
movement in air or water, and that organisms can
exploit the solid and fluidlike properties of these
media to move effectively within them.
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Targeted Retrieval and Analysis of
Five Neandertal mtDNA Genomes
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Analysis of Neandertal DNA holds great potential for investigating the population history of this
group of hominins, but progress has been limited due to the rarity of samples and damaged state
of the DNA. We present a method of targeted ancient DNA sequence retrieval that greatly reduces
sample destruction and sequencing demands and use this method to reconstruct the complete
mitochondrial DNA (mtDNA) genomes of five Neandertals from across their geographic range.
We find that mtDNA genetic diversity in Neandertals that lived 38,000 to 70,000 years ago was
approximately one-third of that in contemporary modern humans. Together with analyses of
mtDNA protein evolution, these data suggest that the long-term effective population size of
Neandertals was smaller than that of modern humans and extant great apes.

Currently, DNA sequences determined from
multiple Neandertals are restricted to short
fragments [120 to 360 base pairs (bp)] of

the hypervariable regions (HVRs) ofmitochondrial
DNA (mtDNA) (1, 2). These data have demon-
strated that Neandertal mtDNA is distinct from
that of modern humans (3). However, collecting
sequence data from the rest of the mtDNA ge-

nome has proven difficult due to numerous tech-
nological difficulties (4). Recently, the complete
mtDNA genome sequence of a ~38,000-year-old
Neandertal individual from Vindija Cave, Croatia,
was determined by high-throughput shotgun se-
quencing from total DNA extract (5). A similar
approach has been used to recover complete
mtDNA sequences from permafrost-preserved
mammoths and a human (6, 7). However, the
amount of shotgun sequencing needed to retrieve
complete mtDNA sequences is prohibitive for
most ancient bone specimens due to the high
fraction of environmental DNA that they contain.
For example, only 0.001% of DNA sequences
determined from typical well-preservedNeandertal
specimens are derived from mtDNA (table S1).
Thus, a simple shotgun approach would require
hundreds or thousands of high-throughput pyro-
sequencing runs to recover a single Neandertal
mitochondrial genome (table S1). Direct poly-
merase chain reaction (PCR) is also poorly suited
for retrieving complete Neandertal mtDNA ge-
nomes, because DNA extracted from the fossils

is so fragmented that hundreds of overlapping
amplicons would be necessary, either requiring
highly multiplexed primer mixes that present
severe difficulties for avoiding modern human
contamination, or many parallel amplification re-
actions that consume large amounts of precious
ancient DNA extracts (8).

We have developed a method—primer ex-
tension capture (PEC)—that directly isolates spe-
cific DNA sequences from complex libraries of
highly degraded DNA (Fig. 1). PEC uses 5′-
biotinylated oligonucleotide primers and a DNA
polymerase to capture specific target sequences
from an adaptor-ligated DNA library. It combines
the high specificity of PCR primers with the nu-
merous advantages of a library sequencing approach,
including immortalization through reamplifica-
tion from adaptor priming sites (9) (fig. S1), con-
tamination control with project-specific barcodes
(5, 10), access to very short fragments predom-
inant in ancient extracts (11), and quantification of
the number of unique ancient DNA molecules,
which is necessary to identify nucleotide misin-
corporations (10–12).

We used PEC to recover the entire Neandertal
mtDNA genome [supporting online material
(SOM)] of five individuals from four sites across
the geographic range of Neandertals (Fig. 2 and
table S2). One individual (Vindija 33.25) from
Vindija Cave, Croatia, is undated but was found
in an older stratigraphic layer than the previously
sequenced bone (5) (Vindija 33.16), which was
dated to ~38,000 years before present (yr B.P.) (3).
Two individuals (Feldhofer 1 and 2, the former be-
ing theNeandertal type specimen) come fromKleine
Feldhofer Grotte, Neander Valley, Germany, and are
dated to~40,000yrB.P. (13).One individual (Sidron
1253) comes from El Sidron Cave, Spain, and is
dated to ~39,000yrB.P. (14), and one (Mezmaiskaya
1) comes from Mezmaiskaya Cave, Russia, and is
dated to 60,000 to 70,000 yr B.P. (15).

