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Although the emergence of high-throughput sequencing technologies has enabled whole-genome sequencing from extinct
organisms, little progress has been made in accelerating targeted sequencing from highly degraded DNA. Here, we
present a novel and highly sensitive method for targeted sequencing of ancient and degraded DNA, which couples
multiplex PCR directly with sample barcoding and high-throughput sequencing. Using this approach, we obtained a 96%
complete mitochondrial genome data set from 31 cave bear (Ursus spelaeus) samples using only two 454 Life Sciences
(Roche) GS FLX runs. In contrast to previous studies relying only on short sequence fragments, the overlapping portion of
our data comprises almost 10 kb of replicated mitochondrial genome sequence, allowing for the unambiguous differen-
tiation of three major cave bear clades. Our method opens up the opportunity to simultaneously generate many kilobases
of overlapping sequence data from large sets of difficult samples, such as museum specimens, medical collections, or
forensic samples. Embedded in our approach, we present a new protocol for the construction of barcoded sequencing
libraries, which is compatible with all current high-throughput technologies and can be performed entirely in plate setup.

[Supplemental material is available online at http://www.genome.org. All cave bear mitochondrial genome sequences
from this study have been submitted to GenBank under accession nos. FN390842–FN390872.]

Genetic studies with fossil remains and museum specimens allow

direct assessment of genotypes and genetic diversity from past

species and populations, thereby providing a unique opportunity

to observe evolution in ‘‘real time.’’ However, the DNA isolated

from such material, commonly referred to as ‘‘ancient DNA,’’ is

typically present in low amounts, heavily fragmented, chemically

modified, and contaminated with environmental DNA (Willerslev

and Cooper 2005), imposing great difficulties on the retrieval of

large amounts of sequence data. The emergence of high-through-

put sequencing technologies has brought a technical solution to

some of these problems, especially fragmentation. Being ideally

suited for sequencing millions of short molecules, these technol-

ogies have given a great boost to the field of paleogenomics (Poinar

et al. 2006), enabling the recovery of genome sequences from ex-

tinct organisms, such as mammoth and Neanderthal (Green et al.

2006; Miller et al. 2008).

Despite successes in whole-genome sequencing, population

studies with ancient DNA are still confined to comparatively short

sequences, rarely exceeding a few hundred base pairs per sample.

This is due to the fact that target regions must still be reconstructed

through PCR amplification of short overlapping fragments. Bar-

coding methods were developed for sequencing many different

PCR products in parallel on a high-throughput platform (Binladen

et al. 2007; Meyer et al. 2007), but the amplifications are still per-

formed in separate reactions, imposing serious limitations on the

scope of sequence data generation. In the absence of alternatives,

whole-extract shotgun sequencing has been proposed as an ap-

proach for generating targeted sequence data from ancient DNA.

In a proof-of-principle study (Gilbert et al. 2007), this approach

was used to reconstruct 15 mammoth mitochondrial genome

sequences from hair, a rare type of tissue in the fossil record.

However, approximately one full 454 Life Sciences (Roche) Ge-

nome Sequencer (GS) FLX run was required per sample, despite

exceptional DNA preservation, little environmental contamina-

tion, and an elevated ratio of mitochondrial to nuclear DNA. More

typically for ancient DNA, the recent recovery of a single Nean-

derthal mitochondrial genome from a bone sample required

a sequencing depth only reached as part of a whole-genome se-

quencing effort (Green et al. 2008).

Although there is a broad choice of target enrichment

methods for modern high-quality DNA, none of them has yet been

successfully applied to ancient DNA. Typical ancient DNA mole-

cules are very short, which presents a potential handicap for

circularization-based amplification assays (Dahl et al. 2005, 2007;

Porreca et al. 2007; Krishnakumar et al. 2008). Selective hybrid-

ization of targets to probes on microarrays (Albert et al. 2007;

