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Abstract Recent developments in high-throughput sequencing

(HTS) technologies have enabled the reconstruction of complete

genome sequence and nucleosome and methylation maps from

ancient individuals. A diversity of degradation reactions affect

DNA molecules after an organism dies, introducing specific

nucleotide misincorporation patterns in HTS data that are

typically exploited to distinguish modern contaminants and

authentic DNA templates. In this study, we used two different

DNA polymerases to amplify Illumina TruSeq DNA libraries built

on DNA extracts from ancient equines. The AmpliTaq Gold, widely used in ancient DNA studies, generated amplified libraries

showing typical misincorporation patterns. Such patterns were partially lost following AccuPrime Pfx amplification, for which a

two-fold reduction of endogenous content was also observed. This is explained by the inability of the AccuPrime Pfx to

bypass uracils, which represent the most common post-mortem base modification and derive from the post-mortem

deamination of cytosines. Our study, therefore, reveals that amplification of TruSeq DNA libraries with AccuPrime Pfx

increases the cost of whole-genome sequencing for samples showing substantial levels of DNA degradation and creates

atypical nucleotide misincorporation patterns for data authentication. The method can, however, be exploited to identify

ancient methylation marks, and potentially, nucleosome occupancy maps.

Statement of significance After an organism dies, DNA molecules are subjected to degradation resulting in fragmentation and

basesmodifications. After high- throughput sequencing (HTS), it is possible to detect themolecular signature of these damages,

demonstrating that thedatagenerated isauthentic.DNAextracts fromfossil remains indeedcontain,besidesendogenousancient

molecules, a variety of modern contaminants, but only the former generally exhibits molecular signatures typical of post-mortem

damage.Our study reveals that these signatures depend on the protocol used for amplifyingDNA samples. It thus helpsdefining

betterguidelines forauthenticatingancientHTSdata.Our resultsalso revealonemolecularapproach that limitsourability toexploit

the whole complexity of ancient DNA molecules preserved in fossil specimens but can help track ancient methylation marks.
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Introduction

Ancient DNA can survive as extremely fragmented
molecules in fossil material for up to several hundreds of
thousands of years (Dabney et al. 2013; Meyer et al.
2013; Orlando et al. 2013). Despite extensive post--
mortem DNA degradation reactions (Höss et al. 1996),
colonisation of fossil material by livingmicrobes (Poinar
et al. 2006) and possible contamination from different
human DNA sources (Sampietro et al. 2006), the sensi-
tivity of DNA extraction and library building methods
and the capacities of high-throughput sequencing
(HTS) platforms are now compatible with the recon-
struction of complete ancient genomes (see Shapiro and
Hofreiter 2014; Der Sarkissian et al. 2015; Ermini et al.
2015 for review). Additionally, not only genome-wide
nucleosomeandmethylationmaps (Pedersen et al.2014;
Gokhman et al. 2014) but also copy-number variants
(Meyer et al. 2012; Prüfer et al. 2014) and structural re-
arrangements (Schuenemann et al. 2013) canbeoverlaid
on the sequence of ancient genomes.

The detection of typical nucleotide misincorpora-
tion patterns in HTS data has proved essential for
authenticating ancient DNA results (Krause et al.
2010), allowing discrimination between ancient
sequences and modern contaminants (Orlando et al.
2013). The base composition at sequence termini and
at neighbouring genomic coordinates revealed that
post-mortem DNA degradation was mainly driven by
depurination (Briggs et al. 2007; Orlando et al. 2011;
Meyer et al. 2012) and also highlighted specific lig-
ation bias in certain DNA library construction methods
(Seguin-Orlando et al. 2013). The latter has been
shown to affect in turn the nucleotide misincorpora-
tion pattern used for sequence authentication, which
generally consists of decreasing C R T mutation rates
from sequence starts and increasing G R A mutation
rates towards read ends (Briggs et al. 2007).

