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Abstract
We assessed the ability of whole genome amplification (WGA) to improve the efficiency of

downstream polymerase chain reactions (PCRs) directed at ancient DNA (aDNA) of mem-

bers of the Mycobacterium tuberculosis complex (MTBC). Using extracts from a variety of

bones and a tooth from human skeletons with or without lesions indicative of tuberculosis,

from multiple time periods, we obtained inconsistent results. We conclude that WGA does

not provide any advantage in studies of MTBC aDNA. The sporadic nature of our results

are probably due to the fact that WGA is itself a PCR-based procedure which, although

designed to deal with fragmented DNA, might be inefficient with the low concentration of

templates in an aDNA extract. As such, WGA is subject to similar, if not the same, restric-

tions as PCR when applied to aDNA.

Introduction

Tuberculosis (TB) has played an important role throughout human history. Its spread has fol-
lowed the palaeomigrations of human populations across the world [1, 2] and it has adapted to
our varied living conditions with strains that display different infection characteristics situated
in distinct geographical areas [3, 4]. The disease, which is known from historical sources such
as the Ebers Papyrus from New Kingdom Period Egypt, Girolamo Fracastoro’s De Contagione
from Renaissance Italy, and the London Bills of Mortality, increased rapidly in Europe during
the 17th century, giving rise to the White Plague (named because of the pallor associated with
the disease) and by the 19th century was responsible for up to one quarter of the deaths in Lon-
don [5–9]. The causative agents of tuberculosis, known collectively as the Mycobacterium
tuberculosis complex (MTBC), include three species which are primarily human pathogens:
Mycobacterium tuberculosis, M. canettii, and M. africanum [10–14]. The history of this closely
related group of pathogens has been used to investigate the origins, spread, and transmission of
TB [1, 4].
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Information on TB in the past can be obtained by palaeopathological analysis of archaeolog-
ical remains, but the skeletal changes are non-pathognomonic and hence not diagnostic of TB
[15]. Biomolecular studies, in particular directed at ancient DNA (aDNA) of the MTBC pre-
served in bones and teeth, have therefore become popular [16], but this approach is itself com-
plicated by the small amounts of aDNA that are typically obtained from archaeological
samples. This low concentration decreases the efficiencyof the polymerase chain reaction
(PCR), raising the possibility of false negative results and limiting many aDNA studies to the
analysis of multicopy targets instead of more informative single-copy ones, such as single
nucleotide polymorphisms. Although the use of PCR has resulted in advances in our under-
standing of TB in the past, a procedure that increases the initial concentration of aDNA in an
extract might enable a more in-depth, comprehensive, and reliable downstream analysis of
both multi- and low-copy MTBC targets.

Whole genome amplification (WGA) is a collection of procedures that result in the amplifi-
cation of all of the DNA within a sample, regardless of sequence. Two methods, degenerate oli-
gonucleotide PCR [17] and random extension preamplification [18], use variations of the
standard PCR method with degenerate and random oligonucleotides, respectively. The Omni-
Plex system [19] is another PCR method, but uses universal primers which anneal to adaptors
that are ligated to the ends of the fragmented template DNA. Finally, multiple displacement
amplification [20] employs an alternative approach in which random primers are annealed to
denatured DNA and extended by phi29 DNA polymerase. The displaced strands act as the
templates for additional primer extensions, with multiple iterations of strand displacement and
primer extension resulting in networks of branched DNA structures.

Trial studies of WGA with clinical samples have suggested that the OmniPlex and multiple
displacement methods provide the best results with small starting amounts of microbial DNA,
judged by the quantity and sequence integrity of the DNA obtained after amplification [21].
The possibility that WGA might improve the detection of pathogen aDNA in archaeological
samples has also been tested in studies of Japanese skeletons from the mid-18th to early 19th

centuries displaying lesions indicative of leprosy. Based on the intensities of PCR product
bands in agarose gels, OmniPlex-WGA was judged to improve amplification of a variety of tar-
gets in Mycobacterium leprae aDNA extracted from one of these skeletons [22]. The same
method was subsequently used in the successful detection of M. leprae sequences in two other
samples [23]. However, in the second of these two papers, PCR results before WGA were not
reported, and it is therefore unclear if the WGA step actually improved the efficiencyof the tar-
get-specific PCRs.

In this paper we report a more comprehensive assessment of the value of WGA in studies of
pathogen aDNA. Using a variety of bones and a tooth from skeletons with or without lesions
indicative of TB, from multiple time periods, we obtained inconsistent results that suggest that
WGA is not generally useful in the detection of MTBC aDNA.

Materials and Methods

Archaeological Samples

Ten skeletons from four British sites and one skeleton from one European site were studied
(Table 1). No permits were required for the described study, which complied with all relevant
regulations. The samples spanned the 2nd–19th centuries AD but most were from the 18th–19th

centuries and all but two displayed pathological lesions possibly indicative of TB. They
included two skeletons (Ashchurch Bridge 705, St Peter’s Collegiate Church 62) which we have
previously identified as containing MTBC aDNA, as well as previously-untested material from
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two sites (Auldhame, Whitefriars) where we have detectedMTBC aDNA in other skeletons
[24].

