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Characterization of Genetic Miscoding Lesions Caused
by Postmortem Damage

M. Thomas P. Gilbert,' Anders J. Hansen,”” Eske Willerslev,>" Lars Rudbeck,’ lan Barnes,"*
Niels Lynnerup,* and Alan Cooper'

'Henry Wellcome Ancient Biomolecules Centre, Department of Zoology, Oxford University, Oxford, United Kingdom; and *Department
of Evolutionary Biology, Zoological Institute, and *Research Laboratory and “Laboratory of Biological Anthropology, Institute of Forensic
Medicine, University of Copenhagen, Copenhagen

The spectrum of postmortem damage in mitochondrial DNA was analyzed in a large data set of cloned sequences
from ancient human specimens. The most common forms of damage observed are two complementary groups
of transitions, termed “type 1” (adenine—guanine/thymine—cytosine) and “type 2” (cytosine—thymine/gua-
nine—adenine). Single-primer extension PCR and enzymatic digestion with uracil-N-glycosylase confirm that each
of these groups of transitions result from a single event, the deamination of adenine to hypoxanthine, and cytosine
to uracil, respectively. The predominant form of transition-manifested damage varies by sample, though a marked
bias toward type 2 is observed with increasing amounts of damage. The two transition types can be used to
identify the original strand, light (L) or heavy (H), on which the initial damage event occurred, and this can
increase the number of detected jumping-PCR artifacts by up to 80%. No bias toward H-strand-specific damage
events is noted within the hypervariable 1 region of human mitochondria, suggesting the rapid postmortem
degradation of the secondary displacement (D-loop) H strand. The data also indicate that, as damage increases
within a sample, fewer H strands retain the ability to act as templates for enzymatic amplification. Last, a

significant correlation between archaeological site and sample-specific level of DNA damage was detected.

Introduction

DNA decays rapidly after death in biological samples,
and the ensuing damage is manifested in many forms.
Strand fragmentation is caused by endogenous endo-
nuclease activity (Pdabo 1989) or hydrolytic attacks that
lead to the depurination of deoxyribose—adenine (A) or
deoxyribose—guanine (G) bonds, rapidly destroying the
DNA backbone (Lindahl 1993; Hoss et al. 1996; Bada
et al. 1999). Much of the DNA is also modified oxi-
datively via free radicals (Hoss et al. 1996). Oxidative
damage is most commonly seen as modifications of sugar
residues and the pyrimidines cytosine (C) and thymine
(T) to hydantoins, as well as baseless sites and inter-
molecular cross-links (Pdabo 1989), all of which block
the activity of PCR enzymes (Hoss et al. 1996). However,
a small proportion of damage events do not hinder rep-
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lication but generate miscoding lesions (Paibo 1989).
These are manifested as base modifications in the am-
plified sequence, changing the appearance of a DNA
template (Fattorini et al. 1999) and potentially gener-
ating misleading haplotype analyses (Gilbert et al. 2003
[in this issue]). The few detailed studies of miscoding
lesions concur with earlier hypotheses (e.g., see Pdaabo
1989; Lindahl 1993; Hoss et al. 1996) that the majority
of changes arise from the deamination of C to uracil
(U), an analogue of T, or the deamination of A to hy-
poxanthine (HX), an analogue of G (Hansen et al. 2001;
Hofreiter et al. 2001). For simplicity, both the chemical
event and the phenotype are referred to here simply as
C-T or A—G changes. However, because either of the
complementary DNA strands can be sequenced after am-
plification, each of these transitions can produce two
observable phenotypes. For example, a C—>T degrada-
tion may simply be observed as C—T, but, if the com-
plementary strand is sequenced, then it will be read as
a G—A transition. Similarly, an A—G degradation may
be observed as either A—G or as a T—C transition (Han-
sen et al. 2001; Hofreiter et al. 2001). Following the
nomenclature of Hansen et al. (2001), we term each set
of miscoding lesions as “type 1”7 (A—>G/T—C) or “type
2” (C-T/G—A) transitions, respectively.

