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Resumo

Em procedimentos forenses, a analise de marcadores de DNA na identificagdo humana
€ 0 processo estabelecido devido as caracteristicas apresentadas por este &cido
nucleico. A utilizacdo de marcadores genéticos como método tem como base a analise
de repeticbes variaveis de nucledtidos em tandem (VNTRs) encontradas no DNA
extraido de uma amostra bioldgica e a sua comparacdo com uma amostra referéncia,
uma vez que a match probability entre dois individuos é baixa. Dentro da categoria dos
VNTRs, os Short Tandem Repeats (STRs), nomeadamente os localizados nos
cromossomas autossémicos, sao vastamente utilizados na area forense uma vez que
sdo altamente informativos além de apresentarem um grande ndmero e disponibilidade
de marcadores. Apesar destas caracteristicas, os STRs autossomais apresentam
limitagcBes, em casos particulares, e por isso a sua informacao pode ser complementada
por STRs localizados nos cromossomas sexuais, nhomeadamente no cromossoma X.
Devido aos processos evolutivos e as caracteristicas de heranca genética do
cromossoma X, este retine propriedades peculiares que permite a sua utilizacdo na area
forense, sendo extremamente Gteis em casos de analise de parentesco e na analise de
restos humanos (por exemplo em desastres naturais ou ndo naturais) e na analise de
manchas. Apesar da sua utilidade, existem problemas que podem impedir a sua
utilizacdo, em particular, a falta de bases de dados populacionais estabelecidas e
possiveis problemas de nomenclaturas dos X-STRs devido, em parte, a falta de estudos
minuciosos que englobem distintos grupos populacionais. A importancia de estabelecer
uma nomenclatura global e inclusiva é altissima, uma vez que ira facilitar a comunicacao
de resultados obtidos e a sua precisdo entre laboratérios. Todos estes problemas ja
foram realcados em alguns estudos cientificos, no entanto, ainda existe uma falha neste

tema e em particular para os X-STRs.

De acordo com as regras existentes e estabelecidas para a atribuicdo da nomenclatura
alélica de um STR, o procedimento mais correto passa pela analise da sequéncia do
DNA de um determinado locus em distintos grupos populacionais (por exemplo,
Europeus, Asiaticos e Africanos) de modo a englobar a maior variacao possivel para
esse STR. Além disso, o alinhamento das sequéncias repetitivas com as sequéncias do
genoma do chimpanzé, sendo que este é 0 parente mais préximo do ser humano,
apresenta um complemento a atribuicdo de uma nomenclatura de um STR uma vez que
tiveram menos tempo de evolucdo e por isso estdo mais proximos da estrutura

ancestral.
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O trabalho apresentado nesta dissertacdo teve duas grandes finalidades: a
categorizacéo da diversidade genética dos X-STRs em humanos, em particular nos trés
principais grupos populacionais: Europeus, Africanos e Asiaticos e a comparacao com
0 genoma dos chimpanzés para varios marcadores integrados no kit comercial mais
utiizado “The Investigator X-12 QS” (Qiagen) tais como DXS10074, DXS10134,
DXS10135, DXS10146 e DXS10148. Para a realizacdo do trabalho pratico, amostras de
portugueses foram utilizadas como representantes do grupo populacional Europeu,
amostras de Macaenses foram utilizadas como representantes do grupo Asiético e, por
fim, foram reunidos dados de trabalhos publicados e na literatura maioritariamente para

0 grupo populacional Africano.

Nos resultados obtidos neste trabalho, foram observadas varias inconsisténcias entre
as nomenclaturas encontradas através da analise de resultados de sequenciagédo das
amostras neste estudo, e as previamente estabelecidas, especialmente, para 0s
marcadores DXS10135 e DXS10148, sendo que uma revisdo da nomenclatura destes
marcadores foi proposta. Este fato realca a importancia de que para estabelecer uma
nomenclatura inclusiva, varias analises a nivel populacional tém de ser realizadas. Os
alinhamentos com sequéncias de chimpanzé também mostraram um pouco das
diferencas de evolucdo que os marcadores estudados sofreram em relagdo a sua

estrutura ancestral e estabilidade.

Palavras-chave: DNA, forense, STRs, cromossoma X, X-STRs, nomenclatura,

chimpanzé, humano, marcadores genéticos
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Abstract

In forensic procedures, analysis of DNA markers is the established methodology due to
the characteristics that this nucleic acid presents. This methodology is based on the
analysis of variable nucleotide tandem repeats (VNTRS) found in the DNA extracted from
a biological sample and its comparison to a reference sample since the match probability
between two individuals is low. Included on the VNTRs category, Short Tandem Repeats
(STRs), namely present on the autosomal chromosomes are vastly used in forensic
studies due to the high quantity, high polymorphism and having a big availability in terms
of markers throughout the genome. Even though, autosomal genetic markers possess
some limitations and its information can be complemented by STRs located on the sex
chromosomes, such as the X-chromosome. Due to the evolutionary processes and
history that the X-chromosome underwent, it gathers peculiar characteristics that allow
the usage in the forensic field, being extremely useful in parenthood cases, analyses of
human remains in mass destructions, and analyses of stains. Apart from these good
gualities, X-chromosome STRs (X-STRs) have some negative points that can be a
barrier to its usage in some cases. Lack of an established database and nomenclature
due to, in part, the lack of studies that analyze various population groups are somewhat
prejudicial to the usage of X-chromosome genetic markers in the area. The importance
of establishing a global and inclusive nomenclature is high, since it will facilitate the
reports obtained in studies making these results more precise. These problems have
been emphasized in many studies about X-STRs. The alignment of these human
repetitive sequences with the sequences of the chimpanzee (Pan troglodytes), the
closest living relative of human species, presents a solution on solving the nomenclature
issues of X-STRs since the chimpanzee sequences had less time to evolve therefore it

is closer to the ancestral structure.

The work presented in this dissertation has two big finalities: the categorization of genetic
diversity of X-STRs in humans, in three population groups, nhamely Europeans, Asians
and Africans, and the comparison with the chimpanzee genome, for various markers
integrated in the most used commercial kit “The Investigator X-12 QS” (QIAGEN) such
as DXS10074, DXS10134, DXS10135, DXS10146 and DXS10148.

To perform this practical work, samples from the Portuguese population were used as
representation for the Europeans, samples from Macanese population were used as
representation for Asians and for the African population group, data was mostly gathered

from the literature.



FCUP | vii
Genetic diversity of human specific X-STRs in human and chimpanzees: a comparative study and
proposal for nomenclature

The sequencing results obtained in this work revealed several discrepancies between
some of the nomenclatures of the X-STRs analyzed when compared with the results and
the previously established nomenclatures. Most inconsistencies were encountered for
the markers DXS10135 and DXS10148. A revision of the established nomenclature for
these two markers is proposed. These findings highlight the importance of performing
studies on several, different population groups for X chromosome genetic markers. The
alignment results showed the differences between both species that the markers
analyzed underwent and its potential ancestral structure and stability that support the

inference on the most accurate nomenclature.

Keywords: DNA, forensics, STRs, X-chromosome, X-STRs, nomenclature, chimpanzee,

human, genetic markers
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1. Introduction

1.1. DNA in forensic genetics

The set of nucleic acid sequences encoded as deoxyribonucleic acid (DNA) molecules
located in the nucleus of the cell, and in the mitochondria make up our complete genetic
information - the human genome. Genetic variation is present in the form of DNA
sequence or length polymorphisms. Therefore, human identification is possible due to
the unique genetic profiles obtained from DNA and has consequently a central role in
the forensic genetics field. Genetic variability is key for this process and the discovery of
variable number of tandem repeats (VNTRS) allowed this method to take place since the
match probabilities are so low that only monozygotic twins share the same DNA
fingerprinting (Udogadi et al., 2020). VNTRs, also known as minisatellites, are repetitive
sequences of 8 to 100 bps, and Short Tandem Repeats (STRs) are microsatellites
generated by a sequence (in tandem) of copies of small DNA segments (ranging from 2
to 6 base pairs) (Jeffreys et al., 1985). Since its introduction in the early 80’s by Sir Alec
Jeffreys (Jeffreys et al., 1985) the analysis of DNA markers - known as DNA
fingerprinting - was a breath of fresh air in forensic investigations. Up until the modern
days, DNA fingerprinting is the stapled technique used in this area of study. Obviously,
throughout the decades, many advancements were introduced involving discrimination
power, speed and sensitivity of DNA profiling methods (Haddrill, 2021; Oberacher &
Parson, 2007). This analysis relies on the usage of STR markers from the DNA extracted
from the questioned biological sample to find a match with a reference sample (Dash et
al., 2020). Usually, the source of genetic material for DNA analyses can be, for example,
blood (or other body fluids, for example saliva), bone, hair and even soft tissue
(Zietkiewicz et al., 2011). The most informative STRs may present more than a dozen
alleles and thousands of these polymorphisms have already been identified in humans.
Some estimations point to the existence of about one million STRs distributed among
the human genome (Marano & Fridman, 2019). Due to the vast availability of markers in
the human genome, many polymorphisms are well known and the most suitable are

chosen for different types of identification cases.

In the context of casework applications, DNA can help convict a guilty person but also
exonerate an innocent. It can also help identify the remains of missing persons and

victims of mass disasters or to analyze genetic relationships, including paternity testing

1
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(Butler, 2015; Zietkiewicz et al., 2011). DNA markers may allow for identification of
perpetrators when biological material is transferred between the aggressor and the victim
or to the crime scene itself. Another advantageous characteristic of the used of DNA in
forensic investigations is its inheritance mode since it comes from both parents. In cases
of missing persons or mass disaster victims, family members such as mother, father or
even brothers can provide samples to help compare the genetic material obtained from
the remains (Butler, 2015).

Although numerous polymorphisms are available throughout the genome that are
suitable for forensic genetic applications such as autosomal, X and Y chromosomal and
mitochondrial markers, this study concentrates on the study of STRs located on the X
chromosome (X-chromosomal Short Tandem Repeats, X-STRs) and, therefore, the

remaining introduction of this dissertation will specifically focus on its characteristics.

1.2. The X chromosome

1.2.1. Main structural characteristics

Many structural properties of the X chromosome are unique when compared to its sex
chromosome equivalent, the Y chromosome, or even when compared to the autosomes.
The eutherian X chromosome has three main regions: the PAR (pseudoautossomal)
regions, the X-added region (XAR) that comprises an autosomal segment added at the
time of the eutherian-metatherian divergence and the X conserved region (XCR) that
maintained almost all ancestral genes (MN & JMA, 2018).

One of the main characteristics of the X chromosome is its highly preserved autosomal
character and the fact this it is one of the most stable nuclear chromosomes possessing
one of the biggest and most conserved gene arrangement and gene content across
placental mammals (Brashear et al., 2021; Sangrithi & Turner, 2018). Considering
structural properties, the X chromosome has low CG content, being 39%, in comparison
with the genome average that is 41% (Ross et al., 2005). The X chromosome has a size
of approximately 155 million base pairs, which represents 5% of the estimated human
genome size (Ross et al., 2005). The analysis of sequence data performed by Ross and
his coworkers in 2005 revealed that the X chromosome has a low concentration of genes
and small gene length since only 1.7% of the chromosome are exons which leads to the
transcription of only 33% of the chromosome (Ross et al., 2005). Another interesting
characteristic linked to the X chromosome is the inactivation it undergoes in females,

due to the extra dosage present, since females have two X chromosomes.
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1.2.2. Origin and evolution of the sex chromosomes

The evolutionary process of the sex chromosomes originates the characteristics that
make the X chromosome today so unique. Approximately, between 200 and 300 million
years ago, the mammalian sex chromosomes started to differentiate from a pair of
autosomes, originating the so-called proto-sex chromosomes (Ross et al., 2005). These
primitive chromosomes began to differ from each other, physiologically and biologically,
due to the appearance of sex determining genes, for example, the sex-determining
region Y protein (SYR), on the proto-Y-chromosome (lwase et al., 2010). In 1999, Lahn
and Page proposed a model that tries to explain the evolutionary steps that the sex
chromosomes underwent (Lahn & Page, 1999). This model suggests four main events,
namely four inversions, on the Y chromosome that contributed to the cessation of X-Y
recombination (Lahn & Page, 1999). Each inversion increased the differences among
each chromosome as they evolved, i.e., each portion of the chromosomes that inverted
added to the length of DNA that could no longer align and recombine. Each stratum
resulting from each inversion event consists of four regions with genomic characteristics
that can be organized into different groups (Furman et al., 2020). These groups will then
have different ages, the oldest stratum being the first inversion, which means the first
recombination suppression and so forth. In addition, the initial stratum will have a higher
genetic divergence than the most recent ones (Furman et al., 2020). It is known that
inversions tend to stop recombination, which supports this model of evolution, because
after each inversion that happened on the Y chromosome the regions that were affected
became non-recombining, evolved and diverged independently (Bachtrog &
Charlesworth, 2001; Pandey et al., 2013). These events, on top of accumulated
mutations on each chromosome, lead to the creation of specific (hon-recombining) Y and
X chromosome regions (lwase et al.,, 2010). There are two regions on the sex
chromosomes that escaped this lack of recombination, which are the PAR1 and PAR2
regions (pseudoautossomal regions). These locations are very interesting since, for
example, the recombination rate in the major pseudoautossomal region is twenty times
the genome average. When comparing both sex chromosomes, the Y chromosome lost
a big portion of its genes and sequences and developed a unique pattern of repeated
sequences. As for the X chromosome is the complete opposite, since this chromosome
retained its autosomal character in females and it is the most stable nuclear chromosome

amongst placental mammals (Schaffner, 2004).
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1.2.3. The X chromosome in females and males: inheritance features

The evolution that the sex chromosomes went through not only shaped them structurally
but also gave them gender specific characteristics. Males transmit the X chromosome to
their female offspring unchanged (unless mutation occurs) due to the lack of
recombination in meiosis, except for the PAR regions (see Figure 1). Females transmit
the X chromosome as a changed piece because they have two copies of the X
chromosome, which allows for full recombination (Figure 1) and therefore exchange and
complete rearrangement of information occurs (Figure 1) (Diegoli, 2015; Gomes et al.,
2020; Schaffner, 2004). This promotes variation in new generations, increasing diversity
(Gomes et al.,, 2020). The second example is the imbalance of dosage of X
chromosomes between males and females (Heard & Turner, 2011). This imbalance of
dosage creates a need for compensation. Therefore, one of the chromosomes is
inactivated in early female cell development by a process called XCI (X chromosome
inactivation). This inactivation was discovered by Mary Lyon (Lyon, 1961) and is
controlled by the XIST (X-inactive transcript). Xist produces a noncoding RNA that
involves the targeted X chromosome, which attracts factors, and will modify the

chromatin and inactivate that chromosome (Brockdorff et al., 2020).

