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It is generally believed that sequence heterogeneity
in PCR products from fossil remains are due to regular
DNA polymerase errors as well as miscoding lesions
compounded by damage in the template DNA (Pääbo
1990; Handt et al. 1994b, 1996; Höss et al. 1996; Krings
et al. 1997). However, it has been difficult to test the
frequency with which this assumption holds. First, DNA
extractions from fossil remains rarely produce a yield
large enough for pre-PCR analysis of postmortem mod-
ifications (Höss et al. 1996). Second, in most cases, it
is not possible to determine whether nucleotide misin-
corporations by the DNA polymerase enzyme during
amplification are caused by regular DNA polymerase
errors or miscoding lesions in the template DNA se-
quences (Greenwood et al. 1999). Finally, the error rates
of the DNA polymerase enzymes for PCR have proved
to be highly unpredictable, making it difficult to account
for regular DNA polymerase errors in amplified DNA
sequences (Eckert and Kunkel 1991).

Here, we present a statistical model for analyzing
PCR-mediated base-misincorporations, catalyzed by the
commonly used Thermus aquaticus (Taq) polymerase
enzyme, in amplification products from fossil remains.

The error rate of the Taq polymerase enzyme may
vary more than 10-fold (;2 3 1024 to ,1 3 1025 per
nucleotide per cycle) according to the precise DNA se-
quence and the in vitro conditions of DNA synthesis
(Eckert and Kunkel 1991). Therefore, the tests of the
model rely solely on the relative distribution of the dis-
tinct Taq polymerase errors, which, in contrast to the
highly variable error rate, is nearly constant and inde-
pendent of the starting template material and the con-
ditions for the PCR, as shown in table 1. Hence, the
tests are not affected by variations in PCR efficiencies
and accuracy. The model compares the distribution of
the regular Taq polymerase errors with the observed
substitutions in amplification products from fossil re-
mains under the hypothesis that any significant differ-
ences between the distributions are due to miscoding
lesions in the template DNA sequences used for PCR.
The model was applied to published multiple clone se-
quences of the mitochondrial (mt) DNA control region
from three differently preserved specimens of Homo
representing different ages: a ;600-year-old Hokokam
Indian (VC15A) found in a cave in Arizona, south-
western United States (Handt et al. 1996), the ;5,000-
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year-old ice man recovered from a glacier in the Tyro-
lean Alps (Handt et al. 1994b), and the .30,000-year-
old Neanderthal-type specimen found in a limestone
quarry near Düsseldorf, Germany (Krings et al. 1997).

Contamination by contemporary DNA poses a se-
rious threat to studies of ancient DNA, especially from
human remains (Pääbo, Higuchi, and Wilson 1989).
Therefore, the data sets applied to the statistical analysis
were carefully chosen from the literature to ensure that
all recommended criteria and controls were fulfilled, in
order to verify the authenticity of the sequence material
(Lindahl 1993a; Handt et al. 1994a; Austin et al. 1997).
The estimated ages of all three specimens fall within the
theoretical limit of 50,000–100,000 years for amplifiable
ancient DNA sequences (Pääbo and Wilson 1991; Lin-
dahl 1997, 2000). All DNA extractions and PCR setups
were physically separated from running, cloning, and
sequencing through the use of fully equipped pre-PCR
laboratories solely dedicated to ancient DNA work. Ap-
propriate controls were used to detect possible contam-
ination. For each of the specimens, unambiguous and
reproducible results were obtained from independent
DNA extracts by different laboratories. Finally, the se-
quences were congruent with what can reasonably be
expected from known mitochondrial sequence variation
in present populations of Homo and Pan.

Clone sequences whose ancient origins were con-
sidered uncertain by the authors were omitted from the
analysis. Furthermore, the sequence materials used in
the model were all obtained using different primer pairs
that enabled partially overlapping sequences to be am-
plified in order to prevent amplification of nuclear in-
sertions (Handt et al. 1994b, 1996; Krings et al. 1997).
Therefore, contaminant DNA, as well as nuclear inser-
tions, were unlikely to be present in the clone sequences
used for analysis.

