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ARTICLE INFO ABSTRACT

Keywords: The use of Massive Parallel Sequencing (MPS) techniques have been proposed by the forensic community as an
Massive parallel sequencing alternative to Sanger sequencing methods in routine forensic casework analysis regarding mitochondrial DNA
mtDNA (mtDNA). Interesting features of MPS include high throughput, ability to simultaneously genotype a significant
Brazil

number of samples by barcoding techniques, processing automation, reduced time and costs, among others.
Advantages include the capability of generating full mtDNA genome sequences versus usual techniques, usually
limited to hypervariable or control regions exclusively. In this work, 96 reference single-source samples from
three different Brazilian cities were subjected to full mtDNA genome sequencing by MPS techniques using an
early-access version of Precision ID mtDNA Whole Genome Panel on an Ion Torrent PGM platform (Thermo
Fisher Scientific, Waltham, MA, USA). Complete, high-quality sequences were obtained and sequencing per-
formance was evaluated via four different metrics. As a subset of evaluated samples have been previously
submitted for Sanger sequencing of the control region, a comparative analysis of both methods’ results was
conducted in order to compare technique adequacy within a forensic context. Even though this study is one of
the first to report full mtDNA genome sequences for Brazilian admixed populations, the observed haplotypes
exhibit a predominance of Native American and African maternal lineages in the studied sample set, reproducing
results described in the literature for control regions only. Interpopulation analysis among Brazilian and 26
worldwide populations was also carried out. The results indicate that MPS-generated full mtDNA genome se-
quences may have great utility in forensic real casework applications, with a pronounced gain of genetic in-
formation and discrimination power provided by coding region evaluation and the enhanced capacity of het-
eroplasmies determination. Database construction and other relevant factors concerning implementation of such
techniques in Brazilian forensic laboratories are also discussed.

Mitochondrial haplotypes
Mitochondrial full genome
Forensic

Next generation sequencing

1. Introduction

The investigative use of mitochondrial DNA (mtDNA) genome se-
quencing has been widely employed worldwide in forensic laboratories,
especially in cases involving biological evidence presenting critical
conditions, including extremely low quantities, high degradation levels
or ancient DNA, where short tandem repeat (STR) analysis might have
limited efficiency [1]. Owing to the fact that human cells have multiple
mtDNA genome copies, generally surpassing nuclear DNA quantities by

a factor of thousands, evaluation of maternal lineage markers is
sometimes the only possible technical approach to obtain genetic in-
formation from biological evidence [2]. However, limitations to this
method include a lower individualization power compared to auto-
somal markers, taking into consideration individuals from a single
maternal ancestry line may share a unique DNA haplotype. The usual
analytical approach to forensic mtDNA analysis consists of Sanger se-
quencing (SS) capillary electrophoresis (CE) applications, aimed at
identifying nucleotide polymorphism events in any of the three highly
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variable regions comprising most nucleotide polymorphisms, located
inside a non-coding portion of the mitochondrial genome close to the
replication origin, called the control region (CR) [3]. Hyper-variable
regions I and II (HV-I and HV-II, respectively) encompass most of the
individual variation among samples, even those belonging to the same
haplotype, and as such are considered the most informative region of
the mtDNA genome [4]. However, its complete sequence comprises
over 16k base pairs, and "75% of total reported polymorphic variants
are observed in nucleotide positions located in the coding region,
usually not included in forensic mtDNA examination based on limita-
tions inherent to SS applications [5,6].

Massive Parallel Sequencing (MPS) applications have been proposed
in order to circumvent SS and CE technical restrictions in mtDNA full-
genome analysis [7]. As a consequence of its high-throughput capacity
and workflow automation solutions, this technique is able to provide
simultaneous sequencing of a large number of samples through bar-
coding use with consequent reduced analysis time and significant gains
in efficiency and the amount of information obtained from a criminal
sample [7]. Efficient MPS of full mtDNA genomes has been achieved
with various experimental designs [8-14]. However, it has been put
forth that panel designs for forensic applications should account for the
possibility of high degradation levels presented by certain forensic
samples [15]. Therefore, among proposed solutions is the use of a large
number of smaller amplicons, an analytical strategy which should
provide efficient amplification of degraded DNA. The Precision ID
mtDNA Whole Genome Panel (Thermo Fisher Scientific, Waltham, MA,
USA) commercial solution offers simultaneous amplification of 162
small, overlapping amplicons comprising a full mtDNA genome. It was
designed to generate small-sized amplicons and successfully allow
processing of highly degraded, low-input and other challenging forensic
samples. Validation studies show that robust, sensitive, efficient and
reliable typing of forensic samples can be accomplished with different
versions of this product, allowing its use in forensic individual identi-
fication or parentage testing [5,15-17].

The modern Brazilian population features a high degree of genetic
admixture, products of recurrent miscegenation processes occurring
throughout national history [18,19]. European (EUR) settler (from the
Iberian Peninsula mainly) influx has occurred since the XVI century,
with a notable gender bias toward masculine contributions. Such mi-
grant men have interbred with local Native American (NA) populations,
especially during the initial colonization phases. Later in Brazilian
history, the slavery work force (then widely accepted in Portuguese
society) adoption motivated forced transport of large contingents of
African (AFR) individuals, with special relevance of Western African
Portuguese colonies, settlements or commercial outposts (mostly lo-
cated in Western Africa, with some minor Eastern Africa participation).
Late migratory processes took place in the 19" and 20 centuries, as
governmental policies for territory occupation and national economic
growth promoted arrival of significant amounts of Asian (essentially
from Japan and Mid-Western countries, as Lebanon and Syria, part of
the then-existing Ottoman Empire) and Central and Southern European
(predominantly Germans, Italians, Portuguese and Spaniards) in-
dividuals. Such diverse biogeographical groups shaped the current
Brazilian population, forging a genetic and culturally diverse, highly
admixed and multiethnic country [20].

