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Abstract

Next-generation sequencing (NGS) technology has developed and improved
rapidly in the recent years, and many research fields use this methodology for
its application. In the forensic field, new strategies and opportunities have
emerged by the use of NGS which could be useful in analyzing multiple loci in
certain samples and scenes. NGS overtakes the limitations of using the most
common technologies such as capillary electrophoresis, STR, or SNP markers
analysis for human genetic DNA typing. Nowadays, there are more equipment,
analysis strategies, or even regions of analysis such as microbiome, miRNAs, or
other markers. Here we report the evolution of NGS in forensic field, the
workflow, and the opportunities of these methodologies in forensic research.
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23.1 Introduction

23.1.1 What Is It?

Within the area of biomedicine, the techniques associated with molecular genetics,
highlighting DNA sequencing, have enormously advanced in the last two decades.
This big progress in molecular biology techniques led to next-generation sequencing
(NGS) development. New sequencing technologies are characterized by performing
the massive parallel sequencing (MPS), where thousands of reads are produced at the
same time, reads coming from DNA fragment (Williams 2012).

Main technologies of NGS equipment are principally massive parallel chemical
reactions, detection systems, and computational approaches to analyze sequences.
These groundbreaking scientific advances have drastically decreased sequencing
cost and reduced the time to a few days. Now, the amount of data derived from
NGS platform is facing another challenge associated with the problem of millions of
confusing results (Wong et al. 2013). Nevertheless, these know-hows have the
potential to endorse another revolution in sequencing and its use (directly sequenc-
ing single molecules like DNA, RNA or even protein) and the great challenge to the
substantially increase of data storage and processing (Han et al. 2014; van Dijk et al.
2014).

NGS technologies are principally applied in biomedical areas which have allowed
finding the bases of some rare syndromes. Even so, developments in prenatal
diagnosis are not comparable with the ones in genetics identification where there
is a great variability of samples and not enough NGS data for each evidence type.
Moreover, they also help to improve research in cancer diagnosis and genetically
heterogeneous disorders as well as common diseases. Also, NGS has been fre-
quently applied into the whole mitochondrial sequencing in forensic sciences.
Furthermore, when a low amount of DNA is available, NGS has also found great
achievements, such as in noninvasive prenatal diagnosis and in many forensic cases.
So, the advances that have occurred in prenatal diagnosis can be transferred to the
forensic field. Fetus DNA can be found in maternal blood, even though it is of low
quality, quantity, and its difficulty to be distinguished from maternal DNA. So, the
huge power of NGS seems striking for noninvasive prenatal testing. It is possible to
detect trisomies with noninvasive sample collection (Buermans and den Dunnen
2014). In the last decade, advanced research approaches to circulating cell-free fetal
DNA have made it possible to determine fetal rhesus D (RhD) genotype, fetal sex,
aneuploidies, detection, and microdeletions of inherited paternal monogenic
disorders. NGS will allow detection from hereditary mutations that cause genetic
diseases (Breveglieri et al. 2019).
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We should consider some ancient DNA (aDNA) reviews where the developments
of DNA isolation methods combined with and short sequences, generated by NGS,
have helped to increase its accessibility (Hofreiter et al. 2015). The elevated grade of
sample degradation and the limited amount of DNA are still the principal obstacle
for applying NGS systems in forensic fields. However, there are some studies that
have also considered enriching aDNA (ancient DNA) using custom project-specific
SNP panels or detecting specific genomic areas (Alvarez-Cubero et al. 2017).

23.1.2 Evolution

In 1977, Frederick Sanger announced a new method to study the DNA molecule
known as Sanger sequencing; this new sequencing method was based on a chain-
termination technique (Sanger et al. 1977). This was the primary technology of
sequencing or the “first generation” for research or diagnostic sequencing
applications (Collins et al. 2004; Liu et al. 2012). In 2003, the “Human Genome
Project” concludes all the human genome thanks to semiautomatic capillary electro-
phoresis sequencers and Sanger technology (Collins et al. 2004; International
Human Genome Sequencing Consortium 2004). The “Human Genome Project”
verified that whole-genome sequencing (WGS) could be performed, but not rou-
tinely, due to its high economic and time costs. NGS has accelerated the develop-
ment of WGS, decreasing the effort and high cost associated (Liu et al. 2012).

In 2005, the first NGS system appears as 454, it was carried out and launched by
454 and acquired by Roche in 2007, a year before Solexa developed a Genome
Analyzer which would be purchased by Illumina afterwards. The same year
Agencourt announced its new equipment, SOLiD (Sequencing by Oligo Ligation
Detection). In 2011, Life Technologies introduced a new system based on the
detection of hydrogen ions, the Ion Torrent Personal Genome Machine (PGM).
These were, and still are, the most extended NGS sequencers in all fields, with
Illumina instruments at the top. All of them share a satisfactory accuracy, a high
throughput and a lower cost compared to Sanger sequencing (Liu et al. 2012). All
these NGS platforms (categorized as Second Generation of sequencer, 2G) share the
basic idea to perform a ligation of DNA fragments with specific adapter sequences.
When DNA has adapters at both ends (libraries), they are linked to a surface (solid
surface or microsphere), then amplified and sequenced by diverse methods, resulting
in millions of reads.