We generated between 170,330 and 521,680
sequence reads per individual on the 454 FLX
platform and processed them with a mapping
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assembly program (SOM), taking the Vindija
33.16mtDNA sequence (5) as a reference. Between
18.2 and 40.2% of sequences were identified as
mitochondrial, representing a raw target enrich-
ment of 3640- to 80,400-fold (table S1). Nontarget
sequences were enriched in sequence motifs from
the 3′ ends of PEC primers (fig. S2), suggesting the
occurrence of some false priming events. All five
individuals showed continuous coverage across the
entire mtDNA genome with an average unique
read depth of 18.0 to 56.3× (fig. S3). As reported
previously for Neandertal mtDNA (5), average
fragment lengths were short (51.3 to 79.3 bp, fig.
S4), coverage was positively correlated with GC
content (fig. S5), and bases differing from the
consensus were dominated by C/G→T/A sub-
stitutions (fig. S6), consistent with deamination of
cytosine (10, 11, 16) clustered toward the ends of
fragments (10, 11) (fig. S7). However, the rate
of C/G→T/A misincorporations varied among
the fossils and was negatively correlated with av-
erage fragment length (fig. S8), likely reflecting
differential hydrolytic damage suffered by DNA
in different depositional environments. To deter-
mine if sequencing coverage in each assembly
was sufficient to overcome misincorporations and
other sequencing errors, we calculated the pro-
portion of reads at each position that matched the
assembly consensus base (fig. S9). Apart from a
single ambiguous position (see fig. S10 for reso-
lution of this position), support across the 82,865
alignedpositions (five 16,565-bpmtDNAgenomes)
was high (mean = 98.5%, minimum 60.0%). At
all 43 positions with support lower than 75%, we
observed a minor base consistent with deami-
nation of cytosine. Sites that differed from the
Neandertal reference had coverage (mean = 32.0×)
and support (mean = 98.7%) similar to those that
matched the reference (mean coverage = 36.5×;
mean support = 98.5%). None of these sites had
support lower than 78% (table S3), and their
locations were not correlated with PEC primer
sites (all P > 0.50, Fisher’s exact test; table S4).
These data suggest that the five consensus
sequences are unlikely to have been affected by
sequencing or base damage errors, because such
errors would tend to create sequence differences
that would be poorly supported and located in
regions of low coverage.

We quantified the level of modern human
DNA contamination in each of our assemblies by
counting Neandertal versus contaminating frag-
ments at all positions (124 to 130 positions per
individual) where the Neandertal was found to
differ from a worldwide panel of 311 aligned
modern human mtDNA genomes (5). From 876
to 2969 fragments overlapping these positions
per Neandertal assembly, we estimated that mod-
ern human contamination ranged from 0.2 to 1.4%
(table S5). At these levels, contamination is highly
unlikely to affect the determination of consensus
sequences. Finally, the PEC-derived Neandertal
mtDNAgenomeswere compared toPCR-amplified
HVR sequences from the same individuals (13, 17)
(SOM and fig. S11). Aligned sequences were iden-

tical between the two methods for every individual
except Feldhofer 1, where some previously postu-
lated errors for PCR-derived positions (13) were
confirmed as such by PEC.

Comparison among the six completeNeandertal
mtDNA genomes revealed a total of 55 variable
positions across 16,565 aligned nucleotides (Table
1). On average, the six Neandertal mtDNAs differ
by 20.4 substitutions. We contrasted Neandertal
mtDNA diversity with variation among modern
humans as represented by the revised Cambridge
reference sequence (18) and a previously pub-
lished worldwide sample of 53 individuals (19).
Variation among the Neandertals was approxi-
mately one-third of that estimated for modern
humans worldwide, approximately half that of
individuals from non-African populations, and
similar to that of the nine Europeans in this
sample (Table 1). When compared to a broader
survey of 30 modern Europeans (Table 1 and
SOM), Neandertals had 37% lower mtDNA di-
versity. Because the Neandertal sequences stem
from several distinct time points spanning thou-
sands of years, we used coalescent simulations
(20, 21) to assess the magnitude of any bias in-
troduced by the temporal sampling and found
that it may cause up to a ~20% overestimate of
Neandertal genetic diversity (table S6) relative to
a sample drawn from a single point in time. Thus,
the observation that mtDNA diversity is lower in
Neandertals than in modern humans appears to be
conservative with respect to sampling over time.

Estimation of phylogenetic relationships con-
firmed the reciprocally monophyletic status of
Neandertal andmodern humanmtDNAs (Fig. 2).
Among the six Neandertal mtDNAs, the sequence

from Mezmaiskaya is more divergent from the
other five (44.4 mean pairwise differences) than
the latter are among themselves (8.4 mean pair-
wise differences). As observed previously (5),
the Neandertal branch in the phylogeny appears
shorter than that of modern humans. Simulations
show that this asymmetry is well within the ex-
pected range of stochastic variation given that the
Neandertal mtDNA sequences are at least 38,000
years old (fig. S12).