The significant Brazilian territorial extension was consolidated
through several distinct inland migratory flows, with expansion from
coastal areas to continental interior direction following distinct patterns
in spatial or temporal territorial occupancy. Multidirectional in-
trogression was guided by social and historical conditions, which sig-
nificantly varied for each distinct geographical region [20]. As a result
of heterogeneous migratory flow dynamics, ethnic composition of re-
gional or local groups may display distinct proportions of parental
populations contribution (NA, EUR and AFR) among geopolitical re-
gions. [21]. This phenomenon can be noticed from a genetic standpoint,
but is also evidenced through contrasting individual self-declared
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ethnic or ancestry ratios among regional groups, with a relatively
higher NA and AFR influence in Northern and Northeastern Brazil, re-
spectively, while Southern Brazil exhibits a prevalent EUR ancestry
[22]. Parental lineage markers clearly display a more markedly asym-
metrical distribution of ancestral populations contribution to the cur-
rent genetic pool [23-25]. Historical and cultural factors motivating
admixture mechanisms in Brazil yielded current overall preponderance
of the EUR Y-chromosome paternal contribution in contrast to pre-
dominance of AFR and NA mitochondrial DNA (mtDNA) maternal
lineages [23-25], even when regional idiosyncrasies are considered.

In this work, an evaluation of Precision ID mtDNA Whole Genome
Panel sequencing efficiency in 96 Brazilian samples was put forth. This
commercially available product was designed for forensic (among
other) applications, and the present analysis discusses not only tech-
nical considerations (including sequence performance) related to the
product, but also some aspects involving convenience in this commer-
cial solution adoption by Brazilian forensic laboratories. A comparative
analysis with the current widely used mtDNA technique in Brazil (SS
followed by CE of mitochondrial HVRs or CR) is also presented. The
current work has a strict focus on single-source reference samples for
the Brazilian population. Adoption of proposed analytical alternatives
in current forensic casework also demands protocol validation with real
evidence obtained from crime scenes. Several studies [5,15-17,26]
have already evaluated present commercial solution (as well as pos-
terior versions of the same product) efficiency in mock or real forensic
cases with remarkable success. Some particular issues intrinsically
linked to the very nature of biological evidence in criminal DNA ana-
lysis have also been addressed by several research groups regarding
mtDNA evaluation, as mixture occurrence or samples presenting highly
degraded DNA or DNA template low-copy numbers [5,15-17,26]. The
reported results suggest this panel is a viable alternative for forensic
mtDNA full-genome sequencing, with reliability and efficiency in ac-
cordance with forensic quality standards.

2. Materials and methods
2.1. Ethical statement

DNA samples included in the present study were obtained from
voluntary adults following written informed consent. All selected sub-
jects are part of a research-purposed human samples biobank available
in PUC/RS comprised of Brazilian samples. This work was approved by
the Pontifical Catholic University of Rio Grande do Sul Institutional
Review Board under CAAE 52113715.9.0000.5336 number, and fol-
lows the ethical principles stated in the Helsinki Declaration [27] of the
World Medical Association.

2.2. Samples description

Oral swabs or peripheral blood were obtained from 96 unrelated
volunteer donors from three different Brazilian cities located in distinct
geopolitical regions. Subjects from Porto Alegre (Southern Brazil,
n = 9), Rio de Janeiro (Southeastern Brazil, n = 3) and Distrito Federal
(Center-Western Brazil, n = 84) were evaluated. Sample size for in-
dividuals from Distrito Federal was chosen to be larger than other re-
gions based on specific features presented by this population [22].
Besides, this particular sample set from Distrito Federal was thoroughly
investigated for a significant number of genetic markers [23,28-30],
including a series of forensically relevant polymorphisms, and therefore
can be used for a comprehensive characterization of Brazilian genetic
complexion. Aiming to contrast sequencing performance and forensic-
focused data analysis between gold standard techniques (Sanger
method) and MPS results, our sample set includes 65 individuals from
Distrito Federal (of a total of 84) who had their mtDNA genome CR
sequences described in a precedent report [28].
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2.3. DNA extraction and quantitation

Total DNA was extracted using the automated platform Automate
Express Forensic DNA Extraction System (Thermo Fisher Scientific Inc.)
with the Prepfiler Automated Forensic DNA Extraction System (Thermo
Fisher Scientific Inc.), or manually via the DNA IQ System (Promega
Corp., Madison, WI, USA). Autosomal DNA was quantified with the
Quantifiler Human DNA Quantification Kit (Thermo Fisher Scientific
Inc.) on a 7500 Real-Time PCR System (Thermo Fisher Scientific Inc.).
MtDNA quantities were estimated using a 1:100 genomic to mi-
tochondrial DNA copies ratio according to the product manual. All
procedures followed the manufacturer’s instructions.

2.4. Library preparation, emulsion PCR, and sequencing

DNA libraries were constructed using the Ion AmpliSeq Library Kit
2.0 (Thermo Fisher Scientific Inc.) combined with an early-access ver-
sion of Precision ID mtDNA Whole Genome Panel (Thermo Fisher
Scientific Inc.) v.2.2 following the manufacturer’s suggested protocol
(Early Access Ampliseq Mitochondrial Sequencing User Manual, May
2015 Revision), applying the suggested Conservative Library
Preparation Method. Briefly, PCR amplification was performed in two
different reactions per sample, each one using 5uL of Ion Precision
primer pool A or B (Mitochondrial Sequencing Panel) at a final volume
of 10 pL containing 1 ng of template DNA and 2 puL of 5x Ion AmpliSeq
HiFi Mix. Total reaction volumes were adjusted with nuclease-free
water. PCR was performed in a Veriti 96-well Thermal Cycler (Thermo
Fisher Scientific Inc.) under the following conditions: enzyme activa-
tion for 2min at 99 °C, 21 cycles of 15s at 99 °C and 4 min at 60 °C
followed by a 10 °C hold. At this point, both amplified mitochondrial
PCR reactions for each sample were combined in a single 20 uL pool,
where PCR amplicons were partially digested with 2 uL. FuPa reagent
following incubation at 50 °C for 10 min, 55 °C for 10 min and 60 °C for
20 min, all followed by a 1h hold at 10 °C. Adaptor ligation to the li-
braries was executed according to the manufacturer’s instructions using
different barcodes for each sample in a single run (Ion Xpress Barcode
Adaptors 1-96 Kit or IonCode Barcode Adapters 1-384 Kit) (Thermo
Fisher Scientific Inc.), and the resultant products were purified manu-
ally with Agencourt AMPure XP reagents (Beckman Coulter Inc., Brea,
CA, USA) along with a DynaMag 96-Side Magnetic Rack according to
the manufacturer’s protocol. After purification, libraries were quanti-
fied employing a 7500 Real-Time PCR System (Thermo Fisher Scientific
Inc.) with the Ion Library TagMan™ Quantitation Kit (Thermo Fisher
Scientific Inc.) as described in product manual. Libraries were pooled to
a final concentration of 20 pM. Emulsion PCR (emPCR) was carried out
on the Ion OneTouch 2 instrument (Thermo Fisher Scientific Inc.) with
the Ion PGM Hi-Q Template Kit (Thermo Fisher Scientific Inc.) fol-
lowing the manufacturer’s protocol (Ion PGM Hi-Q Template Kit,
Revision A.0). The emPCR products were enriched on the Ion OneTouch
Enrichment System (Thermo Fisher Scientific Inc.). A final volume of
30l was loaded per chip. Sequencing was performed on the Ion
Torrent PGM™ (Thermo Fisher Scientific Inc.) Sequencer with the Ion
PGM Hi-Q Sequencing Kit (Thermo Fisher Scientific Inc.) following the
manufacturer’s instructions (Ion PGM Hi-Q Sequencing Kit, Revision
B.0) and using Ion 318 Chip Kit v2 (Thermo Fisher Scientific Inc.).
Positive and negative controls were evaluated in this study with the
results also utilized for internal validation of reagents. A total of three
chips were used in distinct runs for complete sample-set genotyping.