These specific characteristics, one single copy in males and two recombining portions in
females, make the X chromosome a particular interesting tool for forensic and population
genetic studies (Gomes et al., 2020). Clinical genetics is another great area of study
where the X chromosome has a big impact due to of its mode of inheritance and link to
genetic diseases such as hemophilia, Duchenne muscular dystrophy and many more
(Szibor, 2007). Since these diseases are usually linked to recessive genes, males will
express the traits and symptoms due to the X-linked recessive allele that is passed on
by the mother. On that note, if a male has female descendants, these will 100% carry
that allele, even though, they might not express the phenotype of that disease. These
female descendants will pass on the gene with 50% chance to their offspring. Having
knowledge of this transmission mode and contexts, the study of X-chromosomal markers

is really useful for clinic genetics, forensic and kinship analysis (Szibor, 2007).
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Figure 1. Inheritance of the X chromosome, withdrawn from "Twenty years later: A comprehensive review of the X
chromosome use in Forensic Genetics” (Gomes et al., 2020). After recombination, females transmit a new, reshuffled
chromosome (1) while males a transmit copy of the X-chromosome as an unchanged block to female descendants (2).

1.3. X-chromosomal Short Tandem Repeats

As time passed, improvements of methods have taken place and advances in technology
allowed the detailed study of STRs. These markers are very well studied and therefore,
are regularly used as the gold standard tool in forensic investigations. As mentioned,
STRs are a class of repetitive sequences that have repeat units between two and seven
nucleotides in length and are tandemly repeated from approximately a half a dozen to
several dozen times. This repetitive structure makes STRs tremendously variable, in part
due to slippage during DNA replication, which leads to alleles with different numbers of
repeat units. Repeat length polymorphisms such as STRs are only one of the several
types of sequence variation throughout the human genome: bi- and multi-allelic
polymorphisms, such as single nucleotide polymorphisms (SNPs) and insertion-
deletions (INDELS), are examples of other commonly used types of genetic variations in
population and forensic genetics. However, due to the content of this dissertation (X-

STR sequence variation), the focus will be on STR type of markers only.

There is a considerable amount of STRs present in the human genome but only a few
have been selected to be used in forensic studies (Butler, 2007; Cao et al., 2015; Gomes
et al., 2020). The main reasons behind the choice for STRs are: 1) they have a lot of

variation, so they are highly polymorphic allowing a good discrimination power; 2) the
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techniques used for STR analysis are easy to apply to forensics due to the sensitive
nature of PCR and capillary electrophoresis (CE) and finally 3) the ability to generate
STR multiplexes with small amplicon lengths for degraded DNA. The STRs used in
forensic investigations come from autosomal chromosomes and are usually the source
of genetic information for these investigations, which have been in use in the field for a
long time with great results and are widely accepted and validated (Amorim & Pereira,
2005). Although autosomal STRs are very informative and useful, in the last couple of
decades there’s been a huge interest on the STRs located on the sex chromosomes,
such as X-STRs. In fact, X-STRs have been developed into an established method used
in forensics laboratories to provide extra information alongside the results from the
autosomal STRs in highly specific cases (Diegoli, 2015). There is a plethora of studies
using the X-chromosome genetic markers (Bottinelli et al., 2022; Chen et al., 2018;
Veselinovi¢ et al., 2017).

In resume, X-STRs gained interest in the fields of population and forensic genetics due
to their characteristics of inheritance that allow complementing the information obtained
from autosomal markers or even exclusively provide the information needed to answer

certain questions.

1.4. Applications of X-STRs in forensic and population genetics

X-STRs have many, but particular applications in population and forensic genetics such
as, for example, in kinship analysis. For instance, in father/daughter relationships and
mother/son relationships, X chromosome genetic markers are a great help because of
its transmission mode presented above (Figure 1). Another great example of the
contribution of X-STRs are cases where potential paternal half-sisters’ relationships are
tested and, the putative father is unavailable, also known as “deficiency cases” (Figure
2). In these cases, the X-STRs are useful since the half-sisters must share an entire,
unchanged (except when mutations occur) X chromosome copy, which they got from
their putative father (Gomes et al., 2008; Gomes & Pereira, et al., 2009). Due to the lack
of recombination in males, this leads to direct haplotyping and exclusion of sisterhood if
they do not share the same paternal alleles. This can also be said for

granddaughter/grandmother relationships (Gomes et al., 2008) (Figure 2).
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Figure 2. Some example pedigrees where X-chromosome testing can be useful. Image obtained from Advanced topics in
Forensic DNA typing: Methodology, John M. Butler (2012) (Butler, 2012).

In stain analysis, the X chromosome can also be useful in some instances. For example,
to identify female traces in male contaminations, X-STRs are advantageous compared
to autosomal ones because female alleles can only be completely included in the male
counterpart only if the female is homozygous for all the alleles. In male traces on female
contaminations, this does not happen simply because there is a higher chance of the
male alleles to be included on the female component therefore presents a limitation for

the X chromosome usage (Szibor, 2007).

A particular subject that comes to mind on any forensic genetic-based investigation is
having access to a well-developed population genetic (frequency) database that allows
for access of relevant population data parameters or even for comparison with other
population groups. Population databases regarding autosome and Y chromosome
genetic markers are well stablished and are in constant growth (Roewer, 2013). On the
contrary, for X-STRs, compiled population information is scarce and no solid database
exists (Gomes et al., 2020), which limits their use in forensic investigations. Attempts
have been made in the past and an X chromosome database was created (www.ChrX-
STR.orqg). However, the objectives were not achieved, and for several years now, it has

not been updated.

Since the increased interest on the use of X-STRs, a high number of populations have
been genetically characterized. In the study by Gomes and co-authors (Gomes et al.,
2020), a detailed compilation of population X-STR data was performed. Regarding the
number of loci described in the literature retrieved from this study, 85 X-chromosomal
loci were reported (Attachment 1- Supplementary Table 1). In addition, the 236 papers

analyzed in this work provided the forensic genetics community an overview of what is


http://www.chrx-str.org/
http://www.chrx-str.org/

FCUP | 8
Genetic diversity of human specific X-STRs in human and chimpanzees: a comparative study and
proposal for nomenclature

available on this topic. Those researchers concluded that throughout 1999 until 2008,
the number of papers regarding population data on the X-STRs saw a huge boost but it
slowly became stagnhant in the last years (Gomes et al., 2020). It was also pointed out
that the number of markers included in the studies varied a lot partially due to the use of
commercial kits (Table 1), which had a development throughout the years, the first
consisting of four markers, and the most recent one, the Investigator Argus X-12
(Qiagen, Hilden, Germany), expanded to 12 markers. Alleles of linked markers form
haplotypes if markers are found to be in linkage disequilibrium and, in these cases, these
should be analyzed together (Figure 3). X chromosome haplotype analyses has been
demonstrated to be a valuable tool in pedigree kindship testing therefore the Investigator
Argus X-12 can support these cases. This relates to another focal point in the forensic
field and in population genetics, which is linkage and linkage disequilibrium. This is
particularly important when the X chromosome is the topic since all genetic markers are
on the same chromosome. Linkage means that if more than 50% of the gametes are
expected to have the same segment as the parental chromosome the two markers are
linked. Linkage disequilibrium (LD), on the contrary, is a phenomenon that occurs due to

the non-random association of alleles from different markers at a population level.

Regarding worldwide information about X-STRs, the data is scarce for some populations
like those from sub—Saharan Africa and America (with some exceptions). On the
contrary, China, for example, is well represented with the highest number of populations
studied. This shows an imbalance representation of worldwide population data and
further studies must be performed to have a highly comprehensive and representative
human X-STR database (Gomes et al., 2020).

Studies have been performed using the standardized kit, the Investigator Argus X-12
(Qiagen, Hilden, Germany), and several other multiplex systems have grown along the
years (Table 1). These systems are adding information on allelic frequencies to the
databases of the specific countries where the study was completed (Bini et al., 2020;
Gomes et al., 2020; Perera et al., 2021; Tao et al., 2018).
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Table 1. Most used multiplex PCR assays targeting X-STRs. References do not necessarily refer to the original
development papers (Gomes et al., 2020).

Name References Nr. and STR loci

Goldeneye 17X kit Gao etal. (2019) 16 (DXS6795, DXS9902, DXS8378, HPRTB, GATA165B12,
DXS7132, DXS7424, DXS6807, DXS6803, GATA172D05,
DXS6800, DXS10134, GATA31EQ8, DXS10159, DX86789, and
DXS6810)

Investigator® Argus X-12 QS (Qiagen) kit Elakkary et al, (2014) 12 (DXS7132, DXS7423, DXS8378, DXS10074, DXS10079,
DXS10101, DXS10103, DXS10134, DXS10135, DXS101486,
DXS510148, and HPRTB)

Microreader™ 19X 1D System kit Linet al. (2020) 19 (DXS6795, DXS6803, DXS6807, DXS9907, DXS7423,
GATA172D05, DXS101, DXS9902, DXS7133, DXS6810,
GATA31E08, DXS6800, DXS981, DXS10162, DXS6808,
GATA165B812, DXS10079, DXS10135, and HPRTB)

AGCU X19 STR Kit Lietal. (2017) 19 (DXS8378, DXS7423, DXS10148, DXS10159, DXS10134,
DXS7424, DXS10164, DXS10162, DXS7132, DXS10079,
DXS6789, DXS101, DX810103, DXS10101, HPRTB,
DXS6809, DXS10075, DXS10074, and DXS10135)

- Deng et al. (2017) 19 (DXS8378, DXS9898, DXS7133, GATA31E08,
GATA172D05, DXS7423, DXS6809,DX87132, DXS9902,
DXS6789, DXS8378, DXS7423, DXS7132, DXS10079,
DX86801, DXS6799, DXS6800, DXS10075, DXS6807, and
DXS6803)

- Prieto-Fernandez et al. (2016) 17 (DXS9895, CATA144D04, DXS10077, DXS10078,
DXS10161, DXS10160, DXS981, DXS6800, DXS6803,
DX59898, DXS6801, DXS6799, DXS6797, DXS7133,
DXS6804, GATA172D05, DXS8377, DXS10146, and

DX510147)

GHEP-ISFG decaplex Gusmao et al. (2009) 10 (DXS8378, DXS9898, DXS7133, GATA3Z1E08S,
GATA172D05, DXS7423, DXS56809, DXS7132, DX59902, and
DXS6789)

= Zhang et al. (2017b) 15 (DXS6807, DXS8378, DXS6795, DXS10164, DXS7132,

DX510074, DXS6803, DX36801, DXS101, DXS7133,
GATA165B12, DXS10103, HPRTB, GATA31E08, and
DXS7423)

MiSeq FGx™ Forensic Genomics Jager et al. (2017) 7 (HPRTB, DXS7132, DXS7423, DXS8378, DXS10074,
DX310103, and DXS10135)
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Figure 3. Location of some commonly used X-chromosomal STR markers for forensic and population genetic studies.
Image obtained from the chrx-str.org database. The four linkage groups of the Investigator Argus X-12 markers as well
as the complete 12 X-STRs (in bold) that compose this commercial kit are represented in the image, except for loci
DXS10175, DXS8377, DXS10147 which are not part of this system.

There has clearly been a step forward and great attempt to expand the information on
X-STRs but more studies about other relevant population genetic topics such as
haplotype frequencies, mutation rates and linkage disequilibrium need to be made to

build a reliable database about X-chromosomal genetic markers (Gomes et al., 2020)
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1.5. Sequence variation, repeat structure and nomenclature of X-
STRs

1.5.1. Applications in forensic genetics

Creating X-STR population-specific databases for identification purposes as well as for
population genetic studies can only be useful if a worldwide well accepted nomenclature
is established. This is very important to avoid misinterpretation of obtained results such
as comparing allele frequency amongst different populations and no misinformation
between laboratories when these are exchanging data. This problem has already been
pointed out in many studies (for example, in (Gusmé&o et al., 2002; Gomes et al., 2009;
Gomes et al., 2009)). Due to the substantial increase of data over the years, not only
these studies generated a good amount of sequencing data for X-STRs but they also
made it easier to find differences among nomenclature reports making it hard to compare
the data between laboratories (Diegoli, 2015; Gomes et al., 2020).

