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Abstract
Poor nuclear DNA preservation from highly degraded skeletal remains is the
most limiting factor for the genetic identification of individuals. Mitochon-
drial DNA (mtDNA) typing, and especially of the control region (CR), using
next-generation sequencing (NGS), enables retrieval of valuable genetic infor-
mation in forensic contexts where highly degraded human skeletal remains are
the only source of genetic material. Currently, NGS commercial kits can type
all mtDNA-CR in fewer steps than the conventional Sanger technique. The
PowerSeq CRM Nested System kit (Promega Corporation) employs a nested
multiplex-polymerase chain reaction (PCR) strategy to amplify and index all
mtDNA-CR in a single reaction. Our study analyzes the success of mtDNA-CR
typing of highly degraded human skeletons using the PowerSeqCRMNested Sys-
tem kit. We used samples from 41 individuals from different time periods to test
three protocols (M1, M2, and M3) based on modifications of PCR conditions. To
analyze the detected variants, two bioinformatic procedures were compared: an
in-house pipeline and the GeneMarker HTS software. The results showed that
many samples were not analyzed when the standard protocol (M1) was used.
In contrast, the M3 protocol, which includes 35 PCR cycles and longer denatu-
ration and extension steps, successfully recovered the mtDNA-CR from highly
degraded skeletal samples. Mixed base profiles and the percentage of damaged
reads were both indicators of possible contamination and can provide better
results if used together. Furthermore, our freely available in-house pipeline can
provide variants concordant with the forensic software.

Abbreviations: CR, control region; mtDNA-CR, mitochondrial DNA control region; NGS, next-generation sequencing; PMDS, PMD score.
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1 INTRODUCTION

Genetic identification of highly degraded human skeletal
remains is challenging due to the small amount of DNA
present, and due to fragmentation, which ranges from
35 base pairs (bp) to 150 b [1]. This often hinders the
complete recovery of autosomal short tandem repeats,
which are highly informative for individual identification.
However, in cases of identification involving kinship
matching, other genome regions could be used, such as
mitochondrial DNA (mtDNA). The higher copy number
of mtDNA per cell (100–1000 copies) compared to two
copies per cell of nuclear DNA increases the retrieval
of genetic information to support the identification
process, which can associate remains with maternal
lineages [2, 3].
The mitochondrial DNA control region (mtDNA-CR)

has been analyzed for a long time for forensic pur-
poses using Sanger sequencing. The mtDNA-CR typically
consists of about 1122 bp with high levels of variation,
especially in the two hypervariable segments, HVS-I and
HVS-II. When sequencing high-quality samples using
Sanger technology, two distinct regions of around 200–
400 bp are usually amplified by polymerase chain reaction
(PCR). However, attempting to obtain >300 bp amplicons
from poor-quality specimens may not yield any results as
the DNA is highly fragmented into smaller molecules [4,
5]. Recovery of small amplicons (100–130 bp) has been
successfully demonstrated in ancient DNA research and
forensic analysis of bones and hair shafts [6]. Some authors
have demonstrated that the use of a set of shorter ampli-
cons is an effective alternative for the analysis of highly
degraded samples. However, at least eight fragments must
be amplified and sequenced to recover the entire CR, rep-
resenting at least 8 PCR amplification reactions and 16
Sanger sequencing reactions [4, 7]. This makes the pro-
cedure very demanding and time-consuming. In recent
years, next-generation sequencing (NGS) ormassively par-
allel sequencing has emerged as highly robust techniques
for typingmtDNA sequences in forensics and ancientDNA
[8–13].
NGS provides a more extensive and informative genetic

dataset with higher throughput by sequencing millions of
small fragments of DNA in parallel. The fragments can
be sequenced several times, providing high accuracy and
insight into sequencing errors, mixture interpretation, and
molecular damage. This technology also presents a lower

cost per nucleotide than capillary electrophoresis-based
methods [14].
Bioinformatic analyses are used to piece together the

generated NGS fragments bymapping the individual reads
to the human reference genome, resulting in several reads
per position. Moreover, advances in bioinformatic analysis
applied to ancient DNA now offer new methods to detect
contamination and authenticate the results [15], although
these are not currently being used in forensic routines.
NGS has yet to be widely adopted in forensic labo-