The Illumina TruSeq DNA sample preparation
approach is acknowledged to generate high-quality
DNA libraries and is commonly used in genomic sci-
ences (Holmqvist, Reimegaard and Wagner 2013; Ruark
et al. 2013) and ancient DNA research (e.g. Cui et al.
2013; Star et al. 2014). How much this approach affects
the nucleotide misincorporation pattern has not yet
been investigated. The PCR conditions used for ampli-
fying DNA libraries have also been shown to have a
strong impact on the final molecular complexity of DNA
libraries, with particular classes of DNA polymerases
introducing various sorts of base-compositional and
length-dependent biases (Dabney and Meyer 2012).
Some DNA polymerases, such as AccuPrime Pfx, have
been shown to virtually annihilate such biases when
amplifying Illumina DNA libraries built using blunt-
ended adaptors but their performance still remains to
be tested on other DNA library types.

In this paper, we investigate whether TruSeq DNA
sample preparation introduces significant bias in the
base composition and nucleotide misincorporation
profile of ancient DNA libraries. We also evaluate the

impact of two DNA polymerases (AccuPrime Pfx and
AmpliTaq Gold), used during DNA library amplification,
on the endogenous content of ancient TruSeq libraries.
We show that although the inability of AccuPrime Pfx to
bypass uracils reduces the endogenous content, and
thereby increases the overall sequencing costs, it can
advantageously be used to reveal methylation patterns
in ancient genomes.

Materials and Methods

Samples

The horse bone fragment CGG10027 was provided by
the University of Kansas, Lawrence, USA, where it was
registered under XA08-43, UP08.BS.265. It was exca-
vated from the Lake Koehkuel caves (Taimyr, Russia)
and radiocarbon dated to 24 306 6 135 uncal.
BP (UBA-16483) (Orlando et al. 2013). We used the
original DNA extract from Orlando et al. (2013).

The sussemione sample ACAD2304, provided by
the Australian Centre for Ancient DNA, Adelaïde,
Australia, consisted of a bone fragment of an Equus
(Sussemionus) ovodovi individual excavated in
Proskuriakova Cave (Khakassia, Southwestern Siberia,
Russia) from deposits carbon dated at *40 000 BP
(Eisenmann 2010). We used the original DNA extract
from Vilstrup et al. (2013).

DNA library preparation

All pre-PCR steps were performed in laboratory facilities
dedicated to the analysis of fossil material and geo-
graphically separated from post-PCR laboratories.
Sequencing libraries were built using a protocol
adapted from the Illumina TruSeq DNA Sample Prep Kit
(reference FC-121-2001, Illumina, San Diego, CA, USA).
End repair of 35 ml of DNA extract was performed using
the End-It DNA End-Repair Kit (reference ER0720,
Epicentre, Madison, WI, USA) in a 75 ml reaction, using
3 ml End-Repair Enzyme Mix and incubating as follow:
4°C for 2 minutes, 25°C for 45 minutes and 4°Chold. The
end-repairedDNAwas purified using 1.4× of AMPure XP
beads (reference A63880, Beckman Coulter, Brea, CA,
USA) and resuspended in 19 ml of nuclease-free water.
The supernatant was further processed for 3′ ends
adenylation using the TruSeq DNA Sample Prep Kit.
Adaptor Ligation was performed by incubating the
previous at 30°C for 30 minutes, with 2.5 ml of Ligation
Mix, 4.5 ml of nuclease-free water and 7.5 pM adapter:
5′-AAT GAT ACG GCG ACC ACC GAG ATC TAC ACT CTT
TCC CTA CAC GAC GCT CTT CCG ATC T-3′ and 5′-GAT
CGG AAG AGC ACA CGT CTG AAC TCC AGT CAC NNN
NNN ATC TCG TAT GCC GTC TTC TGC TTG-3′, where Ns
correspond to the library index. After addition of 5 ml of
stop ligation buffer, total reaction volume was adjusted
to 100 ml with nuclease-free water, purified using 1.8×
AMPure XP beads and resuspended in 21 ml of
nuclease-free water.