As stated in the International Society for Forensic Genetics (ISFG) guidelines (Tillmar et
al., 2017), initially, the X-STRs tests and information were mostly gathered in individuals
of European ancestry. This led to a lot of discrepancies in the repeat structures when
studies from populations around the world started to be made, with these structures
being more variable than what initially was seen (Tillmar et al., 2017). This not only shows
that, for an inclusive nomenclature, worldwide research needs to be made but, in these
studies, a more detailed look at the variation and the structure of the repeat is highly
needed. This problem has also been looked upon and pointed out in some studies
(Gomes et al., 2008; Gomes et al., 2009). In fact, this problem is so impactful that it led
to a complete revamp of the primers initially used in the first version of the Investigator
Argus X-12 kit (Qiagen, Hilden, Germany) that was substituted by the Investigator Argus
X-12 QS kit (Qiagen, Hilden, Germany). As already mentioned, as most of the DNA
sequence data mainly came from subjects with European ancestry, a lot of silent alleles
were detected due to the mismatch of primer binding sites when comparisons with other

different populations groups began, such as in Africans (Gomes et al., 2020).

This is a concerning point for the future applications of X-STRs in forensic and population
studies since a good nomenclature, a well explored sequence variation and repeat

structure is crucial for this area of study.
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1.5.2. Pan troglodytes genome

To establish the most accurate allele or locus nomenclature, the DNA sequence of a
microsatellite should be analyzed in several diverse human population groups and not
be restricted to only one population group, which is usually the case. In order to detect
for possible hidden DNA sequence variation distinct population genetic groups such as
Europeans, Asians and Africans should be included for the detection of possible hidden
sequence variation. On the other hand, comparisons with the chimpanzee (Pan
troglodytes) genome may provide insights into the discernment of the most likely
ancestral sequence. In addition, being the closest living animal to humans (together with
bonobos — Pan paniscus), the chimpanzees can help us infer crucial information about
our genome. For example, comparisons can help infer on mutation rates of certain
sequences, structural and functional differences of certain mutations and discover
evolutionary forces that have lead to our species being so different from the rest (Feuk
et al., 2005; Mikkelsen et al., 2005; Newman et al., 2005.).

The divergence between the two species happened about 5 to 7 million years ago but it
is still interesting to find the genetic elements and evolutionary forces that made us,
humans, so different from the chimpanzees (Suntsova & Buzdin, 2020; Varki & Altheide,
2005). This fact, combined with biomedical interests and general evolutionary principles

make the chimpanzee a great resource to be used (Varki & Altheide, 2005).

In the medical research field, even though the chimpanzee is not the most used model
for most human diseases due to the inherent technical and ethical implications ,
comparing our genome to theirs can broad our knowledge of certain mechanisms and
processes that happen when, for example, an infection occurs (Varki & Altheide, 2005).
In fact, the chimpanzee is used as a model to help us better perceive and understand
diseases that affect humanity, as for example, in the case of malaria. Studying
chimpanzees may help scientists understand the illness and how it evolved. This also
happened for the case of human trisomy 21 that in the chimpanzees is known as trisomy
22. Comparing similar pathologies between these two species is a great aid to
understand and help expand the expertise in the medical field
(https://microbewiki.kenyon.edu/index.php/Chimpanzee_Evolution).

Humans and chimpanzees share 98% similarity in their DNA. This is true when single
nucleotide divergences are being considered, since the divergence is said to be
approximately 1.23% (Varki & Altheide, 2005). When more than just a single nucleotide
divergence is considered, a different perspective and number is presented, especially

for repetitive genomic DNA and transposable elements. When, for example, INDELs are
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analyzed, approximately 90MB difference between humans and chimpanzees is found
which leads to a 3% divergence rate in this specific category (Varki & Altheide, 2005,
https://answersingenesis.org/genetics/dna-similarities/greater-than-98-chimp-human-

dna-similarity-not-any-more/).

For the sex chromosomes, comparison between humans and chimpanzees showed that
the X chromosome present the lowest divergence amongst all chromosomes, noted as
0.94% (Kehrer-Sawatzki & Cooper, 2006). On the contrary, the Y chromosome has the
largest divergence between the two species, noted as 1.78%. Impressively, although the
X chromosome shows low divergence, the differences at a structural level are very
significant as it has the highest numbers of paracentric inversions of all chromosomes
(Kehrer-Sawatzki & Cooper, 2006).

With all of this in mind, we can learn about our own genome, which is especially useful
in forensics and tied in with the topic above for creating a better nomenclature for STRs.
Comparing our repeat structure with the one from chimpanzee (Pan troglodytes) allows
for a view on what the ancestral gene sequence would look like, giving a better analysis
on the sequence structure and possible mutations of a specific genetic marker (Gomes
et al., 2009). In fact, this has been explored and applied not only to X-STRs (Gomes et
al., 2008; Gomes et al., 2009), but also to Y-STRs (Gusmao et al., 2002; Gusmao, Alves,
et al., 2002).

Another use of the comparison between humans and chimpanzees is the validation of
cross-species human-specific STR systems, since there are cases where human
antiserums showed cross reactivity with non-human blood. Therefore, it is important to
explore this field of cross-species amplification to better improve the quality of these kits
(Singh et al., 2019). Cross amplification systems are important for genetic divergence
and evolution studies since a similar set of markers can be used to test these cases
(Thakur et al., 2018).

The comparison of human and chimpanzee genomes is a great tool and can be used for
future studies that address sequence variations and repeat structures. This approach
when establishing a new nomenclature gives us a way to be more precise and accurate
when reporting a repeat of a studied STR, ensuring an accurate representation and

nomenclature. It also allows us to learn more about our own history and evolution
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1.5.3. Types of STR allele structures

STR DNA sequences diverge in the length of the repeat unit and the number of repeats
and are always read in the 5 to 3’ direction. STR allele sequence structures can be

divided into three classes: “simple”, “compound” and “complex” repeats (Urquhart et al.,
1994) (Table 2):

i) “Simple” repeats only show variation in the number of repeats without additional

sequence variation (i.e., repeat units of identical length and sequence);

ii) “Compound” repeats include several adjacent simple repeats of the same repeat unit

length;

iii) “Complex” repeats are repeats of variable length as well as sequences.

Table 2. Examples of STR alleles categorized in three different classes based on the core repeat pattern. Table in
Department of Biostatistics, School of public health, University of Washington.
(https://si.biostat.washington.edu/sites/default/files/modules/2).

Class Locus Allele sequence

Simple CSF1PO [TCTAlg

Simple Penta D [AAAGA]12

Compound vWA [TCTA][TCTG)4[TCTA]13

Compound D22S1045 [ATT]7ACT[ATT]2

Complex FGA [TTTCTTTTTT[CTTT];CTCC[TTCC )5

Complex D1S1656 [TAGA]4TGA[TAGA]13TAGG|T¢

1.5.4. Implications of X-STR nomenclature studies

As proposed about 25 years ago by the DNA recommendations of the International
Society for Forensic Genetics (Olaisen et al., 1997), a common STR nomenclature is a
prerequisite for inter-laboratory reproducibility, exchange and comparison of data.
Initially, when the interest on X-STRs begun to rise, a need for studies exploring not only
allele frequencies in populations but also the sequence variation at the allele and STR
sequence level also began to increase. Studies such as the ones by Edelmann et al.,
(2002, 2008) focused on describing the repeat structure and determining a nomenclature
of usable X-STRs in forensic investigations. These studies paved the way and gave a
better insight on the structure of the repeats but had a minor limitation (as it was already
mentioned) that the population analyzed was mainly from European ancestry. Studies
involving more populations with diverse ancestries and comparisons with the
chimpanzee genome such as demonstrated, for example, in the studies of Gomes et al.
(2008, 2009, 2016) showed new variations on the previously determined structures of

the alleles that had gone undetected. These mentioned studies gave a better perspective
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on the possible existence of silent alleles or possible repeats in the flanking regions of
the alleles that should be included, and a new nomenclature proposed, revamping the
already established one. These types of studies where the repeat structure is looked
upon are fundamental since a well-established nomenclature is necessary to better

insure a solid reporting of results and communication between the scientific communities.

1.6. Forensic and population genetics: future perspectives of X-STRs

DNA genetic markers such as X-STRs have a lot of applications in forensic and
population genetics, which were already mentioned above, such as solving kinship
relationships and help solving criminal cases through specific cases of human
identification when, for example, autossomal markers are not enough. X chromosome
markers may also be applied to clinical analysis due to their link to certain diseases and
even in worldwide population genetic studies aiding in finding variation among

populations and understanding and our species own history.

Although DNA profiling techniques are well established (for example, detection of DNA
fragments though capillary eletrophoresis are viable and provide great results), it can
present some limitations especially when the quantity of the DNA sample is low or too
degraded to be analysed (Aly & Sabri, 2015; Haddrill, 2021). On top of that problem,
capilary eletrophoresis has a limited multiplex capability and cannot identify sequence
variation in the STR core repeat regions neither in its flanking regions if the size of the
fragment or amplification itself is not affected (for example, null alleles or Indels)

(Simayijiang et al., 2022).

In recent years there has been many and significant advancements in tecnology also in
the scientifc field. A particular technique has gained a lot of attraction which is Next
Generation Sequencing (NGS) or Massively parallel sequencing (MPS). This is defined
as a method that sequences a portion of DNA sequence of an individual's genome
(Bruijns et al., 2018) or the entire genome in a relatively quick time frame. Being a
technique with such great throughput it has the ability to generate a lot of data (millions
of data) in a single run (Haddrill, 2021). This is one of the major advantages of this
technique since there is no limit on the number of analised STRs in one single run (Dash
et al., 2021). Generating a huge number of data is very useful but that is not the only
good point about the NGS. In contrast to fragment length analysis by PCR-CE,

sequencing reveals the true variation of STR loci and recognize a difference in alleles
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that have similar length which CE method can not. This will lead to a better analysis of
mixtures, and increase the efficiency of many legal cases (Aly & Sabri, 2015; Li, 2018).
MPS can also improve results for samples where DNA has degraded or samples where
DNA quantity is low (Haddrill, 2021). These are positive points that come from NGS
based methods but there are many possible applications of these techniques besides
from routine forensics such as age estimation, body fluid identification, detection of

geographic origin and ancestry and many more (Dash et al., 2021).

In fact, there are already some studies available using NGS to infer genetic structure and
provide some genetic insights from a population wise perspective (Chen et al., 2021;
Dash et al., 2021; Lan et al., 2022.). Also advances have been made in the analysis of
human remains (Ambers et al., 2020; Ambers et al., 2016) which keeps showing the

potential use of this technique to this field.

In 2020, Gomes | and coworkers (Gomes et al.,, 2020) made an overall review on the
status of the use of X chromosome markers, in particular, of X-STRs in forensic
population genetics. This work came to conclusion that the X chromosome is being
underused and being overlooked in terms of potential since the numbers of studies and
publications are declining and starting to become stagnant (Gomes et al., 2020). This is
a worrying fact but it gets even more concerning when the available data for the X-STRs
in some parts of the world is still low and unexplored (as seen in Figure 4) (Gomes et al.,
2020).
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Figure 4. Available data of X-STRs by country. Image obtained from "Twenty years later: A Comprehensive Review of the
X Chromosome Use in Forensic Genetics. (Gomes et al., 2020).
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This is not a good look on the usage of X chromosome in this field, but this sex
chromosome has shown a lot of potential and is in fact a good complement to the
information obtained from the autosomal markers. Hopefully, in the years to come the X-
STRs will gain more attention and the new technologies being developed will allow to
create a larger database of X chromosome genetic markers and population data so some
of the problems that exist are solved. In general, there are problems in the analytical and
statistical analysis of X chromosome markers by the forensic community mostly due to
the genetic model of inheritance (haploid state in males versus the diploid state in
females) because different estimation methods are needed for each sex (Gomes et al.,
2020). This is probably one of the main reasons why the X chromosome fell in terms on
publications (Gomes et al., 2020). Nevertheless, in the mentioned study (Gomes et al.,
2020) it was also pointed-out that much effort has till date been put in this topic (validation
and development of X-STR multiplex systems, characterization of populations, statistical
kinship-base testing solutions) and thus it is important to revive the interest in X

chromosome markers for population and forensic genetics applications.
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2. Objectives

The analysis of autosomal and gonosomal genetic markers, especially STRs, proved to
be an essential tool not only in forensic and population genetic studies but in diverse
fields of study as well. Even though sex chromosome markers are used mainly to
complement the information of the autosomal ones, the X chromosome is yet to be fully
explored. Having a general view on the genetic variation, specifically regarding the
repeat structure variation of the X-STRs on several population groups is essential to
establish an accurate nomenclature. To access this variation, the knowledge of the
ancestral STR structure is also essential which is obtained by performing a comparison
with the genome of the chimpanzees (Pan troglodytes). Gathering information about the
various markers is valuable and a great help to build a concrete and rich database,
setting up the usage of these genetic tools in forensic investigations. This study was
done with the purpose of categorizing the genetic diversity of X-STRs in humans, in
particular of European, Asian and African populations, and to compare with the
chimpanzee genome in order to propose a nomenclature that better describes the

variation at the DNA sequence.
These are the points underlined for this study and therefore the aims established are:

1) To analyze DNA sequence variation by amplification and sequencing of the
allele and flanking regions of the X-STRs: DXS10074, DXS10134, DXS10148
and DXS10146.