With a Bayesian approach (22) calibrated with
the fossil ages of the five dated Neandertal se-
quences and a human-chimpanzee divergence of
~6million years (see SOM), we estimated the time
to the most recent common Neandertal mtDNA
ancestor to be ~109,800 yr B.P. [84,630 to 138,500
yr B.P., 95% highest posterior density (HPD);
table S7]. This is ~80% of the mean coalescent
time estimated for modern human mtDNA with
the same approach (mean time to the most recent
common ancestor = 136,100 yr B.P.; 94,930 to
178,700, 95% HPD). Assuming that positive se-
lection has not influenced Neandertal mtDNA
variation, a recent coalescent time despite a ~38,000-
year truncation of the Neandertal lineage suggests
that the effective population size of Neandertals
(Ne) was small and probably included fewer than
3500 females (mean Ne = 1476; 268 to 3510, 95%
HPD). The recovery of identicalmtDNAsequences
from Vindija in Croatia and the Neander Valley in
Germany, which are more than 850 km apart, sup-
ports the inference of a small effective population
size in Neandertals. Given the temporal sampling
and a constant effective size of 1500, the probability
of sampling at least two identical mtDNA genomes
among six is reasonably high (P= 0.25). In contrast,

Fig. 1. Primer extension capture
(PEC). (i) 5′-Biotinylated oligonu-
cleotide primers (PEC primers) are
added to a 454 library [in which
the A and B adaptor molecules carry
a project-specific barcode (10)] and
are allowed to anneal to their re-
spective target sequences. (ii) A sin-
gle Taq DNA polymerase extension
step is performed, resulting in a
double-stranded association between
primer and target that includes the
5′ adaptor sequence. (iii) Excess PEC
primers are removed by spin column
purification, and the biotinylated
primer:target duplexes are captured
by streptavidin-coatedmagnetic beads.
The beads are washed stringently
above the melting temperature of
the PEC primers, to ensure that tem-
plates upon which extension occurred
will preferentially remain associated
with the primers. (iv) Captured and
washed targets are eluted from the
beads, amplified with adaptor prim-
ing sites, and subjected either to a
second round of extension and cap-
ture or directly to 454 emulsion PCR
(full details are in the SOM).
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only one pair of identical sequences was identified
among the 30 Europeans, as expected given the re-
cent population expansion of modern humans (23).

The observation that the most divergent mtDNA
genome was retrieved from the oldest and eastern-
most individual analyzed (Mezmaiskaya 1) raises
the possibility that genetic structure existed between
Neandertals from different geographic regions
and/or time points (1). Unaccounted-for popula-
tion structure within the sample of Neandertals
could inflate the estimate of effective population
size (24). We therefore used PEC to retrieve a
partial mtDNA genome (13,568 bp, SOM) from a
second, more recent individual fromMezmaiskaya
Cave [Mezmaiskaya 2, ~41,000 yr B.P. (15); table

S2]. This mtDNA sequence unambiguously groups
with the five complete mtDNAs from the western
sites (fig. S13). Thus, no obvious phylogeographic
structure can be discerned among the sevenmtDNAs
analyzed. Analysis of additional individuals from
different times and locations will be necessary to
examine broader patterns of temporal and/or geo-
graphic variation in Neandertal genetic diversity (1).

Low mtDNA diversity may reflect a low ef-
fective population size of Neandertals over a large
part of their ~400,000-year history. Alternatively, it
might be typical only of late Neandertals, whomay
have experienced a reduction in population size
due to direct or indirect influences from modern
humans expanding out of Africa. Of relevance for

this question is the observation that the first com-
plete Neandertal mtDNAgenome had a higher rate
of protein evolution (measured as the ratio of per
site amino acid replacement to per site silent sub-
stitutions, dN/dS) than humans and great apes (5).
This pattern is consistent with a long-term reduc-
tion in the effective population size of Neandertals,
because purifying selection is expected to be less
effective at purging weakly deleterious mutations
in small populations (25). We tested this by parti-
tioning dN/dS into polymorphic and fixed differ-
ences along both the Neandertal and modern
human lineages. dN/dS for fixed differences was
about twice as high along the Neandertal lineage
(0.168) as along the modern human lineage (0.082;
Fig. 2) or the lineages of chimpanzees and bonobos
(dN/dS < 0.08; table S8). Furthermore, a likelihood
model (26) in which dN/dS is higher in Neandertals
versus the other lineages best explains patterns of
protein evolution across all groups (fig. S14). Al-
though this difference appears pronounced, our
estimate is based on relatively few amino acid
substitutions overall, and lineage-specific variation
in dN/dS provides only an indirect assessment of
long-term effective population size. Nonetheless,
patterns of mtDNA protein evolution are consist-
ent with the notion that the effective population
size of Neandertals was small not only among
late Neandertals but over a longer period of their
existence. Clearly, the recovery of nuclear se-
quences frommultiple Neandertals will be neces-
sary to arrive at a more complete picture of their
population history. Encouragingly, PEC and other
targeted resequencing approaches (27–29) now
make this feasible.
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Table 1. Mitochondrial DNA variation in Neandertals and modern humans.