DNA libraries were amplified in a 25 ml volume
reaction using 10 ml of DNA library, 5 U AmpliTaq Gold
(Life Technologies, ThermoFisher Scientific, Waltham,
MA, USA), 1× Gold buffer, 4 mM MgCl2, 1 mg/ml BSA
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(Life Technologies), 62.5 mM of each dNTP (Life Tech-
nologies), 0.3 mM of Primer 1.0 (5′-AAT GAT ACG GCG
ACC ACC GAG ATC TAC ACT CTT TCC CTA CAC -3′) and
0.3 mM of Primer 2.0 (5′-CAA GCA GAA GAC GGC ATA
CGA GAT-3′). PCR cycling conditions consisted of initial
denaturation for 10 minutes at 92°C, followed by 15
cycles (30 seconds denaturation at 92°C, 30 seconds
annealing at 65°C and 3 minutes elongation at 72°C)
and a final 7 minutes elongation step at 72°C.

Similar conditions were used for PCR amplifications
with AccuPrime Pfx, where 3.125 enzyme units and
1 mM of MgSO4 were used in the reaction mix. PCR
cycling conditions were 2 minutes at 95°C, 15 cycles of
15 seconds at 95°C, 30 seconds at 60°C and
40 seconds at 68°C, followed by a final elongation of
7 minutes at 68°C.

PCR products were purified on a MinElute (QIAGEN,
Venlo, Limburg, Netherlands) column and eluted in
20 ml EB following 15 minutes incubation at 37°C.
Adapter dimers were removed using a size selection
on a 2% NuSieve 3:1 agarose gel (Lonza, Basel,
Switzerland) at 80 mV for 1 h 30 minutes, along with a
50 bp ladder (GeneRuler, Thermo Fisher Scientific,
Waltham, Massachusetts). Excised fragments were
purified using the QIAquick Gel Extraction Kit (QIAGEN,
reference 28704) and eluted in 25 ml EB following
15 minutes incubation at 37°C.

Sequencing

Size-selected libraries were checked for size and con-
centration using a 2100 Bioanalyzer, high-sensitivity
DNA assay (Agilent Technologies, Santa Clara, CA,
USA), pooled with other non related indexed libraries
and sequenced over three lanes of 94 Single-Read
(plus a six bases Index Read) on the HiSeq 2000 at the
Danish National High-Throughput DNA Sequencing
Centre, Copenhagen, Denmark.

Sequence analysis

To avoid bias due to sequencing depth differences, we
randomly selected a subset of eight million sequen-
cing reads for each amplified library. The sequence
analysis procedure mostly follows a workflow descri-
bed previously (Schubert et al. 2012) and
implemented in the PALEOMIX pipeline (Schubert
et al. 2014). Each set of reads was processed using
AdapterRemoval (Lindgreen 2012) in order to remove
residual adapter sequences, allowing a mismatch
rate of 1/3, and to trim low quality bases at read
termini. Reads shorter than 25 bp were not processed
further, in order to reduce noise resulting from
misalignments. Furthermore, reads were trimmed
for palindromic artefacts using the Python script
clip_inverted_repeats.py provided by Star et al. (2014)
and aligned against reference genomes using BWA
v0.5.9-r26-dev with standard parameters, except that
seeding was disabled (Schubert et al. 2012). Only
high-quality hits (Phred score >25) were retained.
Lastly, aligned reads were filtered for PCR duplicates
using MarkDuplicates from the Picard toolkit (http://

picard.sourceforge.net/). The horse mitochondrial
genome (Accession Nb. NC_001640, Xu et al. 1994)
and nuclear genome (EquCab2, excluding
mitochondrial DNA; Wade et al. 2009) were mapped
separately in order to avoid possible numt mis-
identification. Given that mitochondrial genomes are
circular, we followed Orlando et al. (2013) and copied
the first 30 nucleotidic positions at the end of the
sequences to connect sequence ends and enable read
alignment across this region. Post-mortem damage
patterns at read termini were retrieved from map-
Damage2 (Jónsson et al. 2013) and the number of
misincorporations observed in various dinucleotide
contexts was determined using a Perl script parsing
multifasta alignments between reads and EquCab2 as
produced by mapDamage2. All sequence data used in
this study are available at the Short Read Archive
database, accession number SRP035380.