2) To detect as much variation as possible by comparing distinct samples from

European (Portugal), Asian (Macau) and African populations (published data).

3) To analyze the general structure and stability for the DNA sequence of the
markers cited in point 1) by comparing the chimpanzee (Pan troglodytes) and

human (Homo sapiens) genomes.
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3. Material and methods

3.1. Strategy

In order to achieve the proposed aims of the present study, due to several limitations of
financial and experimental nature, two different strategies were adapted and combined:
experimental laboratory and in silico work (note that in silico in this study referes to
literature search, compilation and comparions as well as to the chimpanzee genome
alignments using informatic tools). Table 3 ilustrates the information for the procedure
used for the samples that were sequenced (wet-lab) and for the samples that were
analysed by comparing available published data (in silico). The studies used are
referenced in the “Results and Discussion” section. For the African data, as considerable
sequence data is already publically available for the majority of the X-STRs, and also
due to financial constraints, it was decided to used the available information in the

literature

Table 3. Compiled information on the strategies for both the practical (laboratory) and computer work adapted.

Marker Europeans Asians African
Samples n=20 n=5 n=13
Guinea-Bissau and other West
DXS10074 Population | Portugal Macau )
African groups
Method Sanger Sequencing Sanger Sequencing In silico
samples n=20 n=3 n=11
DXS10134 | population | Portugal Macau Guinea-Bissau
method Sanger Sequencing Sanger Sequencing In silico
samples n=20 n=3 n=19
DXS10135 | Population | Portugal Macau Guinea-Bissau
method Sanger Sequencing Sanger Sequencing In silico
samples n=19 n=71
. . Guinea-Bissau and other West
DXS10148 | population n.a. Korea/Malasia )
African groups
method In silico In silico
samples n==6 n= 26
DXS10146 | population | Portugal n.a Guinea-Bissau
method Sanger Sequencing In silico
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3.2. Samples and DNA extraction

Samples from Portugal were used for the DNA sequencing of the European group (Table
3). Blood samples were collected using a sterile, single-use lancing device (Accu-Chek,
Roche, Germany) from healthy and unrelated male volunteers, under informed consent.
The samples were collected in the scope of a previous study (Faustino M., 2021) for
population genetic research purposes. Therefore, DNA extracts were already available
for use. Nevertheless, even though the samples were not extracted in this study, the
method used to extract the DNA from the blood samples is provided, which was
dependent on the card type used for the blood stain preservation, the card sample age
and dryness level. For the Whatman FTA cards, DNA was extracted using a standard
Chelex method (Walsh et al., 1991) or a modified version for dry and old bloodstains.
For the GenReleaz cards an elute methodology was used (Fast and efficient recovery
of DNA, Ahlstrom-Munksjd, 2018).

3.3. Amplification of the STRs

1- Amplification of the X-STRs was done through a PCR reaction, in singleplex, for each
marker, namely DXS10074, DXS10134, DXS10135, DXS10148 and DXS10146. The

primers used were newly design using the website primer3 (https:/primer3.ut.ee/).

Primer information and fragment sizes are shown in Table 4.

Table 4. Primer sequences (5'-3') and additional information on the studied loci.

X-STRs Primer sequences (5’-3’) Reference Frag Size Tm °C
DXS10135 |F- GCCAAGAACATTTTTCAGTCA Gomes et al. (2017) |254 58.52
R- TAGCCAAGCCTGAAGACCAC 58.94
DXS10146 |F- GATCTGCCTTGCCCTTCCTA new this study 327 59.16
R- TGGGGTGACAGACTGAGAGA Gomes et al. (2017) 59.52
DXS10148 |F-TGCATGACAGAGGGAGATTCT new this study 209 58.52
R- CTGGTTTTGGCAGTGGTGTT new this study 58.18
DXS10074 |F- TGCCATTTGTTGTGATCTCC Gomes et al. (2017) |227
R- CCCTCAGAGAGCTGACACAG
DXS10134 |F- GCCTGGGTGACATAGAGAGA new this study 284 58.22
R- TGTGAACAAAACTGCTATGAACA | new this study 57.17

Tm= melting temperature (annealing temperature)


https://primer3.ut.ee/
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2- Initially, a test was performed using the Master mix and reagents concentration and
volumes presented in Table 5 with a few samples only, and including a negative and
positive control to test for possible contamination and to see how the reaction was carried

out, respectively. The thermocycling conditions used are listed in Table 6.

Table 5. Master Mix used in both standard and "Touchdown" PCR reactions of 10pl final volume.

Reagents Vol per Concentration in PCR
Sample (uL)
2.5 units HotStarTaq DNA
Hot start QIAGEN 5 polymerase
master mix

1x PCR buffer w/ 1.5 mM MgCl,

200pM
Primer forward 0.8 0.4 uM
Primer reverse 0.8 0.4uM
H20 0.9 -
DNA 2.5 -
Table 6. Initial thermocycling conditions for standard PCR.
Phase Temperature Time Cycles
Initial denaturation 95°C 15 Min -
Denaturation 94°C 30 sec
Annealing 58°C 90 sec 30x
Extension 72°C 60 sec
Final extension 72°C 30 min -

3- Amplification results were checked using a polyacrilamide gel (detailed protocol given
below). After obtaining the results (Figure 5), unspecified amplification products
appeared alongside the product of interest that would most likely interfere with the DNA
sequencing reaction. This lead to a change in the amplification conditions and it was

decided that a touchdown PCR (TD-PCR) could possibly be more efficient and overall
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better for the amplification of our samples. TD-PCR is a technique that increases the
specificity of PCRs due to the annealing step being initially set at 5°C to 10°C higher than
the Tm of the primers (Green & Sambrook, 2018). The thermocycling conditions of TD-
PCR are described in Table 7.

Table 7. Thermocycling conditions of TD-PCR reactions.

Phase Temperature | Time Cycles

Initial denaturation | 95°C 15 min -

Denaturation 95°C 30 sec

Annealing *70°C 45 sec 10x

Extension 72°C 60 sec

Denaturation 95°C 30 sec

Annealing 60°C 45 sec 25X

Extension 72°C 60sec

Final extension 72°C 30 min -
*-1°C/cycle

4- With that said, a master mix was made for each reaction with the same quantities and
reagents as the standard PCR described in Table 5. When preparing the master mix
every quantity of each reagent was then multiplied by the number of samples done in
that specific run. Then this master mix was distributed by all tubes used in the experiment
leading to a total volume of 10uL per tube (7.5uL of Master mix + 2.5uL of DNA). DNA
concentrations were not available, however, intensitites of the bands seen in the
polyacrylamide gels were used to infer on the quantity of amplified product to be used in
the sequencing reactions. In addition, for each PCR reaction, a negative control was

included by replacing the DNA by sterile water to trace possible contaminations.
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Figure 5. Polyacrylamide gel revealing amplified PCR products for DXS10146 with undesirable bands. Sample well
layout (from left to right): DNA GRS 100bp ladder (Grisp, Portugal).

3.4. Detection of PCR amplification products

To make sure the PCR reactions were successful and without any problem prior to
sequencing reaction, a Polyacrylamide gel eletrophoresis (PAGE) was performed to
confirm amplified product. This polyacrylamide solution was prepared using 25ml of gel
buffer solution (1.5M Tris-HCL), 20ml of acrylamide (Bis acrylamide 19:1 40%), 7ml of

glycerol and 43ml of deionized water.

The gel solution was made combining 6ml of polyacrylamide solution, 340uL of APS and
14uL of Temed. Then this solution was poured out to a frame where it was left to

polimerise for 15/20 minutes.

The eletrophoresis was performed using an Amersham Biosciences Multitemp |l
thermostatic circulator and an consort EV 243 power supply. The run was performed at
195V, 45Ma and 20W using a 100bp ladder.

After the run, the gel was stained using the silver staining method to reveal the amplified

products. This method follows the respective steps:

1) 10 minutes in Ethanol 10%

2) 5 minutes in Nitric Acid 1% (in a shaker)

3) Quick wash with destiled water

4) 20 minutes in Silver nitrate 0.2% (in obscurity and in a shaker)

5) Quick wash with destiled water
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6) Sodium carbonate 0.28M and formaldehyde 0.02% solution (6g of Sodium
carbonate + 1ml of formaldehyde + 200ml of destiled water) prepared and used
to visualize the amplified fragments.

7) 2 minutes in Acetic acid 10%

8) Final wash with destiled water

3.5. Sequencing reaction

After the confirmation of successful amplification of the TD-PCR, the post PCR products

needed to go through a couple of final proceses:

First purification: PCR product

Firstly, a initial purification reaction was performed containing 1pL of ExoFastap (1:4) +
2pL of post TD-PCR DNA. This solution was then submitted to two different temperature
steps in a termocycler (conditions described in Table 8). Initially, only 15 minutes were
used at the 37°C, but in other experiments performed at the laboratory it was found that

using 30 minutes at 37°C had better results.

Table 8. Thermocycling conditions used for the ExoFastap purification.

Temperature Time
37°C 30 min
80°C 15 min

After this purification, the sequencing reaction was done for both DNA strands using the
forward and reverse primers to access which better primer ensured better results, in this
case, a better sequence. Once again a master mix containing the reagents described in
Table 9 was made. The mix was divided by the tubes, for a total reaction volume of 5uL
(3uL of the mix + 2uL of the purified PCR product). Termocycling conditions used are
described in Table 10.
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Table 9. Reagents used for the sequencing reaction mix.

Reagent Volume per tube (pL)
Big Dye Terminator v3.1 0.5

Primer (Forward or Reverse) 5uM 1

Buffer 1

H20 0.5

Table 10. Thermocycling conditions used for sequencing.

Phase Temperature Time Cycles
Initial denaturation | 96°C 2 min -
Denaturation 96°C 10 sec

Annealing 55°C 10 sec 30x
Extension 60°C 1 min

Final extension 60°C 10 min -

Second purification: Sequencing reaction products

Lastly, after the sequencing reaction a second purification was performed using
sephadex columns, which is based on the following protocol:

1) Columns are put in 2.0 ml microtubes;

2) Put 750uL of Sephadex in the columns;

3) Centrifuge at 4400 rpm for 4 minutes;

4) The columns are transferred to 1.5ml tubes marked with the sample code;

5) Total amplified products are then pippeted to the center of the column;

6) Another centrifugation at 4400 rpm for 4 minutes;

7) Store the reusable columns after throwing away the sephadex;

After this process, 8uL of HiDi formamide is added to each sample and submitted to
capillary electrophoresis using the system ABI 3130 Genetic Analyser for product
detection (this step is performed at the Genomics Core Facility-GenCore- available in-
house). Results were analysed with the Sequencing analysis software v.5.2 (Life

Technologies).
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3.6. Alignment of human (Homo sapiens) and chimpanzee (Pan

troglodytes) genome sequences

The human and chimpanzee sequences were obtained using the website “The National

Center for Biotechnology Information” (https://www.ncbi.nlm.nih.gov). The human

sequences for each X-STR were retrieved using the assembly of Dec. 2013
(GRCh38/hg38) reference sequence. For the reference chimpanzee sequences the
assembly of Jan. 2018 (Clint_PTRv2/panTro6) was used. After obtaining the sequences,
the alignments were performed by using the Emboss Needle Sequence Alignment tool
from EMBL-EBI (https://www.ebi.ac.uk/Tools/psa/emboss needle/).



https://www.ncbi.nlm.nih.gov/
https://www.ebi.ac.uk/Tools/psa/emboss_needle/
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4. Results and discussion

4.1. Selection of samples for Sanger sequencing

Samples used for the Portuguese population group were already genotyped due to a
previous study performed in-house (data not published). The kit used for genotyping of
those samples was the Investigator Argus X-12 QS Kit (QIAGEN, Hilden, Germany), and
the genotypes obtained are presented in Attachment 2- Supplementary table 2. For this
study, based on the genotypes, n=20 Portuguese male samples were randomly chosen,
but with an attempt of having a large representation of different alleles without trying to
skew the results. Having different alleles allows for a better understanding of the repeat
structure and variation that might happen in the DNA sequence of the STR. For quality
control, the genotypes obtained by fragment analysis were compared with those

obtained in this study by sequencing.

For the Macau population samples, no information was available on the genotypes for
the X-STRs chosen for this study (DXS10074, DXS10134, DXS10135, DXS10146 and
DXS10148). Due to the quality of the DNA extracts, only five male samples analysed in
this study for Macau were sucessfully sequenced after a trial and error method (i.e., until

satisfatory amplification results were obtained and financial constraints allowed for).

4.2. Singleplex amplification of X-STRs: technical challenges

All X-STRs were amplified by singleplex and results were checked using a
polyacrylamide eletrophoresis gel prior to sequencing (complete methodolgy is

explained in Material & Methods).

Initial tests in the amplification of the samples from Portugal for DXS10146 using a
standard PCR showed some unwanted unspecific amplicons (Figure 5 in Material &
Methods). After changing from a standard PCR to a TD-PCR protocol (explained in
Material & Methods section), the results highly improved (Figure 6).



