a Neanderthal ge-

nome sequence could be obtained.

Availability of samples

There is a finite supply of Neanderthal remains, and most of those

are too poorly preserved to yield usable amounts of DNA (Green

et al. 2006). The successful recovery of DNA from Neanderthal

remains from central Asia and Siberia has increased the number of

samples available for whole-genome sequencing and has provided

insight into Neanderthal genetic diversity (Krause et al. 2007).

However, it is unlikely that there will be more than a handful of

low-coverage Neanderthal genome sequences for the foreseeable

future. This will make it difficult to discriminate between Nean-

derthal-specific substitutions and common polymorphisms or to

distinguish true cases of shared polymorphism between modern

humans and Neanderthals from contamination with modern

human DNA. Moreover, DNA extraction is a destructive process,

and physical anthropologists are understandably reluctant to

provide Neanderthal bones and teeth, which have great morpho-

metric value, for ancient DNA studies. Consequently, several

methods have been developed to determine whether a particular

bone will yield DNA, to reduce the amount of material necessary

for metagenomic sequencing, and to target specific sequences of

interest (Pääbo et al. 2004; Noonan et al. 2006; Krause et al. 2007;

Meyer et al. 2008; Briggs et al. 2009a,b). The decreasing cost and

increasing throughput and sensitivity of sequencing technologies

will eventually obviate the need for targeted sequence recovery.

However, at present such methods are the best means to confirm

the authenticity of specific sequences of interest identified in

the handful of low-coverage Neanderthal genomes that will be

available.

Authenticity

Ensuring that the putatively Neanderthal sequences obtained

in metagenomic analyses represent the actual state of the Nean-

derthal genome is the most difficult remaining challenge in

Neanderthal genomics. The two most important factors that com-

promise the authenticity of Neanderthal sequences are damage-

induced mutation and contamination with modern human DNA.

DNA damage irreversibly changes genetic information and, in

comparisons of human, Neanderthal, and chimpanzee sequences,

will result both in an overestimate of Neanderthal substitutions—

as errors and substitutions will at first be indistinguishable—and

in an underestimate of modern human-specific substitutions, in

cases where the damage event changes the Neanderthal sequence

to match the human state (Green et al. 2006; Noonan et al. 2006).

The majority of damage-induced mutations are due to cytosine

deamination and result in an excess of C-to-T and G-to-A transi-

tions that can be readily detected in comparative analyses (Green

et al. 2006; Noonan et al. 2006; Briggs et al. 2007). In principle,

screening out errors from true Neanderthal-specific substitutions

or polymorphisms can be readily accomplished by increasing

Neanderthal genomics and human evolution
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sequence coverage, as deamination events are unlikely to occur at

high frequency at the same exact site in multiple independent

ancient DNA fragments. To date this has been accomplished largely

by cloning and sequencing multiple PCR products (Krings et al.

1997; Krause et al. 2007; Lalueza-Fox et al. 2007). Initial drafts of the

reference Neanderthal genome sequence will be low coverage, so

individual sites are likely to be represented by only one read.

However, Neanderthal-specific substitutions or polymorphisms

identified in draft genomic sequence can be confirmed by replica-

tion in independent samples, either by PCR or by whole-genome

or targeted sequencing. Sequence coverage of single Neanderthal

genomes is also likely to increase as sequencing throughput

increases.

Mitigating the effect of contamination with modern human

DNA is more difficult. The modern human and Neanderthal ge-

nomes are virtually identical (Green et al. 2006; Noonan et al.

2006). Most Neanderthal sequence fragments will therefore per-

fectly match the reference human genome and, thus, in principle,

could be derived from either species. Moreover, modern human

DNA can be amplified and sequenced much more efficiently than

ancient Neanderthal DNA, so even small amounts of contamina-

tion can cause most of the hominid sequences obtained to be from

modern human. Modern human DNA can be introduced into

a Neanderthal specimen at several points: during the initial re-

covery of the bone, during subsequent handling, during DNA ex-

traction, or during preparation of the sequencing library. Most

available Neanderthal bones were collected without regard to their

potential use as a source of DNA and have passed through many

hands that have left their DNA behind. Rigorous procedures have

been developed to prevent contamination during DNA extraction

and to determine the level of contamination present in a particular

specimen (Pääbo et al. 2004; Green et al. 2006). Neanderthal

specimens are also being collected in the field using methods to

prevent modern human DNA from being introduced (Krause et al.

