
Corrections

MEDICAL SCIENCES. For the article ‘‘Estrogen receptor (ER)-�
isoforms: A key to understanding ER-� signaling,’’ by Yuet-Kin
Leung, Paul Mak, Sazzad Hassan, and Shuk-Mei Ho, which
appeared in issue 35, August 29, 2006, of Proc Natl Acad Sci USA
(103:13162–13167; first published August 22, 2006; 10.1073�
pnas.0605676103), the authors note that in Fig. 2C, the x axis is
labeled incorrectly, due to a printer’s error. The corrected figure
and its legend appear below. This error does not affect the
conclusions of the article.

COMMENTARY. For the article ‘‘In search of an effective obesity
treatment: A shot in the dark or a shot in the arm?’’ by Jeffrey
M. Zigman and Joel K. Elmquist, which appeared in issue 35,
August 29, 2006, of Proc Natl Acad Sci USA (103:12961–12962;
first published August 21, 2006; 10.1073�pnas.0605959103), the
authors note that on page 12961, due to a PNAS error, the last
sentence of the first paragraph, third column, ‘‘Although these
studies used different methods of inactivating normal ghrelin
signaling pathways, they all had in common decreased body
weight (with a specific effect on fat mass and decrease in lean
mass) and increased energy expenditure; the effects on food
intake were variable,’’ should read: ‘‘Although these studies used
different methods of inactivating normal ghrelin signaling path-
ways, they all had in common decreased body weight (with a
specific effect on fat mass and no decrease in lean mass) and
increased energy expenditure; the effects on food intake were
variable.’’

www.pnas.org�cgi�doi�10.1073�pnas.0607367103

INAUGURAL ARTICLE, GENETICS. For the article ‘‘Patterns of nucle-
otide misincorporations during enzymatic amplification and
direct large-scale sequencing of ancient DNA,’’ by M. Stiller,
R. E. Green, M. Ronan, J. F. Simons, L. Du, W. He, M. Egholm,
J. M. Rothberg, S. G. Keats, N. D. Ovodov, E. E. Antipina, G. F.
Baryshnikov, Y. V. Kuzmin, A. A. Vasilevski, G. E. Wuenschell,
J. Termini, M. Hofreiter, V. Jaenicke-Després, and S. Pääbo,
which appeared in issue 37, September 12, 2006, of Proc Natl
Acad Sci USA (103:13578–13584; first published August 25,
2006; 10.1073�pnas.0605327103), the authors note that author
name S. G. Keats should appear as S. G. Keates. The online
version has been corrected. The correct author line appears
below.

M. Stiller, R. E. Green, M. Ronan, J. F. Simons, L. Du,
W. He, M. Egholm, J. M. Rothberg, S. G. Keates,
N. D. Ovodov, E. E. Antipina, G. F. Baryshnikov,
Y. V. Kuzmin, A. A. Vasilevski, G. E. Wuenschell,
J. Termini, M. Hofreiter, V. Jaenicke-Després, and S. Pääbo

www.pnas.org�cgi�doi�10.1073�pnas.0607610103

Fig. 2. Characterization of ER-� isoforms. (A) Western blot analysis of ER-�
isoforms overexpressed in HEK293 cells and yeast. N-terminal-specific polyclonal
ER-� antibody (H150 from Santa Cruz Biotechnology), which would recognize all
ER-� isoforms, was used in this study. An equal amount (50 �g) of protein was
loaded to each lane. Mock-transfected cells or an untransformed yeast strain
were set up as a control experiment (CTL). Samples expressing ER-�1, -�2, -�4, and
-�5 were labeled as 1, 2, 4, and 5, respectively. The size of the ER-� isoforms was
consistent with the predicted molecular size, ranging from 53 to 59 kDa. Coex-
pression of ER-� isoforms with ER-�1 was also performed in both cell line and
yeast. Lanes 1 and 2, 1 and 4, and 1 and 5 represent the samples overexpressing
ER-�1 and -�2, ER-�1 and -�4, and ER-�1 and -�5, respectively. (B) Tabulated
results of in vitro estrogen receptor binding assay. Four hundred micrograms of
total yeast lysate expressing ER-� isoforms was applied to each binding reaction
as described in Materials and Methods. Binding data were calculated and ana-
lyzed with GraphPad Prism 4.0 software to determine the Bmax and Kd of each
isoform. (C) Effects of SRC-1 on the transactivation activities of ER-� isoforms.
SRC-1 expression vector was transfected into HEK293 cells carrying different ER-�
isoformexpressionvectorswiththereporterplasmid.Transactivationassayswere
performed as described in Materials and Methods in the presence or absence of
1 nM E2. Three independent experiments were performed and averaged. The
standard deviation was calculated. (D) Dimerization of ER-� isoforms by Y2H
experiment. E2 at two different concentrations (1 nM to 1 �M) was incubated
overnight with different yeast strains. A Beta-Glo assay was performed to quan-
tify the reporter (�-gal) activity. The higher the reporter activity, the stronger the
interaction between two of the same ER-� (homodimer) or different (het-
erodimer) isoforms. Four types of homodimers (�1 � �1, �2 � �2, �4 � �4, and
�5 � �5) and three kinds of heterodimers (�1 � �2, �1 � �4, and �1 � �5) were
subjected to Y2H analyses. The background value was subtracted during data
analyses. Experiments were performed in triplicate, and the standard deviation
was calculated. All results were summarized in this figure, except for �2, �4, and
�5 homodimers, in which activities were undetectable.

www.pnas.org�cgi�doi�10.1073�pnas.0607492103
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MEDICAL SCIENCES. For the article ‘‘Mutational analysis of DJ-1 in
Drosophila implicates functional inactivation by oxidative dam-
age and aging,’’ by Marc C. Meulener, Kexiang Xu, Leonor
Thompson, Harry Ischiropoulos, and Nancy M. Bonini, which
appeared in issue 33, August 15, 2006, of Proc Natl Acad Sci USA
(103:12517–12522; first published August 7, 2006; 10.1073�
pnas.0601891103), the author name Leonor Thompson should
have appeared as Leonor Thomson. In addition, the affiliation
for Leonor Thomson and Harry Ischiropoulos appeared incor-
rectly. The online version has been corrected. The corrected
author and affiliation lines and author footnotes appear below.