FCUP | 28
Genetic diversity of human specific X-STRs in human and chimpanzees: a comparative study and
proposal for nomenclature

Figure 6. Polyacrylamide gel obtained after TD-PCR (unwanted unspecific problems are no longer visible).

Even though, PCR amplification of this marker still had some issues. Some unwanted
amplicons started to appear in the polyacrilamide gel (Figure 7). Due to this problem,
DNA contained in the amplified bands was extracted from the polyacrilamide gel and re-
amplified (since it is the targeted fragment, in this case, the DXS10146 allele). The
method consisted in the following:

- Cut, with a scalpel, the bands with the targeted fragment (allele);
- Put the band in a tube with 50pL of TE solution;

- Heat the tubes at 56°C for 15 minutes and freeze them for 30 minutes (this process is

performed 3 times);

Desired target
fragment

Unwanted
unspecific bands

Figure 7. Polyacrylamide gel with unwanted unspecific bands after TD-PCR amplification for DXS10146.
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After this method another PCR was performed but still the same unwanted bands
appeared. It was concluded that the primers used probably amplified more than just the

targeted fragment and, therefore, new primers were designed (final primers in Table 4).

Since the TD-PCR technique worked well for the DXS10146 marker overall, it was
adapted for all the markers studied in this dissertation. Using new primers for most

markers, the TD-PCR showed no problems or issues (Figure 8).

o |

LT LEEL R

Figure 8. Polyacrylamide gel obtained for DXS10146, DXS10148 and DXS10074 (from left to right, respectively) after
using new designed primers for amplification.

However, for the samples from Macau, although the same primers and conditions were
used to perform the PCR, most amplifications for the majority of X-STRs were not
successful. For example, no bands appeared in the eletrophoresis gel or some bands
were barely visible (Figure 9). In addition, some contamination started to appear (even

after new stocks were made for all reagents) (Figure 10).
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Figure 9.Polyacrylamide gel obtained from amplification of Macanese samples (barely visible band for one sample and
no amplification of other samples).

Figure 10. Polyacrylamide gel obtained from amplification of Macanese samples where some contamination is seen (due
to negative control showing a band).

These DNA extracts were quite old and it was not their first use (at least 20 yrs of
storage). Nevertheless, to make sure that the results obtained were not due to possible
contaminants in the extract that inhibit the PCR process, quantification of DNA and
contaminants were estimated using the NanoDrop One microvolume UV-Vis
spectrophotometer (Thermo Scientific Scientific, USA). The obtained results (Attachment
3- Supplementary Table 3) showed that the quantity of DNA in the samples is acceptable.
As for the quality control parameters, the A260/280 ratio were below (1.0-1.4) the 1.8
value recommended for high quality DNA denoting the presence of some proteins, most
likely not enough to justify the non-amplification of the targeted loci. On the other hand,
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the A260/230 were very low compared to the accepted 1.8-2.0 quality parameters, with
values ranging from 0.1 to 0.3. This possibly indicates a high concentration and presence
of inhibitors in the DNA extracts resulting from carry-over of reagents from the extraction
procedure. This could be one of the reasons why the TD-PCR was failing. Another
possibility is high degradation due to the long storage of samples as already mentioned
(over 20 yrs). Despite this, the try and error method mentioned above was used by
applying changes to the protocol, such as dilution of samples. The eletrophoresis results
is shown in Figure 11. As ilustrated in Figure 11, the amplification failed even after some

dilution of the samples, or showed some unwanted bands.

Figure 11. Polyacrylamide gel obtained after amplification of diluted samples.

Therefore, the strategy was going back to the original samples and try the amplification
of the samples that were in good conditions for one genetic marker (DXS10174) until
some results were obtained. This showed some results as seen in Figure 12. After some
samples worked, those same samples were used for the amplification of the rest of the
markers DXS10134, DXS10135 with some positive results, excluding the DXS10146 and
DXS10148 (due to reasons explained on the next point of this dissertation). Even so, two
of the samples that worked for the DXS10174 marker still failed for DXS10134 and
DXS10135 markers. Due to this problem, few results were obtained for the Macanese
population group (i.e., DNA sequences with good, readable quality, five for marker
DXS10074, three for DXS10134 and DXS10135).
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Figure 12. Good results obtained by trial and method error (for marker DXS10074).

After designing new primers (Table 4, in Material & Methods), the problems encountered
for the marker DXS10146 in the Portuguese samples were solved, as the polyacrylamide
gel obtained after amplification with these new primers did not show any unwanted
amplicons and appeared clean (Figure 8). For the remaining markers DXS10074,
DXS10134, DXS10135 and DXS10148 no obstacles were encountered regarding the
amplification of the samples as the polyacrilamide gel obtained showed great results for

subsequent Sanger sequencing (Figure 8,13 and 14).
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Figure 13. Polyacrylamide gel obtained after using the new primers for DXS10135.

Figure 14. Polyacrylamide gel obtained for DXS10134 after using the new designed primers.

4.3. Sanger sequencing of DXS10074, DXS10134, DXS10135,
DXS10146 and DXS10148

The first eletropherograms obtained from sequencing were for the marker DXS10146
(these tests were before the new primers were designed). The results were not great
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because either it showed loss of the amplified product and no sequencing results or a lot
of interference that was present which would make the reading of the DNA sequence
hard. Using the new designed primers, the sequencing results showed no initial
improvement. To eliminate the possibility of a technical user error, an attempt was done
by another colleague, regarding the full protocol for the sequencing reaction. The same
results were obtained, i.e., no sequence was visible in the eletropherograms. Then, it
was suspected that the columns used for the second purification process using a
Sephadex based in-house protocol were not in good conditions so, to eliminate this
doubt, this purification process was done in the Genomics Core Facility-GenCore-
available in house. The quality of the results obtained in this attempt confirmed that the
bad sequencing observed previously was a consequence of the columns used in the
laboratory. After using new columns for the purification by Sephadex, the markers
DXS10074, DXS10134 and DXS10135 showed highly improved results where the
eletropherograms obtained were clean. As for the marker DXS10146, a few Portuguese
samples worked perfectly and good sequencing results were obtained. However, most
samples still showed some problems with the eletropherograms obtained. For the marker
DXS10148, the eletropherograms obtained for all samples were not readable. This
pointed to the need of performing in silico tests for these two markers, DXS10146 and
DXS10148.

The analyses of the final allele nomenclature results where, therefore, performed
using two different sources of DNA sequences for the studied loci (as mentioned in the

“Material and Methods” section):

1) Wet-lab: Direct analyses of sequencing data obtained for the European (Portugal) and

Asian (Macau) samples;

2) In silico (literature research, compilation and comparisons): For the non-sucessful
amplification of samples by Sanger Sequencing, sequence data for the European and
Asian groups were selected from the literature (when available). For the African group,

sequence data was always selected from the literature (when available).

After the compilation of data for each locus and for each population group (Table 3 in
Material and methods), comparisons of allele nomenclature among groups were
performed and the final human allele nomenclatures were assessed (“Comparison
between the three population groups: Europeans, Africans and Asians”). These
were subsequently compared with the chimpanzee genome and final inferences on the
more accurate allele structures were proposed (“Comparison with Pan troglodytes

genome”). Although no specific ISFG guidelines on the use of X chromosome markers
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in forensics analysis are available, the existing recommendations on locus structure and
allele nomenclature designation for autosomal STRs and Y-STRs can be extended to X-
STRs (Bar et al., 1997; Gusmao et al., 2006) and were considered to discuss results.
Some of the main suggestions for nomenclature designation should be taken into

consideration (according to the ISFG guidelines):

- the identification of regions that (may likely) vary should be supported by
sequence analysis of individuals from different human populations and with
comparison with chimpanzee sequences;

- the first repetitive motif in a simple or complex sequence structure that encloses
the highest number of repeats should be defined;

- alleles must be named in agreement with the total number of adjacent variant
and non-variant repeats obtained from sequence data analysis;

- non-variant repeats should be included in the allele nomenclature if the number
of nucleotides that separate these structures from the main variable repeat is
eqgual or less to the number of nucleotides of the repeat unit;

- if a previously established nomenclature of an STR is not in accordance with the
ISFG guidelines, but has been widely used, the nomenclature should not be

changed to avoid unnecessary confusion.

4.4. Comparison between the three population groups : Europeans,

Africans and Asians

4.4.1. DXS10074

Regarding the allele nomenclature of DXS10074, acomplex type of structure was initially
described in the study of Hering and co-authors (Hering et al., 2005), with two different

types of alleles:

- Short alleles are composed by the following repeat structure (ACAC)2-(AGAG)4-AA-
AAAG-(AAGA)-AAGG-AAGA (n varies between 7 and 10)

- Longer alleles described as: (ACAC).-(AGAG)s-AA-AAAG-(AAGA)-AAGG-(AAGA),-
AAGG-AAGA (n varies between 10 and 18)

Due to the insertion of the motif AAGG-(AAGA), (underlined above), the alleles that

contain the motif mentioned should be caracterized as n+3. In a later study done by
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Gomes and co-workers (Gomes et al., 2016) on African populations, a new variation of
this genetic marker was found. In some intermediate alleles, additional AG nucleotides
were detected outside the core repeat in the upstream flanking region, meaning this
region was composed by two stretches of dinucleotide repeats AC and AG motifs. The
new variation reported in this study was : (AC)34-(AG)s.o-AAAAAG-(AAA).1-(AAGA),-
(AGA)o-1-(AAGA)-[AAGG-(AAGA)2]0-1-AAGG-AAGA. Thus, for the purpose of this study
the latter nomenclature is going to be considered and used for comparison because it is
the one that embraces more variation. In addition, this variation also serves for the

African population since the data analysed in this study showed the same conclusion.

After analysing the sequences obtained in the current study for this marker, the general
structure obtained for the European samples (Table 11) is (AC)s-(AG)s-Ne-(AAGA),-
[AAGG-(AAGA):]o1-AAGG-AAGA. No significant deviation was seen in the alleles
sequenced among the different individuals. In fact, for the European population
represented by Portugal, the most common dinucleotide stretch structure observed,
upstream to the repeat was (AC)s-(AG)s, supporting the findings in the study by Gomes
et al. (Gomes et al., 2016). For these samples, there is not a lot of intra-population
variation. For the Macanese samples (Table 12), although the number of alleles
sequenced was low due to the quality of the samples, the structure observed was (AC).-
(AG)s-Ns-(AAGA)-[(AAGG)-(AAGA)2]1-AAGG-AAGA. This is also very similar to the
ones observed for the Portuguese population group. Comparing all three structures

found for the three populations, there is no significant variation among them.

Table 11. Sequenced data for marker DXS10074 obtained from Portuguese samples.

Allele sequenced n sequence structure of the repeat
g 2 (AC)4-(AG)7-N6-(AAGA)8-AAGG-AAGA
3 (AC)4-(AG)8-N6-(AAGA)8-AAGG-AAGA
13 1 (AC)4-(AG)8-N6-(AAGA)10-[AAGG-(AAGA)2]1-AAGG-AAGA
14 2 (AC)4-(AG)8-N6-(AAGA)11-[AAGG-(AAGA)2]1-AAGG-AAGA
I 2 (AC)4-(AG)8-N6-(AAGA)12-[AAGG-(AAGA)2]1-AAGG-AAGA
1 (AC)4-(AG)8-N6-(AAGA)15-AAGG-AAAGA
16 3 (AC)4-(AG)8-N6-(AAGA)13-[AAGG-(AAGA)2]1-AAGG-AAGA
17 2 (AC)4-(AG)8-N6-(AAGA)14-[AAGG-(AAGA)2]1-AAGG-AAGA
18 2 (AC)4-(AG)8-N6-(AAGA)15-[AAGG-(AAGA)2]1-AAGG-AAGA
19 2 (AC)4-(AG)8-N6-(AAGA)16-[AAGG-(AAGA)2]1-AAGG-AAGA
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Table 12. Sequenced data for marker DXS10074 obtained from Macanese samples.

Allele sequenced n sequence structure of the repeat
15 1 (AC)4-(AC)8-N6-(AAGA)12-(AAGG)-(AAGA)2-AAGG-AAGA
16 1 (AC)4-(AC)8-N6-(AAGA)13-(AAGG)-(AAGA)2-AAGG-AAGA
17 1 (AC)4-(AG)8-N6-(AAGA)14-(AAGG)-(AAGA)2-AAGG-AAGA
18 2 (AC)4-(AG)8-N6-(AAGA)15-(AAGG)-(AAGA)2-AAGG-AAGA

4.4.2. DXS10134

According to Edelmann and co-workers (Edelmann et al., 2008), the DXS10134 is
composed by a highly complex repeat structure described as: (GAAA)3-GAGA-(GAAA).-
AA-(GAAA)-GAGA-(GAAA),-GAGA-(GACAGA)s-(GAAA)-GTAA-(GAAA)3-AAA-

[(GAAA)-AAA]12-(GAAA),. In a later study done by Gomes and co-workers (Gomes et
al., 2016) on African populations, new variants in the repeat structure with some
considerable differences, when compared to the initial nomenclature, were found. Some
alleles showed a simpler strucuture, with a loss of the [(GACAGA):-(GAAA)-GTAA-
(GAAA)3-AAA] part of the repeat structure initially described. So in this article (Gomes et
al., 2016) the reported structure that outcame from the analyzed African population for
DXS10134 was (GAAA):-GAGA-(GAAA);-AA-(GAAA)-GAGA-(GAAA)z_+-[GAGA-
(GACAGA)3-(GAAA)-GTAA-(GAAA)3;-AAA-[(GAAA)4-AAA] 3]o-1-(GAAA)5-(A)o1-

(GAAA).. This allele structure nomenclature considers higher variation in the DNA
sequence when compared with the original sequence. For the purpose of this

dissertation, the two reported structures will serve as a point of comparison.