2007). Despite these strategies, contamination can still be in-

troduced during subsequent handling of the extracted DNA. This

appears to have occurred in one of the pilot Neanderthal genome

sequencing studies described above (Green et al. 2006). It is now

accepted that a substantial amount (at least 11%) of the hominid

DNA recovered in this study was derived from a modern human

source, which resulted in an underestimate of the TMRCA of the

reference human genome and Vindija Neanderthal sequence and

in an overestimate of the degree of admixture (Wall and Kim 2007;

Green et al. 2008). Since PCR amplification and sequencing of

mtDNA indicated a very low level of modern human mitochon-

drial DNA in the initial extract, it was suspected that the contam-

ination was introduced during construction of the sequencing li-

brary (Green et al. 2008, 2009). These observations have spurred

the development of several quality control steps in Neanderthal

DNA handling and sequencing, including ligating adapters to

Neanderthal DNA immediately after extraction to provide molec-

ular barcodes that will distinguish it from modern DNA potentially

introduced in downstream applications (Green et al. 2009).

Nevertheless, it will be impossible to completely exclude the

possibility of contamination. The primary consequence of con-

tamination on human–Neanderthal sequence comparisons will be

to underestimate the number of human-specific substitutions.

Metrics to evaluate the level of contamination in Neanderthal ge-

nome sequence—and thus the probability that a particular perfect

sequence match between human and Neanderthal is authentic—

include measuring the frequency of human-specific mtDNA

and Y-chromosome sequences (Green et al. 2008, 2009). This

strategy assumes that the level of mitochondrial or Y-chromosome

contamination is similar to the average level of autosomal DNA

contamination. Rigorous statistical methods to model human

contamination in Neanderthal samples have also been proposed

(Coop et al. 2008). However, the gold standard for ruling out

modern human contamination is the same as for damage-induced

mutations: replication, either by increased sequence coverage or

by sequencing multiple Neanderthal specimens. Until that is ac-

complished, all instances of human–Neanderthal sequence iden-

tity suggested by the draft Neanderthal genome sequence must be

considered preliminary.

Comparative analysis of human
and Neanderthal genomes

Maps of human and Neanderthal sequence differences

The draft Neanderthal genome sequence consists largely of 35- to

100-bp sequence reads that provide ;13 coverage (Pennisi 2009).

De novo sequence assembly is not possible with such data—in fact,

it is a daunting computational challenge even with >403 coverage

of a modern human genome (Simpson et al. 2009). Initial human,

Neanderthal, and chimpanzee sequence comparisons will thus

involve tiling Neanderthal reads onto the human and chimpanzee

reference genomes. These analyses will largely be limited to de-

tecting lineage-specific substitutions and small insertions or dele-

tions (indels). Some insight may be gained into segmental dupli-

cations or other large-scale genome rearrangements, but it is not

clear how this can be achieved. The draft Neanderthal genome

will thus provide three novel data sets: a genome-wide map of

substitutions and indels that appear to be specific to the modern

human reference genome relative to Neanderthal and chimpan-

zee; a map of Neanderthal-specific changes, which will be domi-

nated by damage-induced errors; and a map of shared human–

Neanderthal-derived changes relative to chimpanzee, which may

include modern human contaminants (Fig. 1A). The most in-

formative of these will be the map of apparent modern human-

specific substitutions, which will complement existing maps of

human-specific fixed sequence differences obtained from human–

chimpanzee comparisons. Coupled with existing data sets of hu-

man polymorphisms and the large number of individual human

genomes currently being sequenced, these maps will identify se-

quence differences arising since the modern human–Neanderthal

divergence that are fixed in all humans.

Analyses of human and Neanderthal polymorphism are

somewhat more complicated. Many human polymorphisms are

expected to predate the human–Neanderthal split and thus may be

present in Neanderthal as well. Consequently, fixed substitutions

in modern humans may be polymorphic in Neanderthal, as may

be sites where human and Neanderthal are derived relative to

chimpanzee. Human polymorphisms where the Neanderthal ref-

erence genome has the ancestral allele may nevertheless be poly-

morphic in Neanderthal; this will confound efforts to date human

polymorphisms based on the Neanderthal allele state. It is pres-

ently not clear how the effects of Neanderthal polymorphism on

substitution maps will be addressed. Genome-wide insight into

Neanderthal genetic diversity will not be available for some time

and, even then, will be limited to a few individuals.