Hodges et al. 2007) or in solution (Gnirke et al. 2009) may be

confounded by the complex composition of metagenomic sam-

ples. In addition, all these methods require enzymatic manipu-

lations in the presence of the template DNA prior to amplification,

e.g., through restriction digestion, ligation, or library preparation,

inevitably causing a loss of material in purification steps or

through reaction inefficiencies. In contrast, it has been shown that

multiplex PCR, i.e., a PCR reaction containing more than one

primer pair, can effectively pre-amplify targets directly from low

copy number extracts, providing full single-molecule sensitivity

(Dear and Cook 1993). Multiplex PCR has been implemented for

a variety of applications, including, for example, single nucleotide

polymorphism and short tandem repeat typing, linkage mapping,

and also the amplification of ancient DNA (Krause et al. 2006).
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However, multiplex PCR amplification is commonly believed to

produce overwhelming amounts of primer dimers and other spu-

rious side products without extensive optimizations. For this reason,

ancient DNA studies currently use multiplex PCR only as a first step,

followed by singleplex PCR second steps (Römpler et al. 2006). This

approach saves precious extract, but not reagents, time, or work.

Particularly for highly degraded and ancient DNA, it would be

desirable to couple multiplex PCR directly with high-throughput

sequencing. Previous studies with modern high-quality DNA have

shown that this is in principle possible (Fredriksson et al. 2007; Varley

and Mitra 2008; Goossens et al. 2009), but the proposed methods

require cost- or time-consuming measures to avoid sequencing PCR

artifacts. In one study, all primers were computationally checked for

self-dimer and cross-dimer interactions, and the concentration of

each primer was optimized in singleplex PCRs (Goossens et al. 2009).

Despite these efforts, only small sets of primers could eventually be

used in each multiplex amplification reaction (below 10 pairs). Two

other studies achieved a higher level of multiplexing by introducing

a second round of target selection after amplification, either by se-

lective circularization (Fredriksson et al. 2007) or by target-specific

adapter ligation (Varley and Mitra 2008). However, this requires more

reaction steps and the synthesis of additional long oligos for each

target. Furthermore, these methods require modified multiplex PCR

primers (Varley and Mitra 2008), produce concatemeric products

(Fredriksson et al. 2007), or are not easily compatible with sample

barcoding (Fredriksson et al. 2007; Goossens et al. 2009).

Here, we present direct multiplex PCR sequencing (DMPS),

a novel method for targeted high-throughput sequencing of an-

cient and other degraded DNA, which combines standard multi-

plex PCR with sample barcoding and high-throughput sequencing

in a straightforward way. Our method consists of four major steps

(Fig. 1): (1) Many different targets are simultaneously amplified in

one multiplex PCR reaction with reduced cycle number. (2) Spu-

rious amplification products are eliminated by size-selective puri-

fication using solid phase reversible immobilization (SPRI) tech-

nology (DeAngelis et al. 1995). (3) Multiplex PCR products from

different samples are barcoded and converted into sequencing li-

braries. To efficiently implement this process, we developed a new

barcoding protocol for 96-well plate setup, which combines ele-

ments of the 454 library preparation protocol and one of the pre-

viously published barcoding methods (Meyer et al. 2008b). We

took special care to reduce the formation of adapter artifacts, in

order to allow barcoding of small amounts of input material. (4)

The barcoded libraries are pooled and sequenced in parallel on the

GS FLX platform from 454 Life Sciences (Roche).

We demonstrate the efficiency of this method by sequenc-

ing—in replicates—the complete mitochondrial genomes of 31

cave bears (Ursus spelaeus), a species that went extinct 25,000 yr

ago. Cave bears display a large amount of genetic diversity and

possibly comprise more than one species, but until now their in-

traspecific relationships could not be resolved due to a lack of se-

quence data (Hofreiter et al. 2002; Orlando et al. 2002; Knapp et al.

2009). Therefore, they are well suited for showing the robustness of

the approach as well as the power of the resulting data to resolve

complex within-species relationships.

Results

Characterization of the method

Two nonoverlapping primer sets (termed ‘‘odd’’ and ‘‘even’’), each

containing 64 primer pairs, were designed to amplify the entire

mitochondrial genome of cave bears in 128 fragments, ranging in

length between 150 and 180 bp. No efforts were made to verify the

compatibility of all primers in the multiplex mixes. Fossil bone

samples of Pleistocene cave bear were obtained from a broad geo-

graphic range across Eurasia. DNA extracts from each bone were

screened for the presence of one 175-bp target by singleplex PCR.