After analysis of the sequenced samples from Portugal (Table 13), the general structure
of the repeat obtained was as follows: (GAAA):-GAGA-(GAAA)4-AA-(GAA)-GAGA-
(GAAA)-GAGA-(GACAGA)3-(GAAA)-GTAA-(GAA)s-[[(GAAA)1-AAA]12]o-1-(GAAA)s-Ao.
1-(GAAA),.

Allele 33 sequenced in this study, showed a loss of the [(GAAA)4-AAA] part of the repeat,
which was not reported in the first nomenclature proposed by Edelmann and co-workers
but is present in the reports done by Gomes and co-workers (Table 15). In alleles 42.1
and 35.2, an insertion of one and two adenines, respectively, is located in the final portion
of the repeat interrupting the (GAAA), repeat (Table 13). For the Asian samples from
Macau (Table 14), the structure observed was (GAAA)3-GAGA-(GAAA):-AA-(GAAA)-
GAGA-(GAAA);-GAGA-(GACAGA):-(GAAA)-GTAA-(GAAA)s-[(GAAA)4-AAA]:-

(GAAA),. Although, the number of samples analysed is low, the structure obtained is,

once again, very similar to the published reports. If we compare this structure obtained
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with the one obtained from European samples, there is no significant differences. As for
the African structure (Table 15), the analysis showed the same structure reported in
Gomes et al. (Gomes et al.,, 2016) since the data gathered was from that work. In
summary, there is no significant variation between all three structures found for the three
populations and the more complete sequence reported by Gomes et al. (Gomes et al.,
2016).

Table 13. Sequenced data for DXS10134 obtained from Portugueses samples.

AL n sequenced structure of the repeat
sequenced
33 1 (GAAA)3-GAGA-(GAAA)4-AA-(GAAA)-GAGA-(GAAA)A-GAGA-
(GACAGA)3-(GAAA)-GTAA-(GAAA)3-AAA-(GAAA)14
34 4 (GAAA)3-GAGA-(GAAA)4-AA-(GAAA)-GAGA-(GAAA)A-GAGA-
(GACAGA)3-(GAAA)-GTAA-(GAAA)3-AAA-[(GAAA)A-AAA]L-(GAAA)14
35 5 (GAAA)3-GAGA-(GAAA)4-AA-(GAAA)-GAGA-(GAAA)A-GAGA-
(GACAGA)3-(GAAA)-GTAA-(GAAA)3-AAA-[(GAAA)A-AAA]1-(GAAA)15
(GAAA)3-GAGA-(GAAA)4-AA-(GAAA)-GAGA-(GAAA)A-GAGA-
35.2 1 | (GACAGA)3-(GAAA)-GTAA-(GAAA)3-AAA-[(GAAA)A-AAA]L-(GAAA)A-AA-
(GAAA)11
3 (GAAA)3-GAGA-(GAAA)4-AA-(GAAA)-GAGA-(GAAA)A-GAGA-
36 (GACAGA)3-(GAAA)-GTAA-(GAAA)3-AAA-[(GAAA)A-AAA]2-(GAAA)15
5 (GAAA)3-GAGA-(GAAA)4-AA-(GAAA)-GAGA-(GAAA)A-GAGA-
(GACAGA)3-(GAAA)-GTAA-(GAAA)3-AAA-[(GAAA)A-AAA]1-(GAAA)16
37 5 (GAAA)3-GAGA-(GAAA)4-AA-(GAAA)-GAGA-(GAAA)4-GAGA-
(GACAGA)3-(GAAA)-GTAA-(GAAA)3-AAA-[(GAAA)4-AAA]1-(GAAA)17
38 1 (GAAA)3-GAGA-(GAAA)4-AA-(GAAA)-GAGA-(GAAA)4-GAGA-
(GACAGA)3-(GAAA)-GTAA-(GAAA)3-AAA-[(GAAA)4-AAA]1-(GAAA)18
5 (GAAA)3-GAGA-(GAAA)4-AA-(GAAA)-GAGA-(GAAA)4-GAGA-
39 (GACAGA)3-(GAAA)-GTAA-(GAAA)3-AAA-[(GAAA)4-AAA]2-(GAAA)18
1 (GAAA)3-GAGA-(GAAA)4-AA-(GAAA)-GAGA-(GAAA)4-GAGA-
(GACAGA)3-(GAAA)-GTAA-(GAAA)3-AAA-[(GAAA)4-AAA]1-(GAAA)19
(GAAA)3-GAGA-(GAAA)4-AA-(GAAA)-GAGA-(GAAA)4-GAGA-
42.1 1 | (GACAGA)3-(GAAA)-GTAA-(GAAA)3-AAA-[(GAAA)4-AAA]1-(GAAA)S-A-
(GAAA)17
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Table 14. Sequenced data for DXS10134 obtained from Macanese samples.

AIEE n sequenced structure of the repeat
sequenced

32 1 (GAAA)3-GAGA-(GAAA)4-AA-(GAAA)-GAGA-(GAAA)A-GAGA-
(GACAGA)3-(GAAA)-GTAA-(GAAA)3-AAA-[(GAAA)A-AAA]1-(GAAA)12

33 1 (GAAA)3-GAGA-(GAAA)4-AA-(GAAA)-GAGA-(GAAA)A-GAGA-
(GACAGA)3-(GAAA)-GTAA-(GAAA)3-AAA-[(GAAA)4-AAA]1-(GAAA)13

36 1 (GAAA)3-GAGA-(GAAA)4-AA-(GAAA)-GAGA-(GAAA)A-GAGA-
(GACAGA)3-(GAAA)-GTAA-(GAAA)3-AAA-[(GAAA)A-AAA]1-(GAAA)16

Table 15. Published data for marker DXS10134 obtained from “New sequence variants detected at DXS10148,
DXS10074 and DXS10134 loci” (Gomes et al., 2016).

Allele Allele

) | SxeE n Sequence structure of the repeat

(GAAA)3-GAGA-(GAAA)4-AA-(GAAA)-GAGA-(GAAA)4-
34 34 1 | GAGA-(GACAGA)3-(GAAA)-GTAA-(GAAA)3-AAA-[(GAAA)4-
AAA]1-(GAAA)14

(GAAA)3-GAGA-(GAAA)4-AA-(GAAA)-GAGA-(GAAA)4-
35 35 1 | GAGA-(GACAGA)3-(GAAA)-GTAA-(GAAA)3-AAA-[(GAAA)4-
AAA]1-(GAAA)15

(GAAA)3-GAGA-(GAAA)4-AA-(GAAA)-GAGA-(GAAA)3-
43.2 43.2 1 | GAGA-(GACAGA)3-(GAAA)-GTAA-(GAAA)3-AAA-[(GAAA)4-
AAA]3-(GAAA)15

(GAAA)3-GAGA-(GAAA)4-AA-(GAAA)-GAGA-(GAAA)4-
39.1 39.1 1 | GAGA-(GACAGA)3-(GAAA)-GTAA-(GAAA)3-AAA-[(GAAA)4-
AAA]1-(GAAA)5-A-(GAAA)14

15 23 5 | GAAA)3-GAGA-(GAAA)4-AA-(GAAA)-GAGA-(GAAA)15

16 24 1 | (GAAA)3-GAGA-(GAAA)4-AA-(GAAA)-GAGA-(GAAA)16

4.4.3. DXS10135

The most common and established homenclature for this X-STR is a compound type of
structure initially described by Becker et al. (Becker et al., 2008) and later supplemented
by additional data from Gomes et al. (Gomes et al., 2017). Different structures according
to the different alleles were described most commonly as:

Alleles16-25: (TTTC)1322 CTTTC (TCTT)3

Alleles 19-24: TTTC-TTCC (TTTC)1416 CTTTC (TCTT)3

Alleles 25-35: TTTC-TTCC (TTTC)3 TTCC (TTTC)1626 CTTTC (TCTT)3

Alleles 12.1-23.1: del (TCT) .... (TTTC)g21 CTTTC (TCTT)3 (Deletion seen in Figure 15)
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Figure 15. Deletion of TCT motif on intermediate alleles found after sequencing of samples for DXS10135 (top
electropherogram is a normal allele, down electropherogram is an intermediate allele).

Regarding samples from Portugal that were sequenced and studied (Table 16), the allele
structure obtained was similar to the one described above. Several interruptions of the
TTTC main repeat motif can be observed which defines different allele ranges (TTTC)-
(TTCC)oa~(TTTC)3-(TTCC)oa-(TTTC)n-CTTTC-(TCTT)s.

Table 16. Sequenced data for marker DXS10135 from portuguese samples.

Allele sequenced n sequenced structure of the repeat
17 1 (TTTC)14-CTTTC-(TCTT)3
17.1 1 del (TCT)....(TTTC)15-(CTTTC)-(TCTT)3
19 3 (TTTC)16-CTTTC~(TCTT)3
19.1 3 del (TCT)....(TTTC)17-CTTTC-(TCTT)3
21 2 (TTTC)18-CTTTC-(TCTT)3
22 1 (TTTC)1-(TTCC)3-(TTTC)15-CTTTC-(TCTT)3
23 1 (TTTC)20-CTTTC-(TCTT)3
)4 1 (TTTC)1-(TTCC)3-(TTTC)17-CTTTC-(TCTT)3
1 (TTTC)-TTCC-(TTTC)3-TTCC-(TTTC)15-CTTTC-(TCTT)3
27 1 (TTTC)2-TTCC~(TTTC)3-TTCC-(TTTC)18-CTTTC-(TCTT)3
28 1 (TTTC)-(TTCC)4-(TTTC)20-CTTTC-(TCTT)3
29 2 (TTTC)2-TTCC~(TTTC)3-TTCC-(TTTC)20-CTTTC-(TCTT)3
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In alleles 22, 24, 27, 28 and 29, a transition from a T to C in the main repeat motif
(TTTC)n, causes an interruption of this repeat, creating a more complex structure when
compared to the previous established nomenclature.

Interestingly, several intermediate alleles (17.1 and 19.1 in our Portuguese sample set)
genotyped by fragment analyses revealed after sequencing no interruption of the core
repeat DNA sequence. The mutations responsible for the — 3 bp were detected in the
upstream flanking region of the repeat caused by a TCT deletion (Table 16). This deletion
had already been described in other studies as well (Gomes et al., 2017). There are
some intra-population variation due to this mutation, i.e., alleles with the same size have
different sequence compositions. As for the rest of the alleles analysed, the structure is
the same as the established one. For Macau samples (Table 17) the general structure
seen is: (TTCC)-(TTCC)o-1-(TTTC)3-(TTCC)o-1,(TTTC)n-(CTTTC)-(TCTT)s. Pretty similar
to the one observed in Portuguese samples, with no significant observable variation. As
for African samples, obtained from the literature (Gomes et al., 2017), the obtained allele
structure is (TTTC)n-To-1-(TC)o-1-(TTTC),-CTTTC-(TCTT)s. The intermediate alleles
studied showed an insertion of either a single T base or a dinucleotide insertion TC.
These findings show us that an update of the established nomenclature should be
performed for DXS10135 due to the variations found in this study where some more

complex structures appear regarding some alleles.

Table 17. Sequenced data for marker DXS10135 obtained from Macanese samples.

allele sequenced N sequenced structure of the repeat
19 1 (TTTC)16-CTTTC-(TCTT)3
20 1 (TTTC)17-CTTTC-(TCTT)3
30 1 (TTTC)1-(TTCC)-(TTTC)3-(TTCC)-(TTTC)21-CTTTC-(TCTT)3

4.4.4. DXS10146

This STR was initially described as having a compound type of structure containing two
variable simple, repeat blocks (TTCC)x and (CTTT)y with 10 non-variable 4 bp repeats
(Edelmann et al.,2007). The established and most used nomenclature for this marker
proposed in the article mentioned is: (TTCC)x-T-(TTCC)s-Ng-(TCCC)2-N1o-(TTCC)2-Ne-
(CTTT)y-(CTTT).. Longer alleles showed more variation in the first variable motif and the
second variable block showed variation as a result of a two base pair insertion (CT or

TT) (Edelmann et al.,2007). For this dissertation, the nomenclature mentioned above will
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be used as a point of comparison with the chimpanzee genome. The structure found on
the Portuguese samples (Table 18) analyzed in this study was the same structure as the
established and most commonly used one, with no variation. The African data analised
obtained from (Gomes et al.,, 2017) showed the same structure encountered in the

Portuguese samples.

Table 18. Sequenced data for marker DXS10146 obtained from portuguese samples.

