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The challenge of sequencing ancient DNA has led to the development of

specialized laboratory protocols that have focused on reducing contamination

and maximizing the number of molecules that are extracted from ancient

remains. Despite the fact that success in ancient DNA studies is typically

obtained by screening many samples to identify a promising subset, ancient

DNA protocols have not, in general, focused on reducing the time required

to screen samples. We present an adaptation of a popular ancient library prep-

aration method that makes screening more efficient. First, the DNA extract is

treated using a protocol that causes characteristic ancient DNA damage to

be restricted to the terminal nucleotides, while nearly eliminating it in the

interior of the DNA molecules, allowing a single library to be used both to

test for ancient DNA authenticity and to carry out population genetic analysis.

Second, the DNA molecules are ligated to a unique pair of barcodes, which

eliminates undetected cross-contamination from this step onwards. Third,

the barcoded library molecules include incomplete adapters of short length

that can increase the specificity of hybridization-based genomic target enrich-

ment. The adapters are completed just before sequencing, so the same DNA

library can be used in multiple experiments, and the sequences distinguished.

We demonstrate this protocol on 60 ancient human samples.
1. Introduction
Technical advances have made it possible to extract and sequence DNA from

ancient samples in a way that obtains enough molecules to permit whole

genome analysis while minimizing artefacts owing to contamination and

damage [1,2]. Despite the technological breakthroughs, there are practical hur-

dles that need to be overcome in any ancient DNA study. In particular, many

samples often need to be laboriously screened in order to obtain a subset that

is promising for analysis.

One approach to screening is to perform PCR for target regions on ancient DNA

extracts, and to use the results to prioritize samples for constructing next-generation

sequencing (NGS) libraries. Alternatively, one can use NGS libraries directly for

screening. While library construction requires more initial effort than PCR, a library

has the advantage that it amplifies DNA into a renewable resource that can be used

not only for screening, but also for larger-scale experiments. Once DNA molecu-

les are ‘immortalized’ in a library, many experiments can be performed beyond

screening, such as shotgun sequencing and target enrichment.

Most laboratories that use NGS libraries for sample screening construct an

initial ‘test library’ for each sample, and then shotgun sequence or enrich it

for a small region of interest: a few loci of the genome [3,4], whole mitochon-

drial DNA (mtDNA) [5,6] or the plasmids of a targeted pathogen [7]. The

resulting data can be evaluated for features expected from authentic ancient

DNA, such as short molecule sizes, and a high rate of C! U changes that

are concentrated at the ends of molecules, which manifests as a high rate of

C! T or G! A mismatches to the reference genome [8–11]. Additional evi-

dence about authenticity comes from rates of mismatch to the consensus
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sequence at known polymorphisms, for example at mtDNA,

where enough coverage can be obtained to build a consensus

[12]. For samples that produce plausibly authentic DNA,

additional ‘production’ libraries can be built. These are

often built in the presence of the enzymes uracil–DNA–

glycosylase (UDG), which cleaves deaminated cytosines

(uracils), and Endo VIII [13], which cuts at the resulting

abasic sites, driving down the rate of ancient DNA errors.

While we focus here on UDG-treated libraries, non-UDG-

treated libraries can also be of value for analyses that are

tuned to handle ancient DNA damage [14,15]. Moreover,

non-UDG-treated libraries have a particular advantage for

analysis of contaminated samples, where restriction to

damaged molecules can greatly reduce contamination [16,17].

Here, we describe a protocol for ancient DNA screening

that requires producing only a single library per sample.

The library is UDG-treated, but preserves a damage signal

at the terminal bases of the molecules, so that the authenticity

of the DNA in the library can be assessed. This single-library-

based screening saves not only costs, but also time, because

the same sample does not have to be subjected to multiple

rounds of processing and authenticity checks. For successful

samples, our screening procedure produces a complete mito-

chondrial genome as well as an assessment of the promise of

the library for larger-scale analyses.