Marc C. Meulener*, Kexiang Xu*, Leonor Thomson†‡,
Harry Ischiropoulos†, and Nancy M. Bonini*§¶

*Department of Biology, University of Pennsylvania, and §Howard Hughes
Medical Institute, Philadelphia, PA 19104; and †The Stokes Research
Institute, Children’s Hospital of Philadelphia, Philadelphia, PA 19104

‡Permanent address: Facultad de Ciencias, Universidad de la República, 11400 Montevideo,
Uruguay.

¶To whom correspondence should be addressed. E-mail: nbonini@sas.upenn.edu.

www.pnas.org�cgi�doi�10.1073�pnas.0607321103

NEUROSCIENCE. For the article ‘‘Anxiolytic- and antidepressant-like
profiles of the galanin-3 receptor (Gal3) antagonists SNAP 37889
and SNAP 398299,’’ by Chad J. Swanson, Thomas P. Blackburn,
Xuexiang Zhang, Kang Zheng, Zhi-Qing David Xu, Tomas Hök-
felt, Toni D. Wolinsky, Michael J. Konkel, Heidi Chen, Huailing
Zhong, Mary W. Walker, Douglas A. Craig, Christophe P. G.
Gerald, and Theresa A. Branchek, which appeared in issue 48,
November 29, 2005, of Proc Natl Acad Sci USA (102:17489–17494;
first published November 15, 2005; 10.1073�pnas.0508970102),
the authors note that ‘‘a preferred International Union of Pure and
Applied Chemistry (IUPAC) chemical name for SNAP 398299 is
1-(3-(2-(pyrrolidin-1-yl)ethoxy)phenyl)-3-(3-(trif luoromethyl)
phenylimino)indolin-2-one. It is also referred to as [1,3-dihydro-1-
[3-(2-pyrrolidinylethoxy)phenyl]-3-[[3-(trif luoromethyl)phenyl]-
imino]-2H-indol-2-one], and the exact chemical structure is now
published in ref. 26. In addition, the citation given for ref. 26 is
incorrect. The correct reference appears below. These errors do not
affect the conclusions of the article.’’

26. Konkel MJ, Packiarajan M, Chen H, Topiwala UP, Jimenez H, Talisman IJ,
Coate H, Walker MW (2006) Bioorg Med Chem Lett 16:3950–3954.

www.pnas.org�cgi�doi�10.1073�pnas.0607328103
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Whereas evolutionary inferences derived from present-day DNA
sequences are by necessity indirect, ancient DNA sequences pro-
vide a direct view of past genetic variants. However, base lesions
that accumulate in DNA over time may cause nucleotide misincor-
porations when ancient DNA sequences are replicated. By repeated
amplifications of mitochondrial DNA sequences from a large num-
ber of ancient wolf remains, we show that C�G-to-T�A transitions
are the predominant type of such misincorporations. Using a
massively parallel sequencing method that allows large numbers
of single DNA strands to be sequenced, we show that modifica-
tions of C, as well as to a lesser extent of G, residues cause such
misincorporations. Experiments where oligonucleotides contain-
ing modified bases are used as templates in amplification reactions
suggest that both of these types of misincorporations can be
caused by deamination of the template bases. New DNA sequenc-
ing methods in conjunction with knowledge of misincorporation
processes have now, in principle, opened the way for the deter-
mination of complete genomes from organisms that became ex-
tinct during and after the last glaciation.

pyrosequencing � deamination � DNA damage � wolves � mammoth

DNA sequences determined from the remains of ancient
organisms make unique contributions to our understanding

of biological and genetic change over time, because they allow a
direct view of past genetic variation and thus obviate the need
to rely solely on inference from DNA sequences in extant
organisms to reconstruct molecular evolutionary change. Al-
though limited to cases where well preserved specimens are
found by archaeologists or are preserved in museum collections,
the determination of DNA sequences from long-dead organisms
has now become routine (1, 2). For example, ancient DNA
sequences have clarified the phylogenetic relationships of many
extinct species (3–6), contributed to our understanding of pop-
ulation changes caused by the last glacial maximum (7–9), and
allowed the viral variants responsible for past pandemics to be
identified (10).

However, the analysis of ancient DNA is challenging, and
technical issues set limits for the age and types of DNA se-
quences that can be retrieved. Cloning in plasmid vectors (11, 12)
was the first approach used to study ancient DNA, but this was
soon replaced by the PCR (13, 14). The PCR has the advantage
that it often starts from more than one template molecule and
thus represents a statistical sample of the targeted DNA se-
quence (13). It also has the advantage that specific sequences can
be retrieved repeatedly from the same specimen to confirm
results. As a consequence, almost all ancient DNA sequences

published to date are determined from DNA amplified by PCR.
However, several artifacts can cause differences between ancient
DNA sequences determined by PCR and the DNA sequences
that were present in the organisms when alive. Nucleotide
misincorporations by DNA polymerases during amplification,
which may be induced by chemical modifications in the ancient
DNA, are one source of artifacts (15–23), as is ‘‘jumping PCR,’’
i.e., template switching induced by DNA damage that cause
recombination between different template molecules during
PCR (24).