Ashchurch Bridge 705 is a relatively poorly preserved skeleton from a 13–15 year old sub-
adult who was buried during the 3rd century AD in a rural cemetery in Ashchurch, Gloucester-
shire, England [25]. There are no surviving vertebrae, but at least ten ribs show periostitis, pos-
sibly indicative of an infectious disease such as TB, pneumonia, or bronchitis. We have
previously identifiedMTBC aDNA in a rib from this skeleton [24]. In the work reported here,
we prepared extracts from the first left maxillary premolar. Auldhame 714 dates to between
1200–1400 AD, from the third of four phases of use of a rural cemetery in Auldhame, Scotland
[26]. This area is also associated with various Anglo-Scottish border conflicts, specifically the
Scottish Wars of Independence in the 13th century. The sample was taken from a rib displaying
periostitis. Ribs displaying lesions were also sampled from Pinhel 1, an adult male from the
12th–13th centuries AD from a site in the grounds of Pinhel Castle in Pinhel, Guarda, Portugal
(C. Marques, personal communication), and from St Peter’s Collegiate Church 62, a mature
female (46+ years) buried in a red-brick lined vault in the grounds surrounding this church in
Wolverhampton, England during the 19th century [27]. Whitefriars is an 18th–19th century
urban cemetery in Norwich, England [28]. Two samples, from a rib and the 8th thoracic verte-
bra, were taken from Whitefriars 662, a mature adult male displaying maxillary sinusitis, as
well as an unusual joint disease and new bone formation on the visceral surfaces of some of the
right ribs and the 6th–10th thoracic vertebrae. A section of a right rib fragment was sampled
from Whitefriars 10653, a 2–3 year old juvenile with maxillary sinusitis, possible signs of a
supernumerary vertebra or border shift, and periosteal new bone growth on the visceral sur-
faces of the right ribs. A left rib sample was taken from Whitefriars 10775, a female of 26–35
years with periosteal new bone formation on the visceral surface of her left ribs and two of her
right ribs but no other signs of infectious disease.Whitefriars 11274 is a young female (18–20

Table 1. Details of skeletons that were studied.

Site Skeleton identification

number

Period Reported age at

death

Sex Elements showing

lesions

Sampled

element(s)

Ashchurch Bridge, Ashchurch,

Gloucestershire, England

705 128–317

AD

13–15 ? Ribs Tooth

Auldhame Cemetery, Auldhame,

Scotland

714 12–14C

AD

Adult Probably

male

Ribs Rib

Whitefriars, Norwich England 662 18–19C

AD

Adult Male Ribs, vertebrae, maxilla,

and joints

Rib and

vertebra

Whitefriars, Norwich England 10607 18–19C

AD

11–17 ? None Left tibia

Whitefriars, Norwich England 10653 18–19C

AD

2–3 ? Ribs, maxilla, and

vertebrae

Rib

Whitefriars, Norwich England 10775 18–19C

AD

26–35 Female Ribs Rib

Whitefriars, Norwich England 11274 18–19C

AD

18–20 Female Ribs and vertebrae Vertebra

Whitefriars, Norwich England 11299 18–19C

AD

5–6 ? Ribs Rib

Whitefriars, Norwich England 11355 18–19C

AD

35–45 Female None Femur

Pinhel Castle, Pinhel, Guarda,

Portugal

1 12–13C

AD

? ? Ribs Rib

St Peter’s Collegiate Church,

Wolverhampton, England

62 19C AD 46+ Female Ribs, humeri, right radius,

both scapulae

Rib

doi:10.1371/journal.pone.0163031.t001
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years) with rib lesions and vertebral destruction on the 10th thoracic to 3rd lumbar vertebrae
similar to that caused by TB or brucellosis. A portion of the 12th thoracic vertebra was
extracted. A left rib fragment was sampled from Whitefriars 11299, a 5–6 year old juvenile,
with periosteal new bone formation on the left ribs. Samples were also taken from the distal
end of a broken left tibia and broken femur shaft of Whitefriars 10607 (11–17 year old adoles-
cent) and Whitefriars 11355 (35–45 year old female), respectively, as negative controls, neither
of these individuals presenting any indication of infectious pulmonary disease.

Ancient DNA Authentication Regime

Ancient DNA extraction and the initial analysis steps were carried out in a suite of indepen-
dent, physically isolated laboratories, each with an ultrafiltered air supply maintaining positive
displacement pressure and a managed access system. Extractions were carried out in a Class II
biological safety cabinet in one of these laboratories and PCRs, including WGA, set up in a
laminar flow cabinet in a second laboratory. PCRs were then run, and the products analysed, in
a remote laboratory unconnected to the aDNA suite. All surfaces within the aDNA laboratories
were periodically sterilized by UV irradiation and cleaned with 5% bleach and 70% ethanol,
and all utensils and equipment were treated with DNA-Away (Molecular Bioproducts) before
and after use. Items such as test tubes and scalpel blades were UV irradiated (254 nm,
120,000 μJ cm–2 for 2 × 5 min, with 180° rotation between the two exposures) before use. Aque-
ous solutions were similarly irradiated for 15 min. Personnel wore protective clothing includ-
ing forensic suits, face masks, hair nets, goggles and two pairs of sterile gloves at all times.

DNA Extraction

To remove external contamination from bone samples, 1–2 mm of the outer surface was
removed with a UV irradiated scalpel blade, and the remaining sample UV irradiated as
described above, prior to crushing into a powder which was divided into 250 mg portions. The
tooth from Ashchurch 705 was placed in a beaker, on its crown with the roots facing upward,
and 5% bleach solution added to a level just below the root holes. After 5 min the tooth was
removed, dried with a paper towel, placed in a second beaker and rinsed in Millipore water,
again without inundating the root holes. After drying, a 37% phosphoric acid etching solution
was applied to the tooth surface, left for 1 min, and then wiped off. The tooth was rinsed in
Millipore water, dried for 10 min, and 50 mg dentine powder collected using a dental pick.

Two DNA extraction procedures were used. All samples were processed using extraction
procedure 1 [29] and replicate extractions of two samples (Auldhame 714, Pinhel 1) were pre-
pared using extraction procedure 2 (describedunder ‘Genotyping by PCR’ in ref. [30]). Each
extract was resuspended to give a final volume of 50 μl for extraction procedure 1 and 60 μl for
extraction procedure 2.

Whole Genome Amplification

WGA was carried out with the GenomePlex Kit (Sigma-Aldrich), following the supplier’s
instructionswith a few modifications. Ten μl of each extract was analyzed, accompanied by a
negative extraction control (normal extraction but without skeletal material), a negative blank
control (set up with water rather than DNA extract), and a positive control containing 10 μl of
1.1 ng μl–1 modern wheat DNA. Extracts were analyzed consecutively rather than as groups,
and no positive MTBC controls were run in order to minimize the possibility of false-positive
results due to cross-contamination.