Our library preparation protocol also includes additional

time- and cost-saving features. In particular, it is optimized to

allow high-throughput target enrichment of samples in 96-

well plates. Enrichment is important, as for many ancient

samples, a large fraction of the DNA that enters the library

is not endogenous to the remains being analysed, so large

amounts of sequence data sometimes needs to be examined

to generate adequate data for analysis. Moreover, only a

small subset of the genome is often of interest (e.g. mtDNA

or a set of single nucleotide polymorphisms). To increase

the fraction of sequenced molecules that align to subsets of

the genome of interest, a standard tool in ancient DNA analy-

sis has become target enrichment via hybridization capture

[6,7,18–22], which in its in-solution form is amenable to

being carried out on 96-well plates and processed roboti-

cally [23,24]. Parallel handling of many samples, however,

increases the opportunity for cross-contamination owing to

spillover of liquid from neighbouring wells. Thus, we add mol-

ecular barcodes (tags) to each DNA molecule in the ligation

step of the library construction. We adopt the idea of short

(incomplete) adapters from modern DNA libraries [24], in

order to increase the specificity of target enrichment via

hybridization. Once target enrichment is finished, the adapters

are completed for sequencing by an indexing PCR. Use of

different indices has the additional advantage that the same

sample can be assayed in multiple experiments (e.g. hybrid

capture of the mtDNA and shotgun sequencing), and the pro-

ducts can then be sequenced together and distinguished by

the index.
2. Material and methods
(a) Clean room
All DNA extractions and library preparations up to the set-up of

the amplification step were performed in a dedicated ancient DNA

laboratory at Harvard Medical School, according to established

precautions for working with ancient human DNA [25,26].
(b) Samples
Sixty human bone samples from the Samara District in Russia

dating to 3000–9000 years BP [27] were used for this study. Rela-

tive dating of the samples was performed based on

archaeological context. For a subset of samples, 14C dates

(University of Arizona, Tucson, USA) were available.

(c) DNA extraction
Between 50 and 75 mg of bone powder was used to extract DNA

according to Dabney et al. [28]. Final elution was performed twice

in 16–30 ml 1� Tris EDTA (TE) buffer (with 0.05% Tween-20).

(d) Barcoded adapter design and preparation
All oligonucleotides (adapter, primer, blockers) were ordered from

IDT (Coralville, USA; no PTO-bonds, standard desalted and lyo-

philized). We designed 100 barcodes of 7 bp length, with at least

a 3 bp difference to all other barcodes (the sequences are in the elec-

tronic supplementary material, table S1). Partial double-stranded

adapters were prepared by hybridizing the long oligonucleotide

(with truncated Illumina-specific universal adapter sites) to the

reverse complementary short oligonucleotide, both with 7mer

barcodes at the ends. The 100 barcoded P5-adapters and 100

barcoded P7-adapters were prepared independently as described

in [29].

(e) Library preparation: no uracil – DNA – glycosylase
treatment (I)

The protocol is based on [29,30]. Between 15 and 30 ml of DNA

extract was used in a 50 ml blunting reaction with a final concen-

tration of 1� buffer Tango, 100 mM each dNTP, 1 mM ATP, 25 U

T4 polynucleotide kinase and 5 U T4 DNA polymerase (all

reagents from Thermo Scientific Fermentas Molecular Biology

Solutions Waltham, MA). After incubation at 258C for 15 min

and 128C for 5 min, the reaction was cleaned up with the MinE-

lute PCR purification kit (Qiagen, Hilden, Germany) by adding

250 ml of buffer PB to each reaction and applying the mixture

to the MinElute column and centrifuging. Two washing steps

with buffer PE were performed and after a dry-spin, DNA was

eluted in 18 ml 10 mM Tris–HCl.

Each DNA extract was assigned a unique barcode combi-

nation and within each batch no single barcode was used more

than once. For each library, 1 ml of a barcoded, partially

double-stranded P5-adapter (10 mM) and 1 ml of a barcoded, par-

tially double-stranded P7-adapter (10 mM) were added to the

blunted DNA and mixed before adding the ligation mix to

bring adapters and DNA into close proximity (final concen-

tration 0.25 mM for each barcoded adapter). The concentrations

in the 40 ml final ligation reactions were as follows: 1� T4

DNA ligase buffer, 5% PEG-4000, 5 U T4 DNA ligase (all

reagents from Thermo Scientific Fermentas Molecular Biology

Solutions, Waltham, MA). After mixing and a quick spin, the

reaction was incubated for 30 min at room temperature. Min-

Elute clean-up was performed by adding 200 ml buffer PB to

each finished ligation reaction, washing with PE buffer twice,

and eluting in 20 ml 10 mM Tris–HCl.