Allele sequenced n sequenced structure of the repeat

”7 5 (TTCC)3-T-(TTCC)4-TCCCTTCC-(TCCC)2-TTCTTCTTTC-(TTCC)2-
TTTCTT-(CTTT)14-T-(CTTT)2

)8 5 (TTCC3-T-(TTCC)4-TCCCTTCC-(TCCC)2-TTCTTCTTTC-(TTCC)2-
TTTCTT-(CTTT)15-T-(CTTT)2

29 1 (TTCC)3-T-(TTCC)4-TCCCTTCC-(TCCC)2-TTCTTCTTTC-(TTCC)2-
TTTCTT-(CTTT)16-T-(CTTT)2

31 1 (TTCC)3-T-(TTCC)4-TCCCTTCC-(TCCC)2-TTCTTCTTTC-(TTCC)2-
TTTCTT-(CTTT)28-T-(CTTT)2

4.4.5. DXS10148

This repeat was described as (GGAA)s-(AAGA)x-(AAAG)y-Ns-(AAGG), with all
tetrameric repeats being considered for allele assignment (Hundertmark et al., 2008). In
a study done by Gomes and co-workers (Gomes et al., 2016), additional eight bases
samples with three copies of (AAGG-AAAG) instead of two [(AAGG-AAAG),] were
identified at the beginning of the repeat motif in some samples when compared to the
original nomenclature (Hundertmark et al., 2008). Also some null alleles where detected
due to a mutation that corresponds to the second base of the 3’ of the forward primer
(Gomes et al., 2016), which potentially lead to a innacurate nomenclature. In another

paper (Gomes et al., 2017) this upstream variation was also found.

With that said, the reported new allele structure found and suggested as being the most
accurate (Gomes et al., 2016) is: (GGAA).4 (AGAA-GGAA)o1 (AAGA)x (AAAG)oy
(AAAG-A)o-2(AAAG)s-Ng-(AAGG).AAAG(AAGG-AAAG) 3. For the purpose of this

dissertation, the newly reported nomenclature will be used as reference.

The analyses of the African data presented in Table 19 shows a high number of variation
regarding the allelic structure of this STR, in specific high intra-variation for the non-
consensus alleles were found. In Asian samples obtained from published data
(Samejima et al.,, 2012; Sim et al., 2009), even though the data does not contain
information on the upstream region of the repeat, there is an inconsistency with the

findings of this study and the ones by Gomes and co-workers (Gomes et al., 2016, 2017),
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so the general structure obtained was: (GGAA)s-(AAGA)y-Ao1-(AAGA)-(AAAG)x-N8-
(AAGG),.

The results obtained on the genetic variation of this STR shows that the nomenclature
most commonly used for forensic casework lacks the variation in the upstream flanking
region of the repeat and as a result an update containing the new variation should be
added.

Table 19. Published data for marker DXS10148 obtained from “Genetic characterization of Guinea-Bissau using a
12 X-chromosomal STR system: Inferences from a multiethnic population” (Gomes et al., 2017).

Allele
Sequenced

n Sequence structure of the repeat

(CTTTCCTT)2-CTTT-(CCTT)2-CTTT-CCTT-(CTTT)4 - (TCTT)13-T-
(TCTT)12-(TTCC)-(TTCT)-(TTCC)2
(CTTTCCTT)2-CTTT-(CCTT)2-CTTT-CCTT-(CTTT)4 - (TCTT)12-T-
(TCTT)13-(TTCC)-(TTCT)-(TTCC)2
(CTTTCCTT)2-CTTT-(CCTT)2-CTTT-CCTT-(CTTT)4 - (TCTT)11-T-
(TCTT)16-(TTCC)-(TTCT)-(TTCC)2
(CTTTCCTT)2-CTTT-(CCTT)2-CTTT-CCTT-(CTTT)4 - (TCTT)12-T-
(TCTT)15-(TTCC)-(TTCT)-(TTCC)2
(CTTTCCTT)2-CTTT-(CCTT)2-CTTT-CCTT-(CTTT)4 - (TCTT)13-T-
(TCTT)14-(TTCC)-(TTCT)-(TTCC)2
(CTTTCCTT)2-CTTT-(CCTT)2-CTTT-CCTT-(CTTT)4 - (TCTT)14-T-
(TCTT)13-(TTCC)-(TTCT)-(TTCC)2
(CTTTCCTT)2-CTTT-(CCTT)2-CTTT-CCTT-(CTTT)4 - (TCTT)15-T-
(TCTT)12-(TTCC)-(TTCT)-(TTCC)2
(CTTTCCTT)2-CTTT-(CCTT)2-CTTT-CCTT-(CTTT)4 - (TCTT)13-T-
(TCTT)15-(TTCC)-(TTCT)-(TTCC)2
(CTTTCCTT)2-CTTT-(CCTT)2-CTTT-CCTT-(CTTT)4 - (TCTT)14-T-
(TCTT)14-(TTCC)-(TTCT)-(TTCC)2
(CTTTCCTT)2-CTTT-(CCTT)2-CTTT-CCTT-(CTTT)4 - (TCTT)15-T-
(TCTT)13-(TTCC)-(TTCT)-(TTCC)2
(CTTTCCTT)2-CTTT-(CCTT)2-CTTT-CCTT-(CTTT)4 - (TCTT)12-T-
(TCTT)17-(TTCC)-(TTCT)-(TTCC)2
(CTTTCCTT)2-CTTT-(CCTT)2-CTTT-CCTT-(CTTT)4 - (TCTT)13-T-
(TCTT)16-(TTCC)-(TTCT)-(TTCC)2
(CTTTCCTT)2-CTTT-(CCTT)2-CTTT-CCTT-(CTTT)4 - (TCTT)16-T-
(TCTT)13-(TTCC)-(TTCT)-(TTCC)2
(CTTTCCTT)2-CTTT-(CCTT)2-CTTT-CCTT-(CTTT)4 - (TCTT)14-T-
(TCTT)15-(TTCC)-(TTCT)-(TTCC)2
(CTTTCCTT)2-CTTT-(CCTT)2-CTTT-CCTT-(CTTT)4 - (TCTT)15-T-
(TCTT)14-(TTCC)-(TTCT)-(TTCC)2
(CTTTCCTT)2-CTTT-(CCTT)2-CTTT-CCTT-(CTTT)4 - (TCTT)17-T-
(TCTT)12-(TTCC)-(TTCT)-(TTCC)2
(CTTTCCTT)2-CTTT-(CCTT)2-CTTT-CCTT-(CTTT)4 - (TCTT)11-T-
(TCTT)19-(TTCC)-(TTCT)-(TTCC)2

35.1

37.1 1

38.1 2

39.1

40.1 1
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(CTTTCCTT)2-CTTT-(CCTT)2-CTTT-CCTT-(CTTT)4 - (TCTT)12-T-
(TCTT)18-(TTCC)-(TTCT)-(TTCC)2
(CTTTCCTT)2-CTTT-(CCTT)2-CTTT-CCTT-(CTTT)4 - (TCTT)14-T-
(TCTT)16-(TTCC)-(TTCT)-(TTCC)2
(CTTTCCTT)2-CTTT-(CCTT)2-CTTT-CCTT-(CTTT)4 -(TCTT)15-T-
(TCTT)15-(TTCC)-(TTCT)-(TTCC)2
(CTTTCCTT)2-CTTT-(CCTT)2-CTTT-CCTT-(CTTT)4 - (TCTT)10-(TCTA)-
(TCTT)4-T-(TCTT)15-(TTCC)~(TTCT)-(TTCC)2
(CTTTCCTT)2-CTTT-(CCTT)2-CTTT-CCTT-(CTTT)4 - (TCTT)16-T-
(TCTT)14-(TTCC)-(TTCT)-(TTCC)2
(CTTTCCTT)2-CTTT-(CCTT)2-CTTT-CCTT-(CTTT)4 - (TCTT)14-T-
(TCTT)17-(TTCC)-(TTCT)-(TTCC)2
(CTTTCCTT)2-CTTT-(CCTT)2-CTTT-CCTT-(CTTT)4 - (TCTT)9-(TCTA)-
(TCTT)4-T-(TCTT)17-(TTCC)-(TTCT)~(TTCC)2
(CTTTCCTT)2-CTTT-(CCTT)2-CTTT-CCTT-(CTTT)4 - (TCTT)15-T-
(TCTT)16-(TTCC)-(TTCT)-(TTCC)2

(CTTTCCTT)1 -CTTT- (CCTT-CTTT)-CTTT-CCTT-(CTTT)4 - (TCTT)15-T-
(TCTT)16-(TTCC)-(TTCT)-(TTCC)2
(CTTTCCTT)2-CTTT-(CCTT)2-CTTT-CCTT-(CTTT)4 - (TCTT)16-T-
(TCTT)15-(TTCC)-(TTCT)-(TTCC)2
(CTTTCCTT)2-CTTT-(CCTT)2-CTTT-CCTT-(CTTT)4 - (TCTT)16-T-
(TCTT)16-(TTCC)-(TTCT)-(TTCC)2

(CTTTCCTT)2 -CTTT-(CCTT)2-CTTT-CCTT-(CTTT)4 - (TCTT)15-T-
(TCTT)17-(TTCC)-(TTCT)-(TTCC)2
(CTTTCCTT)2-CTTT-(CCTT)2-CTTT-CCTT-(CTTT)4 - (TCTT)16-T-
(TCTT)17-(TTCC)-(TTCT)-(TTCC)2
(CTTTCCTT)2-CTTT-(CCTT)2-CTTT-CCTT-(CTTT)4 - (TCTT)16-T-
(TCTT)18-(TTCC)-(TTCT)-(TTCC)2
(CTTTCCTT)2-CTTT-(CCTT)2-CTTT-CCTT-(CTTT)4 - (TCTT)17-T-
(TCTT)18-(TTCC)-(TTCT)-(TTCC)2

41.1 5

42.1

43.1 1

441 1

45.1 1

Table 20. Sequenced data for DXS10148 obtained in West African countries (obtained from (Gomes et al., 2016)).

Al. seq. n Individual allele structures detected:
(CTTTCCTT)3-CTTT-(CCTT)2-N8-(CTTT)4-(TCTT)11-
21* 1 (TTCC)4
(CTTTCCTT)3-CTTT-(CCTT)2-N8-(CTTT)4-(TCTT)17-
27* 1 (TTCC)4
(CTTTCCTT)3-CTTT-(CCTT)2-N8-(CTTT)4-(TCTT)20-
30* 1 (TTCC)4
(CTTTCCTT)3-CTTT-(CCTT)2-N8-(CTTT)4-A-
37.1 1 (CTTT)12-(TCTT)15-TTCCTTCT-(TTCC)2
(CTTTCCTT)3-CTTT-(CCTT)2-N8-(CTTT)4-A-
38.1 1 (CTTT)13-(TCTT)15-TTCCTTCT-(TTCC)2
(CTTTCCTT)2-CTTT-(CCTT)2-N8-(CTTT)4-A-
39.1 2 (CTTT)14-(TCTT)15-TTCCTTCT-(TTCC)2
(CTTTCCTT)-CTTT-(CCTT)2-N8-(CTTT)4-A-
41.1 1 (CTTT)15-(TCTT)16-TTCCTTCCT-(TTCC)2
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4.5. Comparison with Pan troglodytes genome

4.5.1. DXS10074

Some differences were revealed when we compared and aligned the human DNA
sequence of this genetic marker with the chimpanzee genome (Figure 16). On a first
note, no differences were encountered in the flanking regions of the repeat region or on
the primer binding sites (primers used are underlined in bold in Figure 16) between the
two sequences, which means that the primers used for humans can be applied to amplify
both human and chimpanzee samples. The allelic structure found in chimpanzee was
(AC)s-(AG)7-AA-(AG)-AAAAAG-A-(AAGA)s-GA-(AAGA)4-GA. The chimpanzee structure
contains an extra dinucleotide AC but, on the other hand, it has one less dinucleotide AG
when compared to the human DNA sequence, as almost as a “compensation” for the
fragment size. It also contains an insertion of a dinucleotide AA that interruptes the motif
(AG) of the struture. Interestingly, the Pan troglodytes sequence shows an insertion of a
dinucleotide GA that interrupts the main repeat motif (AAGA), when compared to the
Homo sapiens allele repeat structure, which shows a much more continuous repeat core
of AAGA. The final part of the repeat shows again some differences between both
species where more variation is seen in the chimpanzee compared to the AAGG-AAGA
structure that seems stable among humans according to the sequences obtained (Tables
11 and 12). Apart from the differences mentioned at the repeat region, the structure of
the STR remained quite stable as no differences between both species was detected for

the analyzed amplicons.

Human TGCCATTTGTTGTGATCTCCAGTACATGGACTTCCTACTGCCCCACCTTT
CHiTD] | 2 925600 0 4 SeIa %R Bears MRS B ERenm b Shsams I Ak s B B ek B B a5

Human ATTGTGTGTGTGCATGCAT
CHEMP! « w1 mvsisie: w s o % e wi

Human (AC)4 (AG)s AAAAAG (AAGA)14 AAGG-AAGA
Chimp (AC)s (AG)7 AA (AG) AAAAAG A (AAGA)s GA (AAGA)4 GA

Human AAATAGAACAAATCAGCTTATATTCAGTATTT
CRIMND! » et o6 st Simis 6@ ime @ i Eue -

Human TTTTAGTATTTTCTGTGTCAGCTCTCTGAGGG
CHIMD) & 5suens o % e v.h Brete.s 5w s o 5 b s mrede

Figure 16. Aligned sequences of human and chimpanzee for marker DXS10074 (Primers used are underlined bold, and
repeat is in bold).
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4.5.2. DXS10134

Alignment between human and chimpanzee reference sequences for DXS10134 (Figure
17) showed some differences. However, in the primer binding sites (in bold and
underlined in Figure 17) there is no variation observed therefore we can conclude that
the same primers used in this study for amplification of the human sequence can be used
to amplify Pan troglodytes samples.