The aDNA extracts were assumed to already be fragmented. All samples (i.e. extracts plus
controls) were denatured by incubation at 94°C for 4 min in a 0.5 ml microfuge tube, cooled on
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ice, centrifuged for 5 sec, and 2 μl 1 × Library Preparation Buffer and 1 μl Library Stabilization
Solution added. The samples were vortexed briefly and then incubated at 95°C for 2 min. After
cooling on ice and centrifuging for 5 sec, 1 μl Library Preparation Enzyme was added. The solu-
tions were vortexed, centrifuged for 5 sec, and then incubated at 16°C for 20 min, 24°C for 20
min, 37°C for 20 min and 75°C for 5 min, and cooled to 4°C. Each sample was centrifuged for
5 sec, mixed with 7.5 μl 10 × Amplification Master Mix, 47.5 μl of nuclease-free water, and
5.0 μl of WGA DNA Polymerase, vortexed, centrifuged for 5 sec, and then amplified by incu-
bating at 95°C for 3 min followed by 14 cycles of 94°C for 15 sec and 65°C for 5 min. Following
amplification, 20 μl of each sample was purified using the QIAquick PCR PurificationKit (Qia-
gen, which retains fragments>100 bp along with some smaller fragments), according to the
supplier’s instructions, except that the elution buffer was retained in the column for 5 min
prior to centrifugation. Fifty μl of eluate was collected per sample and stored at –20°C.

MTBC PCRs

Standard PCRs were directed at the IS6110 insertion sequence using previously describedprim-
ers [31, 32] to amplify an initial 123 bp fragment followed by a nested 92 bp fragment. For the
first PCR, a 30 μl reaction was set up containing 3 μl of sample (DNA extract pre-WGA, DNA
extract after WGA, or control), 1 × AmpliTaq Gold master mix (Applied Biosystems), 200 nM of
each deoxyribonucleotide, 400 nM of each primer, 100 ng μl–1 of bovine serumalbumin (BSA)
and 0.625 units of AmpliTaq Gold DNA polymerase (Applied Biosystems). The cycling parame-
ters used were: 95°C for 7 min; 35 cycles of 95°C for 1 min, 68°C for 1 min; followed by 72°C for
7 min and a 10°C hold. One μl of the initial PCR product was then used for the nested PCR,
using the same reaction mixture with cycling parameters of: 95°C for 7 min; 25 cycles of 95°C for
45 sec, 58°C for 45 sec, 72°C for 45 sec; followed by 72°C for 7 min and a 10°C hold. PCRs of
WGA and non-WGA versions of each sample were run simultaneously to ensure identical ther-
mal cycling conditions. The results of PCRs were assessed by electrophoresis in 1.5% agarose
gels, and authenticity checked by purifying then cloning the PCR products (CloneJet PCR clon-
ing kit, Thermo Scientific) into Escherichia coli XL1-Blue competent cells (Agilent), and sequenc-
ing (GATC Biotech, Cologne). Sequenceswere alignedwith the M. tuberculosis H37Rv reference
sequence for IS6110 using Geneious version 7.0.6 [33] (available from http://www.geneious.com/
}. A PCR product was only considered authentic if five clones yielded the expected IS6110
sequence. Unusual sequences were assessed by BLASTn analysis of the online databases [34].

Quantitative PCRs (qPCRs) were directed at the IS1081 sequence, also thought to be specific
to the MTBC [35, 36]. The IS1081 qPCR used a forward primer 5´–TCATCGCGTGATCCT
TCGA–3´, reverse primer 5´–GAGGTCATTGCGTCATTTCCTT–3´ and probe 5´–6FAM–
ACCAGCAAAAGTCAATC–MGBNFQ–3´,where 6FAM is the 6-carboxyfluorescein reporter
dye and MGBNFQ is the molecular-groove binding non-fluorescence quencher (Applied Bio-
systems). Each 30 μl PCR was comprised of 5 μl DNA extract, 1 × TaqMan Universal PCR
Master Mix (Applied Biosystems), 900 nM forward primer, 900 nM reverse primer, 200 nM
probe and 100 μg μl–1 BSA. Cycling parameters were: 50°C for 2 min; 95°C for 10 min; 55
cycles of 95°C for 15 sec, 60°C for 1 min. Concentration standards (tenfold dilutions from
1.7 × 103 to 1.7 × 10−3 genome copies μl–1 M. tuberculosis H37Rv DNA–Advanced Biotechnol-
ogies) were prepared for each qPCR, run in duplicate, and discarded unopened after use. The
qPCR data were evaluated using the MxPro qPCR software (Agilent Technologies).

Control DNA Analyses

DNA from einkorn wheat (Triticum monococcum) and cultivated barley (Hordeum vulgare)
grains were used in control experiments. By using wheat and barley as controls the possibility
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of contaminating the aDNA extracts with WGA-amplified MTBC DNA was avoided. DNA
was extracted as previously described [37] with the following modifications. First and foremost,
modern seeds were used instead of archaeological charred grains. Also, five seeds, instead of
one, were crushed and the resultant powder dry vortexed to increase fragmentation. N-phena-
cylthiazoliumbromide was not added to the binding buffer as the grains used were not charred.
Finally, since modern seeds were used instead of ancient ones, the DNA did not need to be con-
centrated by ethanol precipitation after elution. Yields were estimated using the average of
duplicate measurements from a NanoDrop 2000 (Thermo Scientific). PCRs were directed at a
111 bp region of the plastid clpP gene (forward primer 5’–CTGGTGCCTTGCCCGATAA–3’,
reverse primer 5’–TGGCGTCCTTCATTCTGCTT–3’), and at a 92 bp region of the plastid
psaA gene (forward primer 5´–TTGTCTTTCCCATTCTTTCCCCT–3´, reverse primer (5’–
TCTTCCTCGGTTTCCCCCTA–3’). PCRs of 30 μl contained 3 μl DNA, 1 x AmpliTaq Gold
360 Master Mix (Applied Biosystems), 200 nM each primer, 100 μg μl–1 BSA, and the cycling
parameters were: 95°C for 5 min; 30 cycles of 95°C for 45 sec, 63°C for 45 sec, 72°C for 45 sec;
72°C for 7 min. For each set of archaeological samples subjected to WGA, 10 μl of a 1.1 ng μl–1

wheat DNA solution was mixed with 1 μl of 1 × fragmentation buffer and WGA was then car-
ried out as described above to ensure the procedure was successful even if negative results were
obtained from the archaeological sample. This wheat DNA positive control was amplified
using the same MTBC primers as the archaeological samples, producing a short but recogniz-
able PCR product. The results of PCRs were visualized by electrophoresis in 1.5% agarose gels.