The fill-in reaction was performed in a final volume of 40 ml with

1� ThermoPol buffer (New England Biolabs (NEB), Ipswich, MA),

250 mM each dNTP (Thermo Scientific Fermentas Molecular Biology

Solutions) and 16 U Bst polymerase, large fragment (NEB) and incu-

bated at 378C for 20 min followed by a heat-inactivation at 808C for

20 min [29,30]. The entire 40 ml heat-inactivated fill-in reaction was

used in the PCR that finished the library preparation. A total of

400 ml PCR mix (divided into four to eight reactions) per sample

was prepared with the following final concentration: 1� Pfu Turbo
Cx reaction buffer, 20U Pfu Turbo Cx Hotstart DNA Polymerase

(both Agilent Technologies, Santa Clara, CA), 200 mM each dNTP
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(Thermo Scientific Fermentas Molecular Biology Solutions) and

400 nM of each of the two primers (PreHyb-F, PreHyb-R, sequences

in the electronic supplementary material, table S1) that do not extend

the adapter sites but keep them truncated (short). After an initial

denaturation and activation of the polymerase at 958C for 2 min,

30 cycles at 958C for 30 s, 558C for 30 s and 728C for 1 min, we per-

formed a final extension at 728C for 5 min. Following PCR, the

product was cleaned up with the MinElute PCR purification kit by

adding 2 ml buffer PB to the 400 ml PCR and distributing the mix

onto two MinElute columns. After washing the silica matrix twice

with PE buffer and a dry-spin, each column was eluted in 25 ml

1� TE (with 0.05% Tween-20), resulting in 50 ml final library.

( f ) Library preparation: partial uracil – DNA –
glycosylase treatment (II)

Between 15 and 30 ml DNA extract was used in 60 ml blunting

reactions with an initial USER enzyme treatment (NEB). The

first part of the reaction (the partial UDG treatment, 52.2 ml

total) consisted of 6 ml 10� buffer Tango, 0.24 ml 25 mM dNTP

mix, 0.6 ml 100 mM ATP (all reagents from Thermo Scientific Fer-

mentas Molecular Biology Solutions), and 3.6 ml USER enzyme

mix (1 U ml21, NEB). During the 30 min incubation period at

378C, most deaminated cytosines were excised by UDG and

abasic sites were cut by Endo VIII. Next, 3.6 ml of UGI (2 U ml,

UDG inhibitor, NEB) was added and incubated for 30 min at

378C, after which 3 ml T4 polynucleotide kinase and 1.2 ml T4

DNA polymerase were added, and the final 60 ml was incubated

for 15 min at 258C, followed by 5 min at 128C. The clean-up of

this blunting reaction with partial USER treatment was performed

by adding 300 ml buffer PB, with all following steps performed as

in §2e. A detailed working protocol is included in the electronic

supplementary material.

(g) Library preparation: full uracil – DNA – glycosylase
treatment (III)

Between 15 and 20 ml DNA extract was used in a 50 ml blunting

reaction with simultaneous USER enzyme treatment. The final con-

centrations were as follows: 1� buffer Tango, 100 mM each dNTP,

1 mM ATP, 25 U T4 polynucleotide kinase (all reagents from

Thermo Scientific Fermentas Molecular Biology Solutions) and 3U

USER enzyme (NEB). An incubation was performed for 3 h at

378C, followed by the addition of 1 ml T4 DNA polymerase

(Thermo Scientific Fermentas Molecular Biology Solutions) and

incubation at 258C for 15 min and 128C for 5 min. The subsequent

steps were performed as described in §2e until after the heat-

inactivation of the fill-in step. Then, the entire reaction from the

fill-in step was amplified with AccuPrime Pfx DNA polymerase

in a total of 400 ml (divided into four to eight reactions). The final

concentration of the reaction consists of 1� AccuPrime Pfx reaction

buffer, 10 U AccuPrime Pfx DNA polymerase and 400 nM of primer

PreHyb-F and PreHyb-R. An initial denaturation and enzyme acti-

vation was performed at 958C for 2 min, 30 cycles at 958C for 15 s,

558C for 30 s and 688C for 1 min, followed by a final extension of

688C for 5 min. Clean-up was performed the same way as for the

other two protocols, resulting in 50 ml of library.