2.5. Data analysis and mtDNA haplogrouping

Sequencing data were analyzed using the Torrent Suite Software
v5.0 (Thermo Fisher). A modified version of the Revised Cambridge
reference sequence (rCRS+ 80, based on Genbank NC_012920.1) [31],
including repetition of the first 80 nucleotides at the mtDNA sequence
end, was employed as reference genome data for alignment. The
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number of mapped reads was calculated by the Torrent Coverage
Analysis v5.0 plugin (Thermo Fisher Scientific Inc.). Individual differ-
ences from the reference sequences were defined as called by Ion Tor-
rent Variant Caller v5.0.0.7 plugin with the target regions file
(rCRS_plus_80nts_mt _targets) and no designated hotspot regions file
under default analysis settings. Minimum read number was set for six
reads per base position. As the plugins used did not follow current
nomenclature adopted by the forensic community [32-34], corrections
were applied to variant reports, including revisions of the proposed
alignment in identified polymorphisms (where differences from the
reference sequence were aligned as close to the 3" end of DNA as pos-
sible, rather than the usually reported 5™-end placement obtained with
the employed plugins). MtDNA sequences were independently reviewed
by two different collaborators through BAM file visualization with IGV
(Integrative Genomes Viewer v2.3.80) software [35] and manual cor-
rections were applied. mtDNA haplogroups were determined using
Haplogrep 2 v2.1.13 [36] according to mtDNA phylotree Build 17
(available online at http://www.phylotree.org/) [37] and confirmed
through EMPOP database v4/R11 [38]. The identified length hetero-
plasmies were not reported. Point heteroplasmy threshold was set to
15%, and variants above this number were reported in the final results.
Sequence quality control was performed by EMPOP tools [38], and the
generated data was submitted to the EMPOP database as rCRS varia-
tions, deposited under reference number EMP00750.

2.6. Sequencing performance and statistical data analysis

Precision ID mtDNA Whole Genome Panel sequencing performance
was evaluated with four different statistical parameters: Read Depth
(RD), equivalent to obtained number of reads per amplicon; Amplicon
Balance (AB), which assesses individual amplification efficiency and is
calculated as the number of reads for each amplicon, divided by the
mean RD of all amplicons, per sample; Strand Balance (SB) that mea-
sures the balance between forward and reverse reads and was calcu-
lated as follows: most prevalent strand read number (forward or re-
verse) was divided by total read number for allele reads only. Expected
values indicating no strand bias was equal to 0.5. The results are pre-
sented as deviations from this ideal value. Noise Level (NL) represents
the amount of unspecific base call, calculated as the ratio of non-allele
calls at a nucleotide position divided by total number of reads at that
same nucleotide position. SB and NL were evaluated for reported var-
iants only. Statistical evaluation of read-depth differences among dis-
tinct amplicons or primer pools was executed using Microsoft Excel
2016 (Microsoft Corporation, Redmond, USA) or R statistical packages.
Additional information on the employed formulae is provided in
Supplementary Material M1.

2.7. Interpopulation analysis

Haplotype frequencies, molecular diversity indices and other re-
levant population parameters were calculated for the sample set in
question using Arlequin v3.5.2.2 [39] software. The same program was
made use of to perform Analysis of Molecular Variance (AMOVA) and
pairwise Fgr testing among Brazilian population and 26 worldwide
populations. Populations employed in the present study were obtained
from the 1000 Genomes Project (1kGP - Phase 3; available online at
http://www.internationalgenome.org/data/) as VCF variant files [40].
Samples with previously described parental or fraternal relations
sharing a unique haplotype had only one individual from each familial
group included in this study. Variants were converted to full mitose-
quence FASTA files using Haplogrep 2 online software, and realigned
against the Brazilian sample set using MAFFT v7 multiple sequence
online alignment tool (available online at https://mafft.cbre.jp/
alignment/server/) under standard parameters [41]. Multi-
dimensional Scaling Analysis (MDS) based on pairwise Fsr distances
was executed using IBM SPSS Statistics Software v.17.0 (IBM Analytics
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o Fig. 1. Read Depth heat map of 162 amplicons included in
Precision ID mtDNA Whole Genome Panel for 96 Brazilian
samples. Samples were arranged (top to bottom) according to
mean number of reads for all amplicons, in ascending order.
Amplicons are distributed (left to right) in same order as
mtDNA genome covered region (as displayed in
Supplementary Table S2).
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Inc., Chicago, USA). Populations used in this study, their metadata and
employed abbreviations are detailed in Supplementary Table S1. Pair-
wise Fgr distances using Brazilian and worldwide data were also uti-
lized to build cladogram graphics using the Molecular Evolutionary
Genetics Analysis v7.0 (MEGA v.7.0) software [42], applying Neighbor-
Joining (N-J) methods.