In the present study, a large data set of previously
published cloned sequences of human and nonhuman
mitochondrial ancient DNA (aDNA) are analyzed. The
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Table 1
Damage Calculations, Archaeological Site of Origin, and Age of Samples Studied
Approximate
Age
Sample  PCRs* Bases® Damage* d* Site® Codef (years)
Tg44 1 147 8 .0544 Greenland 5 800
Tg54 1 147 8 .0544 Greenland N 800
Tg76 1 355 2 .0056 Denmark 1 300
Tg77 3 857 N .0058 Denmark 1 500
Tg80 1 355 7 .0197 Denmark 1 600
Tg85 1 355 10 .0282 Denmark 1 300
Tg103 1 344 10 .0291 Denmark 1 800
Tgl104 1 147 3 .0204 Orkney 6 ?
Tgl105 1 355 0 0 Denmark 1 800
Tgl12 1 147 13 .0884 Greenland N 800
Tgl14 1 355 8 .0225 Denmark 1 300
Tglle 2 502 19 .0378 Denmark 1 600
Tg120 1 355 2 .0056 Denmark 1 300
Tgl123 1 147 7 .0476 Denmark 1 500
Tgl127 1 147 7 .0476 Denmark 1 300
Tgl28 2 502 2 .004 Greenland 5 800
Tgl129 2 502 8 .0159 Greenland 5 800
Tgl31 1 147 3 .0204 Greenland 5 800
Tg133 1 147 3 .0204 Greenland 5 800
Tgl36a 2 502 9 .0179 Repton 7 800
Tgl36b 2 502 11 .0219 Repton 7 800
Tgl37a 3 294 8 .0272 Repton 7 1,300
Tgl37b 3 294 13 .0442 Repton 7 1,200
Tgl38 1 147 5 .034 Repton 7 1,100
Tgl41 1 147 4 .0272 Repton 7 1,100
Tgl42 1 355 2 .0056 Repton 7 1,100
Tg143 1 147 4 .0272 Repton 7 1,100
Tgl45 1 355 10 .0282 Repton 7 1,200
Tgl46 1 147 5 .034 Repton 7 1,000
Tg148 7 1,029 17 .0165 Repton 7 1,300
Tg149 7 1,029 140 1361 Repton 7 1,100
Tg192 2 502 3 .006 Southern Britain 4 10,000
Tg196 2 502 18 .0359 Caribbean 3 600
Tg232 1 147 13 .0884 Northern Britain 2 1,800
Tg233 2 147 22 1497 Northern Britain 2 1,800
Total 61 12,259 409

NoTE.—Samples studied were those described in the companion article by Gilbert et al. (2003).

* Number of independent PCRs amplified per sample.

" Total number of bases amplified per sample.

¢ Total number of observed damage events per sample.
¢ Standardized damage calculation (for details, see the “Material and Methods” section).

¢ Archaeological site of sample origin.

* Categorical geographical site coding for statistical analysis.

fidelity of the polymerase enzyme used to generate the
data is examined by comparing sequencing error rates
between ancient and modern extracts, as well as modern
contaminants in the ancient extracts. The biochemical
causes of postmortem miscoding lesions are investigated
by the digestion of samples with the enzyme uracil-N-
glycosylase prior to amplification, as well as with single-
primer extension PCRs (SP-PCRs) (Hofreiter et al. 2001).
The miscoding-lesion data allow analysis of the process-
es involved in DNA damage and reveal a direct corre-
lation between archaeological sites and the extent and
type of damage. The data also show that the ratio of

type 2:type 1 transition events differs significantly be-
tween samples and is related to the overall level of dam-
age. These findings provide a means to identify which
DNA strand was initially damaged and show that there
is no strand-specific propensity to hydrolytic damage
within the control region, despite the presence of the extra
copy of the H strand (the displacement strand, or D-
loop) (Wallace et al. 19935). Interestingly, as the amount
of damage increases, fewer amplifications are initiated
from the H strand. These data also provide a new meth-
odology for improved detection of jumping-PCR events
(Paibo et al. 1990).
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Material and Methods

The present study uses the large data set of cloned ancient
human mitochondrial sequences from the companion ar-
ticle (Gilbert et al. 2003), as well as several other studies
of ancient humans and Neanderthals (Handt et al. 1996;
Krings et al. 1997; Di Benedetto et al. 2000; Ovchinnikov
et al. 2000; Lalueza-Fox et al. 2001; Poinar et al. 2001),
bears (Loreille et al. 2001; Barnes et al. 2002), and ratites
(Cooper et al. 2001). Full details of the samples and se-
quences are given in table 1. Base damage and authen-
tication criteria follow the method of Gilbert et al. (2003),
and insertions/deletions were removed from all data sets.
By convention, all sequences are described in the L-strand
orientation.