(h) Libraries for barcoded adapter tests
The influence of the barcodes on library characteristics was tested

by ligating four different P5-barcoded adapters in all possible com-

binations with four P7-barcoded adapters to the same DNA

extract. These 16 ligation reactions started from a large volume of

cleaned-up and pooled blunting reaction products (partial UDG

treatment). Barcoded adapter IDs 1–4 were chosen for the P5-

site and IDs 97–100 for the P7-site (electronic supplementary

material, table S1), so that all possible combinations of terminal

nucleotides on both sides were used. Libraries were amplified
with the regular PreHyb-primer set with Pfu Turbo Cx Hotstart

DNA polymerase.

(i) Libraries for adapter length in hybridization test
Three different libraries were used: sample A was prepared without

barcodes using universal Illumina adapter (IS1_adapter.P5 and

IS3_adapter.P5 þ P7; IS2_adapter.P7 and IS3_adapter.P5 þ P7;

PTO-bonds and high-performance liquid chromatography purified,

as in [29], see the electronic supplementary material, table S1) and

two barcoded libraries from the barcode adapter test were used

that started from about 2.5 times less material (sample B: P5 no. 1,

P7 no. 97; sample C: P5 no. 3, P7 no. 100). The amplification that fin-

ished the library construction was performed with the PreHyb-

primer pair, and the adapter sites were left unfinished (‘short’). To

test for the influence of different adapter lengths on hybridization

specificity, the short libraries were further amplified with one index-

ing primer (i7 index primer and PreHyb-F) or two indexing primers

(i5 and i7 indexing primers), resulting in ‘intermediate’ and ‘long’

adapter lengths. For library A, all three adapter lengths were pre-

pared, whereas for libraries B and C, only ‘short’ and ‘long’ were

prepared. Amplifications were performed with 1 ml Herculase II

Fusion DNA Polymerase (Agilent Technologies) in 50 ml reactions

consisting of 1� Herculase II reaction buffer, 400 nM each primer

and 250 mM each dNTP using 1 ml of a 20-fold dilution of the

‘short’ library for 20 cycles (958C for 2 min, 20 cycles at 958C for

30 s, 588C for 30 s, 728C for 30 s, final extension 728C for 10 min).

MinElute clean-up was performed by adding 250 ml PB, followed

by two PE-washes, and DNA was eluted in 15 ml 1� TE (with

0.05% Tween-20).

All libraries were evaluated on the BioAnalyzer and Nano-

drop to assess library preparation success and to measure

concentrations, allowing us to adjust the volume for the capture

reaction later. Note that the real size distribution of the libraries is

usually not retained after 30 PCR cycles, because the PCR was

run into plateau and heteroduplices form that make insert sizes

appear longer in gel electrophoresis.

( j) Target capture
Hybridization enrichment was performed as described elsewhere

[19] with baits targeting the human mitochondrial genome (3 bp

tiling based on NC_001807 as in [17]) using a semi-

automated protocol in a 96-well plate set-up on an Evolution P3

(Perkin Elmer, Waltham, MA) for two consecutive rounds. This

liquid handler has a 96-well tip head and is therefore suited for

steps involving magnetic beads (i.e. from the streptavidin bead

binding onwards and for the solid-phase reversible immobilization

clean-ups of amplifications) in 96-well plates. This reduces hands-

on time and is less expensive, because fewer pipette tips are used

when compared with manual multi-channel pipetting. For a

subset of the experiments, baits for 10–50 nuclear loci were

spiked into the bait pool. The enrichment for mitochondrial

sequences was not substantially affected by this addition (data

not shown). For each hybridization reaction, we used 500 ng of

single-stranded bait library together with 500 ng DNA library.

The oligonucleotide blockers used for each of the respective adapter

lengths are specified in the electronic supplementary material, table

S1. All other parameters of the hybridization, capture and washing

steps and amplifications can be found in the original paper [19].

Each sample was subsequently indexed prior to sequencing with

a unique index (pair), using 7-mer index sequences as in Meyer

& Kircher [29].