Third-generation (3G) instruments are the evolution of NGS platforms. 3G
systems use single-molecule, DNA or RNA, templates without PCR, due to requir-
ing less starting material, and produce longer readings. 3G platforms include PacBio
(Pacific Biosciences) and HeliScope (Helicos Biosciences) (Ku and Roukos 2013).
An enzymatic template replication system is used to sequence individual clonal
molecules. Genomic DNA template is captured, and the incorporation of a new base
is controlled by breakup of fluorescent dye-linked pyrophosphate in the volume-
limited observation window (Gut 2013). 3G instruments had some sensitivity
problems, especially in some genome regions. PacBio had no sequencing problems
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in regions with 100% GC content of CGG trinucleotide repeat expansions; these
regions are very interesting in forensic studies (Loomis et al. 2013). Nowadays,
long-read technologies are removing initial limitations in throughput and accuracy
and also expanding their application domains in genomics.

4G platforms are also available such as Oxford Nanopore Technologies (ONT).
Nanopore sequencing has evolved rapidly and recently. This technology is based on
the straight reading of individual molecules incorporating nanopore technology to
single-molecule-Seq (Ku and Roukos 2013). In forensic sciences, the precision is
very important, for specific studies, low accuracy in 4G sequences can be enough to
make a difference so we need higher accuracy technologies. PCR does not occur in
single-molecule systems; therefore, 4G technologies do not produce artifacts like
unbalanced amplification and GC-bias, and as a result, they produce homogeneous
coverage and span GC-rich regions. Besides, they may span duplications or repeated
structures that cannot be determined using short read sequencing (Buermans and den
Dunnen 2014).

The possibility of in situ sequencing seems to be the next step in the evolution.
Carrying out an experiment in an autopsy room or at a crime scene opens the doors to
discovering RNA at a specific moment, cell, or tissue (Ku and Roukos 2013).

23.2 Workflow and Main Platforms of NGS

23.2.1 Workflow in NGS Sample Processing

NGS instruments need hard protocols for samples analysis. Library preparation goes
from a multistep procedure starting with genomic template fragmentation, end
repair, purifications, and adapters ligation, but it can become a very complex process
like enrichment of targeted region of DNA or RNA. The common steps within the
workflow of the library construction, which are described in Fig. 23.1, include
(a) DNA/RNA fragmentation, (b) fragmented products end repairing and

Fig. 23.1 Workflow in NGS sample preparation
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A-tailing, (c) adapters ligation, (d) size selection, and (e) if necessary, amplification
and, generally, after fragmentation, RNA library will require a new reverse tran-
scription step.

23.2.2 Main NGS Platforms

Currently, there are a wide variability of NGS instruments, Ion Torrent (semicon-
ductor sequencing technology) platform: PGM; Proton; S5, S5 plus; and S5 prime
(managing 50Gb/day of sequences up to 600 bp). PacBio systems: RS II and Sequel
System, Advance genomics with single-molecule real-time (SMRT) sequencing
which is the longest read lengths available (average > 10,000 bp and some reads
>60,000 bp), but both systems and sequences are expensive (Sequel System—

PacBio n.d.). In recent years, DNBSEQ technology has broken into sequencers
system, MGI company offers to world trade instruments like DNBSEQ-G400,
DNBSEQ-G50, and DNBSEQ-T7. But after all, the highest percentage of sequenc-
ing data are produced by Illumina instruments: iSeq 100, MiniSeq, MiSeq Series,
Nexseq 550 Series, HiSeq 2000, and Novaseq 6000 (ordered by instrument cost and
generally, just the opposite, cost of sequencing). All of them produce short paired-
end sequences (2 � 150, except Miseq 2 � 300 pb) (Sequencing Platforms |
Compare NGS platforms (benchtop, production-scale) n.d.). Among Illumina
systems, we highlight the MiSeq FGx™, it is the first equipment fully validated
for forensic science which is able to address thousands of forensic markers in a single
test, through targeted sequencing of forensically relevant STRs and SNPs loci.
Illumina kits combined with MiSeq FGxTM allow forensic laboratories to obtain
genetic profiles from degraded, mixed, and limited DNA samples. This equipment
produces high-quality, efficient forensic DNA profiles which assure sharing these
profiles with others laboratories; moreover, this system performs mitochondrial
sequencing which is also very demanded in forensic community. Finally, there are
many other instruments but with an infrequent use, such as Oxford Nanopore
systems: PromethION, GridION X5, MinION, and SmidgION; Helicos
technologies; and seqll (tSMS technology, true single-molecule sequencing)
(Products n.d.).