Sample Length* N† Hap‡ S§ MPWD|| qp (%)¶

All sites
Neandertals 16,565 6 5 55 20.4 0.123
Modern humans 16,547 54 54 658 60.5 0.365

African 16,556 21 21 365 76.5 0.462
Non-African 16,554 33 33 364 38.1 0.230
European 16,566 9 9 87 23.7 0.143
European (expanded)# 16,565 30 29 260 32.3 0.195

Third codon positions**
Neandertals 3,575 6 5 22 8.3 0.231
Modern humans 3,575 54 52 283 23.8 0.667

African 3,575 21 19 164 32.6 0.911
Non-African 3,575 33 33 134 13.5 0.378
European 3,575 9 9 23 5.9 0.165
European (expanded)# 3,575 30 29 91 10.5 0.293

*Number of aligned positions excluding alignment gaps. †Number of sequences. ‡Number of distinct mtDNA
sequences (haplotypes). §Number of variable sites. ||Mean number of pairwise differences. ¶Average percentage
of pairwise differences per site. #Expanded to include additional, previously published complete mtDNA genomes. See
SOM for details. **Based on a 10,725-bp concatenated alignment of the 12 mtDNA genes coded on the same strand,
excluding regions with overlapping reading frames.
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The Human SepSecS-tRNASec

Complex Reveals the Mechanism of
Selenocysteine Formation
Sotiria Palioura,1 R. Lynn Sherrer,1 Thomas A. Steitz,1,2,3 Dieter Söll,1,2* Miljan Simonović4*

Selenocysteine is the only genetically encoded amino acid in humans whose biosynthesis occurs on
its cognate transfer RNA (tRNA). O-Phosphoseryl-tRNA:selenocysteinyl-tRNA synthase (SepSecS)
catalyzes the final step of selenocysteine formation by a poorly understood tRNA-dependent
mechanism. The crystal structure of human tRNASec in complex with SepSecS, phosphoserine,
and thiophosphate, together with in vivo and in vitro enzyme assays, supports a pyridoxal
phosphate–dependent mechanism of Sec-tRNASec formation. Two tRNASec molecules, with a fold
distinct from other canonical tRNAs, bind to each SepSecS tetramer through their 13–base pair
acceptor-TYC arm (where Y indicates pseudouridine). The tRNA binding is likely to induce a
conformational change in the enzyme’s active site that allows a phosphoserine covalently attached
to tRNASec, but not free phosphoserine, to be oriented properly for the reaction to occur.

The 21st amino acid, selenocysteine (Sec),
is distinct from other amino acids not only
because it lacks its own tRNA synthetase,

but also because it is the only one that is syn-
thesized on the cognate tRNA in all domains of
life [reviewed in (1–4)] in a process that is rem-
iniscent of the tRNA-dependent synthesis of glu-

tamine, asparagine, and cysteine in prokaryotes
(4). The importance of Sec is illustrated by the
embryonic lethal phenotype of the tRNASec knock-
out mouse (5) and by the presence of Sec in the
active sites of enzymes involved in removing re-
active oxidative species and in thyroid hormone
activation (6, 7). It is intriguing that the codon for

Sec is UGA, which is normally a translational
stop signal (1). During translation of selenopro-
tein mRNAs, UGA is recoded by the interaction
of a specialized elongation factor, SelB in bacteria
and EFsec in humans, with a downstream Sec-
insertion sequence element that forms a stem
loop (1, 3).

The first step in Sec formation involves the
misacylation of tRNASec by seryl-tRNAsynthetase
(SerRS) to give Ser-tRNASec [reviewed in (3, 8)].
Although the tertiary structure of tRNASec was
unknown, it was proposed that the mischarging
reaction is possible because of similarities be-
tween the tRNASec and tRNASer structures (3, 8). In
archaea and eukaryotes, the g-hydroxyl group of
Ser-tRNASec is subsequently phosphorylated by
O-phosphoseryl–tRNA kinase (PSTK) (9) to give
O-phosphoseryl–tRNASec (Sep-tRNASec), which is
then used as a substrate for the last synthetic
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Fig. 1. Structure of human SepSecS in complex with unacylated tRNASec.
(A) Surface representation of the physiological complex of SepSecS with
tRNASec. The subunits of the catalytic dimer are dark and light blue, those
of the noncatalytic dimer are dark and light red; the backbone and the
bases of tRNASec are green and gray, respectively. (B) The catalytic dimer
interacts with the acceptor arm of tRNASec through helices a14 and a15

(blue). The a1 helix (red) of the noncatalytic dimer interacts with the rest of
the acceptor-TYC arm. The regions of tRNASec that interact with SepSecS are
shown in orange; the rest is green. One tRNASec molecule is shown for
clarity. (C) Interactions between the discriminator base G73 and the con-
served Arg398 in the a14-b11 loop. The protein side chains are gold, and
tRNASec is green.
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