(k) Sequencing and analysis for the samples analysed
in this study

We pooled indexed libraries (shotgun and mtDNA-captured

with different index combinations) with several other libraries
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and sequenced them on a MiSeq instrument using v2 or v3

chemistry with the standard sequencing primers provided in

the cartridges. Depending on the sequencing kit, we sequenced

2 � 75 or 2 � 150 cycles with the standard Nextera sequencing

protocol (or TruSeq HT protocol) that reads both indices.

We used the automatic de-multiplexing provided by Illumina

BaseSpace (allowing up to one mismatch per index). We then

trimmed adapters and merged R1 and R2 sequences, requiring

an overlap of at least 15 bp (allowing one mismatch) using SeqPrep

[31] (modified to require more conservatively that quality scores

in the merged regions use the best score rather than aggregating

the two inferred reliabilities of the base call), prior to trimming the

barcodes (if applicable) from both ends of the merged molecules.

For each sample, we restricted to reads that had the expected indi-

ces. We then only analysed sequences that matched the expected

7mer barcodes, allowing up to two mismatches. Using bwa

0.6.1–r104 [32] we performed alignments twice: (i) to the human

reference genome (hg19) which contains the rCRS mitochondrial

genome, and to (ii) the reconstructed sapiens reference sequence

mitochondrial sequence [33]. We computed target coverage with

BEDTOOLS v. 2.16.2 [34] and used MAPDAMAGE v. 2.0 [35] to com-

pute damage rates and fragmentation patterns. We report the

median length of all unique sequences aligned to the mitochon-

drial genome for samples for which we prepared multiple

libraries with different protocols.

We estimated mtDNA contamination using a Markov chain

Monte Carlo-based estimator (supplementary information 5

in [12]). More precisely, we built a consensus sequence using a

minimum base quality of 30 and a minimum coverage of 5, strip-

ping gaps and ignoring any spurious heterozygote positions. We

realigned all reads to this consensus, and then used the resulting

alignments for estimation of contamination (supplementary

information in [12]), trimming the first and last five bases from

every read to minimize errors owing to ancient DNA degradation.
3. Results
(a) Library construction
We built Illumina libraries following the protocol of Meyer &

Kircher [29] with modifications as in Kircher et al. [30]. How-

ever, instead of ligating universal Illumina adapters to all

samples and relying on indexing to differentiate samples,

we ligated a unique combination of barcoded Illumina

adapters directly to the DNA molecules [24,36,37] (for a sche-

matic overview, see figure 1). The seven base barcodes were
read as the beginning of sequence read1 and read2, respect-

ively, and we removed them before alignment. Another

option is to mask the barcodes during alignment, which

can be done with bwa’s alignment function B for paired

end alignments [32]. On average, 98% of the reads per fastq

file (demultiplexed) had the expected barcode combination

for the 60 samples we examined on two different experiments

each (mtDNA and shotgun, electronic supplementary

material, table S3). These results show the value of the bar-

codes; they result in marginal loss of reads, while providing

an extra layer of security in sample identification, even

when several experiments of identical libraries are pooled

for sequencing.

A drawback of this strategy is that the Illumina sequen-

cing software relies on the presence of a diverse mix of

nucleotides in the first five cycles, as would be expected to

occur in randomly fragmented DNA libraries. In the extreme

case of a single barcoded library, all the nucleotides in the

barcode positions are the same. This problem can be over-

come by sequencing many screening libraries with diverse

barcodes together. Another option is to spike in a PhiX con-

trol library (which wastes sequencing capacity), or to spike

in a non-barcoded diverse library. A third option is to con-

struct each library with a mixture of barcoded adapters that

are balanced with respect to their representation of each

nucleotide in the seven bases, which is the preferred option

when a small subset of libraries needs to be sequenced to

high coverage after the screening stage.

For two test samples, we constructed three different

libraries: (I) without UDG treatment, (II) with our ‘new’ partial

UDG treatment and (III) with regular UDG treatment. The pro-

tocols differ in that we use no USER enzyme for I, whereas we

add USER (NEB) in the blunting step of both II and III. Protocol

II differs from protocol III in that T4 DNA polymerase and T4

polynucleotide kinase are only added after USER treatment is

completed and UDG is blocked by UDG inhibitor. This has the

effect that some terminal deaminated cytosines of the ancient

molecules are not efficiently removed, and means that ancient

DNA damage is expected to persist at these positions [38,39].