The majority of the data analyzed were generated using
low-error-rate polymerases (e.g., Platinum Hifi [Invitro-
gen], an enzyme mixture composed of recombinant Taq
DNA polymerase, Pyrococcus spp. GB-D thermostable
polymerase, and Platinum Tag Antibody), which have
been shown to generate very few errors, allowing site
variation in cloned sequences to be attributed to mis-
coding lesions (Willerslev et al. 1999). To test the
fidelity of the low-error-rate polymerase, we ampli-
fied three modern human samples extracted with a
standard phenol:chloroform protocol (Hillis et al.
1996), on two occasions, after the method of Barnes
et al. (2002) but without secondary reamplification.
Mitochondrial hypervariable region 1 (HVR1) primer
pair L16209/H16356 (Handt et al. 1996) were used,
and a large number of clones were sequenced (n = 16
per PCR). In addition, misincorporation rates for stan-
dard Tag polymerase that were determined from six
data sets were analyzed (Dunning et al. 1988; Saiki et
al. 1988; Tindall and Kunkel 1988; Eckert and Kunkel
1990; Sanson et al. 2002). Other enzymes used in the
data set are indicated in table 2.

To test whether enzyme-misincorporation rates are
modified by the local environment of the ancient extracts,
we examined modern contaminants in two sets of aDNA
extracts, in detail. Three 18th-century human teeth from
Denmark (supplied by N. Lynnerup) were assayed for
modern bacterial contaminants, using primers rpoB, de-
signed to target the RNA polymerase 3-subunit—encoding
gene (Drancourt et al. 1998). PCR products were cloned,
and the spectrum of damage was examined. Similarly,
clones of obvious modern human mtDNA sequences am-
plified from three ancient Nordic and two Neanderthal
teeth (supplied by N. Lynnerup and C. Lalueza-Fox, re-
spectively) were assayed for levels of damage. The primer
pairs used were L16055/H16410 and L16209/H16356
(Handt et al. 1996), and amplification and cloning fol-
lowed the method of Barnes et al. (2002).

The mitochondrial region sequenced for each sample
varies within and between the data sets, and the term
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“cloned region” is therefore used to define each inde-
pendently amplified area bound by a primer pair. For
the largest data set (Gilbert et al. 2003), a measure of
DNA damage, d, was calculated as d = D/Lt, where D
is the total number of base changes observed per cloned
region, L is the base length of an amplified sequence,
and ¢ is the number of independent PCRs amplified. The
null hypothesis, H,, that no significant correlation exists
between d and either sample age or archaeological site
of origin was tested using the general linear model (GLM)
function of the statistical program Minitab.

The most common damage-driven base changes ob-
served in aDNA sequences are the four transitions: C—T,
G—A, T-C, and A—G (Hansen et al. 2001). However,
because of the complementary nature of DNA, each of
these observations can be explained by two possible
causative events (Hofreiter et al. 2001).Figure 1 dem-
onstrates this for an observed C—T transition on the L
strand. Because of an original damage event, on the L
strand, causing C—U, after two stages of replication,
we observe the C—T transition on the L strand (fig. 1A).
However, this phenotype can also occur via an H-strand
G—A transition, which, after one PCR cycle, is observed
as the C—T transition on the L strand (fig. 1B). The
same problem applies to each of the transitions, so that
each postmortem biochemical change can result in two
observed outcomes, depending on which strand is se-
quenced. Because of this complementarity, Hansen et
al. (2001) have termed A—G and T—C changes as “type
1 transitions” (A—G/T—C) and C—T and G—A changes
as “type 2 transitions” (C—>T/G—A), to indicate the un-
certainty about which base was originally damaged.

Although this situation appears intractable, a solution
is offered by the possible biochemical pathways by which
nucleotide damage can occur. Hofreiter et al. (2001) dem-
onstrated that the damage-driven modification of G to
an A analogue is highly unlikely, if not impossible. This
excludes the possibility of the events shown in figure 1B.
It can therefore be argued that any G—A transition that
is observed on the L strand and due to damage must have
originated as an H-strand C—T modification event, be-
cause G—A modification on the L strand is impossible.
Conversely, any C—T transition observed on the L strand
will actually have originated as an L-strand C—T mod-
ification event.