New technologies of sequencing allow an accurate processing of huge number of
samples, including a sensitivity and specificity detection of differences on a popula-
tion level, the discovery of novel responsible variants, and the verification of benign
single/multiple-nucleotide polymorphisms. New studies such as human microbiome
analysis, small RNA, noncoding RNAs, methylome analysis, ChIP sequencing, or
methylated DNA immunoprecipitation force to realize new molecular designs to
produce libraries for small inserts, repeated sequences, complex elements, etc.
Thanks to this great development in NGS technologies and strategies, it will also
improve their applications into forensic sciences and human identification.

Another field of technological development with relevance in forensic field is the
single-cell sequencing studies. For NGS library preparation, it needs nanogram
amounts of DNA, but a cell just contains 6–7 pg of DNA (Sanchez-Cespedes et al.
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1998), so the whole-genome amplification (WGA) of the original DNA chains is a
decisive step for single-cell sequencing. Methodologies developed for single-cell
WGA, such as combine displacement pre-amplification and PCR amplification
(indicated as PicoPLEX WGA Kit; Rubicon Genomics, Ann Arbor, MI, USA),
degenerate-oligonucleotide-primed polymerase chain reaction (DOP-PCR) (such
as marketed as WGA4 kit; Sigma-Aldrich, St. Louis, MO, USA), and multiple
displacement amplification (MDA) (marketed as REPLI-g Single Cell Kit;
QIAGEN, Germantown, MD, USA), allow us to examine the complete genome of
a single cell, producing a library from this small amount of DNA. It is something
incredible when talking about a crime scene sample or in the case of ancient remains.

In addition to the WGA workflow with single-cell also entails cell separation and
equipment characterization. In the near future, these systems may be very useful for
cases of multiple violations or in disaster victims’ identifications. Now we could find
a varied number of single-cell platforms. One of the first to appear and currently very
widespread is the C1 (Fluidigm Corporation, CA, USA). C1 prepares single-cell
templates DNA or mRNA sequencing, epigenetics, or miRNA expression. Its
principal applications are identify rare cell types, survey cells diversity, or charac-
terize cellular functions (Fluidigm | Single-Cell Analysis n.d.). Chromium Controller
(10� Genomics, Inc., CA, USA) is a high-throughput automated barcoding and
library construction for sequencing applications, equipment that coupled to Illumina
sequencers, and allows the analysis of all types of nucleic acids, highlighting the
analysis of single cell CNVs; (Home—10� Genomics n.d.). BD Rhapsody™
System (Becton, Dickinson and Company, NJ, USA) profiles the gene expression
of thousands of single cells; using predesigned or customized assays, it reduces the
experimentation time and the sequencing cost (BD Rhapsody™ Single-Cell Analy-
sis System—BD n.d.). Cyto-Mine® (Sphere Fluidics Limited; CA, UK) is able to
process up to ten million of varied mammalian cells in not more than half a daytime.
Its workflow lets discriminating the screening of single cells to discover less
common candidates (Products | Single Cell Analysis System | Cyto-Mine® n.d.).
Finally, a solution that starts from Bio Rad digital PCR, ddSEQ™ Single-Cell
Isolator, it is part of Illumina® Bio-Rad® Single-Cell Sequencing Solution, this
technology co-encapsulates single cells and barcodes into sub-nanoliter droplets,
where cell lysis and barcoding occurs (ddSEQ™ Single-Cell Isolator | Life Science
Research | Bio-Rad n.d.).

23.3 Applications in Human Identification and Forensic
Sciences

The use of NGS methodologies in “de novo” analysis of whole genomes (like the
whole mitochondrial DNA sequence of Neophema chrysogaster) and in repeating
the sequencing of human genomes (Human Genome Project with 1092 genomes of
human samples from various populations, was developed by the use of a mixture of
exome sequencing and low-coverage whole-genome) has been extensively proven.
Hence, it is easy to visualize the possible uses of NGS in forensic sciences, avoiding
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the principal technical limits of present technologies like capillary electrophoresis
and the high rate of degraded or restricted samples of forensic cases (Irwin et al.
2011a, b; Miller et al. 2013).

Several current studies have integrated NGS data obtained from human hair
generating relevant data in metagenomic analyses. A study based on forty-two
extracts of DNA obtained from pericranium and pubic hairs produced approximately
80 thousand of sequences that, after post control analyses and filtering, almost
40,000 were accessible. This type of studies would be relevant for the identification
of victims of sexual crimes and rapist when there are several evidences (Tridico et al.
2014). There are not many attentions in researching of Indels and CNVs, although
repeats cover up nearly the half of the human genome, and STRs just the 15%. The
reason is that pyrosequencing were just developed in platforms with enough read
length to sequence the nucleus of STR loci applied in forensic genetics, and in these
days, the majority of the forensic literature with NGS STRs data were developed
using pyrosequencing methodologies. In not may reports, sequencing by synthesis
and recently also semiconductor sequencing were also applied for the construction of
libraries directly by PCR or using adapter ligation.