The protocols also differ in the polymerases used for the final

amplification of the library (for I and II, we use a polymerase

that can read over uracil, whereas for III, several different

polymerases can be used [40]).
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For a set of six additional extracts, we prepared both non-

UDG-treated (I) and partial UDG-treated (II) libraries to

evaluate differences in the damage pattern between the pro-

tocols. On an even larger set of extracts (52), we prepared

only partially UDG-treated libraries.

(b) Effectiveness of partial uracil – DNA – glycosylase
treatment

Figure 2 shows the damage profile in the 50-terminal 25 bases of

two samples (we average the rates for all possible substitutions

over all sequences and both ends, reverse complementing

the 30 end; electronic supplementary material, table S2).

The untreated library (I) shows the familiar damage profile

expected for ancient DNA: a high C! T rate of discrepancy

compared with the reference at the 50 ends of molecules that
decreases towards the centre. The partial UDG-treatment (II)

successfully removes uracils within the ancient molecules just

like full UDG-treatment (III), but retains a substantial fraction

of the terminal uracil substitutions. This experiment confirms

that the partially UDG-treated libraries preserve a signal of

damage. However, the terminal base damage rate is lower

for the partial UDG-treatment (II) than for libraries without

UDG-treatment (I). A possible explanation is that a large pro-

portion of terminal uracils are phosphorylated and therefore

removed by UDG [39], although we have not verified this.

To test if the reduced damage in the terminal bases from

partial UDG-treatment is useful as an assessment of authen-

ticity, we compared the damage rates observed in extracts of

the same samples that were made into both non-UDG-treated

libraries (I) and partially UDG-treated libraries (II). On average,

the reduction in both terminal bases is about threefold (from



Table 1. Damage in the terminal and penultimate bases (50 C! T, and the reverse complement 30 G! A) and median fragment length of libraries from
eight extracts (a – h) prepared with non-UDG-treatment (I) and partial UDG-treatment (II). (Damage rates are assessed in all reads as frequencies of C to T
substitutions at 50 ends and G to A substitutions at 30 ends using MAPDAMAGE.)

sample
ID

UDG
treatment

reads aligning
to mt genome

damage rate in
terminal
position (%)

damage rate in
penultimate
position (%)

ratio: terminal :
penultimate

median
length (bp)

a I 15 010 32.74 24.19 1.4 75

II 61 630 10.92 0.46 19.2 59

b I 8054 27.71 20.22 1.4 74

II 81 543 9.30 0.23 40.7 67

c I 57 550 38.50 33.80 1.1 69

II 86 461 6.49 0.32 20.6 52

d I 20 042 26.52 18.90 1.4 70

II 68 761 12.03 0.96 12.5 65

e I 41 624 29.28 22.11 1.3 78

II 5238 10.07 0.66 15.3 61

f I 30 569 27.37 20.46 1.3 74

II 123 598 11.39 0.44 25.7 69

g I 45 264 28.05 20.34 1.4 76

II 104 215 9.21 0.47 19.6 66

h I 27 549 32.44 25.43 1.3 59

II 125 596 7.39 0.85 8.7 53
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27% in the non-UDG-treated library to 9% in the partially

UDG-treated library), whereas the reduction is about 26-fold

for the second bases of the molecules (table 1 and figure 3a).

For non-UDG-treated libraries, Sawyer et al. [41] found that

samples older than 500 years have a damage rate of at least

10% and suggested this as a threshold to call a library plausibly

authentic. Taking into account the approximately threefold

reduction of substitutions seen in partially UDG-treated

libraries, we propose using a damage rate of 3% or higher.