ratories. Several commercial NGS kits are available for
mtDNA-CR analysis and have been used successfully
in highly degraded skeletal remains [12]. The ForenSeq
mtDNA-CR Kit (Verogen) [16] can recover 18 overlapping
amplicons of 60–150 bp using 18 primer pairs distributed
in 2 multiplexes. The Precision ID mtDNA-CR Panel Kit
(Thermo Fisher) [17] can recover 14 amplicons of 163 bp
using 14 primer pairs distributed in 2 multiplexes. In
both kits, two PCR reactions are performed to amplify
the whole mtDNA-CR, followed by adapter ligation and
sample indexing.
The PowerSeq CRM Nested System kit (Promega Cor-

poration) has the advantage of simplifying workflow using
a nested amplification protocol. It does so by employing a
multiplex-PCR strategy to amplify the whole mtDNA-CR
in a single multiplex that combines 10 primer pairs, gen-
erating 10 overlapping short amplicons (147–237 bp), and
incorporates indexed adapters for Illumina MiSeq (Illu-
mina, Inc., San Diego, CA, USA) in only one PCR reaction
step. This process essentially reduces amplicon manipu-
lation and risk of contamination. The Federal Bureau of
Investigation (FBI) Laboratory has validated the technique
according to the SWGDAM (Scientific Working Group on
DNA Analysis Methods) guidelines for forensic DNA [18].
The importance of the FBI’s validation is also that the
kit achieved NDIS approval, which is a big deal for US
labs as it can be used for mtDNA data generation and
upload to the CODIS database. Moreover, some studies
have demonstrated the robustness of this kit in cases with
low quantities and highly degraded mtDNA. Successful
coverage of 99.29% of the mtDNA-CR could be obtained
at 50× coverage or more from human remains dated from
the 9th to 18th centuries [3]. Another study, which aimed
to identify damage patterns in the mtDNA-CR using this
kit, demonstrated that low template samples are more sus-
ceptible to damage, leading to the identification of damage
sites caused by molecular damage or heteroplasmy [19].
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Working with fragmented DNA is just one of the chal-
lenges when dealing with older human skeletal material.
Other concerns related to the authenticity of results,
including the confirmation of the presence of endogenous
DNA molecules, the reduction of contamination, and dis-
tinguishing among molecular damage, contamination, or
mixed profiles, are particularly crucial for remains recov-
ered from mass graves [20]. Some authenticity criteria
for DNA from ancient and forensic samples were estab-
lished several years ago [21, 22]. However, the ancient
DNA community has incorporated bioinformatic tools to
authenticate endogenous DNA, mainly based on patterns
of DNA damage across genomic sequences generated by
NGS [23]. These tools can eliminate PCRduplicates (essen-
tially in PCR based techniques) and can identify the DNA
damage markers that are typically observed in ancient
samples [11, 15, 24–30].
We have been working with the PowerSeq CRM Nested

System kit (Promega Corporation), and the standard pro-
tocol has yielded poor results in ancient samples [31].
Hence, in this study, we aim (i) to analyze the success

of mtDNA-CR typing of highly degraded human skeletal
remains, from different periods from the Neolithic until
the 20th century, using the PowerSeq CRM Nested Sys-
tem kit, testing controlled library protocol changes; (ii) to
implement authenticity criteria, as usually used in ancient
DNA, in bioinformatic data analysis processes (in-house
pipeline) that will enable an evaluation of the authentic-
ity of results; and (iii) to compare the variant call obtained
with the in-house pipeline using GeneMarker HTS soft-
ware [32] (most recently released software package used
by the forensic community).

2 MATERIALS ANDMETHODS

2.1 Sample preparation and DNA
extraction

Samples of bones and teeth were selected from 41 individ-
uals from different archaeological contexts from 5500 BP–
16th century (ancient samples) until the 19–20th century
(contemporary samples) (Figure 1).
The skeletal remains (bone and teeth) were cleaned by

removing the external surface with a sterile tungsten tip
(previously cleaned with soap, alcohol, distilled water, and
bleach and sterilized by autoclave and irradiated with UV)
placed in amicro drill up to 5000 rpm.Then roughly 150mg
of the sample was cut using a sterile tungsten disk and
fragmented with a forceps to obtain smaller 10 mm pieces.
These were subsequently pulverized to powder by mor-
tar to make sample digestion more accessible in the DNA

F IGURE 1 Details of the samples from different periods used
to evaluate the recovery of mitochondrial DNA control region
(mtDNA-CR) typing in each next-generation sequencing
(NGS)-protocol M1, M2, and M3.

extraction procedure. DNA was extracted using a silica-
based method on an HE-membrane column [33] in the
Ancient DNA Laboratory at the Universitat Autònoma de
Barcelona (UAB).