Results and Discussion

AccuPrime Pfx amplification of DNA libraries prepared
on fresh extracts or ancient extracts where uracils were
excised has previously been shown to limit the base
compositional and insert size bias otherwise introduced
following AmpliTaq Gold amplication (Dabney and
Meyer 2012). We built DNA extracts from two ancient
equine bone samples into TruSeq DNA libraries. Half of
the DNA library was PCR amplified using AmpliTaq
Gold, a standard polymerase in ancient DNA research,
whereas the second half was amplified using Accu-
Prime Pfx. We measured endogenous DNA content and
clonality levels using a random selection of eightmillion
of Single-End sequence reads per amplified library
(Table 1). Strikingly, AmpliTaq Gold amplified libraries
showed approximately a two-fold increase in en-
dogenous content compared to AccuPrime Pfx ampli-
fied libraries (3.05 vs 1.81% for CGG10027 and 7.87 vs
4.13% for sample ACAD2304), and comparable clonality
levels (1.08–0.62 and 0.56–0.44%, respectively). This
suggested that about half of the ancient templates
present in the DNA library were refractory to amplifi-
cation with AccuPrime Pfx.

TruSeq libraries were also found to be associated
with significant proportions of palindromic artefacts,
as previously reported (Star et al. 2014). Interestingly,
this proportion was multiplied ,5-fold in the DNA
library constructed on the ACAD2304 extract and
amplified with AccuPrime Pfx, relative to that amplified
with AmpliTaq Gold (1.0 vs 0.2%; Table 1). This
potentially results from base compositional bias within
palindromic sequences, which show a %GC content of
34.7 for the library amplified with AmpliTaq Gold
versus 42.5% for that amplified with AccuPrime Pfx.

We next explored DNA misincorporation patterns for
both amplification types (Fig. 1). DNA libraries amplified
with AmpliTaq Gold showed typical misincorporation
patterns, consisting of decreasing in C R T substitution
rates from sequence starts parallelled by an increasing
G R A substitution rates towards sequence ends. This
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pattern is due to the preferential accumulation in
overhanging regions of cytosines that have been dea-
minated post-mortem into uracils and that are read as
thymines (Briggs et al. 2007).

At sequence starts, the C R T misincorporation
patterns observed for DNA libraries amplified with
AccuPrime Pfx were found to be atypical, showing a
6.4 to 8.4-fold reduction in amplitude at the first
sequence position compared to the sequence data
derived from AmpliTaq Gold amplified libraries.
At sequence ends, the G R A misincorporation pat-
tern observed post-AccuPrime Pfx amplification was
virtually identical to that observed with AmpliTaq
Gold amplified libraries (Fig. 1). It also appeared
similar to the nucleotide misincorporation patterns
described for other types of DNA library preparation
procedures, such as those based on blunt-end ligation
(Meyer and Kircher 2010), except that the second
position from the ends showed lower G R A mis-
incorporation rates than the third one. G R A mis-
incorporation rates were found to be lower at the last
read position post-trimming than C R T mis-
incorporation rates at sequencing starts (Fig. 1). This is
likely due to the fact that a significant fraction of
inserts were not sequenced over their full length, as
shown by their size distribution, which shows a sig-
nificant fraction of reads of maximal size (94 bp,
Supplementary Material 1). For those reads, the last
sequence position available post-trimming is not
necessarily part of an overhang and therefore does
not show increased deamination rates.