For each of the specimens, a sequence was con-
structed that contained all of the observed substitutions
in the multiple-clone data set. This sequence was then
compared with the proposed consensus sequence of the
specimen, and the number of substitutions was calcu-
lated (table 2). Identical substitutions in a given position
present in more than one clone sequence were treated
as single events. Ambiguous residues (0.3% in the Ty-
rolean ice man, 1.0% in the Neanderthal), indels (0.3%
in the Hokokam Indian, 1.1% in the Tyrolean ice man,
1.1% in the Neanderthal), and positions with two or
more nonidentical substitutions (0.5% in the Neander-
thal) were omitted from the analysis. All columns in the
alignment of the consensus sequence and the sequence
incorporating substitutions were considered as indepen-
dent observations arising from a common distribution.
As a consequence, if p is the probability of a pre-PCR
derived substitution and q is the probability of a regular
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Table 1
Taq Polymerase Errors Obtained from the Literature

STUDY

I II III IV V TOTAL dTSj
a

AT→GC. . .
AT→TA . . .
AT→CG. . .
CG→TA. . .
CG→GC . .
CG→AT. . .
Total . . . . . .

TS1
TV1

TS2
TV2

10
2
0
3
0
2

17

11
3
1
4
0
0

19

19
3
0
1
1
0

24

17
0
0
3
2
0

22

19
3
1
4
3
2

32

76
13

15
10

114

0.84

0.16

NOTE.—Studies I (Saiki et al. 1988), II (Dunning, Talmud, and Humphries
1988), III, and IV (Eckert and Kunkel 1990) are based on PCR and vary con-
siderably with regard to number of cycles (20–35) and concentrations of dNTP
(0.25–1.32 mM), MgCl2 (1–10.0 mM), and template material (reaction temper-
ature 708C). Study V (Tindall and Kunkel 1988) is based on a forward muta-
tional assay: one round of DNA synthesis, 0.04 mM dNTP, 10.0 mM MgCl2,
and a 55–708C reaction temperature. TS 5 transition(s); TV 5 transversion(s).

a dTS,j is the ratio of j given TS, e.g., dTS1 5 no. of TS1/(no. of TS1 1 no.
of TS2) 5 76/(76 1 15) 5 0.84 is the probability that a Taq polymerase error
is of type TS1, given that a TS error occurs.

Table 2
Data and Notation

SEQUENCE WITH SUBSTITUTIONS

Identity Transition
Transver-

sion

Consensus sequence . . . .

Neanderthal bone . . . . . .

Tyrolean ice man . . . . . .

Hokokam Indian . . . . . . .

A, T
C, G
A, T
C, G
A, T
C, G
A, T
C, G

ID1
ID2
183
140
166
149
187
156

TS1
TS2
16
25
12
13

2
3

TV1
TV2
4
2
7
2
4
1

NOTE.—A double index, ij, is used to describe the categorization of data and
the model: i 5 ID (identities), TS (transitions), or TV (transversions) refers to
the state of the sequence incorporating substitutions (see main text), and j 5 1
or 2 refers to the state of the consensus sequence. The observed counts of the
different types are denoted nij; i 5 ID, TS, or TV, and j 5 1 or 2. If the consensus
sequence has either A or T in a position, j 5 1; otherwise, j 5 2. TS1 covers
the transitions A→G and T→C, grouped together in AT→GC, as these substi-
tutions are indistinguishable due to the complementarity of the sequence mate-
rial; likewise, TS2 covers the CG→TA transitions. TV1 covers the AT→CG and
AT→TA transversions which, for convenience, were pooled into AT→(CG)(TA),
and, similarly, TV2 covers the CG→(AT)(GC) transversions.Taq polymerase error, the additive probability of a sub-

stitution is p 1 q. The index notation used to describe
the data and the model is explained in table 2.