23.3.1 Short Tandem Repeats (STRs) and Single-Nucleotide
Polymorphisms (SNPs)

DNA profile by using STR typing is the most common method for forensic analysis,
and DNA sequencing has usually been used to indicate the origin and relationship
between DNA samples in small quantity by the analysis of hypervariable section of
mitochondrial DNA (mtDNA) (Berglund et al. 2011).

STR study has become a very common methodology for human forensic cases
(Irwin et al. 2011a, b; Rockenbauer et al. 2014). STRs are normally studied by
multiplexed PCR continued by capillary electrophoresis (CE)-based separation
(Jobling and Gill 2004). Moreover, normal STR typing gives enough discrimination
power for many of the current applications, and it has been proven that just using
routine STRs can solve mistakes in relationship analysis (Li et al. 2012; Tsai et al.
2013). Furthermore, it is not capable to distinguish in the production stutter data
produced from mixtures (Butler et al. 2004; McNevin et al. 2005), and dye artifacts
are usually found (Zeng et al. 2015). The use of autosomal SNPs for human
classification in forensic identification also has several problems. Bi-allelic SNPs
are not as polymorphic as multi-allelic STRs. In DNA mixtures, analysis from
several individuals SNPs are not very informative, but the analysis of a incremented
number of SNPs as well as the use of multiple genotyping methodologies may
neutralize this event (Kayser and de Knijff 2011). Some SNP panels have been used
for individual identification; Fudan ID Panel covers 175 SNP markers and has been
improved and validated by Ion Torrent™ PGM (Li et al. 2017).

In recent times, MPS is very concerned for the forensic genetic community. It
offers the option to discover several hundred to thousand markers at the same time.
Using large-scale sequencing offers multiple enhancements to forensic science.
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Lately, NGS has been applied to study nuclear microsatellite markers, where random
sequencing of a small fraction of the genome has been proven to produce high
density of potential microsatellite loci in a low cost and rapid process. The DNA
commission of the International Society for Forensic Genetics has just taken some
considerations for using typing, analysis, and naming MPS STRs for forensic uses
(Parson et al. 2016).

Furthermore, it will be possible to complement STR data with other informative
forensic markers obtained by large-scale sequencing (Berglund et al. 2011). New
sequencing technologies present a completely new paradigm for sequence data
generation, contributing the chance to sequence up to millions of individual DNA
fragment (like in DNA mixtures), and the elevated throughput sequencing when
compared with Sanger sequencing with a much lower cost. Using new instruments to
detect STR amplicons will make it much more discriminative for genetic identifica-
tion, and with a degraded DNA input of just 31 pg complete profiles could be
generated, also we could obtain partial informative profiles out of 5 pg of DNA
(Zeng et al. 2015; Elena et al. 2016).

SNPs and Indels could be found in the repeated unit of STRs or in the flanking
region, if nucleotide substitutions, deletions, or insertions are sequenced, but these
changes are not detectable by CE analysis (Rockenbauer et al. 2014). NGS identifies
the number of repetitions presented in the STRs, but also the sequence of the
polymorphisms presented in them (Novroski et al. 2016). Moreover, new
technologies allow to generate individual sequences of the different alleles present
in a STR amplicon mixture (Van Neste et al. 2012). More identifiable alleles lead to
more statistical power study and decrease the necessary number of STR loci that is
necessary to be analyzed to solve a case with a high probability of coincidence. In
criminal cases, it may also be easier to solve sample mixtures, when the same alleles
appear in CE analyses and may be latter identified with more information by NGS.
The possibility to discriminate between persons with identical allele lengths as far as
the characterization of variations could be crucial in forensic or affiliation analysis.
Statistical power will be increased using NGS technologies with a reduced number
of SNPs or STRs (Rockenbauer et al. 2014).

The STR Sequencing Project, known as STRSeq, was started to simplify the
characterization of sequence-based alleles at STR loci targeted in commercial kits
(Gettings et al. 2017). This tool entails a curated database of sequence diversity at
identification of STR loci, in addition to the nomenclature, essential elements, and
variations described in accordance with the current guidelines (Parson et al. 2016).