3. Results

The Precision ID mtDNA Whole Genome Panel was successfully
used to generate full genome sequences for 96 Brazilian samples from
three different cities located in distinct geopolitical regions. This com-
mercial kit comprises 162 primer pairs amplified in two distinct mul-
tiplex reactions (A and B pools), generating a series of short, over-
lapping mtDNA amplicons covering the full mitochondrial genome.
Supplementary Table S2 details mtDNA regions associated with each
amplicon. Such a sequencing strategy has been demonstrated to be
useful for successful amplification of ancient, highly degraded, mixed
and other challenging forensic samples [5,15-17,26]. Therefore, the
present kit was designed to properly handle critical or difficult forensic
samples, although such an approach may be fraught with setbacks
particularly related to nonspecific amplification and detection of nu-
clear copies of mtDNA sequences (also known as numts) [6,15,43,44].
The obtained results show an average amplicon size for all amplicons
equivalent to 105 bp. Brazilian population haplotype distribution and
frequencies, as well as other relevant descriptive indices connected with
forensic applications of mtDNA analysis and sequencing performance,
were investigated in the present study in order to assess distribution of
mtDNA haplotype frequencies for the Brazilian population and evaluate
the adequacy of the present panel introduction in Brazilian routine
forensic casework.

3.1. MPS mtDNA sequencing performance

In order to properly assess sequencing efficiency using Precision ID
mtDNA Whole Genome Panel, a series of analytical metrics were em-
ployed as described in the Material and Methods section. All samples in
the present study were genotyped through Ion PGM Sequencer, em-
ploying native data interpretation solutions provided by the manu-
facturer. The Variant Caller plugin was the main pipeline for data
calling. Additionally, the Coverage Analysis plugin was utilized to ac-
cess or calculate sequencing performance metrics for all genotyping
procedures. As the maximum number of samples suggested by the
manufacturer in a single run is smaller than total investigated sample
size, all 96 samples were analyzed in three independent runs along with
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other samples not included in this study, totaling no more than 48
samples per chip. Data regarding each individual experiment is pre-
sented in Supplementary Table S3. The best results were observed for
chip mt3, where the slightly smaller number of samples included in the
run and superior number of usable reads resulted in improved overall
mean depth per sample. The number of usable reads obtained in first
two experiments was severely affected by an unusually high polyclonal
ISPs ratio, which was later corrected during the third run’s execution.
Performance improvements were achieved by using freshly opened
reagents in library purification and ISP enrichment steps. In order to
assess technique reproducibility, two specific samples were included in
all three runs, and the resulting sequences showed no differences in
sequence obtained for these samples across all three distinct experi-
ments. In a similar manner, the employed positive controls also dis-
played complete concordance for all three distinct runs with reference
sequences. Considering overall sequencing performance, features pre-
sented by control samples were found to be similar to other Brazilian
samples, including read depth and other relevant elements.

3.1.1. Amplicon-based metrics evaluation

For the adopted protocol, inclusion of 48 samples in a single run
using 318v2 model chips is proposed to ensure a mean depth of at least
400x per locus. Despite that, mean depth per sample ranged from 40x to
2,587x, with an average value of 430x (s.d. 392x), which can be con-
sidered satisfactory for reliable genotyping of single-source reference
samples, where the proposed depth of as low as 10 reads might be
considered sufficient for genotype determination [17]. Similar mean
depth results were obtained with the same commercial kit for heat
degraded samples [5], suggesting reliable use of real forensic casework
evidence might be possible. Still, regarding RD metrics, when mean
read depth is evaluated per amplicon instead of on a per sample basis,
the observed values vary from 91x to 1032x, with average values of
430x (s.d. 185x). Supplementary Figure S1 depicts the mean read depth
results obtained for each individual amplicon. This significant variance
in amplification performance for different primer pairs has been pre-
viously reported, and was demonstrated to be sequence-dependent,
where high CG content or homopolymeric regions performed com-
paratively worse than other regions [5]. Fig. 1 illustrates a heat map
graphical representation of the complete sample set’s (96 individuals)
number of reads for each evaluated amplicon. Differences in RD values
can be easily observed among distinct samples (depicted with hor-
izontal lines), and relative amplification performance of each amplicon
(vertically represented) can also be evaluated. Low-performance re-
gions and amplicons, identified with vertical lines featuring lighter
color shades, display smaller RD numbers, and detected variation
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roughly reproduces results obtained with this reagent by other research
groups [5,6,15-17,45]. To further explore these findings, less efficient
amplicons were characterized using a previously proposed value of
100x for average read depth as a threshold for low-performing ampli-
cons [5]. In our analysis, only three amplicons were found to have
amplification levels under this value: amplicons mt 4, mt 101 and
mt_139. All three amplicons were reported as challenging, with the
former associated with inconsistencies during base calling across two
different MPS systems [6] and the latter two identified as endowed with
low amplification efficiency in previous studies [5,46]. It is important
to note that some samples present a peculiar checkerboard pattern, with
intercalated high and low depth values across the entire mtDNA
genome. This feature is explained by discrepancies in PCR efficiency
attained by the two different primer pools, A and B, employed, where
uneven amplification performance leads to higher RD values for am-
plicons included in a specific pool when compared to its counterpart.
This variation in efficacy between both pools comprising this kit have
been previously described [6], and it was even considered to be in-
strument-dependent (where different equipment models or manu-
facturers consistently display preferential amplification of pool A or B
in detriment of the other. However, even though variations between
both primer pool’s quality were observed for certain samples in our
results, no evidence of directional favoring of any of such pools was
noted (0.46 p-value on a two-tailed binomial test). Thus, observed
fluctuations in depth numbers may be explained by stochastic factors or
inconsistencies in library preparation, as this latter step was carried out
manually, considering no automation alternative was available in our
laboratory.