We hypothesised that the ca. two-fold reduction in
endogenous DNA content and the loss of the expec-
ted damage profile towards sequence starts originated
from the incapacity to amplify one of the two original
strands present in the ancient DNA insert. In particular,
it has been demonstrated that the AccuPrime Pfx
cannot amplify DNA templates containing uracil
(Lasken, Schuster and Rashtchian 1996). As a result,
DNA strands showing cytosine deamination would be
excluded from the pool of molecules sequenced, in
contrast to their complementary strand (Fig. 2A). Since
most cytosine deamination reactions take place within
overhanging ends (Briggs et al. 2007) and 39-over-
hangs, albeit present (Orlando et al. 2011; Prüfer et al.
2014), are eliminated during library building, only
cytosine deamination events located at 59-overhangs
are detectable in our protocol. These have been filled-in
with complementary adenines during the end-repair
step and following AccuPrime Pfx amplification, those
will appear as G R A substitutions towards sequence
ends. As AmpliTaq Gold can bypass uracils, those will
appear both as C R T substitutions towards
sequence starts and G R A substitutions towards
sequence ends, leading to misincorporation
patterns reminiscent of what observed for ancient DNA
libraries built following blunt-end ligation (Meyer and
Kircher 2010, Figure S2).

CpG sites offer a unique opportunity to validate our
model, as they are the main target of cytosineT

a
b
le

1
S
a
m
p
le

in
fo
rm

a
ti
o
n
a
n
d
s
e
q
u
e
n
c
e
d
a
ta

g
e
n
e
ra
te
d
.

S
a
m
p
le

O
ri
g
in

D
a
te

(u
n
c
a
l.
B
P
)

A
m
p
lifi

c
a
ti
o
n

#
R
e
a
d
s

#
T
ri
m
m
in
g

#
P
a
lin

d
ro
m
ic

#
m
tD

N
A

#
n
u
c
le
a
r

%
E
n
d
o
.

%
C
lo
n
.

C
G
G
1
0
0
2
7

K
ra
s
n
o
y
a
rs
k
,
T
a
im

y
r,
R
u
s
s
ia

2
4
,3
0
6

^
1
3
5

A
m
p
liT
a
q
G
o
ld

8
0
0
0
0
0
0

7
9
5
6
7
4

1
8
8
9
1
(2
.4
%
)

6
1
4

2
1
6
2
2
4

3
.0
5

1
.0
8

A
c
c
u
P
ri
m
e
P
fx

8
0
0
0
0
0
0

1
2
3
3
3
5
5

3
6
8
7
4
(3
.0
%
)

2
4
2

1
2
2
2
7
9

1
.8
1

0
.6
2

A
C
A
D
2
3
0
4

P
ro
s
k
u
ri
a
k
o
v
a
C
a
v
e
,
K
h
a
k
a
s
s
ia
,
R
u
s
s
ia

L
a
te

P
le
is
to
c
e
n
e

A
m
p
liT
a
q
G
o
ld

8
0
0
0
0
0
0

3
6
8
6
4
7
7

8
0
6
3
(0
.2
%
)

1
9
7

3
3
2
1
8
3

7
.8
7

0
.5
6

A
c
c
u
P
ri
m
e
P
fx

8
0
0
0
0
0
0

3
6
9
9
8
2
1

3
8
2
6
1
(1
.0
%
)