A similar argument can be applied to type 1 damage
by assuming that modification of T—C analogues is bio-
chemically unlikely. In this situation, any L-strand T—C
modification will actually be due to an H-strand A—~G
event, whereas L-strand A—G events can be attributed
to an original A>G damage event on the L strand. How-
ever, in this case, the logic is potentially weakened by in
vivo and in vitro studies, of several polymerases, that
have shown that a major oxidative derivative of thymine,
5-formyluracil (fU), has the capacity to pair with A, T,
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Figure 1

Determination of a strand of origin for postmortem-DNA-damage events by using type 2 (C=T/G—A) transitions as an example.

A, L-strand C—T transitions after two cycles of amplifications, resulting in a permanent L-strand change. B, A theoretical H-strand G—A change,
producing the L-strand phenotype of C—T change following one cycle of amplification. However, since a direct G=A postmortem modification
is chemically impossible, the example depicted in this panel is not possible. Thus, all C=T changes observed on the L strand must have occurred
as L-strand C—T postmortem damage, and all G=A changes on the L strand must have occurred as H-strand C>T postmortem damage.

G, or C (Yoshida et al. 1997; Zhang et al. 1997, 1999;
Fujikawa et al. 1998). The pairing of fU:G, producing
a T—C modification, has also been demonstrated as the
most common of these mispairings (Anensen et al. 2001).
To test whether this process is observed in the ancient
sequences, we performed an SP-PCR, to observe the spec-
trum of postmortem damage without the effects of jump-
ing-PCR recombining substitutions between H and L
strands (Hofreiter et al. 2001). Four samples (Tg129,
Tg149, Tg232, and Tg233) were each amplified for 25
cycles, using either the mitochondrial L-strand primer
L16209 or the H-strand primer H16356 (Handt et al.
1996), followed by 45 cycles of amplification with both
primers. The initial, single-stranded phase enriches one
of the DNA strands (H or L) prior to conventional PCR
amplification, heavily biasing the final product toward
the strand initially amplified. Clones were examined for
sequences containing both A—G and T—C events, which
normally would imply a jumping-PCR event but in

SP-PCR data would confirm the existence of fU:G or
HX:C pairings.

This hypothesized skewed distribution of damage
provides a method to discriminate the strand on
which the original transition-inducing damage event
occurred. Furthermore, because each cloned sequence
originates from a single H- or L-strand template (but
not both), it is possible to contrast the spectrum of
damage events occurring on either DNA strand. Last,
if in vivo base-modification events are similar to those
postmortem events, it should be possible to examine
modern sequence data sets and determine the strand
on which any observed transition events originally
occurred.

The distribution of L- and H-strand damage events in
human aDNA sequences was examined using the Gilbert
et al. (2003) data set. The total number and location
of damaged positions on the L and H strands was de-
termined and was compared to the number and distri-
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Figure 2 Type 1 and type 2 damage—induced transitions. Circled
letters represent the principle modifications observed in cloned se-
quences (e.g., deamination of C—U [read as T] or A»HX [read as G]).
Changes introduced on the complementary strand when the damaged
bases are subsequently copied are shown in italics. By convention,
sequences are referred to in the L-strand orientation. Therefore, if an
amplified sequence was initiated from an original H-strand template,
then the type 1 and type 2 errors observed are expected to be T-C
and G—A, respectively.

bution expected if there was no strand bias, using a x*
goodness-of-fit test. The data were scaled to take local
base composition into account (generally the underrep-
resentation of C and G) by multiplying the number of
base changes originating on a C and G by the ratio of
(C + G):(A + T) across the cloned region.

To investigate the ratio and distribution of type 1
(A—G/T—C) and type 2 (C>T/G—~A) damage events in
the postmortem data set, we measured the absolute
number of each of the 12 possible base changes (A—C,
A-G, A-T, CoA, C-G, C-T, G-A, G-C, G-T, T-A,
T—C, and T—G) for each cloned region, and this was
scaled for composition bias (as described above). A sec-
ond data set was also created, to include the six com-
plementary changes (e.g., T>C/A—G, etc.) (Hansen et
al. 2001; Hofreiter et al. 2001). For the examination of
variation in the ratio of the type 2:type 1 transitions,
a value, 8, for each region was calculated and was equal
to the number of type 2—type 1 events. The bias toward
either damage event was correlated with the overall ex-
tent of template damage or with different polymerase
enzymes, by using a GLM.