2.2 Amplification and library
preparation using PowerSeq CRM kit
(10-plex) and sequencing

In the first experimental phase (Figure 1), 23 samples were
used to test 3NGS-protocols based onmodifications of PCR
conditions: (i) TheM1 protocol was performed following
the manufacturer’s recommendation: 96◦C for 10 min, 30
cycles of 96◦C for 5 s, 60◦C for 35 s, 72◦C for 5 s, and 60◦C
for 2 min; (ii) theM2 protocol was based on the same con-
ditions as the M1 protocol, but increasing the number of
cycles to 35; (iii) the M3 protocol included 35 cycles and
longer denaturation and extension steps: 96◦C for 15 min,
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1426 VINUEZA-ESPINOSA et al.

35 cycles of 96◦C for 15 s, 60◦C for 35 s, 72◦C for 30 s, and
60◦C for 2 min.
Ten additional samples were tested using theM2 andM3

protocols in the second phase. In total, 33 samples were
tested using the M2 and M3 protocols. Eight additional
samples were amplified using only the M3 protocol in the
final phase. Therefore, 41 sampleswere tested using theM3
protocol (Figure 1).
Amplification reactions-libraries were purified using

theQiagenGeneRead size selection kit (column-based pro-
tocol) following the manufacturer’s protocol (GeneRead
Size Selection of DNA Libraries Prepared). Library quantifi-
cations were performed with the Qubit dsDNA BR Assay
Kit. The Bioanalyzer High Sensitivity DNA Kit (Agilent
Technologies) was used to obtain the distributions of NGS-
libraries by the length of amplicons recovered. The samples
that presented a library concentration <0.005 ng/µL by
Qubit were not sequenced by NGS. The libraries that were
sequenced were normalized to 1 nM. Three sequencing
runs were performed in the Illumina MiSeq instrument
using standard flow cells MiSeq Reagent Kit v2 Nano
2 × 150 bp.

2.3 NGS-data analysis

2.3.1 Alignment and variant call

FASTQ PowerSeq CRM sequencing data were analyzed
using GeneMarker HTS version 2.5.0 software and an in-
house pipeline developed by our group that includes a
removal of duplicates and postmortem molecular dam-
age analyses (available online at https://github.com/
DanielRCA/MTDNA-CR).
The in-house pipeline consisted of quality-checked

FASTQ by FastQC v0.11.9 [34]. Duplicates were elimi-
nated with a fastp v0.23.2 analysis. Adapters and primers
were eliminated with another two consecutive fastp
analyses. Subsequently, overlapping reads were merged
with a final fastp analysis. Reads were aligned to the
revised Cambridge Reference Sequence (GenBank acces-
sion NC_012920.1) using BWA v0.7.17 [35]. The sequence
was linearized from bases 15 901 to 700 to avoid prob-
lems caused by the circularity of the mtDNA and by the
reads aligned in the replication origin. SAMtools v1.16.1
was used to generate mapped, sorted, and quality-checked
Q > 30 BAM files. BAM-quality was checked by Qual-
iMap v.2.2.2.a, after which the variants were called using
freebayes v1.3.6 and vcflib v1.0.3.
The GeneMarker HTS version 2.5.0 software package

was used to analyze FASTQ sequences considering a min-
imum base call quality score of Q < 30 (bases that scored
less than 30 were trimmed from 3′ after the reads).

Variant call was performed considering a minimum
depth coverage of 10 and a minor variant frequency
of 30%, meaning that only positions with a minimum
of 10 reads were considered and that a mixed base is
called if 30% of the total reads of the position represent
a minor variant. In the case of the in-house pipeline,
duplicated reads were previously excluded, whereas with
GeneMarker HTS version 2.5.0, all the reads were consid-
ered. Indels, multi-nucleotide polymorphisms, and com-
plex events (bases between positions 303 and 315) were
not considered. The variants or haplotypes were visual-
ized and verified using the integrative genomics viewer
(IGV) v.2.9.4 [36]. HaploGrep 2 v2.4.0 was used to pre-
dict the mtDNA haplogroup based on mtDNA-CR variant
call [37].