So, the power of new sequencing technologies can only be used by also including
complex STRs, analyzing both SNPs and STRs in parallel. NGS instrument provides
a possibility for creating an all-in-one multiplex with important identification
markers that include, e.g., STRs, SNPs, InDels, and mtDNA markers (Irwin et al.
2011a, b). In recent years, some biotech corporations are developing focused
NGS-Panel into the forensic area using the same genomics areas applied till now,
helping researchers to study their samples instead of customizing their own panels
and primers. Currently, Thermo Fisher has designed some kits focused on forensic
samples, Precision ID Panels, all of them based on Ion PGM System: Precision ID
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GlobalFiler™NGS STR Panels and GlobalFiler™ PCR Amplification Kit, NGS and
STRs kits respectively, including the same 21 autosomal STRs and amelogenin sex
markers. However, this kit adds STR sequence motifs to the usual STR profile,
isometric heterozygotes, and known SNPs in flanking regions (Wang et al. 2017). In
addition, three other panels have been developed to investigate about the bio-
geographical origin of the samples and discriminate individuals based on SNP
analysis and mitochondrial DNA whole genome. The Illumina® ForenSeq™ DNA
Signature kit includes 200 genetic loci (autosomal STRs, Y-STRs and X-STRs,
ancestry informative SNPs, identity informative SNPs, and phenotypic informative
SNPs). As the size of the targeted amplicons range from 64 to 231 bp for SNPs and
61 to 430 bp for STRs, this kit has been postulated as a good choice in MPS analysis
of degraded human remains (Almohammed et al. 2017). Promega Corporation has
developed the PowerSeq™ Systems Prototype Auto/Y analyzing 22 autosomal STR
markers, amelogenin, and 23 Y-STR markers designed specifically for NGS on the
MiSeq FGx® System (Montano et al. 2018; Silva et al. 2018). Many evaluation
studies have been done in order to assess sensitivity, reproducibility, mixtures, and
concordance as well as the analysis of casework and ancient DNA samples (Fattorini
et al. 2017; Jäger et al. 2017; Just et al. 2017; Xavier and Parson 2017).

Thanks to the genome association studies, GWAs, it has been possible to identify
SNPs for the characterization of the phenotype, indicating their ethnic origin and
physical characteristics. These data are very useful in criminal cases because it can
help recognize an individual, which will later be confirmed compared with a
reference sample. Moreover, the capability to predict facial morphology and esti-
mate individual-specific appearance through DNA is a very important goal to
identify unknown persons (Irwin et al. 2011a, b; Rockenbauer et al. 2014). In
order to achieve this great precision, it is most likely that it cannot be done with a
few markers; on the contrary, a large set of genetic markers will be necessary. So,
NGS and high-density arrays are useful for genotyping large numbers of SNPs,
which can successfully deal with DNA degraded and in low quantity (Kayser and de
Knijff 2011). Currently, a good application of NGS is discovering forensic SNP
markers (Seo et al. 2013). TruSeqTM ChIP protocol has been modified and devel-
oped to detect 160 human identification, phenotypic SNPs, and ancestry; this new
method is called TruSeqTM Forensic Amplicon (Warshauer et al. 2015a). This
protocol is less labor-intensive than other techniques. In addition, low input DNA
(1 ng) is required for library preparation (Warshauer et al. 2015a, b). Additionally, a
genome-wide SNP array, containing 906,600 autosomal SNPs, Y-SNPs, and mito-
chondrial DNA has been developed by Affimetrix (Bridges et al. 2011).

The ability to produce a huge volume of data (in Novaseq more than 30 billion
short reads per run) is the key advance of NGS technologies, obtaining these genetics
data economically (Metzker 2009). Developing a software for the analysis of
forensic NGS data will be one of the main challenges in genetics identification; it
is needed because it is not possible to analyze the enormous amount of data
manually. The application tool must be consistent and validated before the software
can be applied in real case work. Forenseq Universal Analysis Software has been
developed by Illumina, specifically designed to support forensic genomics
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applications. Recently, there has been developed a new web application, toaSTR. It
is a user-friendly tool for STR allele calling in massively parallel sequencing data
independent of the system and the forensic kit used (Ganschow et al. 2017). The
program differentiates automatically isoalleles from stutter and artefacts on a
sequence bases; it facilitates an automatic allele calling with minimal need for review
(Ganschow et al. 2017).

23.3.2 Lineage Markers

NGS has been used to discover systematically Y-STRs. 4500 Y-STRs have been
genotyped, and the mutation rates have been estimated for 702 of them (Willems
et al. 2016). Furthermore, sequence-based studies are beginning to reveal the full
extent of structural variants (CNVs and inversions) and the great acceptance for gene
loss on the Y chromosome compared with the autosomes (Massaia and Xue 2017) as
far as sequence microvariance among Y-STRs (Warshauer et al. 2015a, b; Kwon
et al. 2016; Iacovacci et al. 2017).

On the other hand, in Y-chromosome, the most interesting finding of NGS is the
discovery of new Y-SNPs. These previously unknown Y-SNPs are relevant for
Y-chromosomal phylogenies and haplogroup nomenclatures used for anthropologi-
cal research and forensic identification. This finding has direct influence over
phylogenies trees, appearing as new Y-chromosomal categories. Nevertheless, to
include new Y-SNPs and updating and having a global consensus in forensic and
anthropological sciences, a lot of work is still needed; most of the Y-chromosome
recent project use Y phylogeny and Y-SNPs defined by Karafet et al. (2008). Due to
the development of NGS analysis, new lineages have been described, and there is a
need in the updating of the Y-chromosomal tree (Larmuseau et al. 2015). A new
haplogroup has been described, A00, as the deepest-rooting known haplogroup in
the Y-chromosome tree that diverged 275 thousand years ago (Mendez et al. 2013).