Within type 2 and type 1 transitions, a similar test was
performed to determine which original template strand
was damaged, by calculating the products (C—T)-(G—A)
for type 2 and (A—G)-(T—C) for type 1. For example,
amplifications that are initiated from an H-strand tem-
plate will potentially show H-strand-specific compo-
nents of both type 2 (G—A) and type 1 (T—C) damage
(fig. 2). Conversely, amplifications that derive from L-
strand templates will contain L-strand-specific compo-
nents (i.e., C=T and A—G). Therefore, if H and L strands
are equally represented in a DNA extract, then cloned
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sequences from a single PCR should show approximate-
ly equal numbers of sequences containing H- and L-
strand-specific components of damage. A significant
deviation from this ratio would suggest that the extract
contains a bias of either H or L strands or that am-
plification is initiated preferentially on one strand. Fur-
thermore, miscoding lesions observed in any single
cloned sequence can be used to examine whether all
type 1 damage arises from A—G transitions. This is
because biases toward H- or L-strand-specific events
should be mirrored in both type 1 and type 2 changes.
Deviations from this correlation would provide evi-
dence for nonzero rates of T=C, which, although bio-
chemically unlikely (Lindahl 1993), have not been ex-
perimentally investigated in aDNA.

The tight correlation between strand-specific type
1 and type 2 transition modifications also provides a
means to examine the nature and frequency of jump-
ing-PCR artifacts (Pdaibo et al. 1990), in which tem-
plates recombine during amplification. Previously, jump-
ing events have been identified when substitutions from
different genotypes appear on the same amplified strand,
in a chimeric sequence (fig. 3). However, when only one
genotype is present in a PCR, a jumping event may be

Position

l i 1 4 II 7 i i

et
i e 2

2

[ 1T — g [

7]
iv a a
v g g t t g C

Figure 3 Jumping PCR (Pdibo et al. 1990). Strands i—v represent

five sequences obtained from the cloned product of an individual PCR
based on one extraction, using a low-error-rate enzyme such as Platinum
Taq Hifidelity (Invitrogen). Positions 1-9 represent nucleotide positions
that differ between strands, with the altered nucleotide marked above
the strand. The shared adenine (a) base on strands i-iv at position 1
helps determine that they derive from one source (though not template
molecule) of DNA, with other differences arising due to hydrolytic dam-
age and jumping PCR. Positions 2, 4, and 7 on strands i-iv are base
changes resulting from DNA damage. Differences in strand v at positions
1, 3, 5, 6, 8, and 9 identify it as a contaminant. Under the assumption
that transitions at identical positions are rare, the shared thymine (t) at
position 2 indicates that strands i and ii derived from one template
molecule with damage at position 2. The shared adenine (a) base at
position 7 on strands ii and iv, in contrast to differences at position 2,
indicates jumping PCR between the two strands. Finally, position 9 on
strands iii and v represents apparent damage to strand C, arising from
jumping with the contaminant strand v.



Table 3

Samples Containing Association Groups A, B, and C

RESULTS FROM ASSOCIATION GROUP
A B C
SAMPLE (REGION) C-T, A>G  G-A, T-C  C-T, GA  A-G, T-C  C-T, T-C  A-G, G-A

DinornisCR (16733-00441) 1 1 1j 2 2j
DinornisCOII (COII) 1
Dinornis (11120-11958) 1 1
Emeus16s (16s) 1
EmeusCOI (COI) 1
EmeusCOIII (COIII) 1 1
EmeusND4/5 (ND4/NDS5)
EmeusCOII (COII)
EmeusCytb (cytb)
Ursus221a
Ursus222
Ursus223a 1 1
Ursus147 1 1
Ursus221b 1
Ursus3500 2
Ursus117001 1
Ursusl51a 1 1j
Tg233 (HVRI)
Tg232 (HVRI)
Tgl16 (HVRI) 2j 1
)
)

e S
()

Tgl14 (HVRI 1 1 1 1j
Tg103 (HVRI 2 2j

TgS54 (HVRI) 1

Tg145 (HVRI) 1

Tg44 (HVRI) 1

Tg149 (HVRI) 3i,2 2i 3i, 3 2i, 1
Tg137a (HVRI) 1
Tg112 (HVRI) 1
Tg105 (COIII) 1
Tg63 (COII) 1
Tg148 (HVRI) 1 1 1
Tg136a (HVRI) 1 1