Results

Assessment of WGA Efficiency with Barley DNA

Prior to its application to ancient samples, the efficiencyof the WGA procedure was assessed
with barley DNA. Six dilutions of barley DNA extract were made, giving solutions containing
1.0 × 10−4 ng μl-1, 5.0 × 10−4 ng μl-1, 1.0 × 10−3 ng μl-1, 5.0 × 10−3 ng μl-1, 1.0 × 10−2 ng μl-1, and
5.0 × 10−2 ng μl-1DNA. For each dilution, one 3 μl aliquot was amplified with the clpP primer
pair (‘clpP PCRs’), a second 3 μl aliquot was amplified with the psaA primer pair (‘psaA
PCRs’), and WGA was carried out with a third 10 μl aliquot. The clpP and psaA PCRs were
then repeated with 3 μl of the WGA product (‘WGA-clpP PCRs’ and ‘WGA-psaA PCRs’). The
PCRs were completed in triplicate for each primer pair.

Following gel electrophoresis, clpP PCR products were consistently visible from the fourth-
lowest starting concentration (5.0 × 10−3 ng μl-1 DNA) to the highest concentration (5.0 × 10−2

ng μl-1 DNA). No bands were observed for the lowest concentration of template DNA
(5.0 × 10−4 ng μl-1 DNA) but faint bands were observed after one of three PCRs for both the
second- and third-lowest starting concentrations (5.0 × 10−4 ng μl-1 DNA and 1.0 × 10−3 ng μl-
1 DNA). In contrast, the WGA-clpP-PCR successfully amplified the target DNA from the low-
est concentration (1.0 × 10−4 ng μl-1 DNA) to the highest (5.0 × 10−2 ng μl-1 DNA). For the
lowest concentration, only faint bands were observedby gel electrophoresis, but all higher con-
centrations gave bright, clear bands. The psaA PCR consistently gave a visible product for the
highest concentration of template DNA (5.0 × 10−2 ng μl-1 DNA) and occasionally for the sec-
ond-highest starting concentration (1.0 × 10−2 ng μl-1 DNA; two of three PCRs gave faint
bands) and the third-highest starting concentration (5.0 × 10−3 ng μl-1 DNA; one of three
PCRs gave faint bands). With the WGA-psaA PCR, visible PCR products were consistently
obtained for the highest (5.0 × 10−2 ng μl-1 DNA) and second-highest concentrations of tem-
plate DNA (1.0 × 10−2 ng μl-1 DNA). The third-highest concentration (5.0 × 10−3 ng μl-1

DNA) also produced consistently visible PCR products but for two of the three replicates the
bands were faint. The fourth- and fifth-highest concentrations of starting DNA (1.0 × 10−3
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ng μl-1 DNA and 5.0 × 10−4 ng μl-1 DNA respectively) both gave sporadically visible PCR prod-
ucts, each with two of the three replicates showing faint bands and one replicate giving no
observable band. Finally, no PCR products were observed after the WGA-psaA PCR for the
lowest concentration of template DNA (1.0 × 10−4 ng μl-1 DNA).

The conclusions regarding the presence or absence of PCR products based on examination
of gels were confirmed by quantification of the double-strandedDNA concentrations of the
final PCR and WGA-PCR solutions (Table 2). This was done using the Quant-iT PicoGreen
dsDNA Assay Kit (Invitrogen) and the pre-PCR plate read program on the MX 3005P qPCR
thermal cycler. Each value in Table 2 is an average of three replicates. Prior to quantification,
the PCR products were purified to decrease the amount of primer-dimer present as PicoGreen
measures the quantity of double-strandedDNA, regardless of its length. DNA was detectable
following clpP-PCRs and psaA-PCRs down to the second-lowest concentration (5.0 × 10−4

ng μl-1 DNA). With the WGA-clpP PCR, DNA was detectable down to the lowest starting con-
centration (1.0 × 10−4 ng μl-1 DNA), while in the WGA-psaA PCR, it was detectable down to
the second-lowest starting concentration (5.0 × 10−4 ng μl-1 DNA).

WGA of Archaeological Extracts

Non-quantitative IS6110 PCRs directed at an initial 123 bp fragment followed by a nested 92
bp fragment were carried out in triplicate or quadruplicate with the WGA and non-WGA ver-
sions of extracts from the eleven skeletons listed in Table 1. In addition, a rib and vertebra were
separately tested from Whitefriars 662, and extraction procedures 1 [29] and 2 [30] were used
with Auldhame 714 and Pinhel 1. The outcomes of these PCRs were assessed by observation of
band presence or absence in agarose gels. All bands of the expected sizes were cloned and
sequenced to confirm their identity. The results are summarized in Table 3. The 123 bp PCR
gave an IS6110 product for just two skeletons, Ashchurch Bridge 705 and Auldhame 714. With
Ashchurch Bridge 705, none of the three non-WGA PCRs gave an authentic product, but one
of the three WGA PCRs did. With Auldhame 714, one each of the non-WGA and WGA PCRs
of the extract prepared using procedure 1 gave bands of the expected size, although both were
the variant ‘sequence type A’, with sixteen mismatches to the M. tuberculosis H37Rv reference
sequence in the NCBI database (GenBank accession number: NC_000962.3), which we have
already reported in extracts of a different skeleton from Auldhame [38]. One non-WGA PCR
of the second extract of Auldhame 714, prepared by procedure 2, also gave products with
sequence type A, but is not considered a positive result according to our criteria as only two
clones could be obtained, rather than the required five. The nested 92 bp PCR also gave only
sporadic results. Authentic products were obtained with Ashchurch Bridge 705 (one of three
non-WGA and one of three WGA PCRs), Whitefriars 662 rib (one of three non-WGA PCRs),
Whitefriars 662 vertebra (one of four non-WGA PCRs), Pinhel 1 extraction procedure 2 (two
of three WGA PCRs), and St Peter’s Collegiate Church 62 (all three non-WGA PCRs and one
of three WGA PCRs).