Although uracils are excised and DNA strands cleaved at

abasic sites (and therefore miscoding substitutions mostly

removed from the DNA molecules), the UDG and Endo VIII

treatment of ancient DNA leaves a trace in the alignment one

nucleotide upstream and downstream of the analysed DNA

molecules when compared with the average base composition

in the genome. Specifically, we find an elevated rate of cyto-

sines in the site preceding the 50 end of the alignment and

guanines following the 30 end (electronic supplementary

material, figure S1, II). This is consistent with the expectation

for UDG-treated libraries, in which uracils (deaminated cyto-

sines) are removed and the strands are cut by the USER

enzyme mixture [13] (electronic supplementary material,

figure S1, III). Finally, we observe that the median fragment

lengths are reduced for libraries prepared with partially

UDG-treatment compared with non-UDG-treated libraries.

The difference is 5–17 bp over eight samples (table 1).

We examined the damage pattern from a larger number

of samples with partially UDG-treated libraries. We restricted

to 51 samples that yielded at least a two times covered mito-

chondrial genome after the initial mtDNA screening. All

samples show on average at least 4% of terminal cytosines

being damaged (electronic supplementary material, table S3

and figure 3b) and most samples show around 8%. The
minimum of 4% supports our suggested threshold of 3%.

We caution, however, that all the samples in this study are

from one temperate region (the Samara Valley region of

Russia) and come from a threefold range of ages (3000–

9000 years ago). Further studies may reveal that a modified

threshold for declaring a sample to be authentic will be

preferable to greater than or equal to 3%.

We correlated the damage rate with the estimated contami-

nation rate for samples with mtDNA coverage greater than or

equal to 10� after duplication removal (figure 3c). We observe

no significant correlation, which is unsurprising, because the

two tests are interrogating different contamination scenarios.

The ancient DNA damage signal is sensitive to large fractions

of contamination; if there is only a modest amount, we still

expect to detect substantial ancient damage. By contrast, the

assessment of contamination requires a consensus, and this

works well only if the great majority of molecules are from

one individual.

We also tested for a correlation between the damage rate and

the age of the samples. All samples are from a threefold date

range, which limits the value of this test. Figure 3d shows no

correlation, either for direct or relative dates. For non-UDG-

treated libraries, Sawyer et al. [41] and Allentoft et al. [42]

explored a wider range of dates and found a correlation.
(c) Barcode combination test
A potential concern with our barcoded library construction is

that different pairs of barcodes may be differently efficient at

ligating to ancient molecules. To test this, we prepared 16

libraries from one large volume of blunt-end repaired partial

UDG-treated extract by using four different barcoded adap-

ters with the P5-sequence and four different barcoded
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adapters with the P7-sequence in all possible combinations.

Every barcode in each set of four had a different nucleotide

at the terminal base of the barcode, which is the base that

gets attached to the DNA molecule and that we hypothesize

is the most influential base of the barcode during ligation. We

enriched the libraries for the mitochondrial genome with two

rounds of hybridization, and tested for differences in the

characteristics of these 16 libraries.

Table 2 shows that the percentage of reads mapping to the

human reference genome (hg19) in the unenriched shotgun

data varies between 2.6% and 3.2% with an average of

2.9%. After two rounds of enrichment for the mitochondrial

genome and randomly downsampling to the number of

reads for the library with the lowest number of reads, we

obtain very similar on-target rates (67%–72%) for all 16

experiments. After we remove duplicates, the variation

becomes larger (81� versus 44�). We have not been able to

determine whether the differences in complexity of these 16

libraries originates from different ligation efficiencies of the

different barcoded adapters, or simply reflects variability of

the multi-step process, which includes a reaction clean-up

and therefore potential loss of molecules. The mean insert

sizes vary to some degree (62+3 bp), and the damage rate

of the terminal cytosine also varies (between 7% and 10%).
The results for one P7 barcode (CTAGGTG) are the largest

outlier, as libraries with this barcode have the lowest

damage rate and the lowest uniqueness rate and therefore

lowest mitochondrial coverage. This barcode has a terminal

G, and we speculate that the double-stranded G–C termi-

nal base pair of the barcode may ligate with reduced

efficiency to the damaged cytosines at the 50-ends that T4

DNA polymerase has filled in with the complementary A

(U–A base pair). However, other mechanism(s) must also

be influencing these results, because the P5-barcode with a

terminal G does not show the pattern to the same extent.

In conclusion, the results for the 16 barcode combination

experiment show some variability that might, in part, result

from different ligation efficiencies of the barcodes, especially

to damaged molecules. Nevertheless, the observed maximal

twofold difference in complexity and differences in damage

rates and insert size may be acceptable given the other

advantages of this library preparation procedure.