2.3.2 Postmortem molecular damage

NGS data generated with the PowerSeq CRM Nested Sys-
tem kit for bone/tooth from 18 well-preserved individuals
from the 20th century and buccal swabs from 12 present-
day individuals were used to establish reference values for
postmortemmolecular damage, using the statistical frame-
work previously described by Skoglund et al. [24]. In brief,
to investigate the authenticity of a given DNA fragment,
Skoglund et al. [24] evaluated two competing models, one
of which assumes ancient DNA degradation, whereas the
other does not, arriving at a final log-likelihood ratio of
the two models that they call the PMD score (PMDS). A
positive PMDS for a DNA fragment indicates support for
the ancient DNA model relative to the alternative model.
In this context, PMDtools v0.60 [24] was used, considering
a PMDS of 1, to obtain reference values for damage in
the present day and in samples from the 20th century.
Moreover, PMDtools v0.60 was used to extract reads with
molecular damage for all the samples analyzed with
different methods. Values obtained were compared with
the established limits for the present day and 20th century
in order to test the recovery of degraded DNA and data
authentication.

2.4 Evaluation of parameters

The following parameters were evaluated to compare
library methods, evaluate data authenticity, compare
amplicon performance, and compare variant call between
bioinformatic tools:

–Percentage of valid libraries: percentage of libraries
with a concentration higher than 0.005 ng/µL.
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–Mean depth coverage excluding duplicated reads
for all positions of mtDNA-CR: mean of reads by
position, considering all positions of mtDNA-CR.

–Percentage ofmtDNA-CR recovered: positions recov-
ered in relation to the total number of positions of
mtDNA-CR. The recovered positions were calcu-
lated using two criteria: positions with a minimum
depth coverage higher than 30 reads (30×) and posi-
tions with a minimum depth coverage higher than
10 reads (10×).

–Percentage of genetic information recovered by the
type of amplicon: similar to the percentage of
mtDNA-CR recovered but considering each ampli-
con separately.

–Percentage of damaged reads: number of damaged
reads divided by mapped reads without duplicates.

–Number of mixed bases: obtained from variant
call with the two bioinformatic tools, consider-
ing positions with a minimum depth coverage of
10 and in which a mixed base is reported if the
minor variant represents 30% of the reads of a
position.

–Concordance of the variants called using the in-
house pipeline and GeneMarker HTS: Variant call
was performed considering positions with a mini-
mum depth coverage of 10 and in which a mixed
base is reported if the minor variant represents 30%
of the reads. In the case of the in-house pipeline,
duplicated reads were not considered.

3 RESULTS

3.1 Comparison M1/M2/M3 andM2/M3

Table S1 presents results for samples included in
phases 1 and 2. Parameters of library quantification,
sequence quality and recovery recovered, and molecu-
lar damage, obtained with the in-house pipeline, were
presented.

3.1.1 Percentage of valid libraries

Table 1 reports the number and percentage of libraries
with a concentration higher than 0.005 ng/µL that were
considered valid and were further sequenced in experi-
mental phases 1 and 2. From the 23 samples analyzed
using M1, M2, and M3 methods (phase 1), only 6 libraries
(26%) obtained withM1 were valid. In contrast, 22 libraries
(95.7%) and 23 libraries (100%), respectively, for M2 and
M3, were considered valid for sequencing. Focusing only

TABLE 1 Number and percentage of valid libraries obtained in
experimental phases 1 and 2, according to the different methods
used in library preparation (M1, M2, and M3).

Experimental
phase

Number of
samples

Valid libraries N (%)
M1 M2 M3

Phase 1:
M1/M2/M3

23 6 (26) 22 (95.7) 23 (100)

Phase 2: M2/M3 33 – 31 (93.9) 33 (100)

Note: M1 protocol: manufacturer’s recommendation. M2 protocol: manufac-
turer’s recommendation with 35 cycles. M3 protocol: 35 cycle and longer
denaturation and extension steps.

on M2 and M3 (phase 2), the 33 samples analyzed
using both methods again revealed better results for M3
(Table 1).
The retrieval profile of the libraries by the length of

amplicons is shown in Figure 2. Amplicons between
160 and 230 bp were obtained using the M2 and M3
protocol, whereas M1 showed amplicons of 68 bp that
correspond to primer-dimers, and just one peak of 220 bp.
Although both M2 and M3 protocols showed amplicons
recovered with the required size for NGS-sequencing, M3
produces a greater quantity of each amplicon than M2
(Figure 2).