Quantitative PCRs directed at the IS1081 insertion sequence were carried out for each of the
fourteen extracts. After 55 cycles amplification products could be detected only for the non-
WGA qPCR of the Whitefriars 662 vertebra extract and for both the non-WGA and WGA
extracts, with approximately equal amplification efficiency, of St Peter’s Collegiate Church 62
(Fig 1).

Additional Control Experiments

Two additional control experiments were carried out in order to interpret the outcomes of the
WGA experiments. The first of these assessed the impact of the fragmentation step in the
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standard WGA procedure. This step was omitted in preparation of aDNA WGA products, due
to the expectation that the aDNA molecules were already fragmented because of hydrolysis-
induced strand cleavage during diagenesis. The rationale was that further fragmentation might
break the aDNA into molecules that were too short to amplify, while at the same time frag-
menting contaminating environmental DNA so that the latter became more favorable tem-
plates for WGA. To test whether the absence of the fragmentation step in fact hindered WGA
of aDNA, the standard methodologywas applied to 10 μl of the St Peter’s Collegiate Church 62
extract. The resulting WGA product was amplified by the 123 bp and 92 bp IS6110 PCRs, both
carried out in triplicate. PCR products were obtained for two of the three 123 bp PCRs, but
both products yielded only non-MTBC sequences and were much shorter in length than
expected.As this sample gave an authentic product after WGA without the fragmentation step,
we conclude that omission of this step was not detrimental to the outcome of the WGA-PCRs.

The second control experiment assessed whether the positive results obtained with some
samples after WGA occurredbecause of the purification step, carried out with the Qiagen QIA-
quick PCR PurificationKit, at the end of the WGA procedure, rather than because of WGA
itself. In effect, the DNA for the WGA-PCRs had undergone an additional round of purifica-
tion that might improve the ability of the sample to be amplified. To address this possibility,
extracts of the Auldhame 714 rib and of Pinhel 1, both prepared with procedure 2, and of St
Peter’s Collegiate Church 62 prepared with procedure 1, were subjected to QIAquick PCR
Purificationwithout the other WGA steps. The 123 bp and 92 bp IS6110 PCRs were then car-
ried out in triplicate for each sample (Table 4). No amplification products were seen, except for

Table 2. Results of PCRs and WGA-PCRs of barley DNA.

Starting dilution (μg μl–1) DNA concentration before PCR (pg μl–1) PCR replicate Results of PCRs (band seen on gel*; DNA concentration

pg μl–1†)

clpP PCR WGA-clpP PCR psaA PCR WGA-psaA PCR

5 x 10−2 0.1223 1 + 8.47 + 18.99 + n.d. + 4.99

2 + 8.85 + 26.94 + 1.70 + 4.51

3 + 10.07 + 23.10 +/– 2.32 + 4.78

1 x 10−2 0.1197 1 + 3.53 + 16.59 +/– 0.24 + 3.08

2 + 3.34 + 13.06 – 0.27 + 1.93

3 + 3.29 + 12.94 +/– 0.85 + 2.56

5 x 10−3 0.026 1 + 1.82 + 13.99 – 0.34 + 3.26

2 + 1.89 + 13.58 – 0.08 +/– 2.04

3 +/– 2.01 + 15.70 +/– 0.87 +/– 2.11

1 x 10−3 0.0013 1 +/– 0.20 + 6.26 – 0.30 +/– 0.35

2 – 0.52 + 6.08 – 0.06 +/– 0.28

3 – 0.48 + 7.01 – 0.46 – 0.45

5 x 10−4 n.d. 1 +/–n.d. + 4.35 – n.d. +/– 0.21

2 – 0.82 + 4.35 – 0.33 +/– 0.16

3 – 0.12 + 5.74 – 0.49 – 0.35

1 x 10−4 0.0001 1 – n.d. +/– 0.40 – n.d. – 0.01

2 – 0.07 +/– 0.57 – n.d. – 0.01

3 – 0.08 +/– 0.57 – 0.80 – n.d.

* Key: +, clear band of correct size visible; +/–, faint band of correct size visible;–, no band visible.
† Each value is the average of 3 replicate measurements.

PicoGreen quantification does not discriminate between template DNA and primer-dimers. The values were therefore standardized to an average of the

negative controls so any contribution by primer-dimers would be minimized.

doi:10.1371/journal.pone.0163031.t002
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Table 3. Results of standard IS6110 PCRs.

Sample WGA Replicate 123 bp PCR results Nested 92 bp PCR results

Band present Sequence Conclusion Band present Sequence Conclusion

Ashchurch Bridge 705 No 1 No None Negative Yes MTBC Positive

2 Yes None Negative Yes Non-MTBC Negative

3 No None Negative Yes None Negative

Yes 1 No None Negative Yes None Negative

2 No None Negative Yes None Negative

3 Yes MTBC Positive Yes MTBC Positive

Auldhame 714 (extraction 1) No 1 Yes MTBC Positive No None Negative

2 No None Negative No None Negative

3 Yes None Negative Yes None Negative

Yes 1 Yes MTBC Positive No None Negative

2 No None Negative No None Negative

3 Yes None Negative Yes Non-MTBC Negative

Auldhame 714 (extraction 2) No 1 No None Negative No None Negative

2 Yes MTBC Negative* No None Negative

3 Yes None Negative No None Negative

Yes 1 No None Negative No None Negative

2 Yes Non-MTBC Negative No None Negative

3 Yes Non-MTBC Negative No None Negative

Whitefriars 662 (rib) No 1 No None Negative No None Negative

2 No None Negative No None Negative

3 No None Negative Yes MTBC Positive

Yes 1 Yes None Negative Yes Non-MTBC Negative

2 Yes Non-MTBC Negative Yes Non-MTBC Negative

3 No None Negative Yes None Negative

Whitefriars 662 (vertebra) No 1 Yes None Negative Yes MTBC Positive

2 No None Negative No None Negative

3 Yes None Negative Yes None Negative

4 Yes None Negative Yes None Negative

Yes 1 Yes Non-MTBC Negative No None Negative

2 No None Negative No None Negative

3 Yes Non-MTBC Negative Yes None Negative

4 Yes Non-MTBC Negative Yes None Negative

Whitefriars 10607 No 1 Yes Non-MTBC Negative Yes None Negative

2 No None Negative No None Negative

3 Yes Non-MTBC Negative Yes None Negative

Yes 1 Yes Non-MTBC Negative Yes None Negative

2 No None Negative Yes None Negative

3 Yes Non-MTBC Negative Yes None Negative

Whitefriars 10653 No 1 No None Negative No None Negative

2 No None Negative No None Negative

3 No None Negative No None Negative

Yes 1 Yes None Negative Yes None Negative

2 No None Negative No None Negative

3 No None Negative No None Negative

(Continued )
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Table 3. (Continued)