Concerning AB values, a simple visual exam of Fig. 1 and Supple-
mentary Fig. 1 allows for the conclusion that a significant variation in
PCR efficiency among amplicons is observed. Supplementary Fig. 2 (A
and B) presents AB values for all 162 amplicons, divided by primer pair
pools included in the kit (A and B, respectively). As shown in Supple-
mentary Fig. 2, AB median values for amplicons included in pool A
ranged from 0.18 at mt_7 and 2.6 at mt_135 amplicons. For pool B, this
statistic varies from 0.16 at mt_116 amplicon to 1.8 at mt_132. The
overall average of AB values for each sample, considering all 162 am-
plicons, is 1.00. Thirty-one amplicons in total (mt_7, 11, 13, 35, 71,
103, 107, 143 and 161 for pool A and mt_2, 4, 10, 32, 40, 48, 50, 52, 56,
78, 80, 102, 104, 112, 114, 116, 118, 120, 122, 124, 126 and 154)
exhibited poor AB performance with values under the 0.50 threshold,
meaning the number of reads for these 31 regions are below half the
average RD per sample. This low performance issue is minimized by
overlapping design of primers included in both pools, where sequences
located in both extremities for underachieving amplicons can be par-
tially compensated by flanking amplicons in an alternative primer pool.
However, a specific region comprising amplicons mt_102 to mt_104
(bases 10481 to 10775 in rCRS) was found to be particularly challen-
ging as low RD values were obtained for tandem located amplicons.
Homopolymeric regions have been proposed as the main cause for
lower efficiency in Ion PGM and other platforms [14,45], possibly be-
cause of inaccurate flow-call and pH fluctuation detection in proton-
based systems. As no significant homopolymeric stretches are found in
this particular sequence, other causes might be implicated. Additional
factors, such as sample quality and G/C content, have been demon-
strated to have effects on base-calling accuracy [46], and some of them
might be directly impacting amplification efficiency in this particular
region. Therefore, a careful evaluation of suggested base calls and
meticulous interpretation of detected variants is particularly important
for regions described as problematic or demonstrating lower quality
results under this analytic protocol, especially in forensic cases where
critical biological evidence is involved, including challenging samples
presenting degraded or a low quantity of DNA. Efforts to achieve im-
provement in primer balance and efficiency might also be considered by
manufacturers in updated kit versions in order to obtain products sui-
table for reliable and trustworthy sequencing of mtDNA in real forensic
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casework.

3.1.2. Polymorphism-based metrics evaluation

Regarding SB results, overall performance of this panel was robust,
with 58% of amplicons (94 total) displaying SB median values under
the 0.1 threshold. However, roughly 14.2% (23 total) of primer pairs
resulted in amplified fragments where at least one identified variation
within such regions exhibits high imbalance, with observed SB median
values above 0.4. Supplementary Figure S3A depicts a boxplot re-
presentation of results obtained for SB values for all detected variants
identified in the evaluated samples organized by amplicon. Not only
median values exhibit high heterogeneity among amplicons, but also
variance presents a very broad distribution among amplicons (with
standard deviation values ranging from 0.011 to mt_133 to 0.242 to
mt_79 for amplicons with at least five variations detected for all sam-
ples). The impact of amplicons presenting low performance for SB
metrics in forensic cases may be significant, especially in distinguishing
real occurring variations in overlapped regions amplified by more than
a single primer pair. Base call errors have been reported as a con-
sequence of extreme strand imbalance, even though strand bias is
suggested to be inherent to DNA sequence properties [5]. Therefore,
visual analysis of BAM files for rCRS differences presenting significant
strand imbalance is important for evaluating if such observations are
real or an artifact originating from panel design. Finally, Supplemen-
tary Figure S3B exhibits NL measures distribution for all amplicons
containing variants in our sample set. Overall, NL can be considered
low with all median results under 5% noise-to-signal ratio. This result is
consistent with previous studies [5,6,15-17,45] and consistent with
high-quality demands involved in forensic DNA genotyping or se-
quencing. Only two amplicons (mt_15 and mt_86) presented median NL
levels greater than 4%. Noise reads can be resulting from sequencing
errors, polymerase errors in PCR, alignment mistakes and contamina-
tion by alternative DNA or numts sequences [17]. Analysis of NL not
only in these two particular regions, but for most of the observed in-
dividual variants with increased base miscalling ratios, indicates that
most of this problem is caused by the presence of nearby small or
medium-sized homopolymeric regions (presenting three- to six-nu-
cleotide stretches of a unique base) [17]. Even though a proportion of
this observation might be caused by real-length heteroplasmic events, it
is more likely that inaccurate flow-call or pH fluctuation detection, a
feature inherent to Ion PGM system technology, might be responsible,
at least partially, for reported NL. Visual inspection of BAM files al-
lowed for identification of a significant number of small sequences
(usually less than 40 nucleotides long) inside mtDNA, thereby pre-
senting high noise levels (not depicted in Supplementary Figure S3B as
such polymorphisms were not identified as rCRS variants) and usually
distributed in several different concentrated areas. Such regions, which
were found to be present in the same overall mtDNA locations
throughout all evaluated samples, are widely distributed all over the
mtDNA genome. Despite no specific assessments being performed to
fully characterize these regions, such polymorphisms are probably as-
sociated with autosomal numt sequences, which are also amplified
along with actual mtDNA as a consequence of a multiple, short, over-
lapping amplicon-sequencing strategy adopted in this panel. However,
our data analysis suggests that these deviant polymorphisms were
amplified (when compared to actual mitochondrial sequences) at a rate
insufficient to significantly affect automatic base-calling performed by
algorithms included in employed plugins. Previous works [6,15,43,44]
have posited alternative approaches to verify the presence of numts
impact in the present panel’s sequencing efficiency as employing
alignment of MPS sequences against the full human genome to confirm
numts amplification by this kit in nuclear DNA. However, the same
reports also indicate that numts co-amplification has a limited impact in
rCRS variant identification. Yet, special attention to such regions is
necessary when forensic samples are being evaluated, and this con-
siders that common occurrence of DNA mixtures, environmental
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contamination, low DNA quantity and/or quality or DNA degradation
levels can be mistakenly identified as numts or have its genetic features
marked or influenced by this very same numts presence in evaluated
samples. The results indicated that sequencing performance of the
Precision ID mtDNA Whole Genome Panel was usually favorable, with
accuracy, reproducibility and efficiency adequate for forensic applica-
tions. Certain problems observed in specific amplicons have, in a gen-
eral manner, no major influence in proper mtDNA full sequencing and
rCRS variant determination. However, questions that must be addressed
by the manufacturer include continuous development and revision of
plugins along with base-calling algorithms in order to provide reliable,
easy-to-use solutions that can be incorporated into analytical resources
available in forensic genetics laboratories. Analytical tools and com-
putational resources considering the nature of forensic analysis, in-
cluding but not limited to uncertain sample quality or conditions,
mixture occurrence, automation or need for high throughput and
idiosyncrasies related to forensic data reports need to be provided, in
order to maximize result reliability and facilitate data interpretation by
analysts.