Contamination by modern DNA, which may be introduced
during handling of the specimen or subsequent laboratory
procedures, represents another source of artifacts in studies of
ancient DNA (15, 25). Although this problem can largely be
avoided by adhering to published and widely accepted guidelines
for ancient DNA work (1, 2, 26), ancient human remains
represent a troublesome exception to this. Because human DNA
is pervasively present in the environment at archaeological
excavations, in museums, and in laboratory facilities, contami-
nating human DNA can be amplified from almost every DNA
extract prepared from ancient specimens, provided that the PCR
performed is sensitive enough (1, 25). As a consequence, when
ancient human remains are studied, it becomes impossible to
distinguish contaminants from endogenous DNA sequences. By
contrast, this is not a problem when non-human organisms are
studied, because primers targeting DNA sequences from these
organisms often will not amplify human DNA sequences, and
when this nevertheless occurs, human DNA sequences can
generally be identified as contaminants from their similarity to
the human genome sequence.

Except for studies involving ancient human remains, nucleo-
tide misincorporations therefore account for the majority of
potential errors in ancient DNA sequences. This is particularly
the case when amplifications start from very few template
molecules. If a nucleotide misincorporation occurs when a single
DNA strand is replicated during the first cycle of PCR, all
molecules produced during subsequent cycles will carry this
error. As a consequence, the final PCR product will be homo-
geneous, although it carries an erroneous sequence (19). This
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problem can be reduced to a level that does not undermine most
biological conclusions, if the amplification of any particular
DNA sequence is repeated to ensure that each nucleotide
position is determined in two or more independent amplifica-
tions (19).

Recently, large-scale genomic approaches have been applied
to the study of ancient DNA. In such approaches, total DNA
from an ancient specimen is isolated, and subsequently a large
number of random fragments are sequenced either after cloning
in a plasmid vector (27) or directly after PCR from single
molecules (28). In such cases, each DNA sequence is derived
from a single ancient molecule. Because any nucleotide misin-
corporation that occurs during initial replication in bacteria or
during PCR will be present as an unambiguous, but incorrect,
base in the sequences produced, these approaches are especially
prone to errors due to nucleotide misincorporations. Further-
more, because each individual DNA sequence is only deter-
mined once, such errors can only be described statistically unless
ancient genomes are sequenced to such a high redundancy that
each sequence position is determined from multiple sequence
reads allowing nucleotide misincorporations to be identified and
distinguished from allelic variants. For two reasons, this will, in
most cases, remain impossible in the near future. First, the
average size of the ancient DNA sequences present in ancient
specimens is almost always �100 nt (14, 27). Second, only a few
percent of the DNA sequences determined from the total DNA
extracted from ancient remains are derived from the organism
in question, whereas the rest are from organisms that have
colonized the specimen either shortly after its death or during its
subsequent deposition (27), although some permafrost speci-
mens contain endogenous DNA in higher relative abundance
(28). Thus, until sequencing costs are drastically reduced, high
coverage is not likely to be achieved when ancient genomes are
studied. Ancient DNA sequences determined from high-
throughput approaches are therefore potentially much more
affected by errors due to nucleotide misincorporations than
DNA sequences determined by targeted approaches using PCR
amplifications that are repeated several times.

Knowledge about nucleotide misincorporation patterns are thus
of great relevance for the high-throughput approaches that are
beginning to be used to study ancient genomes, because such
knowledge will allow the extent of various types of misincorpora-
tions to be estimated statistically for such data. Misincorporation
patterns are also of interest, because radically different misincor-
poration patterns have been reported in amplification products
from ancient remains. Hofreiter et al. (19) observed almost exclu-
sively C�G-to-T�A transitions in mitochondrial sequences derived
from Pleistocene cave bears. In contrast, Gilbert et al. (21, 22)
observed �62% such substitutions but in addition �31% T�A-to-
C�G transitions and �7% transversions when they analyzed mito-
chondrial control region sequences from ancient human remains,
and Hansen et al. (20) and Binladen et al. (23) similarly observed
substantial amounts of T�A-to-C�G transitions and transversions in
addition to C�G-to-T�A transitions when analyzing mitochondrial
and nuclear sequences derived from ancient human and animal
remains, respectively. To shed light on the patterns of nucleotide
misincorporations that occur when ancient DNA samples are
enzymatically amplified, we have investigated DNA sequences
determined from late Pleistocene wolves by sequencing of cloned
PCR products as well as from a Siberian mammoth by high-
throughput pyrosequencing on the 454 platform (29). We also use
synthetic DNA templates that carry specific molecular lesions to
test whether these cause errors compatible with the patterns of
misincorporations observed in the ancient DNA sequences.

Results
Substitution Patterns in DNA Amplifications from Ancient Wolves. We
extracted DNA from 62 bone and teeth samples from wolves that

vary in age between 50 and 50,000 years B.P. and originate from
14 different geographic localities (Fig. 5, which is published as
supporting information on the PNAS web site). From each
extract, we attempted to amplify a 100-bp-long fragment of the
mitochondrial control region (including primers) spanning the
bases 15612–15668 in the dog mitochondrial genome (between
the primers) (GenBank accession no. U96639). Although 27
samples failed to yield any canid-like amplification products, the
target DNA sequence could be repeatedly amplified for 29 of the
62 wolf specimens. The remaining six samples yielded PCR
products that could not be replicated in later amplification
attempts and were therefore excluded from further analysis.
Such a failure rate is typical of most studies of ancient remains
(4, 8, 30).