3.1.2 Mean depth coverage including all
positions of mtDNA-CR and percentage of
mtDNA-CR recovered

Table 2 reports the mean depth coverage and the percent-
age of mtDNA-CR recovered for samples used in phase
1 and that have sequence results for the three proto-
cols tested. All the indicators considered data without
duplicates. The high heterogeneity between samples is
evidenced, but a consistent increase in the amount of
sequence generated with the change to standard protocol
M1 is observed.
Table S1 reports the values of the mean depth cover-

age and the percentage of mtDNA-CR recovered for all
the samples and libraries analyzed in phases 1 and 2. The
comparison of results obtained for samples used in phase 2
(analyzed usingM1 andM2) evidence a consistent increase
from M2 to M3 in mean depth coverage (increased mean
value of 226 reads). As for the percentage of mtDNA-CR
recovered considering only positions with a depth cover-
age of 30 (30×) or 10 (10×), an increase of around 20% in
the extension of the region recovered is observed from M2
to M3.
The recovered region represents less than 15% of the total

mtDNA-CR (less than 200 bp) in many samples analyzed
withM2 in comparison toM3, particularly when a by posi-
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1428 VINUEZA-ESPINOSA et al.

F IGURE 2 Length fragment distribution of libraries performed for Sample ID 4 using the three next-generation sequencing
(NGS)-protocols. Size markers or ladders are indicated by arrows at 35 and 10 380 bp. M1 Protocol: manufacturer’s recommendation. M2
protocol: manufacturer’s recommendation with 35 cycles. M3 protocol: 35 cycle and longer denaturation and extension steps.

TABLE 2 Mean depth coverage and percentage of mitochondrial DNA control region (mtDNA-CR) recovered in samples used in
experimental phase 1 that provides sequence results for the different methods used in library amplification (M1, M2, and M3).

Sample

Mean depth coverage %mtDNA-CR recovered 30× %mtDNA-CR recovered 10×
M1 M2 M3 M1 M2 M3 M1 M2 M3

1 191.9 230.5 315.6 96.2 34.1 71.5 96.2 84.6 90.2
4 44.2 193.5 225.6 11.0 13.6 46.8 12.8 53.7 69.4
7 2.0 160.9 583.5 0.8 32.2 82.3 7.8 60.5 96.2
15 10.2 451.5 454.0 11.0 37.7 74.6 11.0 61.6 82.5
16 0.6 1.1 5.8 0.0 0.0 7.7 0.0 0.0 11.0
17 97.8 425.9 322.4 26.7 68.7 38.4 35.6 96.2 78.0

Note: M1 protocol: manufacturer’s recommendation. M2 protocol: manufacturer’s recommendation with 35 cycles. M3 protocol: 35 cycle and longer denaturation
and extension steps.

tion coverage ofmore than 30× is implemented (Table 3). If
by position coverage of more than 10× is considered, only
three samples analyzed with M3 (9.7%) have less than 15%
of the recovered mtDNA-CR, and in 41.9% of the samples
analyzed with M3, more than 85% of the mtDNA-CR was
recovered (Table 3).

3.1.3 Data authentication: percentage of
damaged reads

To ascertain whether the better results obtained with the
M2 and particularly with the M3 protocols are not biased

by the amplification of modern human DNA contami-
nant, the percentage of damaged reads (calculated without
duplicate reads) was computed, and the results compared
with that obtained for the reference samples.
Table 4 presents the results of mean, minimum, and

maximum values of the percentage of damage reads
obtained for present day and 20th century reference
samples, for which around 100% of mtDNA-CR was recov-
ered. In accordance with the results for the reference
samples, ancient samples are expected to present dam-
age values higher than the maximum value reported
for present-day samples. Moreover, attending to the
value obtained for 20th century reference samples, the
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VINUEZA-ESPINOSA et al. 1429

TABLE 3 Number and percentage of samples used in phase 2
with sequence results for less than 15% and for more than 85% of the
mitochondrial DNA control region (mtDNA-CR).