Sequences of interest

Most modern human-specific sequence changes will be function-

ally neutral. The challenge will be to identify the subset of changes

Noonan
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that are relevant to modern human evolution. In the past decade,

genome-wide efforts to identify sequences under accelerated evo-

lution on the human lineage based on substitution rates, or that

show evidence of recent positive selection based on patterns of

polymorphism, have provided a long list of sequences that may

encode human-specific functions. Among these are genes such as

FOXP2, which contains two human-specific amino acid sub-

stitutions that were initially attributed to an episode of positive

selection early in modern human evolution (;200,000 yr ago)

(Enard et al. 2002). FOXP2 is of particular interest as it is suspected

of having a role in the evolution of language, which is widely

considered to be unique to modern humans (Lai et al. 2001; Enard

et al. 2002). The timing of the selective episode at FOXP2 has been

called into question based on the finding that the human-specific

amino acid changes are apparently present in Neanderthals, al-

though this result has also been disputed (Krause et al. 2007; Coop

et al. 2008). The validity of the FOXP2 Neanderthal result and

the overall relevance of FOXP2 to human evolution are beyond the

scope of this Perspective, but these serve as illustrations of how

Neanderthal genome sequence can be used. Another example is the

melanocortin 1 receptor (MC1R), inactivating mutations which

contribute to pale skin and red hair in humans; a Neanderthal-

specific variant in this gene was recently identified that reduces the

activity of the resulting protein, suggesting that Neanderthals may

have varied in pigmentation (Lalueza-Fox et al. 2007). All genes with

human-specific amino acid changes are potentially interesting tar-

gets for human–Neanderthal comparative analysis (Chimpanzee

Sequencing and Analysis Consortium 2005). What may be an un-

remarkable number of human-specific changes relative to chim-

panzee, given the evolutionary distance of those species, may turn

out to be modern human-specific accelerated evolution relative to

Neanderthal. Neanderthal genome sequence would also provide

insight into the origin of human-specific unprocessed pseudogenes,

which may include adaptive instances of gene loss in human evo-

lution (Wang et al. 2006). Finally, Neanderthal genome sequence

may help detect episodes of recent positive selection in the genome,

through the identification of unusually long runs of linked human-

specific derived substitutions that may be due to selective sweeps

occurring early in modern human evolution. This approach would

augment current efforts that use modern human polymorphism

data to identify selective sweeps, and by providing a map of human-

specific substitutions in such regions would help pinpoint the

functional substitutions fixed by selection (Voight et al. 2006; Sabeti

et al. 2007). However, as described above our limited understanding

of Neanderthal polymorphism may complicate such analyses.

A Neanderthal reference genome would also complement on-

going efforts to annotate uniquely human cis-regulatory functions

in the genome. Several recent studies have identified known or

putative regulatory sequences that show high rates of nucleotide

substitution on the human lineage, which may be due to positive

selection for changes in regulatory functions (Pollard et al. 2006a,b;

Prabhakar et al. 2006; Haygood et al. 2007). These efforts have

largely focused on promoters and highly conserved noncoding se-

quences (CNSs), as CNSs are known to be enriched in transcrip-

tional enhancers with in vivo developmental activities (Pennacchio

et al. 2006; Visel et al. 2008). For example, a recent global study of

human promoters found evidence of positive selection in promoters

of genes involved in neural development and nutrition (Haygood

et al. 2007). Another study surveyed patterns of human-specific

nucleotide substitution in >110,000 CNSs in the genome and

Figure 1. (A) Evolutionary relationship of modern human, Neanderthal, and chimpanzee. Divergence dates shown are estimated from genome sequence
comparisons. A schematic of the single nucleotide changes detected in human–Neanderthal–chimpanzee comparisons is shown at right, ordered by the
frequency at which they are likely to appear. Substitution classes and the ancient DNA artifacts particularly problematic for each are described in the legend.
(B) Value of Neanderthal genome sequence for dating functionally relevant human-specific substitutions, using the HACNS1 enhancer as an example. (Top)
HACNS1 is located in an intron of AGAP1 and downstream of GBX2 on human chromosome 2. (Bottom) The 13 human-specific substitutions implicated in the
human-specific gain of function in this element. The enhancer expression patterns conferred by HACNS1 and the chimpanzee ortholog in E11.5 mouse
embryos are shown on the right. In a human–Neanderthal genome comparison, single Neanderthal sequence reads (red arrows) will be tiled across this
region. A single read spanning HACNS1 may identify which substitutions are unique to modern humans and which are shared between modern humans and
Neanderthals. This analysis would also provide insight into the enhancer expression pattern of the Neanderthal HACNS1 ortholog.
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identified 992 that showed statistically significant evidence of