Using chi-square statistics, the clone data sets were
tested under the following hypothesis (H1): Can all of
the observed substitutions be ascribed to regular Taq
polymerase errors? The test of H1 is shown in table 3.

We find the distribution of substitutions in the am-
plification products for all three specimens to be signif-
icantly different (P , 0.05) from the distribution ex-
pected solely from regular Taq polymerase errors (table
3). Therefore, regular Taq errors cannot account for all
of the heterogeneity observed in the multiple-clone se-
quences. Mitochondrial heteroplasmy can possibly ac-
count for some of the observed substitutions in the clone
sequences. However, single-site heteroplasmy in the hu-
man mitochondrial control region has been encountered
at no more than one or two sites in only 1%–3% of all
individuals investigated (Gocke, Benko, and Rogan
1998). Therefore, possible sequence variation caused by
heteroplasmy is of insignificant importance to this
investigation.

When contamination, nucleic insertions, and mito-
chondrial heteroplasmy are excluded as significant con-
tributors to the observed sequence heterogeneity, we
find the only plausible reason for the discrepancy be-
tween the expected and observed distribution of base-
misincorporations in the clone sequences to be miscod-
ing lesions in the template DNA sequences. As all three
specimens differ in age and preservation conditions, the
result suggests that miscoding lesions are common in
DNA from fossil remains, across the ages of specimens
and their preservation conditions.

To investigate for significant differences in the dis-
tribution of pre-PCR derived transitions, the clone data
sets were tested under the following hypothesis (H2): Do
AT→GC (TS1) and GC→AT (TS2) substitutions occur
at the same rate? The test of H2 is shown in table 3.

We found that only the clone sequences from the
Neanderthal specimen contain significantly larger

amounts of CG→TA changes than TA→CG changes (P
, 0.05) (table 3). As this is the oldest of the specimens,
the results suggest that distinct miscoding lesions occur
at different rates, producing a displacement between
transitions with time. This is in agreement with the ob-
servation that hydrolytic deamination of cytosine and its
homolog 5-methyl cytosine to uracil and thymine, gen-
erating CG→TA transitions during replication, are
among the major types of miscoding lesions in the ge-
nome of living human cells. These transitions are be-
lieved to occur at a rate about 30–50 times that of hy-
drolytic deamination of adenine to hypoxanthine, gen-
erating TA→CG transitions during replication (Lindahl
1993b).

The inclusion of the distribution of Taq polymerase
errors in the statistical model causes a problem of ov-
erparameterization, which limits the opportunities for
statistical analysis (table 3). Using high-fidelity poly-
merases such as the Pfu with an error rate of 2.0 3 1026

to 6.5 3 1027 per nucleotide per cycle (Flaman et al.
1994; André et al. 1997) would permit regular DNA
polymerase errors to be completely ignored in the sta-
tistical model. This would allow for comparisons of fac-
tors such as the amounts of transitions and transversions
within a clone data set and transition/transversion ratios
among different data sets. Therefore, future amplifica-
tion of DNA from fossil remains should be carried out
using high-fidelity DNA polymerases, as has recently
been proved possible (Willerslev et al. 1999).

In summary, the results provide statistical evidence
for the assumption that heterogeneity observed in PCR
products from fossil remains in general are due to reg-
ular DNA polymerase errors as well as miscoding le-
sions in the template DNA sequences (Pääbo 1990;
Handt et al. 1994b, 1996; Krings et al. 1997). Further-
more, the results suggest that miscoding lesions in DNA
sequences from fossil remains can occur with different
rates generating a displacement of transitions with time.
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Table 3
Transitions and Transversions

OBSERVEDa

j 5 1 j 5 2

EXPECTEDb

j 5 1 j 5 2

x2 CONTRIBUTION

j 5 1 j 5 2 x2 P

Test of H1

Taq polymerase . . . . . .