From each of the 29 remaining specimens, we cloned 2 or
more PCR products per specimen and sequenced 5–16 clones
from each amplification product. If all clones sequenced from
one PCR product carried substitutions that distinguished them
from all clones of a second independent PCR product, the
amplification was repeated and the nucleotide state observed
twice was considered to be the endogenous one, whereas the
other nucleotide state was deemed to represent a misincor-
poration (19). We then compared clones from each individual
PCR product and identified additional misincorporations by
looking for substitutions in each of the cloned sequences,
compared with the consensus sequence of the amplification. If
more than one clone carried a particular substitution, they
were deemed to come from the same misincorporation event.
Thus, substitutions observed in all clones of a certain PCR
product but not in at least two other PCR products, as well as
substitutions present in one or several clones from a single
PCR product, were counted to yield the total number of
nucleotide misincorporations observed from a specimen.

In all, we analyzed 1,058 clone sequences from 108 PCR
products and identified a total of 115 nucleotide misincorpora-
tions as defined above. Five of these were consistent differences
between all clones from distinct amplification products and thus
represent misincorporations that are likely to have occurred
during the first cycle of PCR when exclusively ancient DNA
template molecules are present, whereas the rest were seen
among the clones from single amplification products. They can
thus represent errors made either when ancient templates were
replicated or errors introduced when newly synthesized mole-
cules were replicated. However, the high frequency with which
misincorporations were observed suggests that a large fraction of
them are caused by the ancient nature of the template DNA.
Strikingly, all 115 misincorporations represented C�G-to-T�A
transitions (Fig. 1).

To investigate whether contamination of DNA from different
modern or ancient dogs could have confounded the results, we
examined differences between the DNA sequences inferred to be
endogenous to each of the 29 ancient wolves and the consensus
of all these sequences. Among 80 nucleotide differences seen,
C�G-to-T�A transitions comprised 15%, whereas the remaining
85% were T�A-to-C�G transitions. When 198 modern wolf and
dog mtDNA control region sequences (31–33) are analyzed in
the same way, C�G-to-T�A transitions make up 31% of all
substitutions seen, whereas T�A-to-C�G transitions make up
63% and transversions make up the remaining 6% (Fig. 1). Thus,
the pattern seen among the substitutions deemed to represent
nucleotide misincorporations in the ancient DNA sequences
differs from the variation among modern wolf and dog sequences
(X2 � 237.3, df � 4, P � 3.6 � 10�50), as well as from the
variation among ancient wolves (X2 � 153.6, df � 4, P � 3.5 �
10�32). Contamination with modern wolf and�or dog DNA can
therefore not explain the extreme substitution pattern observed
among amplification products from the ancient wolf samples,
where exclusively C�G-to-T�A transitions are observed. Rather,
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a large fraction or all of the latter substitutions are likely to
derive from chemical modifications present in the ancient DNA.

Large-Scale Pyrosequencing. To further investigate the nucleotide
misincorporations in amplifications of ancient samples, we an-
alyzed large-scale parallel pyrosequencing data generated by a
454 instrument. In this procedure, total DNA extracted from a
43,000-year-old mammoth bone (34) from the Bol’shaya Kol-
opatkaya river (lat 70°N, long 151°E), Russia, was ligated to
biotinylated linkers, and single DNA strands were attached to
Sepharose beads, amplified by PCR, and subjected to pyrose-
quencing on the 454 platform (29). This approach has two main
advantages over the clone-based approach described above.
First, each sequence read derives from one single-stranded DNA
molecule, and the sequence read allows the actual template
strand to be inferred. Therefore, when the ancient DNA se-
quence is compared with an extant species, it is possible to know
what base was read off the ancient DNA molecule when it was
replicated. For example, whereas C-to-T and G-to-A differences
need to be pooled in the analysis of the PCR products from the
ancient wolves above, because it is not known whether the initial
strand that was replicated in the PCR carried a C or a G (Fig.
1), the 454-based pyrosequencing makes it possible to observe
each of these sequence differences independently. Second, be-
cause each experiment generates large amounts of DNA se-
quence, it is possible to detect even rare types of misincorpo-
rations that may be missed when smaller numbers of clones of
PCR products are analyzed. However, unlike analyses of defined
regions amplified by PCR primers, with this method, one cannot
choose beforehand which regions to sequence. Therefore, after
sequencing, it is first necessary to determine which sequences
derive from the target species rather than other organisms that
have colonized the organism after its death, and to generate
reliable alignments of the target species to one or more other
genomes. Once this is done, the extent of DNA sequence
divergence and misincorporations can be estimated statistically.

In designing a statistical analysis to infer misincorporation rates,
we exploit the double-stranded nature of DNA and investigate two
aspects of the data. First, for each type of mismatch observed when
the mammoth reads are compared with the closest extant genome
sequence available, the African elephant, there is a strand-
equivalent mismatch that would have been observed had the other
strand been sequenced instead. For example, each read containing
a mammoth T aligned to an elephant C would have been observed
as a read containing a mammoth A aligned to an elephant G, if the

complementary strand had been sequenced. Thus, unless misin-
corporations occur, the number of any particular nucleotide dif-
ferences between mammoth and elephant should equal the number
of reciprocal strand-equivalent differences, where the mammoth
sequence carries the complementary nucleotide (Fig. 2), provided
that the frequency with which DNA strands are captured in the
sequencing reaction is independent of their base composition.
Because the numbers of As and Ts are nearly identical among the
146,733 mammoth nucleotide positions analyzed, as are the number
of Cs and Gs, this condition is met, and this aspect of the data can
be used to detect nucleotide misincorporations.

The second aspect of the data we use to detect misincorpo-
rations relies on the fact that nucleotide differences where, for
example, the mammoth carries a T and the elephant a G versus
where the mammoth carries a G and the elephant a T, should be
equal in number if the rate and patterns of nucleotide substitu-
tions along the evolutionary lineages leading to the mammoth
and the elephant were similar. Thus, any difference in number
between pairs of such reciprocal differences indicates either that
the pattern of substitutions changed in one species (a fairly
unlikely event when closely related species are studied) or that
nucleotide misincorporations contribute to one of the two types
of differences.