Among 110 screened extracts, we identified 56 extracts with po-

tentially sufficient DNA preservation for this study.

Using two of these extracts, we performed initial multiplex

PCR and sequencing experiments to study the effect of PCR cycle

number on target sequence yield. At the lowest number of cycles,

we observed the highest fraction of sequence reads that did not

represent target sequences (Table 1). Interestingly, most of these

sequences did not start with a PCR primer sequence, indicating

that carryover of template DNA into the library is the biggest

source of non-target sequences at low cycle number. Falsely primed

amplification products were largely absent, despite the complexity

of the template DNA and the primer mixes, suggesting that most

spurious amplification products were removed together with the

primer dimers in the purification step removing the <100 bp

fraction. The protocol should in theory exclude the denatured

template DNA from sequencing, but it is likely that unspecific

reannealing produces end-repaired template DNA molecules,

which—after a low number of PCR cycles and starting from low

copy numbers—outnumber the desired double-stranded amplifi-

cation products. At a high cycle number most sequences matched

one of the targets, but the overall number of covered targets did not

increase due to a more pronounced overrepresentation of the best

amplifying targets.

Figure 1. Schematic description of DMPS. Multiplex PCRs with non-
overlapping primer sets (‘‘Odd’’ and ‘‘Even’’) are performed in plate setup
(I ). After removing primer dimers and other spurious amplification prod-
ucts by size selective purification with SPRI beads, the double-stranded
PCR products are blunt end repaired (II ). Two different truncated double-
stranded 454-adapters (A and B), one of which is barcoded (blue), are
randomly ligated to either end of the double-stranded molecules by
single-stranded ligation (III ). Nicks are closed using a strand-displacing
polymerase (IV ), and the adapters are extended to full length in an am-
plification step with 59-tailed primers (V ). Library molecules carrying the
same adapter on both ends are excluded from amplification, because they
form hairpin structures that prevent primer annealing. Regardless, such
molecules would not interfere with sequencing. Double-stranded bar-
coded sequencing libraries from multiple PCR products are pooled in
equimolar ratios (VI ) and sequenced on a high-throughput platform.
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Mitochondrial genome sequencing

Next we performed 20-cycle multiplex PCRs on all 56 preselected

cave bear DNA extracts, using both primer sets in duplicates.

Replicated amplification and sequencing is necessary to overcome

sequence errors derived from miscoding damage, which occurs at

an appreciable frequency in ancient DNA (Hofreiter et al. 2001;

Briggs et al. 2007; Brotherton et al. 2007). Given the large number

of samples from different ages and locations, we did not expect

a uniform level of target enrichment for all DNA extracts. Thus, we

first constructed sequencing libraries with only one replicate of

each multiplex PCR product. Two small GS FLX plate regions

produced sufficient data to determine the success of target en-

richment in each reaction. The percentage of target sequences

varied over a wide range (1%–100%; see Supplemental Table S1),

indicating that some DNA extracts contained higher amounts of

background DNA than others. Variation was particularly pro-

nounced in the ‘‘even’’ primer set, probably due to a lower overall

amplification efficiency of this primer set. As shown above, this

problem could probably be compensated for by increasing the

number of multiplex PCR cycles (e.g., from 20 to 30). However, in

this study we selected for further sequencing only those sam-

ples that produced target percentages >40% in both multiplex

primer sets. This subset of 31 samples included all geographical

regions of our initial sampling (Supplemental Fig. S1; Supple-

mental Table S2).

The vast majority of sequences obtained from the run (97.9%)

started with a correct barcode. On average, 4610 sequences were

obtained from each multiplex PCR product with a homogeneous

distribution of sequence reads per barcode (Supplemental Fig. S2).