Many populations have been sequenced for several Y-SNPs in order to include all
Y-haplogroups present and update the Y-Chromosome Consortium tree (Ochiai
et al. 2016; Choi et al. 2017; Gao et al. 2017; Larmuseau et al. 2017). All the
information derived from these studies has been accumulated, and the
Y-chromosomal phylogenetic tree has been updated for criminal purposes (Van
Geystelen et al. 2013).

mtDNA is present in higher number than nuclear DNA (nDNA), mitochondria
vary in number and also mtDNA copies vary in mitochondria. So the probability of
recovering useable DNA data is augmented in degraded samples that fail to yield
helpful nDNA typing results (Parson et al. 2013). mtDNA is also informative of
maternal biogeographic ancestry principally obtained by the HV1 and HV2 regions
(Kayser and de Knijff 2011).

The study of entire mtDNA control region offers a random match probability
(RMP) of 1 in 120 and has provided valuable evidence in many cases. The extension
to examine the complete mitochondrial genome is a logical consequence and
required goal to maximize the information content of mtDNA analyses (Irwin
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et al. 2011a). A study on Chinese Han population has determined that the RMP
probability decreases 4.12% when analyzing the mitochondrial Genome
(mtGenome) compared to control region analyses (Zhou et al. 2016).

New sequencing technologies have the potential to radically increase sample
throughput, workflow efficiency, and detection resolution, so helping to get reliable
and accurate entire mtGenome information (Yang et al. 2014; Zhou et al. 2016).
Analyzing the whole mitochondrial genome in individuals with the same control
region sequences will recognize different samples by the analysis of personal
polymorphisms in the coding region not studied yet by traditional methods (Holland
et al. 2011).

There is a substantial number of different variants on mtGenome, mainly due
because there are dozens of mtDNA copies in each mitochondrion and up to
hundreds of mitochondria in some tissues. Studying all mutations presented in
mtDNA in tissues could be slightly arduous. If we compare NGS data with those
analyzed by capillary electrophoresis, we could see the percentage of variables found
using each technique, and how many of these mutations are homoplasmic or
heteroplasmic. Several studies developed by NGS show us that this methodology
allowed detecting a high percentage of mutations. These mutations can also be
presented in homoplasmic or heteroplasmic states. Thanks to a study performed
with 20 cases, it was possible to recognize more than 400 individual nucleotide
substitutions that include four heteroplasmic variants confirmed by capillary electro-
phoresis with high equivalence (98%) (Zaragoza et al. 2010). While Sanger sequenc-
ing can detect heteroplasmy at a threshold of 10–20% but not resolve the variants,
MPS is able to both detect and conclude heteroplasmy at levels of 1–2% (Rathbun
et al. 2017; Gallimore et al. 2018); heteroplasmy can be detected accurately in 1 per
10,000 mtGenome copies with Illumina GAII (He et al. 2010). A recent study that
analyzed six pairs of adult monozygotic twins has observed point heteroplasmies in
five sets of twins, and a single nucleotide variant was detected in four sets. This
results give an evidence for the hypothesis that variants of the mtGenome could be a
biomarker to distinguish monozygotic twins from each other (Wang et al. 2015).

New sequencing methods are transforming data generation and have the potential
to generate whole mitochondrial genomes profiles from even highly degraded
specimens. It is quite simple and cost-effective. The study of mtDNA coding region
data will be included in many routine forensic caseworks, and its study will not be
dictated by the quantity or quality of the sample. This data allow accessibility to
population databases that can be used to determine uncommonness mitochondrial
haplotypes.

Recently, Precision ID mtDNAWhole Genome Panel kit has been tested to study
the mtGenome of three skeletons dated to about early eighteenth to mid-nineteenth
century. The three skeleton samples had the same whole mtDNA sequences with
38 mutations as compared to the rCRS, being assigned to haplogroup D4a1c. These
results suggested that the three skeletons might belong to the same maternal line
(Hashiyada et al. 2017). A recent study performed on chemically treated, degraded,
high-quality, and nonhuman samples showed NGS methods to be exceedingly
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sensitive, capable of generating entire mtGenome data from samples that failed to
yield reliable sequences with standard PCR-based techniques (Marshall et al. 2017).

Many software packages have been developed for mtDNA profile generation.
Both mitoSAVE (King et al. 2014) and GeneMarker HTS (Holland et al. 2017)
generate haplotypes consistent with current forensic nomenclature guidelines and
apply used-defined thresholds for profile reporting from high-quality samples. On
the other hand, AQME automates mtDNA analysis from sequence data to forensic
profiles and offers mtDNA haplogroup assignment. It has shown to produce accurate
forensic profiles for high-quality, degraded, and chemically treated samples (Sturk-
Andreaggi et al. 2017). In addition, MitoSuite supports quality check of alignment
data, building consensus sequences, variant annotation, detection of heteroplasmic
sites and haplogroup classification, contamination, and base substitution patterns
(Ishiya and Ueda 2017).