evolutionary acceleration (Prabhakar et al. 2006). These human-

accelerated conserved noncoding sequences (HACNSs), which are

known to include developmental enhancers, were overrepresented

near genes involved in neuronal cell adhesion. This finding, along

with the observation that the promoters of neuronal genes show

evidence of human-specific positive selection, suggests that cis-

regulatory changes may have had a profound impact on human

brain evolution. Neanderthal genome sequence would also provide

insight into the evolutionary origin of regulatory RNAs with puta-

tive human-specific functions: In one study of human-specific se-

quence acceleration in transcribed and non-transcribed sequences

that identified 49 human accelerated regions (HARs), the most ac-

celerated element, HAR1, is part of a noncoding RNA expressed in

the developing human brain (Pollard et al. 2006b).

Comparison of the human and Neanderthal reference genomes

would also place bounds on the evolutionary age of individual se-

quence changes that generate human-specific functions. For exam-

ple, one of the most rapidly evolving CNSs in the genome, identified

as HACNS1 or HAR2 in the studies described above, has accumulated

16 human-specific substitutions despite being highly conserved in

all nonhuman terrestrial vertebrates (Fig. 1B; Prabhakar et al. 2008).

HACNS1 functions as a transcriptional enhancer in multiple struc-

tures in embryonic day (E) 11.5 and E13.5 mouse embryos, in-

cluding in the developing anterior limb (Prabhakar et al. 2008).

However, the orthologous chimpanzee and rhesus enhancers fail

to drive expression in the limb, suggesting HACNS1 has gained hu-

man-specific function in vivo. Notably, humanized chimpanzee

enhancers, in which 13 of the 16 human-specific substitutions were

introduced into the chimpanzee sequence, drove expression in the

limb, indicating that the substitutions identified in the computa-

tional screen were directly responsible for the functional change.

These substitutions could have arisen at any point since the diver-

gence of the human and chimpanzee lineages. Comparing HACNS1

with its Neanderthal ortholog would establish whether some or all of

these substitutions—and the functions they confer—are unique to

modern humans (Fig. 1B).

These studies illustrate a general strategy toward an under-

standing of biological differences between modern humans and

Neanderthals, in which the first step is the reverse genetic analysis

of genes and gene regulatory elements showing human-specific or

Neanderthal-specific sequence changes. In this approach, changes

in basic molecular functions, such as enhancer activity, protein–

DNA interactions, or receptor-ligand binding affinity are identified

in synthetic assays. The phenotypic consequences of these molec-

ular changes can then be assessed in mouse models: A recent study

describing the introduction of a ‘‘humanized’’ version of FOXP2

into the mouse genome by gene targeting is one early example

(Enard et al. 2009). The data from such studies, combined with

a growing body of information on human gene function, the effects

of genetic variation on human phenotypes, and comprehensive

efforts to functionally annotate the human genome, would provide

the foundation for more sophisticated hypotheses concerning the

biological similarity of modern humans and Neanderthals than can

be generated from the paleoanthropological record alone.

Conclusion: How ‘‘human’’ were the Neanderthals?
Despite many technical and analytical challenges, a Neanderthal

genome sequence has been generated and is certain to advance our

understanding of modern human evolution. However, the prospect

of a Neanderthal genome sequence has also spurred considerable

speculation about whether it would be possible to resurrect the

species. Suggestions on how this might be accomplished include

making the chimpanzee genome more Neanderthal-like (Wade

2009). The technical feasibility of such an experiment is dubious,

and the number of chimpanzee embryos and foster mothers that

would in principle be required make it ethically untenable. State-

ments that the Neanderthal genome sequence should be used to

clone the species therefore undermine the credibility of the entire

enterprise. Moreover, these speculations are based on the notion

that Neanderthals were in some sense subhuman and that the

moratoriums on human reproductive cloning should therefore not

apply to them. Thus we return to the question at the heart of the

Neanderthal genome project: Are modern humans fundamentally

different from all archaic human species? Neanderthals were cer-

tainly intelligent: They fashioned recognizably human tools and

lived in established communities, which alone suggests they were

sufficiently ‘‘human’’ that we should not consider cloning them. It

is hoped that direct comparison of the human and Neanderthal

genomes will reveal whether our talents for invention, language,

and abstract thought—the basis of our perceived uniqueness among

species—are truly unique to us. It may be that Neanderthals lacked

essential modern human characteristics. However, there is a long

road ahead, and we should not be surprised if we discover that we

are not as different from our extinct relatives as we believe.
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