On average, 112 of the 128 mitochondrial targets (87%) were

covered by sequence reads (ranging from 72% to 98%, or 92 to 126

targets per specimen and replicate). Filtering for parts of the mito-

chondrial genome that were covered in replicate for all samples, we

obtained 7.1 kb of overlapping sequence data for the complete

population (Fig. 2). To increase this number further, we performed

a second round of multiplex amplification followed by sequencing

on half a GS FLX run. This time we created individual primer mixes

for each sample, including only primer pairs that had failed to

produce sequences in one or both replicates of the first round. We

increased the cycle number to 25 to compensate for the presumably

lower amplification efficiency of the remaining targets. After the

second round of sequencing, the average coverage of the mito-

chondrial targets increased to 95.7%. This translated into a final

population data set of 9.6 kb of overlapping replicated sequence,

which required not more than two GS FLX sequencing plates, in-

cluding a few small plate regions that were required for titration.

Phylogenetic reconstructions

Phylogenetic relationships of cave bears were reconstructed using

standard algorithms including neighbor-joining, maximum like-

lihood, and a Markov chain Monte Carlo based Bayesian approach

(see Supplemental material). Independent of the method used, we

recovered a robust phylogeny with strong statistical support on

almost all branches (Fig. 3). Our data differentiate three major

mitochondrial clades of cave bears, supporting a previous classifi-

cation based on morphological analyses, which proposed Ursus

spelaeus, Ursus ingressus, and Ursus deningeri kudarensis as different

subspecies or even species (see Knapp et al. 2009 and references

therein).

DMPS with modern DNA and other primer mixes

Complexity-related problems with multiplex PCR amplification

have been widely discussed in the scientific literature. While some

researchers have suggested the addition of certain reagents

(Shigemori et al. 2005) or the use of software tools (Nicodeme and

Steyaert 1997) in order to increase the compatibility of primers in

a reaction, others had seemingly little trouble amplifying hun-

dreds of targets without prior optimizations (Eichinger et al. 2005).

To evaluate the general applicability of our approach, we conducted

further experiments with both modern DNA and permafrost-derived

Figure 2. Target coverage in two rounds of cave bear mtDNA se-
quencing. (Dark blue) Mitochondrial targets covered in the first round of
sequencing, (aqua) targets covered after the second round, (white) un-
covered targets. There are two columns per sample, one for each repli-
cate. The amount of replicated sequence data obtained from each sample
after two rounds of sequencing is shown at the bottom. Approximately
7 kb and 10 kb of the same mitochondrial sequence were covered in all
samples after the first and second rounds of sequencing, respectively.

Table 1. Comparison of target sequence yield with different PCR
cycle numbers

Primer
set

PCR
cycles Sequences

Sequences on
target (%)

Targets
covered (%)

Even 18 940 71 34
25 940 79 20

Odd 12 1564 32 45
15 1564 58 48
18 1564 65 48

Two different cave bear samples and primer sets were used. The lowest
number of sequences obtained from any of the multiplex PCR products
defined the number of sequences compared in each experiment.

Direct multiplex amplif ication and sequencing
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DNA as different types of template and two additional multiplex

PCR primer mixes. First, we used the cave bear primer mixes to

amplify and sequence the mitochondrial genome of a polar bear,

using high-quality DNA extracted from modern tissue. In the ab-

sence of environmental background DNA, we reduced the cycle

number to 15. At a similar sequencing depth compared with the

cave bear experiments, we obtained sequences for 126 of the 128

targets (Fig. 4). Second, using a mix of 39 primer pairs from a pre-

vious study (Rohland et al. 2007), we sequenced half a mitochon-

drial genome of mammoth from a permafrost sample, covering 38

targets in a single round of sequencing. Third, we tested a primer

mix for 27 chromosomal targets of elephants and could recover

26 targets despite very shallow sequencing. These results show

that our method works with a variety of different primer mixes

and different types of samples without requiring extensive opti-

mizations.