Sample WGA Replicate 123 bp PCR results Nested 92 bp PCR results

Band present Sequence Conclusion Band present Sequence Conclusion

Whitefriars 10775 No 1 No None Negative No None Negative

2 No None Negative No None Negative

3 No None Negative No None Negative

Yes 1 Yes None Negative No None Negative

2 No None Negative No None Negative

3 No None Negative No None Negative

Whitefriars 11274 No 1 No None Negative No None Negative

2 No None Negative No None Negative

3 No None Negative No None Negative

Yes 1 Yes None Negative No None Negative

2 No None Negative No None Negative

3 Yes Non-MTBC Negative Yes None Negative

Whitefriars 11299 No 1 Yes None Negative Yes None Negative

2 Yes None Negative Yes None Negative

3 No None Negative No None Negative

Yes 1 Yes None Negative No None Negative

2 Yes None Negative No None Negative

3 Yes None Negative No None Negative

Whitefriars 11355 No 1 No None Negative No None Negative

2 Yes None Negative Yes None Negative

3 Yes None Negative Yes None Negative

Yes 1 No None Negative No None Negative

2 Yes None Negative No None Negative

3 Yes None Negative Yes None Negative

Pinhel 1 (extraction 1) No 1 No None Negative No None Negative

2 No None Negative Yes Non-MTBC Negative

3 No None Negative No None Negative

Yes 1 No None Negative Yes None Negative

2 Yes None Negative Yes Non-MTBC Negative

3 No None Negative Yes None Negative

Pinhel 1 (extraction 2) No 1 No None Negative No None Negative

2 No None Negative No None Negative

3 Yes None Negative Yes None Negative

Yes 1 No None Negative No None Negative

2 Yes Non-MTBC Negative Yes MTBC Positive

3 Yes Non-MTBC Negative Yes MTBC Positive

St Peters Collegiate Church 62 No 1 Yes Non-MTBC Negative Yes MTBC Positive

2 Yes Non-MTBC Negative Yes MTBC Positive

3 No None Negative Yes MTBC Positive

Yes 1 Yes None Negative No None Negative

2 Yes Non-MTBC Negative No None Negative

3 No None Negative Yes MTBC Positive

*This result was not considered positive as only two clones were obtained.

doi:10.1371/journal.pone.0163031.t003
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one band obtained with one of the Pinhel 1 replicates, of 50 bp in length and hence not an
authentic product. Each sample was also examined with the IS1081 qPCR. All of these qPCRs
were negative except for St Peter’s Collegiate Church 62, which amplified with similar kinetics
to the regular non-WGA sample for St Peter’s Collegiate Church 62. We therefore concluded
that the additional purification step was not the cause of the improved amplification seen for
some WGA samples.

Discussion

Applicability of WGA to Studies of MTBC aDNA

We assessed the ability of the OmniPlex-WGA method, using the commercial GenomePlex Kit
(Sigma-Aldrich), to improve the amplification efficiencyof MTBC aDNA extracted from a
variety of archaeological skeletons with or without osteological indicators of TB. We initially
carried out control experiments with barley DNA to ensure that the procedure worked as
expected in our hands and, following the aDNA PCRs, we performed two additional control
experiments which showed that our results had not been influenced by omission of the

Fig 1. Results of qPCRs directed at the IS1081 insertion sequence. Results are only shown for those samples that

gave detectable products before 55 cycles of amplification. (A) Whitefriars 662; (B) St Peter’s Collegiate Church 62.

Green lines, non-WGA PCRs; blue lines, WGA-PCRs; yellow lines, negative control; horizontal grey line, threshold. The

threshold is calculated automatically by the MxPro qPCR software for each individual qPCR run as the point at which the

target DNA has amplified in sufficient amounts to be statistically above the background fluorescence level.

doi:10.1371/journal.pone.0163031.g001

Table 4. Results of the double-purification experiment.

Sample 123 bp IS6110 PCR* 92 bp IS6110 PCR* IS1081 qPCR

Auldhame 705 Negative Negative Negative

Negative Negative

Negative Negative

Pinhel 1 Negative Negative Negative

Negative Negative

Positive (~50 bp band) Negative

St Peter’s Collegiate Church 62 Negative Negative Positive (similar kinetics to the regular non-WGA sample)

Negative Negative

Negative Negative

* Results shown for three replicates of each PCR.

doi:10.1371/journal.pone.0163031.t004
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fragmentation step from the WGA procedure nor by inclusion of a DNA purification step at
the end of the procedure. We therefore believe that our aDNA results provide a sound indica-
tion of the value of WGA in this context.

With the non-quantitative IS6110 PCRs, we applied a high stringency for identification of a
positive MTBC result, requiring at least five clones to be obtained that displayed the expected
sequence. In practice, this high stringency was relevant for only one of three PCRs directed at
the 123 bp product for the Auldhame 714 extract prepared by procedure 2, this particular PCR
yielding variant IS6110 sequences but for only two clones. All the other PCRs assigned as ‘nega-
tive’ either gave no product of the expected size, or gave products with non-MTBC sequences.
It is therefore clear that the stringency of our procedures did not affect our interpretation of the
usefulness of WGA with aDNA extracts.