Tg147 (HVRI) 1j, 2

Tg85 (HVRI) 1 1

Tg93 (HVRI) 1, 1j

Tg148 (COIII) 1 1j

Tg143 (HVRI) 1

Tg129 (HVRI) 1j

Tg123 (HVRI) 2j

RESULTS FROM ASSOCIATION GROUP
A B C
INDIVIDUAL TOTALS C-T, A>G G—A, T-C C-T, G2A A-G, T-C C-T, T»C A-G, GA

Identified jumps 7 0 7 5 9 6
Nonidentified jumps 22 6 7 2 16 2

RESULTS FROM ASSOCIATION GROUP

GROUP TOTALS A B C

Associations per group 35 21 33
Jumps 7 12 15
Nonjumps 28 9 18
Nonjump:jump ratio 4 75 1.2

NOTE.—The three association groups are each divided into two subgroups named according to the two different base modifications observed
together on same cloned sequence. A “j” after the numeral denotes direct evidence of jumping as identified following the conventional method
(e.g., Pddbo 1989), in which different cloned sequences sharing a proportion of damaged sites are deemed to have arisen because of jumping
PCR. These are termed here as “identified jumps”; nonidentified jumps are those that cannot be identified following the conventional methods.
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difficult to observe, and it is likely that the frequency of
such events has been considerably underestimated. With-
out jumping events between templates, cloned sequences
that contain both type 2 and type 1 damage should ex-
hibit either H- or L-strand-specific components, but not
both. In table 3, the number of clone sequences with such
associations, A, is divided into those which can and can-
not be explained through jumping PCR (because of the
presence of substitutions shared by multiple nonhomolo-
gous cloned sequences). Sequences that contain both H-
and L-strand-specific components of damage can have
arisen only after a jumping event. These are subdivided
into B, those that contain exclusively type 1 or type 2
transitions, and C, those that contain type 1 as well as
type 2 transitions. These are again divided, as with A.
A x* goodness-of-fit test was performed on the ob-
served distribution of transition modifications among
associations A, B, and C and on that expected under
randomly paired base changes. Estimates of the number
of jumping-PCR events within the cloned sequence data
set before and after the identification of associations B
and C were compared, to assess jump-detection efficiency.

Results

The cloned sequences derived from modern samples re-
veal a very high degree of enzyme fidelity, with only two
deletions observed in the 14,112 bases determined. In
the 6,451 bases of amplified modern bacterial DNA from
the ancient extracts, only one C—=A base change was
observed, whereas, in >21,442 bases of human contam-
inant sequences, only five changes (three A—G and two
C—T changes) were observed. Although these figures are
somewhat higher than the enzyme manufacturer’s pub-
lished rate of 2 x 107, they are vastly lower than the
rates observed in our data (table 2). It is also possible
that the presence of multiple contaminants causes an
overestimation of the rate for the modern human DNA.
Consequently, any alteration of enzyme fidelity by aDNA
extracts seems insufficient to have an impact on the data.

Thirty-two clones derived from SP-PCR were exam-
ined, and in no cases were A—G and T—C modifications
(or C—T and G—A modifications) seen on the same
sequence. This provides evidence that oxidation of T to
fU does not play a major role in postmortem-dam-
age—derived miscoding lesions. Further evidence that
fU lacks a role can be inferred from the spectrum of
damage observed. Anensen et al. (2001) report that
fU-mediated mispairings of A=>G/T—C occur in vivo
~10 times as often as those of G=A/C>T, G-T/C—A,
or A—C/T—G. However, as seen in table 4, the rates
of A—»G/T—C occurrence in our data set are only half
those of G=»A/C—T and by comparison are almost 30
times the predicted rates of G=T/C—A and A—~C/T-G.

The data give no indication that sample age correlates

Am. ]J. Hum. Genet. 72:48-61, 2003

with damage (as measured by d, P = .85), although
there is significant evidence that archaeological site is
important. The H, that there is no correlation between
damage and archaeological site may be rejected, with
P <.01.

Table 5 presents the observed and expected measure-
ments of damage on each of the L and H strands for
the HVR1 data set analyzed in the companion article
by Gilbert et al. (2003). Although the results suggest
that the L strand receives more damaged sites, as well
as more overall damage, proportional to the potential
number of bases (A and C) that can change, a x> good-
ness-of-fit test provides no statistical backing for either
of these observations (for the total number of damage
events on the L and H strands, P = .66; for the number
of different base positions that are seen to modify on
the L and H strands, P = .535).