In our analysis of the DNA sequences from the late Pleisto-
cene mammoth, we first identified sequences that are most
similar to the African elephant genome or the human genome
(see Materials and Methods). These were deemed to be ancient
mammoth and human sequences contaminating the specimen,
respectively. A total of 2,983 nucleotide differences were ob-
served within the 1,800 alignments to the extant African ele-
phant genome (Fig. 3 Upper) and 192 differences within the 59
alignments to the human genome (Fig. 3 Lower). Among the

Fig. 1. Substitution pattern observed among the misincorporations seen in
the PCR products from 29 ancient wolves (Left) and among modern dog and
wolf mtDNA sequences (Right) from Savolainen et al. (33) (dogs) and Vila et
al. (31, 32) (wolves). Numbers represent percentages, and the ‘‘ancestral’’
sequence for the dogs and wolves is approximated with the consensus se-
quence for all sequences studied.

Fig. 2. Schematic illustration showing how 454 sequencing captures indi-
vidual single-stranded mammoth molecules. When these are compared with
elephant sequences, any reciprocal base-equivalent differences between the
genomes will be present in statistically equal numbers across many reads. This
is illustrated by the two G–C and C–G differences shown in green. Any
modification in the ancient DNA, for example a deaminated C that yields U
(orange), will yield an excess of differences relative to the reciprocal differ-
ence, as seen for the T–C vs. A–G differences below.
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elephant alignments, a total of 2,040 transitions and 943 trans-
versions were seen, yielding a transition-to-transversion ratio of
2.16, typical of closely related mammalian genomes (35). Inter-
estingly, when each pair of strand-equivalent nucleotide differ-
ences between the mammoth and the elephant was compared,
none differed significantly, except T�C and A�G differences
where the mammoth sequences had 73.3% more C-to-T than
G-to-A differences. This finding indicates that many of the
nucleotide residues in the ancient DNA that differ to the
elephant genome by being read as a T where the elephant carries
a C have been modified to appear as T during the amplification
process. This excess of C-to-T mismatches was not observed
within the 59 alignments to the human genome (Fig. 3 Lower),
indicating that it does not affect the more recent human DNA
that contaminates the specimen.

When pairs of reciprocal differences are compared, none of
them differ significantly in number within a pair except where
the mammoth carries an A and the elephant a G, which occurs
�26% more frequently than positions where the mammoth

carries a G and the elephant an A. That rates and patterns of
substitutions are unlikely to have changed among these closely
related species (an assumption that is supported by the obser-
vation that among the transversions, no indications of any
differences on the elephant and mammoth lineages are seen)
suggests that some modification affects G residues in the ancient
DNA and causes some of them to be read as A’s in these
experiments.

Misincorporations Induced by Deamination. It has been previously
shown that deamination of cytosine residues causes C-to-T
transitions in DNA sequences determined from ancient DNA
(19). We therefore assume that this explains the excess of
C�G-to-T�A differences seen in the wolf sequences, as well as
the excess of C-to-T differences between the elephant and
mammoth described above. However, both guanine and adenine
residues may also become deaminated, and it has been suggested
that deamination of adenine residues may cause misincorpora-
tions in which A appears as G during PCR from ancient extracts
(21, 22).

To determine the extent to which deamination of cytosine,
adenine, and guanine residues causes DNA polymerases used in
PCR of ancient DNA to misincorporate nucleotides, we used
three pairs of oligonucleotides to serve as templates in amplifi-
cations. The two oligonucleotides in each pair are identical
except that one carries either a cytosine residue (C) or its
deaminated form, a uracil residue (U), at one position; another
carries an adenine residue (A) or its deaminated form, a
hypoxanthine residue (H); and the third pair carries a guanine
residue (G) or its deaminated form, a xanthine residue (X) (Fig.
6, which is published as supporting information on the PNAS
web site). These oligonucleotides were used as templates in
PCRs with two DNA polymerase reagents, AmpliTaq Gold
(Applied Biosystems, Foster City, CA) and Platinum Taq High
Fidelity (Invitrogen, Carlsbad, CA), which are both commonly
used in ancient DNA research. From each amplification product,
21 to 47 clones were sequenced. When the oligonucleotides
carrying C, A, and G, respectively, were used individually, the
correct nucleotide, G, T, and C, respectively, were incorporated
on the other strand in all clones analyzed (data not shown). In
contrast, when the oligonucleotide carrying the U was used, both
polymerase reagents inserted A residues opposite the template
sites carrying a U residue in all clones sequenced (data not
shown). Similarly, when the oligonucleotide carrying H was used,
both polymerase reagents inserted C residues in all clones
sequenced (data not shown), whereas when the oligonucleotide
carrying X was used, AmpliTaq Gold inserted C in all clones
sequenced while Platinum Taq High Fidelity inserted T residues
in 18 of 47 clones sequenced (38%) and C in the rest. Thus, U
and H cause misincorporations whenever they serve as templates
for the polymerase reagents tested. By contrast, X causes no
misincorporations when it serves as a template for AmpliTaq
Gold and causes misincorporations only in a minority of cases
when Platinum Taq High Fidelity is used.

We then tested whether the polymerase reagents preferen-
tially amplify a nucleotide that naturally occurs in DNA or its
deaminated form when both are present in a PCR. As a control,
we first mixed the two nucleotides carrying the unmodified bases
(A and C) in equal amounts. In this case, both DNA polymerase
reagents amplify the two templates with equal efficiency and
without any detectable misincorporations, as illustrated in Fig. 4.
When C and its deaminated form U are available in equal
amounts, both DNA polymerase reagents yield �15% (SD �
0.7% and 2.1%, respectively) misincorporations where U is read
as T. Therefore, both reagents amplify the unmodified base C
residues with �70% higher efficiency than U residues.