8
8

1
7
4
4
6
3

4
.1
3

0
.4
4

E
ig
h
t
m
ill
io
n

S
in
g
le
-E
n
d

s
e
q
u
e
n
c
e
s
w
e
re

ra
n
d
o
m
ly

s
e
le
c
te
d

fr
o
m

re
a
d
s
g
e
n
e
ra
te
d

o
n

a
Il
lu
m
in
a

H
iS
e
q

2
0
0
0

p
la
tf
o
rm

fr
o
m

T
ru
S
e
q

a
n
c
ie
n
t
D
N
A

lib
ra
ri
e
s
a
m
p
lifi
e
d

e
it
h
e
r
w
it
h

A
m
p
liT
a
q

G
o
ld

o
r

A
c
c
u
P
ri
m
e
P
fx
.
R
e
a
d
s
w
e
re

fi
rs
t
tr
im

m
e
d
fo
r
re
s
id
u
a
l
a
d
a
p
te
r
s
e
q
u
e
n
c
e
s
a
n
d
lo
w

q
u
a
lit
y
e
n
d
s
(#
T
ri
m
m
in
g
)
a
n
d
th
e
n
fo
r
p
a
lin
d
ro
m
ic

a
rt
e
fa
c
ts

(#
P
a
lin
d
ro
m
ic
)
u
s
in
g
P
A
L
E
O
M
IX

(S
c
h
u
b
e
rt
e
t
a
l.
2
0
1
4
)

a
n
d
th
e
P
y
th
o
n
s
c
ri
p
t
c
lip

_
in
v
e
rt
e
d
_
re
p
e
a
ts
.p
y
p
ro
v
id
e
d
b
y
S
ta
r
e
t
a
l.
(2
0
1
4
),
re
s
p
e
c
ti
v
e
ly
.
T
ri
m
m
e
d
re
a
d
s
w
e
re

th
e
n
p
ro
c
e
s
s
e
d
th
ro
u
g
h
P
A
L
E
O
M
IX

(S
c
h
u
b
e
rt
e
t
a
l.
2
0
1
4
)
to

id
e
n
ti
fy

re
a
d
s
o
f
e
q
u
in
e

o
ri
g
in
.
T
h
e
p
e
rc
e
n
ta
g
e
o
f
e
n
d
o
g
e
n
o
u
s
re
a
d
s
(%

E
n
d
o
.)
is

e
s
ti
m
a
te
d
fr
o
m

th
e
to
ta
l
n
u
m
b
e
r
o
f
u
n
iq
u
e
h
it
s
m
a
p
p
in
g
a
g
a
in
s
t
th
e
h
o
rs
e
n
u
c
le
a
r
a
n
d
m
it
o
c
h
o
n
d
ri
a
l
re
fe
re
n
c
e
a
n
d
s
h
o
w
in
g
m
a
p
p
in
g
q
u
a
lit
ie
s

g
re
a
te
r
o
r
e
q
u
a
l
to

2
5
.
C
lo
n
a
lit
y
e
s
ti
m
a
te
s
(%

C
lo
n
.)
a
re

p
ro
v
id
e
d
in

p
e
rc
e
n
ta
g
e
b
y
th
e
p
ro
p
o
rt
io
n
o
f
P
C
R
d
u
p
lic
a
te
s
id
e
n
ti
fi
e
d
a
m
o
n
g
th
e
to
ta
l
n
u
m
b
e
r
o
f
re
a
d
s
.

Seguin-Orlando et al. Amplification of TruSeq ancient DNA libraries STAR20152054892315Y.0000000005

4 Science and Technology of Archaeological Research 2015 VOL 1 NO 1



methylation in mammalian genomes (Plongth-
ongkum, Diep and Zhang 2014). Post deamination of
cytosines, unmethylated CpG sites are transformed
into UpG, whereas 5mCpG are transformed into TpG
(Pedersen et al. 2013; Gokhman et al. 2014; Smith et al.
2014). Following our hypothesis, only the latter would
provide adequate templates for AccuPrime Pfx ampli-
fication, which would restore the expected C R T
misincorporation patterns towards sequence starts
(Fig. 2B). We therefore predicted that the C R T sub-
stitutions observed at sequence starts would occur
preferentially in a CpG context. We counted in which
dinucleotide context each C R T substitution
observed in the first 10 positions along sequencing
reads took place. For sequences generated following
AmpliTaq Gold amplification, such substitutions occur

in only a minority of CpG sites (Fig. 3), with CpG
representing only 7.2–10.4% of the four possible CpN
dinucleotide contexts. This situation appeared in
striking contrast to that observed following AccuPrime
Pfx amplification, where 34.2–41.6% of C R T substi-
tutions were incorporated at CpG sites, in agreement
with the prediction of our model. The C R T changes
observed in other dinucleotide contexts likely reflec-
ted sequencing errors and/or sites where the ancient
samples differed from the horse genome reference
used for read alignment.