We did not obtain any convincing evidence that WGA can increase the effectiveness of down-
stream PCRs of aDNA extracts. The non-quantitative IS6110 PCRs gave sporadically positive
results with extracts of five of the eleven skeletons–Ashchurch Bridge 705, Auldhame 714,
Whitefriars 662 (both rib and vertebra samples), Pinhel 1 and St Peter’s CollegiateChurch 62.
Only in two cases, with the 123 bp PCR of Ashchurch Bridge 705 and the 92 bp PCR of Pinhel 1,
was an authentic PCR product obtained for the WGA version of the extract in the absence of
products for the non-WGA version. In comparison, for two other samples, the rib and vertebra
of Whitefriars 662, the non-WGA PCRs gave positive results whereas the WGA versions did
not. Similarly, the IS1081 qPCRs gave no indication of improvement following WGA, with
detectable products only for Whitefriars 662 (just for the non-WGA PCR) and St Peter’s Colle-
giate Church 62 (for both the non-WGA and WGA samples, amplifying with similar efficiency).

Our conclusion therefore is that WGA does not provide any advantage in studies of aDNA.
The sporadic nature of our results is perhaps due to the fact that WGA is itself a PCR-based
procedure and although it is designed to deal with fragmented DNA, the low concentration of
templates in an aDNA extract may have a negative effect on the efficiency and reproducibility
of WGA with this type of material. As such, WGA is subject to similar, if not the same, restric-
tions as PCR when applied to aDNA. Additionally, the procedure does not discriminate
between aDNA and contaminating DNA, the latter including DNA from the various microor-
ganisms that colonize skeletal remains after death. In the archaeological context, WGA should
therefore more correctly be described as ‘whole metagenome amplification’, and the technique
could conceivably increase the relative amount of contaminating DNA in a sample, if the mod-
ern DNA component of the extract is amplified with greater efficiency than the aDNA.

Archaeological Interpretation of the PCR Results

Taken as a whole, the results of the PCRs with or without WGA were typical of the outcomes of
previous projects we have carried out using standard and qPCR in attempts to detect MTBC
aDNA in archaeological remains [24]. The nested 92 bp PCRs were, as expected,more success-
ful than the initial 123 bp PCRs but, as is often the case in our experience, replicate extracts
failed to give identical results. Based on criteria that we have previously published [24], we
would tentatively classify St Peter’s Collegiate Church 62 as definitely containing MTBC aDNA
(positive IS6110 and IS1081 detections), and Ashchurch Bridge 705, Whitefriars 662 and Pinhel
1 as probably containing MTBC aDNA (positive IS6110 results from one or two different
extracts, but negative IS1081 qPCRs). All other skeletons are identified as not containing MTBC
aDNA (negative IS6110 and IS1081 results). These outcomes are consistent with our previous
research [24], which has identified both Ashchurch Bridge 705 and St Peter’s Collegiate Church
62, as well as two skeletons from Whitefriars that we did not include in this study, as definitely
containing MTBC aDNA. Pinhel is a new site that we have not previously studied.
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We exclude Auldhame 714 from the group of skeletons definitely or possibly containing
MTBC aDNA. This is because, although the 123 bp IS6110 PCR for both the non-WGA and
WGA samples gave products of the expected length when visualized in an agarose gel, the
clones obtained from these bands yielded the variant IS6110 ‘sequence type A’, which has six-
teen mismatches compared with the reference sequence. We previously identified this variant
in a second skeleton from Auldhame, as well as in skeletons with lesions indicative of TB from
other sites [38]. BLASTn search of the GenBank database identifies the IS6110 reference
sequence of the MTBC as the closest match to this variant, but slightly less similar sequences
are present in other genera of Actinobacteria (e.g. Nocardia, Micromonospora, Geodermatophi-
lus) and in the genus Tistrella of Proteobacteria, and more distantly related sequences are pres-
ent in MOTT species such as Mycobacterium sp. JLS and Mycobacterium smegmatis. The
variant sequence has never been reported in clinical MTBC isolates and, although we cannot
be certain that it was not present in archaeologicalMTBC strains, we believe that it is more
likely to originate from an environmental contaminant.
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17. Telenius HK, Carter NP, Bebb CE, Nordenskjöld M, Ponder BAJ, Tunnacliffe A. Degenerate oligonu-

cleotide-primed PCR: General amplification of target DNA by a single degenerate primer. Genomics.

1992; 13: 718–25. PMID: 1639399

18. Zhang L, Cui X, Schmitt K, Hubert R, Navidi W, Arnheim N. Whole genome amplification from a single

cell: implications for genetic analysis. Proc Natl Acad Sci USA. 1992; 89: 5847–51. PMID: 1631067

19. Barker DL, Hansen MST, Faruqi AF, Giannola D, Irsula OR, Lasken RS, et al. Two methods of whole-

genome amplification enable accurate genotyping across a 2320-SNP linkage panel. Genome Res.

2004; 14: 901–7. PMID: 15123587

20. Dean FB, Hosono S, Fang L, Wu X, Faruqi AF, Bray-Ward P, et al. Comprehensive human genome

amplification using multiple displacement amplification. Proc Natl Acad Sci USA. 2002; 99: 5261–6.

PMID: 11959976

21. Uda A, Tanabayashi K, Fujita O, Hotta A, Yamamoto Y, Yamada A. Comparison of whole genome

amplification methods for detecting pathogenic bacterial genomic DNA using microarray. Jpn J Infect

Dis. 2007; 60: 355–61. PMID: 18032834

22. Suzuki K, Takigawa W, Tanigawa K, Nakamura K, Ischido Y, Kawashima A, et al. Detection of Myco-

bacterium leprae DNA from archaeological skeletal remains in Japan using whole genome amplifica-

tion and polymerase chain reaction. PLoS ONE. 2010; 5(8): e12422. doi: 10.1371/journal.pone.