Number of
samples (%) with
mtDNA-CR
recovered ≤15%

Number of
samples (%) with
mtDNA-CR
recovered ≥85%

M2 M3 M2 M3
By position coverage of
more than 30×

15 (48) 8 (25.8) 3 (9.7) 7 (22.6)

By position coverage of
more than 10×

11 (35.5) 3 (9.7) 8 (25.8) 13 (41.9)

Note: M2 protocol: manufacturer’s recommendation with 35 cycles. M3
protocol: 35 cycle and longer denaturation and extension steps.

percentage of damaged reads would be higher than
20%. However, a small deviation can be observed if
the percentage of mtDNA-CR recovered is very low,
because the probability of damage is not uniform in the
mtDNA-CR.
Considering the six samples that provide resultswith the

three library protocols (Table 5), it is observed that the per-
centage of damaged reads does not indicate any reduction
in damage with the change of protocol between M2 and
M3.
If samples included in phase 2 were considered (M2 and

M3, Table S1), it is evidenced that in some samples, such
as 26 and 27, the recovered fraction is so low that the per-
centage of damage cannot be ascertained with confidence.
Thus, considering samples with a percentage of recovered
mtDNA-CR higher than 15% and sequenced using M2 and
M3, the damage values are similar in both methods with
values consistent with ancient samples (the exceptions of
samples 28 and 30 will be discussed later).

3.2 Experimental phase 3: samples
sequenced with M3

3.2.1 Percentage of genetic information
recovered

Table S2 displays results for the 41 samples included in
phase 3. All the librarieswere considered valid for sequenc-
ing. In 31 (75.6%) and 17 samples (41.5%), respectively, more
than 48% and 85% of the mtDNA-CR were recovered with
a by position coverage higher than 10×. Moreover, the
sequence results represent less than 15% of themtDNA-CR
in only 7 (17%) samples.
The genetic information obtained by amplicon, consid-

ering a by position coverage higher than 10×, is displayed

by sample in Table S3. Figure 3 presents the percent-
age of samples with an mtDNA by amplicon recovery
higher than 85%. Amplicons 2, 3, and 8 present the worst
results, being recovered in less than 50% of the samples,
whereas amplicons 1, 4, and 5 present the best results,
being recovered almost totally in more than 70% of the
samples.

3.2.2 Comparison of call variant and mixed
bases between in-house pipeline and
GeneMarker HTS

Table S2 displays call variant and mixed bases by sample
obtained with the in-house pipeline (which excludes
duplicate reads) and GeneMarker HTS. Call variant was
performed only for samples with a minimum mtDNA-
CR recovery of 15% considering positions with more
than 10 reads (calculated using data generated with the
in-house pipeline). A mixed base threshold of 30% was
considered.
As can be observed, there are positions that are called

with the in-house pipeline and not with GeneMarker HTS
or vice versa. As for fixed positions, in all cases, the discor-
dance is related to the fact that the region of the variant
was not recovered in sufficient quality and coverage depth
(minimum 10 reads) implemented in the specific instru-
ment of analysis. In this sense, the GeneMarker HTS can
call more fixed variants than the in-house pipeline because
the variant call was performed with duplicates. For mixed
base positions, the opposite trend is observed, whereby
the in-house pipeline can call more mixed base positions
(14) than the GeneMarker HTS (4). The discrepancies
observed are related with the fact that if no duplicates
are included, the retrieved sequence represents original
molecules in the sample, and the results are not biased by
the fact that some molecules can be preferentially ampli-
fied during PCR. Hence, the in-house pipeline appears
to be more efficient at detecting sample mixtures or
contamination.

3.2.3 Sample contamination: molecular
damage and mixed bases

Considering the limits ofmolecular damage established for
the reference samples, from the samples sequenced with
M3 and with a recovery higher than 15% of the mtDNA-CR
(Table S2 for detailed data), three samples (Table 6) have
a lower percentage of damaged reads than those expected
for ancient samples.
Regarding mixed bases (see Table S2 for detailed data),

most samples have no position or only one, but there
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1430 VINUEZA-ESPINOSA et al.

TABLE 4 Results of mean and 95% confidence interval (CI), minimum, and maximum values of the percentage of damage reads
obtained for present day and 20th century reference samples.