When A and its deaminated form H are both available,
AmpliTaq Gold yields misincorporations where C residues are

Fig. 3. Number of base mismatches of each type, grouped into strand-
equivalent pairs for the mammoth and elephant comparisons (Upper) and the
human comparisons (Lower). The circle indicates the observed number of
mismatches of each type. The lines above and below are the 99% confidence
intervals obtained for 10,000 bootstrap replicates of the alignments. Note that
positions where the mammoth carries a T and the elephant carries a C are
significantly more numerous than positions where the mammoth carries an A
and the elephant carries a G. Note also that the positions where the mammoth
carries an A and the elephant carries a G are significantly more numerous than
positions where the mammoth carries a G and the elephant carries an A.
Among the 59 human sequences analyzed, there are no significantly elevated
mismatches.
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incorporated in 45% (SD � 0.7%) of the clones sequenced,
whereas Platinum Taq High Fidelity does so in 22% (SD � 1.4%)
of such clones. Thus, whereas AmpliTaq Gold shows no strong
preference for amplifying a template containing an A residue
over an H residue, Platinum Taq High Fidelity is �55% more
efficient in amplifying the unmodified base.

Finally, when G and X are both available, AmpliTaq Gold
yields no misincorporated residues among the 184 clones se-
quenced, whereas Platinum Taq High Fidelity yields 2.7% (SD �
2.1%) of misincorporated T residues. Although the extent to
which the polymerase reagents prefer the unmodified templates
cannot be determined in this case, it is clear that AmpliTaq Gold
incorporates only the ‘‘correct’’ base C when it encounters X,
whereas Platinum Taq High Fidelity yields misincorporations of
T residues.

In summary, although the DNA polymerase reagents used in
the amplifications from the Pleistocene wolf samples (AmpliTaq
Gold) and in the pyrosequencing experiments (Platinum Taq
High Fidelity) behave similarly in causing misincorporations as
a result of deaminated C residues (U), they behave differently in
that AmpliTaq Gold yields approximately twice as many misin-
corporations where a deaminated A residue (H) is read as a G
residue as does Platinum Taq High Fidelity. Consequently, if
deaminated A residues would have occurred at any appreciable
frequency in the wolf DNA samples analyzed, we would have
detected them as nucleotide misincorporations. When the two
polymerase reagents encounter deaminated G residues (X), only
Platinum Taq High Fidelity, which is used in the pyrosequencing
experiments, yields misincorporations where G residues are
misread as A residues.

Discussion
When DNA sequences were amplified from 29 wolf remains
from 8 European and 6 Asian localities that vary in age from 50
to �50,000 years, all nucleotide misincorporations detected were
changes from C�G to T�A base pairs. Misincorporations were
found in samples from all localities and all ages (Fig. 5), including
the single sample that is 50 years old, whereas only two samples
yielded no misincorporations in the amplifications analyzed.
Thus, C�G-to-T�A changes are obviously the predominant
nucleotide misincorporation that affects amplifications from
ancient DNA sequences retrieved from a variety of different
localities and times.

A novel massively parallel pyrosequencing method (29) that
allows the sequencing of large numbers of single-template DNA

strands allowed us to determine whether C�G-to-T�A misincor-
porations in ancient DNA sequences are caused by miscoding
lesions involving predominantly cytosine or guanine residues. To
do this, we generated data from a late Pleistocene mammoth
from Siberia. The results (Fig. 3 Upper) show that cytosine rather
than guanine residues are the predominant cause of these
transitions. If no lesions affect guanine residues, then as much as
�40% of all nucleotide differences where the mammoth carries
a T and the elephant a C are caused by misincorporations. If
guanine residues are also affected by some lesion (see below),
this proportion is even higher.

For several reasons, the lesion affecting cytosine residues is
very likely to be deamination. First, the deaminated form of
cytosine, uracil, has been shown to occur in ancient DNA
extracts (14, 17), and when ancient DNA is treated with uracil
DNA glycosylase that removes uracil from DNA, C�G-to-T�A
misincorporations are not observed (19). Furthermore, the
results presented in Fig. 4 show that uracil residues yield the
expected misincorporations in amplifications with the polymer-
ase reagent used in the amplifications from the wolf samples, as
well as the reagent used in 454-based pyrosequencing from the
mammoth sample. No other strand-equivalent nucleotide dif-
ference suggests modification of any additional base (Fig. 3
Upper). However, it is noteworthy that the amounts of A–G
differences between the mammoth and the elephant are larger
than G–A differences. Assuming that the rate of these nucleotide
substitutions along the mammoth and elephant evolutionary
lineages are similar, this result suggests that some lesion in the
mammoth affects G residues and causes them to be read as A
residues during PCR. This phenomenon is seen also in large-
scale pyrosequencing reads from cave bears and Neandertals
(R.E.G., unpublished data). Thus, two different lesions in an-
cient DNA are likely to be responsible for the high rate of
C�G-to-T�A transitions seen in the high-throughput data from
the mammoth. One of these is deamination of cytosine residues
that causes C to be read as T, and the other is a hitherto unknown
lesion affecting guanine residues. This modification may be
deamination, because deamination causes G residues to be read
as A residues by the polymerase reagent used in the pyrose-
quencing experiments. By contrast, it causes no misincorpora-
tions when the polymerase reagent used in the PCR from the
wolf samples is used. This is in agreement with previous work
where xanthine has been shown to cause predominantly chain
termination by Taq polymerase (36) but leads to misincorpora-
tion of T residues by DNA polymerase I (37).