The number of each of the six complementary change
groups for each cloned region is shown in table 2, and
table 4 gives the totals for each data set (of more than
one cloned region) and gives the averages of the control
Tagq studies. A bias toward type 2 events is observable
in the data (tables 2 and 4 and fig. 4A), particularly in
the complete data sets, and is in agreement with pre-
vious studies on the spectrum of damage in ancient sam-
ples (Hansen et al. 2001; Hofreiter et al. 2001). How-
ever, within individual cloned regions, the biases range
considerably (figs. 4B and 4C), with a few samples (e.g.,
Tg99j, Tgl129, Tg196, Moal2s, and MoaCOI) display-
ing a high bias toward type 1, which is characteristic of
Taq misincorporation (Hansen et al. 2001). Interestingly,
these biases correlate poorly with enzyme (P = .574),
although there is a strong positive correlation between
type 2:type 1 bias and the extent of overall damage
(P <.00).

The number of modified bases and bias measure-
ments for all 12 possible base changes are also given
in tables 2 and 4. As seen in figure 5A, data sets, as a
whole, demonstrate a bias toward C—T change within
type 2 damage. However, such a bias is less apparent
within type 1 damage. When individual cloned regions
are examined, it is apparent that, although the strength
and direction of type 2 biases vary, overall there is a
C—T trend (figs. 5B and 5C). The correlation between
bias and enzyme is not significant (P = .40), but bias
is highly significant with damage (P <.00). The range
of bias within type 1 damage follows a similar trend,
although overall the skew is less pronounced. Although
there is no significant correlation with enzyme (P = .19),
the GLM analysis shows a significant correlation be-
tween A—G bias and damage (P < .05). Therefore, for
both type 1 and type 2 events, there is a trend toward
L-strand-specific damage as the overall extent of dam-
age increases. This finding, combined with the lack of
apparent strand bias in damage accumulation, sug-
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gests either that there is greater survival of L strands
or, at least, that there is a prevalence in an amplifiable
condition.

Table 3 presents the data on the linkage of damage
events in individual clones and the evidence for jump-
ing-PCR artifacts. As expected, pairings are not ran-
domly spread among A, B, and C, and the majority of
associated damage events are consistent with a non-
jumping origin (x> goodness-of-fit test P = .14). With-
out the data on associated type 1 and type 2 changes,
34 obvious jumping artifacts can be seen within the data
set as chimeric sequences. However, the patterns iden-
tified in B and C groups identify another 27 pairings
(an increase of 80%) that can only be explained through
jumping (if G2A and T—C transitions are assumed to
be chemically impossible).

Discussion

The large data set of ancient sequences has provided new
insights into the spectrum and distribution of DNA dam-
age, at both the nucleotide and DNA-strand level. The
very low misincorporation rate observed for the high-
fidelity enzyme in the control experiments indicates that
almost all of the base modifications observed in the an-
cient sequences are likely to be attributable to damage
of the original template strand. The data seem robust
and are independent of enzyme or region of DNA. The
few departures from the general pattern (e.g., a higher
rate of type 1 changes) occur in samples with relatively
low levels of damage and are likely to result from sam-
pling stochasticity.

The observed bias toward type 2 over type 1 tran-
sitions increases with the overall extent of damage, in
agreement with previous aDNA studies (Willerslev et
al. 1999; Hofreiter et al. 2001) and the hypothesis, of
Hansen et al. (2001), that type 1 transitions occur at a
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slightly slower rate than those of type 2. However, the
ratio is nowhere near the in vivo ratio of 30-50 times
(Lindahl 1993), suggesting that the factors involved in
hydrolytic damage vary somewhat between postmortem
and in vivo situations.

The rate of type 1 damage observed in the data set is
similar to other studies (Hansen et al. 2001) and is much
higher than that reported by Hofreiter et al. (2001), who
recorded a level even lower than the very rare C-A/G-T
transversion modifications. This discrepancy is hard to
explain, but may be related to the chemically modified
Tagq polymerase (AmpliTag Gold; ABI) used by Hofreiter
et al. (2001). For example, perhaps one of the products
in the A—»HX hydrolytic deamination pathway of type 1
modifications may hinder the action of AmpliTag Gold
relative to Hifi polymerases. However, other aDNA stud-
ies that have used AmpliTag Gold (Krings et al. 1997;
Loreille et al. 2001; Poinar et al. 2001) do not report
such a low type 1 rate.