23.3.3 Microbiome

16S rRNA and metagenomic data “The Microbiome Project” enlisted around
300 people at two places in the USA, and proof in 15–18 body positions that
characterizes skin, urogenital tract, gut, and oral cavity; studying them indicated
that the microbial variety on the human body site was more similar to the similar
human part on a different individual than to other body part on the same person
(Clarke et al. 2017).

The human microbiota consists of 10–100 trillion symbiotic microbial cells
harbored by each person and the genes these cells port. There are as many bacteria
in our body as human cells (Hampton-Marcell et al. 2017). Understanding these
genomes, we could understand the microbiome impacts on human health, but it is
also interesting as innovative tool of genetic identification (Ursell et al. 2012). Two
facts make microbiome as a relevant point for forensic identification: (a) the high
number of these bacterial cells in a human body; (b) the subspecies level of these
bacteria appears to be unique to each person. All of this offers an excellent chance to
find a new identifiable marker unique to each person (Hampton-Marcell et al. 2017).
There are unique methodologies that fit and classify some interesting taxa. In
forensic field, microbial analysis focuses on identifying precise bacterial strains
related to terrorism, illness, pollution, microbial postmortem variations, and trace
evidence signs. The current use of NGS of taxonomically and/or phylogenetically
useful genomic regions (i.e., 16S rRNA, 18S rRNA, and ITS) has optimized the
excellent potential use of microbiome to estimate the postmortem intervals, to
identify clandestine graves, and to unify people spaces or objects analyzing their
skin microbes. But postmortem intervals are one of the most improved forensic
investigations using metabolomics, by giving novel biomarkers linked to chrono-
logical variations after death, mainly to the high diversity and strength to unstable
conditions to microbes (Ursell et al. 2012).

Currently, there are different focuses on NGS, mass spectrometry, and computa-
tional methods for improving the ability to characterize the microbial diversity
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(microbiome); increasing the new applications of microbiome analysis such as, oral
microbiome. Such profile may be unique to each individual and thereby useful for
investigating genetics purposes. Microbiome will offer relevant data about each
person’s latest actions and about the place they live (Wong et al. 2013). Skin
microbiome is also very personal; it is recognized that two individual’s hands can
vary around a 80% by the types of microbe discovered there. They are also good
trace evidence, unique by person but can be easily transferred to objects associated
with a given person, such as a computer keyboard, computer mouse, and cell phone,
among others. Moreover, the structure of personalized skin microbial communities is
stable over time although variable by season; and highly specific of person’s gender
and lifestyle (Metcalf et al. 2017). Nowadays, there is a commercial kit that are based
on skin microbiome profiling for forensic human identification, such as hidSkinPlex,
comprising of 286 bacterial (and phage) family-, genus-, species-, and subspecies-
level markers (Schmedes et al. 2018).

Necrobiome or thanatomicrobiome (defined as the community of organisms
implicated in the decomposition events of a human body) is also a novel strategy
used in forensic caseworks, which improves the data of forensic entomology and the
obtained data from the physical description of corpses (Hyde et al. 2013; Pechal et al.
2014). NGS analysis of the necrobiome could establish the stage of decomposition,
its succession, as well as important bacteria taxa from these communities. Moreover,
they are also useful tools as postmortem interval estimator (Guo et al. 2016) and
details about paleoforensic allowing to deepen in the genomic development of DNA
microbes, pathogens as well as microbioma of putrefaction (Gorgé et al. 2016).
Recent data included Clostridium spp. prevailed at long postmortem intervals (up to
10 days) and that these Gram-positive, anaerobic extremophiles also prevailed at
shorter postmortem intervals (4 h) (Javan et al. 2017).

Lastly, details about geographical microbiome locations could also be of interest
in forensic field. It is known that soil samples from hundreds of sites in the area have
a specific profile, so any remains of soil sample in a scene of crime could be
informative (Hampton-Marcell et al. 2017).

There are many advances to date in NGS and microbiome analysis; however,
many things should be implemented in the near future and much work to be done
such as including microbiome in databases such as CODIS could prove an effective
method to lowering crime rates and clearing cases (Hampton-Marcell et al. 2017).

23.3.4 Epigenetic Analysis

It was in 1942 when Waddington coined the term “epigenetics,” which he defined as
changes in phenotype without changes in genotype. Nowadays, we know that
epigenetics mechanisms interact with gene expression pathways and programs that
can canalize different cell-type identities, including details of histone modifications
and DNA methylation (Allis and Jenuwein 2016).