Discussion
By generating ancient DNA population data on an unprecedented

scale, we demonstrate the efficiency of direct multiplex PCR se-

quencing for targeted high-throughput sequencing of highly de-

graded DNA. Most of our samples were obtained from middle-

European cave sites, exhibiting a state of DNA preservation typical

for the kind of samples available for ancient DNA studies outside of

permafrost regions and also common with many museum speci-

mens or forensic samples. Already in a single round of amplifica-

tion and sequencing—and investing only one GS FLX run—we

obtained overlapping and replicated sequence from almost half of

the mitochondrial genomes from all 31 cave bears. Although this

amount of data is in principle sufficient to resolve the phylogenetic

relationships among cave bears, we

showed that most gaps can be closed with

a second round of multiplex PCRs, re-

sulting in a 96% complete data set. Recent

studies on Eurasian cave bears suggested

the existence of at least three distinct and

reproductively isolated subpopulations,

Ursus spelaeus, Ursus ingressus, and Ursus

deningeri kudarensis (Hofreiter et al. 2004;

Rabeder et al. 2004; Knapp et al. 2009).

Our large data set for the first time con-

firms these clades as being reciprocally

monophyletic, adding further support for

their classification as independent species.

We did not encounter problems with

spurious amplification products in any of

the primer mixes or with any of the sam-

ples tested, suggesting either that they

occur to a lower extent than commonly

believed, or that they can be efficiently

removed by size selection after amplifi-

cation. Thus, we present a very robust

and cost-efficient method for quickly re-

trieving many kilobases of overlapping

sequence data from large sets of highly

degraded samples, targeting both mito-

chondrial and nuclear sequences. Not only

will our method facilitate genetic research

on the huge numbers of specimens stored

in museum collections worldwide, it can

also be applied to formalin-fixed tissue

and other difficult samples available for medical genetics or forensic

research. With the single-molecule sensitivity of multiplex PCR,

amplification and sequencing of pathogen DNA from infected tis-

sue may represent another useful application. DMPS is easy to

implement and easily scalable for large numbers of samples.

When designing the method, we were faced with the chal-

lenge of developing a barcoding protocol suitable for the low

amounts of input material generated in low cycle number PCRs.

The protocol we present works on all types of double-stranded

DNA samples and can be performed in plate setup. Being charac-

terized by simple setup, a high proportion of barcoded sequence

reads, and a homogeneous distribution of reads among samples, it

represents a good alternative to a number of previously published

methods (Meyer et al. 2007; Craig et al. 2008). We did not attempt

to avoid a library amplification step, which has been shown to be

problematic under some instances (Kozarewa et al. 2009), because

we started from already amplified input material. If necessary,

amplification could be easily omitted by extending the truncated

adapter oligos to their full sequences. By changing the adapter

sequences, the method could be easily transformed to other se-

quencing platforms with higher throughput, such as Illumina’s

Genome Analyzer.

Methods

DNA extraction and primer design
DNA from cave bear and mammoth bones was isolated in an an-
cient DNA clean lab using an extraction method published pre-
viously (Rohland and Hofreiter 2007). Several blank controls were
carried out with each set of DNA extractions. Conserved regions for

Figure 3. Phylogentic relationships among cave bears. Numbers on branches represent neighbor-
joining and maximum-likelihood bootstrap support values and Bayesian posterior probability. The tree is
based on 9.6 kb of aligned mtDNA sequence and is rooted with brown bear as the outgroup (branch not
shown). Abbreviations behind sample names indicate country of origin (see Supplemental Table S2).
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primer design were identified through a multiple sequence align-
ment of mitochondrial genomes downloaded from GenBank
(brown bear, NC_003427 [Delisle and Strobeck 2002], American
black bear, NC_003428 [Delisle and Strobeck 2002], and an already
existing mitochondrial genome of cave bear, NC_011112 [Krause
et al. 2008]). A repetitive region of roughly 350 bp was excluded,
because it could not be broken up and carries no phylogenetic
information. All primer pairs were designed either manually or
using the software tool primer3 (Rozen and Skaletsky 2000). Prim-
ers for the amplification of the mammoth mitochondrial genome
were available in-house from a previous study (Rohland et al.
2007). Primers for 27 chromosomal targets of the African elephant
were designed using primer3 and the African elephant genome as
reference, which is provided freely by the Broad Institute (http://
www.broadinstitute.org/ftp/pub/assemblies/mammals/elephant/
loxAfr3). All primers exhibit annealing temperatures between
55°C and 62°C.