Interestingly, there is no evidence that any lesion-causing
transversions affect these nucleotides, because all strand-
equivalent transversional differences are of equal magnitude, as
are all different types of transversions (Fig. 3 Upper). This may
be unexpected, in view of the fact that G residues are prone to
oxidation to 8-hydroxyguanine in vivo, which yield G-to-T trans-
versions. Future work is necessary to clarify whether this is not
frequent in ancient samples or whether 8-hydroxyguanine may
become further modified to lesions that block DNA replication
in ancient DNA. In the case of T and A residues in the mammoth
DNA, there is no reason to assume that they have suffered large
rates of miscoding lesions unless they are both affected by
different lesions that cause transitions at rates that are statisti-
cally indistinguishable (Fig. 3 Upper). This observation is in
agreement with biochemical studies, which have shown that
deamination of adenine residues is �40-fold slower than deami-
nation of cytosine residues (38).

Thus, there is no evidence from these experiments for any
lesion that affects A residues and causes them to be read as G
residues, as has been suggested previously (20). This observation
is further supported by the experiments, where deaminated
adenine residues, i.e., hypoxanthine, are used as templates in
PCR, which demonstrate that the DNA polymerases used would

Fig. 4. Summary of the oligonucleotide competition amplifications. Each bar
represents the ratio of nucleotides found among clones from amplification
products generated from a mixture of two oligonucleotides, given by the
abbreviations below the bars. Misincorporated nucleotides are indicated by
the black upper part of each bar, and numbers give the numbers of clones
sequenced. The polymerase reagents are indicated as ‘‘Gold’’ for AmpliTaq
Gold and ‘‘Platin’’ for Platinum Taq High Fidelity.
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have yielded misincorporations if hypoxanthine residues were
present in the ancient DNA (Fig. 4). It is unclear why others have
observed large amounts of T�A-to-C�G transitions among the
substitutions interpreted as misincorporations when amplifying
ancient DNA (20–23). It may be that some unknown lesion other
than deamination affects A or T residues and contributes to the
observations by these authors. In fact, an indication that this may
be the case comes from an experiment where we used Platinum
Taq High Fidelity (the polymerase reagent used by these au-
thors) to amplify DNA sequences from three wolf samples. It was
found to yield almost 60% more misincorporations than Am-
pliTaq Gold, and almost the entire increase in misincorporations
was due to T�A-to-C�G misincorporations (Fig. 7, which is
published as supporting information on the PNAS web site). It
may thus be that under certain conditions, Platinum Taq High
Fidelity yields misincorporations that it does not yield under
other conditions, e.g., the parallel pyrosequencing experiment
(Fig. 3 Upper). However, because human mitochondrial control
region sequences were analyzed in the studies that found T�A-
to-C�G misincorporations to predominate over C�G-to-T�A
misincorporations (20–22), one possibility is that some of the
T�A-to-C�G substitutions observed may be due to contamina-
tion by contemporary human DNA (25, 26, 39).

The results presented in Fig. 3 Upper show that direct large-
scale pyrosequencing of the DNA extracted from ancient re-
mains and the comparison of the DNA sequences to complete
genome sequences of closely related organisms provide a pow-
erful means not only to determine ancient DNA sequences (28),
but also to determine the patterns of nucleotide misincorpora-
tion caused by lesions in the ancient DNA. Knowledge about
such patterns is necessary to better interpret the results of such
approaches as long as the coverage of shotgun approaches is not
sufficient to ascertain severalfold coverage of each nucleotide
position. It should be noted, though, that misincorporation
patterns can be determined from such large-scale approaches
only when a genome from a closely related extant species is
available, because if the extant genome to which the ancient
DNA sequences are compared is too distantly related, phyloge-
netic differences between the genomes, as well as putative
differences in patterns and rates of substitutions in the organ-
isms, make the detection of base-equivalent and reciprocal
differences difficult. For example, when cave bear DNA se-
quences are compared with the dog genome, these types of
analyses are difficult, whereas for the mammoth and Neandertal
genomes, the elephant and human genomes, respectively, offer
suitable comparisons (R.E.G., unpublished data). In the near
future, we expect that novel large-scale and cost-effective se-
quencing methods in conjunction with high-quality genome
sequences from many extant species will make analyses of the
genomes of several extinct species possible.

Materials and Methods
Ancient DNA Extraction, Amplification, and Sequencing. Approxi-
mately 100 mg of material was removed from each of 62 wolf
(Canis lupus) bone and teeth specimens from 14 different
localities in Europe and Asia (Table 1, which is published as
supporting information on the PNAS web site). Each sample was
ground by using mortar and pestle and incubated in 2.5 ml of 0.5
M EDTA (pH 8.0)�0.5% N-laurylsarcosine�1% poly(vinylpyro-
lidon)�0.25 mg/ml proteinase K�50 mM DTT�2.5 mM N-
phenacylthiazolium bromide for 16 h at 37°C under rotation.
After centrifugation for 5 min at 4,000 rpm in a Megafuge 1.0R
(Heraeus, Duesseldorf, Germany), the supernatant was recov-
ered and added to a mixture of 5 M guanidinium thiocyanate,
0.04 mM Tris, 0.025 M sodium chloride, and 50 �l of silica
suspension, prepared as in refs. 40 and 41. After incubation
under rotation for 1 h at 37°C, followed by centrifugation for 2
min at 4,000 rpm (Megafuge 1.0R), the silica pellet was washed

once with 5 M GuSCN�0.04 mM Tris�0.025 M sodium chloride
and once by using New Wash solution (Qbiogene, Irvine, CA).
After drying the pellet for 5 min at 56°C, DNA was eluted at 56°C
in 10 mM Tris�1 mM EDTA for 8 min.