(d) Effect of adapter length on specificity
of hybridization enrichment

To explore the influence of adapter length on target enrich-

ment efficiency, we prepared three independent partial
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UDG-treated libraries from the same extract using different

input amounts. We prepared one library (A) using universal

adapters (without barcodes) and two (B and C) with

barcodes. We finished library preparation with an initial

amplification with primers not extending the adapter sites,

resulting in ‘short’ libraries (A.short, B.short, C.short). After

cleaning with the MinElute PCR purification kit, we ampli-

fied these three short libraries with indexing primers that

encode an index sequence in the oligonucleotide sequence

of the primer and extend the short adapters to full-length

adapter sites. We performed three different PCR’s for library

A.short: A.intermediate with a i7-index primer and the univer-

sal PreHyb-F primer resulting in a completed P7-site and short

P5-site, and A.before and A.long, each with a unique i5 and i7

index combination, resulting in both sites completed for

sequencing (long). The A.before and A.long libraries are tech-

nically identical libraries with different index combination in

order to be able to sequence the unenriched library

(A.before) together with the enriched library (A.long, after

two rounds of enrichment) in the same sequencing run. For

the barcoded libraries B and C, we performed two indexing

PCRs each, with unique combinations of index primers

resulting in B.before, B.long, C.before and C.long.

For all three libraries (A–C), the ‘short’ category is associ-

ated with a higher endogenous percentage (as measured by

reads mapping to the reference genome) for all sequenced

reads and also for the unique reads (table 3). For the exper-

iment with intermediate adapter length (A.intermediate),

the proportion of reads mapping to the reference lies between

that for the short and long adapters, indicating that libraries

with the longest adapters are captured least efficiently. The

average coverage after duplication removal is highest for

the ‘short’ adapters and lowest for the ‘long’ adapters, and

does not differ much within each library group, probably

reflecting the fact that the complexity of these three libraries

is limited and all these libraries were sequenced to saturation.

It is notable that barcoded libraries with short adapters per-

form similarly to non-barcoded libraries with intermediate

adapter length, with both showing approximately 72% of the

reads mapping to the target. Thus, the barcoding and single

indexing procedures are compromising capture efficiency,

although not as much as for dual indexing (long adapters).

The best capture specificity is for non-barcoded, non-indexed

libraries, but we do not recommend this library architecture

for screening as sample mix-ups and cross-contamination

cannot be traced.
In conclusion, this experiment shows that the capture

specificity can be increased and therefore sequencing costs

reduced when barcoded libraries with short (incomplete)

adapter sites are used, or alternatively, when libraries with

one incomplete adapter site and an index (complete adapter

site) on the other site, as opposed to fully indexed libraries

are used. While it is possible that alternative hybridization

conditions could make target capture more efficient in the

presence of long adapters, these results show that the use

of short adapters can be of value.

4. Summary
We have presented a modified double-stranded library prep-

aration protocol involving partial UDG treatment. This

protocol speeds up the screening of ancient DNA samples.

Unique barcodes that we attach to all the DNA molecules in

the library minimize the risk of wrongly assigned sequences

owing to sample mix-ups or spillover. Finally, our use of

short adapter libraries during oligonucleotide enrichment via

hybridization makes enrichment more specific and allows effi-

cient analysis in conjunction with robotics. While our new

protocol increases the efficiency of ancient DNA screening, it

is important to recognize that analysis of ancient DNA will

always be somewhat slow, as each sample needs to be

mechanically pulverized in clean conditions and complexity

is usually limited. In addition, various elements of our protocol

that we introduced to increase robustness and efficiency also

results in some limitations at the sequencing stage, particularly

related to our use of barcodes. For samples that emerge from

screening as particularly useful, and for which it seems of inter-

est to generate additional data and libraries, it may be of value

to prepare new libraries that are non-barcoded, but indexed, to

allow sequencing to become independent of barcode balan-

cing. This is especially relevant for cases in which deep

coverage of a small number of promising samples is the goal.

Data accessibility. A manuscript about the data including population
genetics findings is in preparation. The raw sequences are available
on request from the corresponding author.
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