No significant difference was observed towards
sequence ends, where CpG dinucleotides accounted
for ca. 8.3–8.8% (CGG10027) and ca. 12.6–13.7%
(ACAD 2304) of the G R A substitutions, regardless of
which polymerase was used. This is also in agreement

Figure 1 Nucleotide misincorporation patterns following AmpliTaq Gold and AccuPrime Pfx amplification of
TruSeq ancient DNA libraries. The rate of C R T substitutions observed between the reference genome and
sequencing reads is shown for the first 15 (left) and last 15 (right) positions sequenced. Those rates were
calculated using mapDamage2 (Jonsson et al. 2013). Top: horse sample CGG10027. Bottom: sussemione
sample ACAD2304.
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Figure 2 AccuPrime Pfx amplification of TruSeq ancient DNA libraries results in asymmetrical cytosine dea-
mination misincorporation patterns. (A) Step 1: post-mortem DNA hydrolysis results in the formation of
59-overhangs with deaminated cytosine residues (i.e. uracils) (Briggs et al. 2007). When present, 39-overhangs
are polished during library construction. Step 2: a TruSeq DNA library is prepared. Adenine residues, comp-
lementary to uracils, are incorporated during end repair. Step 3A: first PCR amplification cycle of the TruSeq
DNA library. The AccuPrime Pfx DNA polymerase does not by-pass uracils. As a result, the damaged strand is
not copied in contrast to its undamaged complementary strand, which incorporates a C R T substitution. Step
3B: second PCR amplification cycle. DNA templates identical to those described in step 3A are formed but not
indicated for clarity. Elongation from the second PCR primer results in the copy of the strand with a C R T
misincorporation. Step 4: Following cluster generation, the strand starting with the P7 sequence is linked to
the flow-cell. Step 5: illumina sequencing, resulting in the detection of a G R A substitution at sequence ends.
(B) Same as (A), except that cytosine deamination occurred at a methylated CpG site, which creates a TpG site
in the ancient DNA template. As a result, both library strands are copied in the first amplification cycle and
C R T and G R A misincorporations are observed both at sequence starts and sequence ends (except when
library inserts have not been sequenced over their full length). Note that both sequencing reactions reported
occur at independent clusters.
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with ourmodel, as sequence ends record the presence of
cytosine deamination located on the complementary
strand andfixed as aG R Aduring end-repair (Fig. 2A,B).

Overall, we demonstrated that AccuPrime Pfx pre-
cludes amplifying DNA strands of TruSeq DNA libraries
for which at least one cytosine has been deaminated
post-mortem. This results in the loss of up to half of the
endogenous templates originally ligated to adapters.
This method will therefore substantially increase the
sequencing costs underlying ancient genome charac-
terisation and should therefore not be recommended in
cases where significant deamination levels are observed.
The amplification of ancient DNA libraries with
AccuPrime Pfx could, however, still be used with no
reduction in endogenous DNA content in situations
where DNA damage by-products have been eliminated
prior to DNA library building, using UNG and EndoVIII
enzymatic treatments that cleave DNA templates 39 of
uracils (Briggs et al. 2010). AccuPrime Pfx will then limit
over-amplifying short and%GC-rich DNA inserts andwill
therefore preserve the original molecular complexity of
the DNA libraries more efficiently than a variety of other
DNA polymerases (Dabney and Meyer 2012). We also
note that amplifying single-stranded DNA libraries
(Gansauge and Meyer 2013) with AccuPrime Pfx will not
result in a significant drop in endogenous DNA content
(Meyer et al. 2013), because the original DNA strand is
first copied using Bst DNA polymerase, which results in a
G R Amisincorporation, before a double-strandedDNA
library is built and PCR amplified. This is in line with the
great performance observed for this procedure on range
of ancient DNA extracts (Meyer et al. 2013; Prüfer et al.
2014; Bennett et al. 2014).