Many recent researches of epigenetic are focused on diseases such as cancer or
inflammation, because epigenomic events are relevant for cellular reprograming
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(Allis and Jenuwein 2016). For example, an analysis demonstrated that KMT2D
epigenetically activates PI3K/Akt path and EMT by linking both LIFR and KLF4
serving as a supposed epigenetic-based target for treating prostate cancer (Lv et al.
2017). There are also details in non-cancer diseases such as the analysis of patterns
of DNA methylation and posttranslational histone modifications in chronic inflam-
matory diseases (Fogel et al. 2017).

In contrast, epigenetic has been explored slowly in forensic field. New researches
are focused in the “epigenomic fingerprint” using epigenomic prediction of lifestyle
and environmental exposures to improve DNA characterization in criminal cases
where problems in DNA profiles identification are, complementing its predictions
(Vidaki and Kayser 2017).

Many of the studies in epigenetic in forensic field are focused on markers for the
prediction of tissue-identification and monozygotic twin bias, by using DNA meth-
ylation methodologies (methylation-sensitive restriction endonuclease, bisulfite
modification, methylation-CpG linking protein, and third-generation sequencing
methods, among others) (Kader and Ghai 2015).

In relation to the use of epigenetic in the estimation of human age, there is a study
which analyses a total number of 27 CpG sites at three genetic loci (SCGN,
Secretagogin; KLF14, Kruppel-Like Factor 14; and DLX5, distal-less homeobox
5 gene) in relation to their methylation status with age (samples range from 5 to
73 years). Finally, it is discovered that specific CpGs in SCGN and KLF14 can be
used as potential epigenetic markers to estimate age using saliva and blood
specimens, data with relevant interest in forensic field. However, there are still
many challenges in finding universal DNA methylation markers using any body
fluid, because many studies reported that DNA methylation is tissue specific. By the
moment, just certain markers such as ELOVL2, which was describe as relatively
stable age predictors for some cell types (Alghanim et al. 2017).

There are also data reporting the use of epigenetic for the discrimination of
identical twins, demonstrating that there are twin-differentially methylated sites
that can be useful in the case of twin genetic identification, that nowadays is
currently impossible (Vidaki et al. 2017).

Many of the studies have been developed with great quantities of DNA, but
promising reports also exist with few quantities of initial DNA (100 pg), which is
relevant for forensic sciences (Yang et al. 2014). The application of epigenetic is in
the initial steps in the forensic field, but promise results are described according to
this data.

23.3.5 MicroRNA Analysis

In 1993 Lee was the first to describe microRNAs (miRNAs). They are defined as
small RNA molecules encoded in the genome of plants and animals with highly
conserved regions; their main role is to regulate the expression of genes (Lee et al.
1993). There are many data about their role in cancer development and evolution.
Dr. Croce’s group was the first to highlight miRNAs role in B-cell chronic
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lymphocytic leukemia cells; describing for the first time miR-15a and miR-16-1 in
this cancer. Currently it is known that the role of miRNAs in cancer is wide, and they
can act in different ways depending on their target genes. miRNA could function as
either oncogene or tumor suppressor under certain circumstances. Recent researches
are focused in identifying miRNA profile in exosomes of cancer (Peng and Croce
2016).

miRNAs have also been recently introduced in forensic field. One of the principal
significant things is their little size (8–22 nucleotides in extent) which highlights
them as the most promising molecules for avoiding degradation and tissue-
specificity or very tissue-different expression. They are fitting for forensic detection,
body fluid classification, and postmortem interval (PMI) deduction analysis (Yang
et al. 2014).

There are data exposing a set of miRNAs as validated ones for human identifica-
tion in several body fluids (blood, saliva, semen, menstrual blood, and vaginal
secretions) and skin such as miR10b, miR203, miR374, miR451, and miR943 as
well as proper candidate housekeeping genes like miR26b, miR92, miR144, and
miR484 for normalizing miRNA gene expression data (Sirker et al. 2017). Recent
publications have also indicated that miR-451a and miR-142-3p were observed in
venous profiles and miR-205 absent; in menstrual blood samples, miR-451a,
miR-141-3p, and miR-205; miR-891a, miR-10b, miR-142-3p, and miR-205 were
observed in all semen samples; in saliva, miR-142-3p and miR-205 were observed
(Mayes et al. 2018).

There are also efforts in identifying miRNA organ-specific markers such as
hsa-miR-219a-5p, hsa-miR-122-5p, hsa-miR-205-5p, hsa-miR-208b-3p, and
hsa-miR-206 for the identification of brain, liver, skin, heart, and skeletal muscle,
respectively. Further, hsa-miR-9-5p and hsa-miR-124-3p as well as hsa-miR-499a-
5p, hsa-miR-1-3p, and hsa-miR-133a-3p were found to be promising markers for the
identification of brain and muscle in general, respectively (Sauer et al. 2017). As the
usefulness of miRNAs in the forensic field to determine the origin of the evidence is
more and more proven, there has been developed some strategies to multiplex the
analysis of miRNA for body fluid identification (Mayes et al. 2018). However, many
challenges are still open for its wide application in human identification and database
updating.
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