Reference samples N Mean (95% CI) Minimum Maximum
20th century 18 33.21 (29.22–37.21) 20.73 45.08
Present day 12 2.75 (2.16–3.35) 1.46 4.08

0 10 20 30 40 50 60 70 80

Amplicon 1: 16013-16126

Amplicon 2: 16116-16225

Amplicon 3: 16223-16408

Amplicon 4: 16387-16486

Amplicon 5: 16474-30

Amplicon 6: 16555-152

Amplicon 7: 136-257

Amplicon 8: 246-364

Amplicon 9: 342-436

Amplicon 10: 429-592

% of samples with a mtDNA by amplicon recover > 85%

F IGURE 3 Percentage of samples with mitochondrial DNA (mtDNA) recovery higher than 85% by amplicon.

TABLE 5 Percentage of damaged reads recovered in samples
used in experimental phase 1 that provide sequence results for the
different methods used in library amplification (M1, M2, and M3).

Sample M1 M2 M3
1 35.47 22.39 23.60
4 16.75a 20.05 19.31
7 20.45a 22.27 20.40
15 18.75a 21.65 21.63
16 20.83a 34.78a 23.86a

17 13.56 18.68 21.15

Note: M1 protocol: manufacturer’s recommendation. M2 protocol: manufac-
turer’s recommendation with 35 cycles. M3 protocol: 35 cycle and longer
denaturation and extension steps.
aExperiments in which less than 15% of themitochondrial DNA control region
(mtDNA-CR) was recovered.

are two samples that present several mixed base positions
(Table 6).
The five samples detailed in Table 6 do not provide

authentic results, and detection was possible by combin-
ing two different strategies: the presence of molecular
damage in ancient samples and the mixed base compo-
sition detected after excluding duplicate reads. Samples
19 and 21 present a high percentage of damaged reads,

but the high level of mixed bases indicates a mixed pro-
file, which is evidenced on observation of the alignment
with IGV. In contrast, 28, 30, and 40 present very good
alignment without mixed bases, but the percentage of
damage is too low, indicating that the sample was con-
taminated by modern DNA and that it was preferentially
recovered.

4 DISCUSSION

Previous studies have documented the effectiveness of
using NGS for genetic identification of degraded human
skeletal remains [38–40]. Most of these have reported an
increase in the recovery of genetic information as the
NGS technique usesmore sensitive and robust commercial
kits.
In this study, we tested the recovery of the mtDNA-

CR by NGS from a wide range of archaeological samples
(5500 BP–20th century) using the PowerSeq CRM Nested
System kit. The results show that it is possible to recover
more than 85% of the mtDNA-CR from ancient human
skeletal remains. However, somemodifications to the PCR
conditions were necessary to obtain successful results. We
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TABLE 6 Samples with several mixed bases or with a low percentage of damaged reads.

Sample
ID

Chronology and
skeletal remains

Mapped reads
without duplicate
(Q > 30)

% mtDNA-CR
recovered (10×
positions)

Damaged
reads

% Damaged read
(damaged
reads/mapped reads
without duplicates)

No. of mixed
bases in-
house/GeneMarker
HTS

19 5500 BP; metatarsal 796 88.40 320 40.20 4/1
21 5th BC; petrous 14 761 49.00 2932 19.86 3/1
28 16th century;

phalanx
20 482 63.27 1662 8.11 0/0

30 20th century;
dental pulp

9214 96.24 649 7.04 0/0

41 19th century; radius 6799 48.50 482 7.09 1/0

evaluated three protocols: M1 (manufacturer’s recommen-
dations), M2 (manufacturer’s recommendations with 35
cycles), and M3 (also 35 cycles, and longer denaturation
and extension steps). M3 proved to be the best proto-
col with the highest percentage recovery of mtDNA-CR.
The DNA from aged or degraded tissue is often highly
fragmented due to autolysis, bacterial degradation, and
spontaneous depurination (patterns of molecular dam-
age). This fragmentation severely reduces the efficiency of
PCR. However, as in the present study, it has been demon-
strated that the slight increase in the number of cycles (no
more than 35 cycles), and longer denaturation and exten-
sion steps (15–60 s), enables full-length polymerization and
good DNA yields [41].
In the forensic context, mtDNA-CR typing is based on