Sequencing ancient genomes following AccuPrime
Pfx amplification of TruSeq DNA libraries could,

however, remain cost-effective in cases where post-
mortem deamination reactions were limited and/or
where the microbial colonisation of the extracts was
minimal. The sequence data generated then can also
provide access to ancient methylation marks, following
a principle similar to the work of Pedersen and col-
leagues (2013) and Gokhman and colleagues (2014).
In particular, the procedure described by Pedersen and
colleagues (2013) exploited C R Tmisincorporations at
sequence starts to measure regional methylation levels
in the sequence data underlying the genome of a
4,000 year-old paleo-Eskimo individual (Rasmussen
et al. 2010). These sequences were generated following
the original Illumina sample preparation protocol,
which included amplification with Phusion DNA poly-
merase (Finnzymes Oy, Thermo Fisher Scientific, Wal-
tham, Massachusetts), also found to be incapable of
copying uracils (Rasmussen et al. 2010). Additionally,
Pedersen and colleagues (2013) exploited lateral vari-
ation of depth-of-coverage to reconstruct whole-
genome nucleosome maps. However, this required
prior correction of the strong %GC-bias introduced
during Phusion amplification. Such biases are known to
be minimal with AccuPrime Pfx (Dabney and Meyer
2012). Therefore, the procedure described here,
coupled or not with UNG and EndoVIII enzymatic
treatments, holds the potential for uncovering ancient
nucleosome maps, where depth-of-coverage peaks
along the genome reflect nucleosome protection and
occupancy.

Recently, sequencing libraries based on rapid
ligation at AT-overhangs were found to show a strong
base compositional bias, with preferential ligation of
inserts starting at adenine versus thymine or its ana-
logue uracil (Seguin-Orlando et al. 2013). This bias
was observed both on fresh and ancient DNA
extracts. TruSeq DNA libraries also rely on ligation at
AT-overhangs but do not show the base compo-
sitional bias described following rapid ligation, as the
highest C R T (G R A) misincorporation rates are
observed at the first (last) position within sequencing
reads (Fig 1). This suggests that the DNA ligase
involved and/or the ligation conditions (30 minutes
at 30°C vs 10 minutes at 25°C), rather than ligation at
AT-overhangs per se, are the sources for the base
compositional bias previously reported. Overall, the
TruSeq protocol is less subjected to introduce a
strong base compositional bias than the rapid lig-
ation approach and therefore should be preferred
while constructing Illumina DNA libraries based on
ligation at AT-overhangs.

Finally, the presence of typical nucleotide mis-
incorporation patterns has been used with great
success for authenticating ancient DNA datasets
(Krause et al. 2010; Orlando et al. 2011; Raghavan et al.
2013). With standard DNA library preparation methods
adapted from the 454 procedure, where DNA tem-
plates are first end repaired, then ligated to adapters
and finally filled-in (Meyer et al. 2010), this pattern
consists of an increase of C R T substitutions towards

Figure 3 Comparison of C R T misincorporation
rates across different dinucleotide contexts. The
number of C R T substitutions observed between
the reference genome and sequencing reads was
counted for the first 10 positions sequenced and
broken down by dinucleotide context (CpA, CpC,
CpG and CpT). The same analysis was performed for
complementary G R A substitutions at the last
10 positions sequenced and reverse complementary
dinucleotide contexts. The relative importance of
CpG R TpG misincorporations at read starts and
CpG R CpA misincorporations at read ends are
shown, as only those are related to CpG methylation.
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sequence starts and an increase of G R A substi-
tutions towards sequence ends. However, other pat-
terns are expected depending on the molecular tools
used for preparing DNA libraries (Seguin-Orlando et al.
2013; Prüfer et al. 2014) and/or the sequencing plat-
form considered (Orlando et al. 2011). In this study, we
identified another of such deviations to the standard
pattern, which should be considered as the expec-
tation for authenticating ancient DNA datasets gen-
erated using similar molecular tools.
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