3.2. Genetic diversity and mtDNA haplogroup distribution in a Brazilian
sample set

Successful full mtDNA genome sequencing was attained for 96
Brazilian individuals, and our experiment design showed that simulta-
neous amplification of a significant number of samples can be achieved
with barcoding strategies. The capability of concurrent analysis of
multiple sample can be a determining factor for technique adoption by
forensic laboratories as reports of casework backlog and high-
throughput needs are common [47]. Obtained haplotypes and hap-
logroups for all 96 samples are presented in Supplementary Table S4.
When considering all 96 obtained Brazilian full mtDNA genome se-
quences, 94 different sequences were found, though we observed two
distinct sample pairs presenting a shared, unique haplotype (belonging
to B2 and L2ala2c groups). The resulting haplotype diversity for all 96
samples is 0.9996 + 0.0016, which is shown to be slightly superior
than previously reported haplotype diversity for 306 individuals from
Distrito Federal [28] for CR sequence only, but significantly less vari-
able (0.9988 + 0.7471). The number of polymorphic sites for the
sample set is 737, with 668 transitions and 50 transversions observed.
Mean number of pairwise differences among samples is 57.65 = 25.12.
Table 1 presents coarse haplotype frequency distribution for all Brazi-
lian samples, including haplotype biogeographical origin. Complete
refined, low-clade haplotype classification for each sample is reported

Table 1
mtDNA coarse haplotype frequencies based on 96 full mtDNA genomes from
Brazilian population.

Coarse haplogroup Haplotype Observed Frequency (%)
classification Biogeographic Origin samples

A2 Native American 13 13.54
B2 Native American 5 5.21
C1 Native American 14 14.58
D Native American 5 5.21
H Indo-European 11 11.47
J1 Indo-European 1 1.04
K Indo-European 1 1.04
Lo African 2 2.08
L1 African 12 125
L2 African 12 12.5
L3 African 12 12.5
L4 African 1 1.04
M5 Asian 1 1.04
U Indo-European 4 4.17
Vo Indo-European 1 1.04
X2 Indo-European 1 1.04
Total - 96 100
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in Supplementary Table S4.

Table 1 presents coarse haplogroup frequencies found in 96 un-
related individuals from the Brazilian population. When considering
haplogroup frequencies in our sample set, the results obtained in this
study reflects the general distribution of maternal lineages in the Bra-
zilian population with a significant preponderance of AFR and NA
mitochondrial DNA [25,28,48-55]. A significant gender bias and con-
tribution imbalance has been reported for parental linages in the Bra-
zilian population caused by a peculiar and uneven presence of EUR
paternal lineages, along with elevated AFR and NA relative maternal
contribution [21,23-25]. The two more frequent coarse haplogroups
found in our experiment possess NA origin, specifically C1 (14.58%)
followed by A2 (13.54%). In total, samples with NA precedence com-
prise 38.54% of all Brazilian samples evaluated. Africa was found to be
the most frequent biogeographical origin of Brazilian maternal lineages,
with 40.62% of the complete sample set. The most common coarse
haplogroups of African ancestry were L1, L2 and L3, each with 12
identified samples. This finding agrees with historical events of the
African slave trade and forced introduction of individuals from this
continent in Brazil during the XVI and XIX centuries [54,55]. The re-
maining samples belong to groups with presumed biogeographical
origin from other continents and worldwide populations. For instance,
haplogroup H was the most common haplotype in the Brazilian popu-
lation (11.47%) not belonging to Native or African lines. This clade is
also the most frequent in Europe, especially in the Iberian Peninsula
[56], also in agreement with Brazilian territorial occupation dynamics.
Other unusual haplogroups with a single observation, as M5 or X2b4a,
might reflect recent immigration (from XIX century on) of Asian
(mainly Japanese) or Arabic (from then Ottoman Empire regions, like
Lebanon and Syria) to Brazil. In this respect, full mtDNA genome se-
quencing provides an interesting tool to thoroughly analyze samples. As
an example, we describe findings for sample RS09 classified in hap-
logroup J1b2. This lineage has a proposed semite origin with higher
frequencies in the Middle East, Indo-Persian and other Arabian popu-
lations [57,58]. However, this specific sample presents mutations
6719C and 14927 G, which despite not being yet recognized as diag-
nostic for a distinct clade, have been closely associated to individuals
with a Spanish or Iberian ancestry background [57,59], rather believed
to have a European origin. Fernandes and collaborators [60] propose
that these mutations can be characteristic of a new J1b2 subclade,
called J1b2b. Therefore, despite a proposed Near-East origin for J1b2,
this particular sample seems to belong to a new, undefined subclade
with European origin that may be associated with populational groups
in the Iberian Peninsula and their worldwide dispersal during the Great
Navigations Age (from XV-XVI centuries on). This example is presented
to illustrate the relevance of phylogenetic knowledge about worldwide
mtDNA genome variations, and how biogeographical origin of already
characterized or yet unknown subclades might be related to specific
mutations, some of which are located in the mitochondrial coding re-
gion exclusively. Therefore, full mtDNA sequencing as a forensic tool
can supply additional information with special consideration of highly
ethnically diversified and admixed populations as Brazilian.

Most studies concentrating on Brazilian mitochondrial lines are
limited to HV-I or HV-II sequence analysis, and therefore a more ex-
haustive analysis of results obtained in this study cannot be performed,
especially concerning comparative evaluation of low-level mtDNA
clades. However, the approximate frequencies of coarse haplogroup
distribution mirrors previously reported results, with major AFR and
NA contributions [25,28,48-55]. Supplementary Figure S4 features a
complete phylogenetic tree including all samples and variants observed
in the present study. Several elements supporting forensic casework
analysis are based on consistently accepted phylogenetic data of
worldwide mtDNA genome samples, including database construction
and quality control procedures [61]. With that in mind, construction of
a database of full mtDNA sequences based on local Brazilian popula-
tions is very relevant owing to the existence of unknown (or not yet
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acknowledged as a unique clade) lineages. A large sample size for da-
tabase composition is necessary in order to fully represent Brazilian
mtDNA genetic diversity and assess any possible population sub-
structure occurrence [62,63].

3.3. Comparative performance of MPS and Sanger sequencing in mtDNA
genome haplotype determination and forensic resolution between CR x full
mitogenome

A subset of total samples analyzed in the present study comprised of
65 individuals from Distrito Federal has been previously included in a
Brazilian mitochondrial CR sequence database [28]. In order to eval-
uate overall sequencing performance and information gain provided by
full sequence analysis, we compared the employed MPS technique re-
sults with current methods widely available in Brazilian forensic la-
boratories (SS). As described earlier, the additional information pro-
vided by inclusion of mitochondrial genome coding sequences in
contrast to CR probing only was able to provide a higher haplotype
diversity even with a significantly smaller sample size utilized in the
present study (less than a third of the original total sample number).
Even more significant than that, inclusion of extra genetic information
was sufficient to discriminate two pairs of samples (DFO5/DF84 and
DF44/DF53) presenting distinct haplotypes, which were previously
classified as sharing the same haplotype (inside each pair) considering
CR genetic data exclusively. As the number of randomly selected
samples included in this comparative analysis is relatively small (65),
addition of mtDNA coding sequences to haplotype comparison was
shown to increase relative discrimination capability significantly,
therefore justifying its adoption in real forensic casework routine.