the production of PCR libraries from previously ampli-
fied products of mtDNA-CR by NGS. The library is usually
prepared in two steps: The first is the amplification of spe-
cific regions (HVS-I, HVS-II, or HVS-III), and the second
is library preparation (addition and indexing of adapters)
[42–44]. In our study, we obtained good results for the
mtDNA-CR with the amplification and library prepara-
tion of 10 amplicons spanning the whole mtDNA-CR in
just one PCR step, thus avoiding many steps and decreas-
ing the risk of contamination. The results showed that
the M3 protocol was more successful at retrieving the
10 amplicons than the other protocols. However, ampli-
cons 2, 3, and 8 yield poor results in half of the samples.
Amplicon 3 (spanning region from 16 223 to 16 408) is the
largest, and its poor results could be partly related to its
size. As for amplicons 2 and 8, both are of a similar size
of around 120 bp, and their failure cannot be attributed
to size. Holland et al. [19] identified potential molecular
damage hotspots across the mtDNA-CR and amplicons 2
and 3 accumulate, respectively, 4 and 7 damage hotspots,
and some of these are located in primer binding sites.
Thus, it is possible that molecular damage could impair
the number of DNAmolecules and could also limit primer
binding,whichwould produce low coverage or the absence

of results for these regions. Moreover, homopolymeric C-
stretch regions located at nucleotide positions 16 184–16 193
(amplicon 2) in HVI and at positions 303–315 in HVII
(amplicon 8) are highly prone to present heteroplasmy
produced by the insertion/deletion of cytosines [45]. The
presence of homopolymeric C-stretch generates low qual-
ity reads, reducing the number of reads that pass quality
filters, and the alignment of these regions is usually poor
[46, 47]. Accordingly, the low performance of amplicons 2
and 8 can also be related to homopolymeric C-stretch.
Although molecular damage can impair PCR and

sequencing results, its presence can be used to authen-
ticate results obtained [24] when changing the PCR
protocol. As has been demonstrated previously [19, 24],
modern DNA has no damage or a low level of molecular
damage, whereas ancient samples accumulate molecular
damage. Our results for the percentage of molecular
damage for reference samples agree with previous publi-
cations, and we were able to establish limits of damage
to evaluate our results. The levels of molecular damage
do not change in samples sequenced using M1, M2, and
M3, and neither do they in samples analyzed for both M2
and M3, indicating that the proposed PCR conditions do
not change the percentage of damaged molecules that
were amplified. As we excluded PCR duplicates from
the analyses, we can ascertain the proportion of original
molecules that present damage and that were amplified
in relation to the ones that do not present damage. As
a whole, the results indicate that changes in protocol
do not potentiate the amplification of non-damaged
molecules.
Concerning the detection of contamination, our results

suggest that a holistic approach is required to authenticate
the results, and that both the number of mixed bases and
the percentage of damaged reads must be implemented
and only reads without duplicates should be included in
the analysis.
Regarding the analysis tools used to determine the vari-

ants or haplotypes from each library generated, we found
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strong concordance of variants between both GeneMarker
HTS software and the in-house pipeline. However, the
GeneMarker HTS software does not estimate the per-
centage of reads with molecular damage. This parameter
should be evaluated for all highly degraded samples as
it indicates and confirms the recovery of degraded DNA
as opposed to possible contamination of modern DNA
[19]. The mixed bases were reported in both. However, the
in-house pipeline determined more variant mixtures than
the GeneMarker HTS software. This could be due to the
differences in the analysis workflow of the GeneMarker
HTS software, as mixed bases are not reported when
there is a disequilibrium between the base in forward
and reverse sequence and because duplicate reads were
added to the analysis. An advantage of both analysis tools
is that both can mitigate sequencing errors, excluding
the coordinates of the primer binding sites, avoiding
overlapping regions, and providing only the informative
sequence.
To summarize, the comparison of three NGS proto-

cols analyzed in this study showed how successful the
M3 protocol is at recovering the whole mtDNA-CR from
highly degraded skeletal samples of different chronologies
to solve maternal kinship cases in a forensic context or for
population studies. There are advantages of using the Pow-
erSeq CRM Nested System kit based on a single-multiplex
PCR reaction as it substantially reduces the workload
and decreases the risk of cross-contamination, as well
as time and costs. Our freely available in-house pipeline
can provide variants concordant with the forensic soft-
ware. Finally, unlike the GeneMarker HTS software, it can
confirm and quantify the molecular damage of degraded
DNA.
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