0012422 PMID: 20865042

23. Suzuki K, Saso A, Hoshino K, Sakurai J, Tanigawa K, Luo Y, et al. Paleopathological evidence and

detection of Mycobacterium leprae DNA from archaeological skeletal remains of Nabe-kaburi (head-

Whole Genome Amplification of Ancient Mycobacterium Tuberculosis

PLOS ONE | DOI:10.1371/journal.pone.0163031 September 21, 2016 14 / 15

http://dx.doi.org/10.1371/journal.ppat.1000160
http://www.ncbi.nlm.nih.gov/pubmed/18802459
http://dx.doi.org/10.1016/j.tim.2010.12.008
http://www.ncbi.nlm.nih.gov/pubmed/21277778
http://www.ncbi.nlm.nih.gov/pubmed/16477032
http://dx.doi.org/10.1371/journal.pbio.0060311
http://www.ncbi.nlm.nih.gov/pubmed/19090620
http://www.ncbi.nlm.nih.gov/pubmed/19866892
http://www.ncbi.nlm.nih.gov/pubmed/9399549
http://www.ncbi.nlm.nih.gov/pubmed/9650922
http://www.ncbi.nlm.nih.gov/pubmed/15133113
http://www.ncbi.nlm.nih.gov/pubmed/19017459
http://www.ncbi.nlm.nih.gov/pubmed/1639399
http://www.ncbi.nlm.nih.gov/pubmed/1631067
http://www.ncbi.nlm.nih.gov/pubmed/15123587
http://www.ncbi.nlm.nih.gov/pubmed/11959976
http://www.ncbi.nlm.nih.gov/pubmed/18032834
http://dx.doi.org/10.1371/journal.pone.0012422
http://dx.doi.org/10.1371/journal.pone.0012422
http://www.ncbi.nlm.nih.gov/pubmed/20865042


covered with iron pots) burials in Japan. PLoS ONE. 2014; 9(2): e88356. doi: 10.1371/journal.pone.

0088356 PMID: 24516638

24. Müller R, Roberts CA, Brown TA. Biomolecular identification of ancient Mycobacterium tuberculosis

complex DNA in human remains from Britain and Continental Europe. Am J Phys Anthropol. 2014;

153: 178–89. doi: 10.1002/ajpa.22417 PMID: 24226751

25. Nichols PW. An archaeological excavation on the A46 Ashchurch railway bridge, Ashchurch, Glouces-

tershire 2003. Gloucestershire: Gloucestershire County Council, 2008.

26. Lamb AL, Melikian M, Ives R, Evans J. Multi-isotope analysis of the population of the lost medieval vil-

lage of Auldhame, East Lothian, Scotland. J Anal Atom Spectrom. 2012; 27: 765–77.

27. Adams J, Colls K. Out of darkness, cometh light: life and death in nineteenth-century Wolverhampton:

excavation of the overflow burial ground of St Peter’s Collegiate Church, Wolverhampton, 2001–2002.

Oxford: BAR–British Archaeological Reports 442. Sub-series: Birmingham Archaeology Monograph

Series 3, 2007.

28. Caffell A, Holst M. Osteological Analysis, Whitefriars, Norwich (unpublished archaeological report

0806, York Osteoarchaeology Ltd, 2007).

29. Bouwman AS, Brown TA. The limits of biomolecular palaeopathology: ancient DNA cannot be used to

study venereal syphilis. J Archaeol Sci. 2005; 32; 703–13.

30. Bouwman AS, Kennedy SL, Müller R, Stephens RH, Holst M, Caffell AC, et al. Genotype of a historic

strain of Mycobacterium tuberculosis. Proc Natl Acad Sci USA. 2012; 109: 18511–6. doi: 10.1073/

pnas.1209444109 PMID: 23091009

31. Thierry D, Cave MD, Eisenach KD, Crawford JT, Bates JH, Gicquet B, et al. IS6110, an IS-like element

of Mycobacterium tuberculosis complex. Nucl Acids Res. 1990: 188. PMID: 2155396

32. Taylor M, Crossey M, Saldanha J, Waldron T. DNA from Mycobacterium tuberculosis identified in

mediaeval human skeletal remains using polymerase chain reaction. J. Archaeol. Sci. 1996; 23: 789–

98.

33. Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S, et al. Geneious Basic: an inte-

grated and extendable desktop software platform for the organization and analysis of sequence data.

Bioinformatics. 2012; 28: 1647–1649. doi: 10.1093/bioinformatics/bts199 PMID: 22543367

34. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic Local Alignment Search Tool. J Mol Biol.

1990; 215: 403–10. PMID: 2231712

35. Collins DM, Stephens DM. Identification of an insertion sequence, IS1081, in Mycobacterium bovis.

FEMS Microbiol Lett. 1991; 83: 11–6.

36. van Soolingen D, Hermans PWM, de Haas PEW, van Embden JDA. Insertion element IS1081: associ-

ated restriction fragment length polymorphisms in Mycobacterium tuberculosis complex species: a reli-

able tool for recognizing Mycobacterium bovis BCG. J Clin Microbiol. 1992; 30: 1772–7. PMID:

1352785

37. Giles RJ, Brown TA. Improved methodology for extraction and amplification of DNA from single grains

of charred wheat. J Archaeol Sci. 2008; 35: 2585–8.

38. Müller R, Roberts CA, Brown TA. Complications in the study of ancient tuberculosis: non-specificity of

IS6110 PCRs. Sci Technol Archaeol Res. 2015; 1(1), STAR2014112054892314Y.0000000002.

Whole Genome Amplification of Ancient Mycobacterium Tuberculosis

PLOS ONE | DOI:10.1371/journal.pone.0163031 September 21, 2016 15 / 15

http://dx.doi.org/10.1371/journal.pone.0088356
http://dx.doi.org/10.1371/journal.pone.0088356
http://www.ncbi.nlm.nih.gov/pubmed/24516638
http://dx.doi.org/10.1002/ajpa.22417
http://www.ncbi.nlm.nih.gov/pubmed/24226751
http://dx.doi.org/10.1073/pnas.1209444109
http://dx.doi.org/10.1073/pnas.1209444109
http://www.ncbi.nlm.nih.gov/pubmed/23091009
http://www.ncbi.nlm.nih.gov/pubmed/2155396
http://dx.doi.org/10.1093/bioinformatics/bts199
http://www.ncbi.nlm.nih.gov/pubmed/22543367
http://www.ncbi.nlm.nih.gov/pubmed/2231712
http://www.ncbi.nlm.nih.gov/pubmed/1352785