Haplotype classification differences observed between Sanger se-
quencing of CR and full mtDNA MPS were observed for 36 of 65 sam-
ples (55.4%). Such differences are expected and can be easily explained
by additional information provided by coding region sequencing. As
previously reported [64], changes in haplogroup assignment based on
addition of polymorphisms located in coding regions, which are es-
sential for haplogroup designation, have been observed. Such changes
included not only reassignment to more refined, low-clade haplogroups,
but also revisions of clade denomination based on the absence or pre-
sence of typical, diagnostic mutations for expected haplogroups.

Regarding sequencing consistency between SS and MPS results, we
have identified five inconsistencies between two employed techniques
for this sample set, just as presented in Supplementary Table S5. Three
of the observed differences were shown to consist of heteroplasmic
variations, unidentified by SS and evidenced with MPS techniques. This
kind of observation is actually expected as MPS methods have a
markedly superior ability to detect heteroplasmies versus traditional SS
[43]. The remaining discrepancies refer to two mutations (belonging to
a single sample, DF45, at positions 297 and 416) identified by Sanger
sequencing and undetected in full mtDNA sequencing. The reasons for
such discrepancies are unclear: they were at first thought as possibly
related to algorithms used in base-calling as both mutations are located
in primer-binding regions of the evaluated panel; thus, results would
have been affected during data-processing steps, like primer trimming
or other automated procedures. Manual review of data with IGV vi-
sualization software, however, did not reveal the presence of both
polymorphisms in the DF45 sample as the overlapping strategy used
with this panel design allowed for sequence evaluation in these regions
by amplification with another primer pair. Therefore, reasons for the
two mentioned inconsistencies remain uncertain, since raw data for SS
was not available for additional review. However, the careful per-
formed analysis in MPS data for this particular sample suggests that
discrepancies are likely a result of misinterpreted results in SS evalua-
tion. As a consequence, total rCRS variations detected inside the CR is
equivalent to 1024, and the total disagreement ratio (including uni-
dentified heteroplasmies) was less than 0.5% between both methods. In
addition, no inconsistencies were detected for samples evaluated by
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MPS only and sequenced in duplicate across two distinct runs. This
result suggests that MPS-obtained sequences might be as reliable as
currently employed techniques in forensic laboratories, providing a
highly informative and trustworthy source of genetic data with possible
forensic applications, as stated by other research groups [26].

It has been proposed that the actual frequency of heteroplasmic
polymorphisms in mtDNA samples is higher than previously estimated
as MPS techniques have an increased ability to recognize and identify
such occurrences besides Sanger sequencing, especially at lower levels
(between 10-20% heteroplasmy thresholds) [8,65]. In this study, all
three Sanger-identified point heteroplasmies were also reported by MPS
processing. In addition to that, two heteroplasmic polymorphisms were
identified with MPS inside CR and not previously reported as such by
Sanger analysis. Considering the adopted threshold of 15% and minimal
coverage of 40x for HP determination (as proposed by [44]), our ana-
lyses identified a total number of 20 HP observations with 15 of them
located inside mtDNA CR. It is important to note that certain low-level
heteroplasmies might have been undetected in our analysis, since they
present low-quality scores in our analysis (as a result of marked strand
imbalance, for instance) or were identified as noise (caused by a low
number of reads within these particular nucleotides, insufficient for
variant identification). Supplementary Table S6 details all identified
PHP and relative contributions for each variant.

3.4. Inter-population analysis based on mtDNA haplotype frequencies

A series of analyses were conducted to evaluate the differences and
genetic structure among Brazilian mtDNA haplotype frequencies and 26
worldwide populations included in 1kGP. Pairwise Fgr values were
calculated based on haplotype frequency results that are displayed as a
heat map in Fig. 2. For the Brazilian population as a whole, the results
ranged from 0.06518 (for ASW group, comprised of Americans with
AFR ancestry) to 0.1693 (EUR from Finland). Brazilians showed higher
similarity levels with admixed populations where the AFR and/or NA
contribution to the pool of maternal lineages is higher (in addition to
ASW, Puerto Ricans (PUR), Mexicans (MXL) and African Caribbean
(ACB) populations), followed by samples from African countries and
remaining admixed Latin Americans. Further, EUR samples were found
to have a higher pairwise distance from the BRA population. Both Asian
groups presented intermediate genetic resemblance with the present
sample set, with South Asians (SAS) displaying an overall genetic si-
milarity with investigated regions slightly higher than East Asians
(EAS) samples (average pairwise Fgsr values to Brazilian population
equivalent to 0.0926 and 0.1018, respectively). Complete pairwise Fgr
values are presented in Supplementary Table S7 (with values obtained
based on populations) and S8 (displaying differences based on bio-
geographic continental origin groups).

In order to further examine the aforementioned results and clarify
the eventual genetic relationship between 26 worldwide populations
and Brazilian regions, a MDS plot based on pairwise Fgr values was
drawn for the obtained data and is presented in Fig. 3A. A clear pattern
can be observed with negative values for Dimension 1 as a character-
istic feature for non-AFR populations. Both Asians groups (EAS and
SAS) are grouped approximately together around the axis center with
an apparently distinct cluster separation between both geographical
origins. As expected, AMR and Asians groups have a close distribution
occupying the first quadrant. However, while EUR populations seem to
be grouped relatively close to each other, AMR and Asians have a
broader dispersion. The BRA population seem to be located in a very
particular location, with a clear directional tendency towards positive
values in Dimension 1 (trending to AFR cluster). PUR seems to be an
outlier in the AMR group, exhibiting a similar tendency to the BRA
population and close to the AFR cluster. A wider dispersion displayed
by AMR populations seems to reflect their admixed nature, and how
distinct relative contributions of parental populations affect modern
population frequency distribution. A cladogram was also drawn
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Fig. 2. Heat map of pairwise Fgr values based on mtDNA haplotype frequencies for 26 worldwide populations and Brazilian data set. Population full names described

in Supplementary Table S1.

applying N-J methods, and is presented in Fig. 3B. The resulting phy-
logenetic tree shows the BRA population positioned between the AFR
and AMR branches, reflecting higher parental contributions of in-
dividuals with such biogeographical origins for maternal lines. EUR
populations are located at the treetop, featuring the largest distance to
the Brazilian sample set. It is important to highlight that these findings
are supported by previously reported genetic, historical or ethnographic
information, especially for the Brazilian case [18-25,48-55].