It is significant that the two types of transition mod-
ifications can be used to identify the original template
strand ancestral to any individual PCR amplicon, be-
cause this provides a means to investigate the mode of
DNA survival after death. In the postmortem data, it
is apparent that, with an increase in the extent of dam-
age, there is a parallel increase in the number of am-
plicons originating from L-strand templates. This is
interesting, since there appears to be no overall strand-
specific bias in transition damage, once base compo-
sition is taken into account. Furthermore, in living
cells, the eponymous displaced 7S strand of the D-loop
implies that there should be two copies of the H-strand
template for every L strand in this region. The tran-
sition data indicate that this extra H strand is not
available for amplification, and it is possible that the
exposed position contributes to rapid postmortem deg-
radation. Even when we allow for this, the apparently

Table 5
H- and L-Strand Damage Measurements at Positions 16209-16356
Hirs SITES
STRAND  C/A* C/A:G/T® Total Hits® Hit Ratio® Expected Hits®  Sites Hit"  Hit Ratio®  Expected Hits"
L 110 2.9 119 3.1 116.6 95 33 92.1
H _38 _38 40.4 29 31.9
Total 148 157 157 124 124

NoTE.—Calculated from the Gilbert et al. (2003) data set.

* Total C and adenosine bases on the L strand of the Cambridge reference sequence (Anderson et al. 1981) at positions

16209-16356.

® Ratio of C/A:G/T bases on the L strand of the Cambridge reference sequence.

¢ Total number of damage events on the L and H strands.

4 Ratio of L:H total hits.

¢ Expected number of hits on each strand, using the C/A:G/T ratio if damage is nonrandomly distributed.
f Number of different base positions that are seen to modify on the L and H strands.

¢ Ratio of L:H sites hits.

" Expected number of sites hit on each strand, using the C/A:G/T ratio if damage is nonrandomly distributed.
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reduced rate of overall H-strand survival or amplifi-
cation is unexpected. The former is unlikely, because
an increased rate of H-strand degradation would also
leave the remaining L strands single-stranded and vul-
nerable to rapid degradation (Lindahl 1993). Conse-
quently, there may be some impediment to H-strand
amplification with increasing damage, perhaps through
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damage forms such as hydantoins, which block rep-
lication but leave the DNA structurally sound (Hoss
et al. 1996). It will be important to apply the methods
developed here to the reexamination of mutations in
modern human data sets, to determine the strand orig-
inally damaged. Such information will facilitate the
development of a secondary-structure model for the
human D-loop, a development that is an important
requirement for the accurate interpretation of sequence
evolution within modern humans.

The ability to identify the original template strand
has allowed a reevaluation of the extent of jumping
PCR within aDNA amplifications. This is an important
means to detect haplotypes generated by PCR artifacts
(Gilbert et al. 2003), and the high rate detected here
is cause for concern about many existing aDNA stud-
ies. Jumping permits recombination between damaged
templates, contaminants, nuclear copies, and the en-
dogenous sequence, potentially generating a wide range
of sequences. The number of jumping events suggested
in table 3 is likely to be a considerable underestimate
of the true level, because recombination between ho-
mologous template strands (i.e., both H or both L) is
not detected. Jumping PCR is believed to be positively
correlated with sequence damage (Paabo et al. 1990),
and rate estimates may therefore provide a simple way
of comparing the DNA preservation within samples, as
well as a way of scrutinizing the results for authenticity.

The large data set of ancient sequences has also per-
mitted the first direct and statistically significant dem-
onstration that the extent of DNA damage within a sam-
ple is correlated with archaeological site. Previously, this
has been demonstrated only indirectly, by using corre-
lates such as the frequency of water change (Nielsen-
Marsh 2000), temperature (Hoss et al. 1996; Smith et
al. 2001), and microbial content (Burger et al. 1999)
or by using biochemical data such as amino acid race-
mization (Poinar et al. 1996; Poinar and Stankiewicz
1999), composition (Bada et al. 1999), and levels of
DNA-damaged bases (Hoss et al. 1996). It will be im-
portant to investigate a range of archaeological sites
and to use these methods to investigate how environ-
mental factors affect DNA survival. For example, in
vitro experiments predict that, in a constant environ-
ment, the DNA damage will correlate with age (Pdabo
and Wilson 1991; Lindahl 1993). The lack of such a
direct correlation in the present study is likely to be
related to the temporal and geographical heterogeneity
of specimens within individual sites, and factors such
as the rate and extent of decomposition or desiccation
before burial (Pddbo 1989). The discovery that the
damage spectrum allows a detailed investigation of
DNA-degradation processes provides a means to fur-
ther investigate the role of such archaeological param-
eters. Furthermore, the data provide important insights
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into the biochemical background and likelihood of the
sequence differences observed between living human
groups. Such information is critical in understanding
our recent evolutionary past.
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