Five microliters of each extract was added to 15 �l of PCR mix
consisting of 2.5 units of AmpliTaq Gold, 1.25� AmpliTaq Gold
PCR buffer, 2.5 mM MgCl2, 1 mM dNTPs, and 0.25 �M primers
HVR-wolf-F (5�-ATA TTA TAT CCT TAC ATA GGA CAT-
3�) and HVR-wolf-R (5�-ATT AAG CCC TTA TTG GAC
T-3�). Amplifications were performed in an MJ thermocycler
(Bio-Rad, Hercules, CA) with a 3-min activation step at 94°C,
followed by 60 cycles of 93°C for 30 s, 50°C for 60 s, and 72°C for
30 s, and finished with a final extension at 72°C for 15 min.
Amplification products were visualized in agarose gels and
cloned by using the TOPO TA cloning kit (Invitrogen). When
primer artifacts were present or the desired products were
present in low abundance, PCR products were isolated from the
agarose gel by using the QIAquick gel extraction kit (Qiagen,
Valencia, CA) and either directly cloned or reamplified as above,
except that the initial activation step of the PCR was prolonged
to 7 min and 40 amplification cycles were used. To avoid
contamination, the extraction and PCR preparation (except the
addition of template to reamplification reactions) were carried
out in a laboratory exclusively used for ancient DNA analyses
where protective clothing, face shields, bleach treatment of
surfaces and instruments, UV radiation, air filtration, positive
pressure, and other measures are used to avoid contamination of
the experiments with extraneous DNA. To monitor laboratory
contamination, at least one mock control for every four samples
was carried along during the extraction procedure, as well as a
minimum of two water controls per PCR amplification. At least
five clones from each amplification product were sequenced in
an ABI PRISM 3730 capillary sequencer using the BigDye
Terminator v3.1 cycle sequencing kit (Applied Biosystems).

Pyrosequencing on the 454 Platform. Sequence reads from 454 were
analyzed by database similarity searches as follows. Each se-
quence in the 454 database was first compared with all of the
other sequences in the database to identify repeat sequences.
Occasionally, the 454 emulsion PCR or signal reading will
generate repeat sequences. These repeats do not derive from
discrete molecules and thus are not independent sequence reads.
Such repeats were identified by single-linkage clustering of all
sequences containing 95% identity over 95% of each sequence
length. From each cluster, the single best-aligning sequence was
used for analysis.

Each sequence read was used as a query to search the elephant
genome (www.broad.mit.edu�ftp�pub�assemblies�mammals�
elephant), the mammoth mitochondrial genome (42), the dog
genome (43), the mouse genome (44), the human genome (45),
the env division of GenBank sequences, and the nt GenBank
database from the National Center for Biotechnology Informa-
tion. BLAST (blastall 2.2.12) searches were performed with the
following options: –K 100 –b 10 –v 100 – I T –e 0.001 –F F –a
2. For each query sequence, the single best BLAST hit was
analyzed. Hits from within a database were compared by e-value.
Hits across different databases were compared by taking the
total number of aligned residues. Sequence reads whose best hits
were against the elephant genome (putative mammoth se-
quences) or against the human genome (putative human con-
taminants) were further analyzed. Only alignments longer than
30 nt were analyzed, because shorter alignments are not suffi-
cient to correctly identify the source species (our unpublished
observation). Within these alignments, the numbers of mis-
matches of each type were counted. To generate 99% confidence
intervals for the number of each type of mismatch, the align-
ments were randomly sampled, with replacement 10,000 times,
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and the numbers of each type of mismatch were counted in each
sample.

Oligonucleotide Amplifications. The oligonucleotides containing
the deaminated bases uracil and hypoxanthine, as well as cyto-
sine and adenine, were ordered from Operon Biotechnologies
(Cologne, Germany), and the oligonucleotides containing xan-
thine and guanine were synthesized by G.E.W. and J.T. Approx-
imately 150 pg of oligonucleotide template (either one or two
oligonucleotides in equal amounts) were used in amplifications
of 20 �l consisting of 1 unit of AmpliTaq Gold or 1 unit of
Platinum Taq High Fidelity, respectively, 1� AmpliTaq Gold
PCR buffer or 1� High Fidelity PCR buffer, respectively, 2.5
mM MgCl2 or 2.5 mM MgSO4, respectively, 1 mM dNTPs, and
0.25 �M primers Oligo-F (5�-CCA CAG TAT TAT GTC
CGT-3�) and Oligo-R (5�-GCT TTA ACT TCC GTA GTG-3�).
Amplifications were performed in an MJ thermocycler with a
3-min activation step at 94°C, followed by 30 cycles of 93°C for
25 s, 50°C for 60 s, and either 72°C for 45 s in the case of
AmpliTaq Gold or 68°C for 45 s when Platinum Taq High
Fidelity was used. For the amplification of guanine- and xan-
thine-containing oligonucleotides, the primers Xan-1 (5�-GCG
CGC CCA TCT AT-3�) and Xan-2 (5�-AGT TGT CAG AAG
CAA ATG TAA-3�) were used in amplification reactions with
similar chemical composition to those of the prior oligonucleo-
tide amplifications. The reactions were performed in 40 cycles

initiated by a 9-min activation step for AmpliTaq Gold and a
3-min activation step for Platinum Taq High Fidelity, respec-
tively, followed by five cycles of 93°C for 25 s, 50°C for 45 s, and
either 72°C for 45 s in the case of AmpliTaq Gold or 68°C for 45 s
in the case of Platinum Taq High Fidelity. Further five cycles of
93°C for 25 s, 37°C for 45 s, and either 72°C for 45 s in case of
AmpliTaq Gold or 68°C for 45 s in case of Platinum Taq High
Fidelity were carried out and subsequently followed by 30 cycles
of 93°C for 25 s, 50°C for 45 s, and either 72°C for 45 s in case
of AmpliTaq Gold or 68°C for 45 s in case of Platinum Taq High
Fidelity, with a final extension for 15 min at either 72°C for
AmpliTaq Gold or 68°C for Platinum Taq High Fidelity. Am-
plification products were cloned and sequenced as described
above.
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