Finally, as the occurrence of genetic stratification regarding mtDNA
haplotype frequencies seems to be clearly defined for Brazilian and all
other worldwide populations, statistical tests were performed to eval-
uate the amount of genetic variance associated exclusively with the
verified genetic structure. Global AMOVA tests were executed with BRA
and 26 worldwide populations, arranged according to geographical
origin (BRA samples were categorized in a separate group from re-
maining AMR populations), and the results are detailed in Table 2.
Among-group variation accounts for an estimate of roughly 85% of total
genetic variability with less than 1% of total genetic differences ex-
plained by divergence found among populations within same groups.
These results indicate that population genetic structure associated with
mtDNA haplotypes are highly dependent on sample biogeographical
origin, and that populations within the same continent present very
similar haplotype distributions. Therefore, maternal lineage ancestral
origins can be traced back to their estimated parental population with a
certain degree of confidence. In this regard, even though high ad-
mixture levels are evidenced in BRA populations, uneven contribution
levels of distinct parental populations in maternal and paternal lineages
(assessed by mtDNA and Y-chromosome haplotypes) limit global di-
versity presented by mtDNA alone. Owing to historical interbreeding
dynamics in BRA population formation, AFR and AMR possess rela-
tively higher contributions to BRA mtDNA genetic pool, which does not
necessarily reflect the overall contribution of parental populations from
distinct biogeographical origins to the modern Brazilian population
[18,19,21,54]. This fact introduces a certain degree of genetic structure
and bias that should be considered when forensic applications or da-
tabase constructions are designed. Till the present moment, genetic
structure in Brazilian populations regarding mtDNA haplotype dis-
tribution is admitted, although very limited in magnitude, considering
both spatial distribution in regional populations (estimated on a state or

geopolitical region basis) or in distinct ethnic groups in the Brazilian
population (based on self-declared assessment) [28,66,67]. As a final
note, it is important to account for the fact that small, isolated groups
within the national territory were observed to display higher levels of
mtDNA genetic structure when compared to the national population
[55,68-70]. This fact must be taken into consideration during forensic
analysis, especially when criminal evidence is believed to originate
from individuals belonging to these local communities.

4. Conclusion

The present study sought to evaluate the utility of the Precision ID
mtDNA Whole Genome Panel in Brazilian populations in order to start
the development of a frequency database that allows for use of this
commercial solution in real forensic casework. A total of 96 samples
collected from three Brazilian cities located in distinct geopolitical re-
gions were evaluated. This is one of the first studies reporting complete
mitochondrial genome sequences for Brazilian samples, and additional
genetic information provided by coding region inclusion during ana-
lysis can be a determinant in correct haplotype classification and
identification of new or undescribed subclades. Diversity indices and
other relevant forensic statistical parameters obtained for this sample
set exhibit high polymorphism levels that are suitable for human
identification purposes. Full mtDNA haplotypes were shown to add
valuable amounts of genetic information available to forensic in-
vestigators, and in a limited sample size (n = 65) were observed to
properly discriminate two distinct pairs of samples, previously un-
distinguishable via traditional Sanger sequencing of CR techniques.
Therefore, from a forensic perspective, inclusion of MPS analytical tools
for mtDNA analysis can be demonstrated to be a very useful resource
for law enforcement agencies not only because of full mtDNA sequen-
cing capability, but also to high-throughput performance. Workflow
automation should also be considered when casework volumes or ex-
istent case backlog is significant. However, some issues still need to be
addressed, including technical optimizations in panel design and im-
provements in raw data processing and results presentation. Design and
construction of a representative forensic national database is also es-
sential, with a significant sample number addition in order to appraise
evidence of possible genetic regional or ethnical stratification in the
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Table 2
Fixation indexes and global AMOVA results for Brazilian and 26 worldwide
populations, based on full mtDNA haplotype frequencies.

Source of Variation Relative Variation (%) Fixation Indexes

Among groups 84.65 Fer: 0.84645
Among populations within groups 0.32 Fsc: 0.02111
Within populations 15.03 Fsr: 0.84969

Brazilian population [63].

Proposed MPS metrics evaluated in this work can be used in addi-
tion to other computational resources to assess the overall quality of
produced mtDNA results [71]. For this particular product version and
equipment used, a great deal of effort is still necessary in data review,
manual data quality verification and results evaluation as automatically
generated reports are not in compliance with suggested forensic stan-
dards. In particular, handling and manual revision of primer-derived
bias (caused by use of degenerated primers in reagent design) at the
time of results interpretation was shown to be a meticulous task where
subjective analyst intervention was crucial [72]. As such, a considerable
degree of expertise in mtDNA data analysis is still necessary, and such
proficiency levels for technical personnel might not be available in
every national forensic laboratory. For instance, the recently proposed
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possibility of paternal heritage for mtDNA owing to defective elimina-
tion of spermatozoid carried organelles [73] in zygotes might be in-
distinguishable from a mtDNA mixture sample. Although there is in-
sufficient scientific evidence to fully support this hypothesis [74], such
a possibility might present a challenge to an inexperienced or in-
adequately trained lab workforce. Techniques for mixture deconvolu-
tion based on mtDNA data have been proposed [17,26,44], but these
methods involve manual or visual data inspection and critical results
evaluation, where analyst knowledge may be critical in phasing con-
tributing samples and mixture parsing [17,26]. Even though software
packages for automatic mtDNA mixture analysis have been released
[75], such tools still require some level of operator judgment in data
evaluation. Therefore, inclusion of MPS tools in Brazilian forensic
routine casework processing would require intensive training and of-
ficial governmental investment in order to assure uniform, consistent
results production across different national forensic laboratories
throughout the country. As an alternative, the constitution of a dedi-
cated, specialized central laboratory (or even a small number of re-
gional facilities, aiming to minimize logistical restraints resulting from
Brazilian large territorial distribution) responsible for processing
mtDNA-related biological evidence could be considered, where suffi-
cient personnel training and expertise would be ensured and financial
or human resource allocation could be optimized.
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