Neanderthal bone . . . . .

Tyrolean ice man . . . . .

Hokokam Indian. . . . . .

TS
TV
TS
TV
TS
TV
TS
TV

76
13
16

4
12

7
2
3

15
10
25

2
13

2
4
1

70.93
18.07
15.94

4.06
15.14

3.86
3.98
1.02

19.79
5.21

21.38
5.62

11.88
3.12
3.96
1.04

0.36
1.42
0.00
0.00
0.65
2.56
0.99
3.88

1.16
4.41
0.61
2.34
0.11
0.41
0.00
0.00

7.4

4.9

3.0

3.7

19.0 0.02

Test of H2

Neanderthal bone . . . . .

Tyrolean ice man . . . . .

Hokokam Indian. . . . . .

TS
R
TS
R
TS
R

16
187

12
173

2
191

25
142

13
151

4
157

22.5
180.5

13.2
171.8

2.7
190.3

18.5
148.5

11.8
152.2

2.3
157.7

1.9
0.2
0.1
0.01
0.2
0.00

2.3
0.3
0.1
0.01
0.2
0.00

4.7

0.3

0.4

0.03

0.6

0.6

NOTE.—For H1, the hypothesis that all substitutions could be ascribed to regular Taq polymerase errors; in the full model, probabilities are given by rij, where
i 5 transitions (TS) or transversions (TV), and j 5 1 or 2, and each row sums to one: rTSj 1 rTVj 5 1. The rij’s are possibly distinct in the four data sets (obtained
from tables 1 and 2). Hypothesis H1 states that the rij’s are identical in the four sets. Note that the full model has eight free parameters (two for each set), whereas
H1 has two free parameters. For H2, the hypothesis that AT→GC (TS1) and GC→AT(TS2) substitutions occur at the same rate; in the full model, probabilities are
given by rTSj 5 pTSj 1 dTSj·q, rRj 5 1 2 rTSj, where j 5 1 or 2. This is a consequence of the additivity of substitution probabilities. pTSj is the probability of a pre-
PCR derived transition given that the consensus sequence is j, and q is the probability of a transition caused by a regular Taq polymerase error. The constant dTSj,
j 5 1, 2, is the probability of an error of type TSj given that a TS error occurs, that is, dTSj 5 no. of TSj/(no. of TS1 1 no. of TS2) and is assumed to be known
(see table 1). Thus, dTSj·q is the probability of a transition caused by a regular Taq polymerase error if the consensus sequence is in state j. Hypothesis H2 states
that pTS1 5 pTS2. The full model is overparameterized (three parameters), and H2 has two free parameters, i.e., the maximal number of parameters that can possibly
be estimated uniquely. For both hypotheses, the chi-square statistics were applied: x2 5 sumij(Eij 2 Nij)2/Eij, where Nij is the count of type ij and Eij is the expected
count under the null hypothesis. The significance of the observed value x of x2 was evaluated through simulations under the null hypothesis. If p 5 P(x2 $ x) $

5%, the null hypothesis was accepted; otherwise, it was rejected.
a For the test of H1, the counts of transitions and transversions are shown. For the test of H2, the counts of transversions and identities lumped (R) and the

counts of transitions are shown. The lumped types are called Rj, j 5 1, 2, and data are summarized by nTS1, nTS2, nR1, and nR2, with nRj 5 nIDj 1 nTVj.
b Expected counts under the hypotheses H1 and H2.
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STONEKING, and S. PÄÄBO. 1997. Neandertal DNA sequenc-
es and the origin of modern humans. Cell 90:19–30.

LINDAHL, T. 1993a. Recovery of antediluvian DNA. Nature
365:700.



Letter to the Editor 265

———. 1993b. Instability and decay of the primary structure
of DNA. Nature 362:709–715.

———. 1997. Facts and artifacts of ancient DNA. Cell 90:1–3.
———. 2000. Fossil DNA. Curr. Biol. 10:616.
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