Multiplex PCR and the construction of barcoded sequencing
libraries

Descriptions of the initial PCR screening, multiplex amplification,
size selection, the construction of barcoded sequencing libraries,
and all oligo sequences are available in the Supplemental material.
Sixteen blank controls were carried throughout the DNA extrac-
tion, amplification, library preparation, and library amplification
processes in the first round, and four were used in the second
round of cave bear mitochondrial genome sequencing, thus con-
trolling for contamination in all steps. In total, 70 different bar-

coded adapters were used throughout the experiments. Barcode
sequences of 7 bp length were taken from a previous publication
(Meyer et al. 2008b). To minimize the number of sequencing li-
braries, only two different barcodes per sample were used in each
round of sequencing (attaching the same barcode to the first rep-
licates of the odd and even multiplex reactions, and another to the
second replicates). The barcoded sequencing libraries were quan-
tified using a quantitative PCR assay described elsewhere (Meyer
et al. 2008a). Subsequently, the libraries were pooled in an equi-
molar ratio, thereby creating final sequencing libraries. The blank
controls of the first round were pooled into a separate library and
sequenced on a small 454 plate region, because the number of
barcodes was limiting. In the second round they were sequenced
together with the cave bear samples. All multiplex PCRs that were
not part of the cave bear mitochondrial genome sequencing were
sequenced together with other samples, using the same barcoding
protocol.

Contamination control and consensus calling

Following the standard 454 sequencing routine, barcodes were
identified and trimmed using the software tool untag (http://bioinf.
eva.mpg.de/pts/). Sequencing errors or cross-contamination among
barcoding adapters may lead to an erroneous assignment of se-
quences to samples. To evaluate this effect, we compared the number
of reads carrying unused barcode sequences to the overall number of
sequences using a previously published formula (Meyer et al. 2008b).
Our estimate of the false-assignment frequency is 0.02%.

Using the software runMapper v2.0.00.20, all sequences were
mapped against the reference sequence of the cave bear mito-
chondrial genome. After trimming primer sequences from all
reads, multiple sequence alignments were constructed for each
target and replicate. Consensus sequences were called according to
the criteria described in the Supplemental material. Consensus
sequences from replicates of the same sample were merged and
a final super-consensus was called. C/T and G/A mismatches were
called as C and G, respectively, because they are known to be de-
rived from deamination of cytosine to uracil, the only type of
miscoding ancient DNA damage occurring at appreciable fre-
quency (Briggs et al. 2007; Brotherton et al. 2007). In the entire
data set, we observed only three positions (designated ‘‘N’’) where
consensus sequences of replicates differed by types of substitutions
different from C/Tand G/A. This could be due to sequencing errors,
rare miscoding damage of another type, or the amplification of
nuclear mitochondrial insertions. However, given their low in-
cidence, they are unlikely to affect the same position twice in in-
dependent replicates.

In 26,036 reads obtained from the blank controls, only three
reads matched one of the cave bear targets (0.01%). There is no
straightforward way to transform this number into a contamina-
tion estimate, because the extraction blanks contain much less
DNA than the cave bear extracts, requiring a higher level of am-
plification prior to sequencing. In the absence of other con-
taminants in the chemicals, even a single contaminating cave bear
molecule could in theory produce all sequences obtained from an
extraction blank. Thus, we accept 0.01% as an upper estimate of
the level of contamination, but expect the real number to be sev-
eral orders of magnitude smaller. Given that all sequences were
replicated and the low estimate of contamination, we consider the
effects of contamination and false-assignment negligible.

Additional methods

Phylogenetic tree-building methods are described in Supplemental
material.

Figure 4. DMPS applied to different samples and targets. Coverage
plots resulting from a single round of amplification and sequencing are
shown for mitochondrial or nuclear targets of cave bear, mammoth, polar
bear, and African elephant. Only two example plots are shown for cave
bears (with high and low target coverage), each representing the
sequences obtained from two multiplex PCRs (odd and even).
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