The chimpanzee structure observed as a result of the alignment is: (GAAA)z-(GAGA).-
(GAAA)+-AA-(GAAA)-(GAGA)-(GAAA)-(GAGA)2-GA-(GACAGA)-GAAA-GTAA-
(GAAA)3-AAA-(GAAA)z-A-(GAAA)-AA-(GAAA)s-A-(GAAA)-GAA-(GAAA),. Just as in
humans this is a highly complex allele sequence full of interruptions of the possibly main
GAAA repeat motif.

As for the allelic repeat sequence, there is one copy of the GAGA motif in the initial part
of the human allele sequence leading to a difference on the number of this motif because
chimpanzee possess two copies. Further, the Pan troglodytes sequence has a possible
deletion of two GAAA motifs (or several single nucleotide base substituitions occurred
interrupting this motif) when compared with the human sequence leading to a
discrepancy of the number of this stretch being therefore (GAAA).. In fact, humans have
(GAAA)s.4+ demonstrating variation at this level. However, it is not possible to know if
variation occurs also among different chimpanzees as we have only access to the
genome reference of Pan troglodytes. In this particular case, the established
nomenclature has this part of the repeat labeled as stable (GAAA). but the proposed
nomenclature by Gomes and co-workers (Gomes et al., 2016) has a varying (GAAA)z.4.
The sequences obtained in this study for Portugal and Macau samples presented the
established nomenclature, but in data gathered from African populations, the (GAAA)3.4
variation was present (Table 15). Since variation is occuring in the human genomes, an
update at this specific region regarding the repeat should be made. This would allow to
have a better and inclusive nomenclature for the DXS10134.

Continuing on the analysis of the STR structure, there is either a deletion of an (GAGA)
on the human sequence and also an insertion on the chimpanzee genome or a deletion
on the human counterpart of a dinucleotide GA before the (GACAGA) part of the repeat.
In the (GACAGA) part of the STR, the chimpanzee shows a loss of one full (GACAGA)
motif, as humans have three repeat motifs (GACAGA) and Pan troglodytes only have
two. To conclude the analysis there are some single and dinucleotide base insertions at

the final part of the repeat in the chimpanzee sequence.
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Human GCCTGGGTGACATAGAGAGACCCCATCTCAAAAAATAAAAAAAAA

Human  (GAAA), GAGA (GAAA), AA (GAAA)GAGA
Chimp  (GAAA), (GAGA),(GAAA), AA (GAAA)GAGA

Human (GARAA), GAGA (GACAGA),; (GAAA)GTAA (GAAA),
Chimp (GARAA), (GAGA), GA (GACAGA), (GARA) GTAA (GAAA),

Human AAA [ (GAAA), AAA] (GAAA),,
Chimp  AAA (GAAA), A (GAAA) AA (GAAA), A (GAAA)GAA (GAAA),,

Human GAATTGAAAGCAGGGGCTCAACCAGTTATCIGTTCATAGCAGTTTTGTTCACA

Figure 17. Aligned sequences of human and chimpanzee for marker DXS10134 (primers used are in underline bold and
repeat structure in bold).

4.5.3. DXS10135

When both human and chimpanzee sequences for this genetic marker were aligned
(Figure 18), the structure found for the chimpanzee was: (AAGA)3:-GAAA-G-(GAAA);-
AA-(GAAA),. As for the repeat structure, no differences were detected besides an
insertion on the chimpanzee sequence of a dinucleotide AA that interrupts the main
repeat motif (GAAA) that is not present in the human sequences. What is interesting
about this alignment is that the downstream flanking region of the repeat shows several
differences among species: a single base substituion is observed (highlighted in blue in
Figure 18) and a 5 bp deletion, on the chimpanzee sequence, followed by two single
base substituitions (noted in blue in Figure 18) is also present. This means that the
primers used for the amplification of the human sequences in this study would most likely
not amplify samples from chimpanzees due to the considerable mismatch of the binding

primer reverse site.
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Human GCCAAGAACATTTTTCAGTCATAAGCATTTGAAACTAAAGTCAAATGGGGCTAC

Human (AAGA); GARAA G (GAAA) ,
Chimp (AAGA); GAAA G (GAAA), AA(GAAA);

Human AGAGAATAGAAAAGAAGAGAAGAGAAAAGAGAAAAGAAAAAAGAAAAGAAACACA

Human AAATGTCATGTGIGGICTTCAGGCTTGGCTA

Chimp ........ . AGCCTTCAGGCTTGGCTA

Figure 18. Aligned sequences of human and chimpanzee genomes for marker DXS10135 (Primers used in underlined
bold, repeat is in bold and differences encountered are in blue).

4.5.4. DXS10146

Resulting from the alignment of both sequences for this genetic marker, the chimpanzee
structure obtained was: (TTCC);-T-(TTCC)4-(TCCCTTCC)2-(TCCC)-TTCTT-TC-
(TTCC)2-TTTCTT-(CTTT)-TTCTT-(CTTT)s-CCTT-(CTTT)s. It seems that several
substitutions/deletions have masked the possible ancestral TTCC and CTTT varying

motifs creating a more complex structure.

Going into details, compared to the established nomenclature for the human X-STR, the
chimpanzee allelic structure has an extra (TCCCTTCC) motif and it also has a loss of a
trinucleotide CTT in the TTCTTCTTTC part of the repeat (not considered for allele
counting) when compared to the human sequence. The chimpanzee also possesses a

possible transition of a T to a C interrupting the (CTTT), repeat motif (seen in Figure 19).

Regarding the flanking regions, there is a transition from a T to a C (or vice versa) in the
forward primer and no mismatches at the reverse primer binding sites. Possibly, these
primers could also be used to amplify this locus in chimpanzees due to the location of
the mutation (middle of the forward sequence) that would not interfer with amplification.
A TCTT deletion downstream to the repeat is observed in chimpanzees when compared
to the human sequence, while a large CTTCTCTT deletion in the human sequence is

present also further downstream to the repeat region.
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Human TGTGAAATGTTTTGCCATGTGGGCTGCCTGEGGTGGCTCTCAGAAGGGCT
(Gl it 111 0 PR B AR 5 E LT B i TR B TR

Human GATCTGCCTTGCCCTTCCTACCTTTTCCTCCCTCCCTCCT (TTCC)3 T (TTCC),
CIIMP'  ww wvw om o e o s 508 5 508 90 9 % fo0e 5 0 § 506 B @ § G783V & 18 & (TTCC); T (TTCC),
Human TCCCTTCC (TCCC); TTICTT CTT TC(TTCC).TTTICTT (CTTT) ;T (CTTT):

Chimp (TCCCTTCC) , (TCCC) ,TTCTT TC (TTCC),TTTCTT (CTTT) ,TTCTT
(CTTT)s CCTT (CTTT) s

Human CTCTGSSRTCTTTCTTTTTCTTTCTTCTTTCTTTTTCTTTCEMTCTTTCTTT
Chimp  ..... T o i e ey 8 e o e ST A R i 8 e SR 8 e e 8 e B.........
Human CCTTTCTTTCTTCTTTCTTTCTTTCRTTC———————— TCTTETCTCTCTCTCTCT
CHIMP s s s s s o @ s 506 5418 5085 & ¥ 208 58 B.. BEEEEEE. . ...............
Human CTCTCTTTCTTTCTTTCTTCCTTTCTTCCTTTCTTTCTCTCAGTCTGTCACCCCA
CREMNE. o e o s B s 50w b o587 5! e & st 15atilh o i 2adken ) Kot 80 s et ks e et W s e it @ s e

Figure 19. Aligned sequences of human and chimpanzee genomes for marker DXS10146 (Primers used in underlined
bold, repeat is in bold and differences are noted in blue).

4.5.5. DXS10148

For this genetic marker, the main differences between the established nomenclature
[((GGAA)s-(AAGA)x-(AAAG)y-(AAGG-AAAG)-(AAGG),AAAG(AAGG-AAAG)]
(Hundertmark et al., 2008) and the one encountered by Gomes and co-workers, after a
thorough analyses of West African samples [(GGAA).4-(AGAA-GGAA)o 1-
(AAGA)X(AAAG)oy (AAAG-A)o-2(AAAG)s-(AAGG-AAAG)-(AAGG), AAAG (AAGG-
AAAG); 3] (Gomes et al., 2016), was seen at the beginning and end of the repeat region
where considerable variation was observed. When aligned, the human and chimpanzee
genomes (Figure 20), revealed also interesting differences as the human and
chimpanzee sequences both have the three copies of (AAGG- AAAG). Curiously, these
findings were only observed when analyzing samples of West African origin (Gomes et
al., 2016) and also found in this study when we analysed data gathered from the literature
(Table 20). The chimpanzee reference sample here used also has the three copies
(AAGG- AAAG) and therefore together with the findings in West Africa support an
ancestral state of this portion of the repeat sequence.

On top of that huge difference, the repeat structure overall appears to have slightly

different flanking regions to the beginning of the repeat since the (GGAA), first motif is
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flanked by a long stretch of 14 poly A’ and three G’'s (AAAAAAAAAAAAAAGGG) on the
human sequence while in chimpanzee’s only four A’s flankthe repeat and thus shows a
del (AAAAGGG) (Figure 20).

No differences other differences in the STR sequence is seen, specifically, that do not
interfere with the primer binding sites meaning that the primers used for this study would
amplify chimpanzee samples. The presence of varying copies of (AAGG-AAAG) when
comparing different populations as well the chimpanzee sequence urges a must needed
update on the established and most commonly used nomenclature for this genetic
marker since a global and accurate nomenclature must be established to better report
and analyse the data.

Human TGCATGACAGAGGGAGATTCTGTCTCAACAAAAAAAAAAAAAAGGG (GGAA) ; (AAGA) 1,
(06 5 ¢cx< CAAAAAGAAAA——————— (GGRA); (AAGA),
Human (ARARG) 4 (AAGG-AAAG) (AAGG), AAAG (AAGG-AAAG);
Chimp AAAG-A- (AAAG) ¢ A-AAAG-A- (AAAG); (AAGG-AAAG)-AAGG- (AAGG-ARAG) 3

Human GGAAAGGAAAGGAAAAAGAAACACCACTGCCAAAACCAG
[0 1 1

Figure 20. Aligned sequences of human and chimpanzee genomes for marker DXS10148 (Primers used are underline
bold, differences between the 2 sequences are in blue).
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5. Final Conclusions

The importance of an accurate and common nomenclature are very important to secure
a clear communication, accurate data exchange and data comparisons among
laboratories. STR nomenclature, independently of the marker (autosomal, X or Y
chromosomal), has been pointed out by several studies as well as by the ISFG and other

DNA groups (as has been mentioned in the introduction section of this dissertation).

The main objective of this work was to analyse the possible hidden variation that may
exist at the DNA sequence allelic structure in some X-chromosome STRs and suggest
new nomenclatures, if that is the case. The markers selected for this study were some
of the common markers that are used in the fields of population and forensic genetics
and that are also included in the main commercial X-STR kit (The Investigator X-12 QS,
Qiagen). The results obtained on the X-STRs DXS10074, DXS10134, DXS10135,
DXS10146 and DXS10148 throughthout this project are insightful and shed a light on
the problems that exist in the genetic forensics field, mainly about the allele nomenclature
of some of these loci.

The analysis of the DNA sequence structures of the three major population groups,
namely Europeans, Asians and Africans obtained from sequenced samples and the ones
gathered from published data allowed for the detection of possible discrepancies. These
could include undetected mutations or silent alleles or variants previously not found by
comparing the commonly used allele nomenclatures and the analysed samples for the
studied markers, which answers one of the proposed aims for this work. One of the
novelties that this work presents is the sequencing of Portuguese samples for the
mentioned X-STRs, which helped have a better understanding on the selected loci in

that particular population.

Additionally, comparing the chimpanzee (Pan troglodytes) and human (Homo sapiens)
genomes, by aligning both sequences, which until to date have not been yet reported,
helped perceive and infer the ancestral STR structure and stability. The results obtained

from this alignment also allows us to see the evolution that the STRs underwent.

Population and species comparisons at the DNA sequence level with the allele
nomenclatures currently used for DXS10135 and DXS10148 are not the most accurate

and representative. The findings of this study, suport that a review of the established
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nomenclature, at least for these two markers, should be done in order to be more
accurate and inclusive due to possible silent alleles or mutations not found or reported

when the most used nomenclature was established.

Hopefully the data obtained in this work elucidates the need of these type of studies to
improve the vast field of forensic genetics by looking upon the established nomenclature
for the commonly used genetic markers, to better report the findings and future works by

following the recommended guideline and therefore being accurate and inclusive.
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Attachment 1

Supplementary Table 1. Described loci in the literature. Adapted from “Twenty Years
Later: A Comprehensive Review of the X Chromosome Use in Forensic Genetics”
(Gomes et al., 2020).
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Attachment 2

Supplementary Table 2. Genotypes obtained for the X-STRs markers on the
Portuguese samples studied which was used for comparison. (Obtained in house)

Original code | DXS10134 | DXS10074 | DXS10135 | DXS10146 | DXS10148
N7 37 15 27 28 24,1
N5 37 8 19 28 18
N13 42,3 15 19,1 31 26,1
N16 35 16 24 28 24,1
N19 39,3 17 24 39,2* 19
N35 34 17 24 27 29,1
N40 35 14 22 27 24,1
N44 36 17 21 29 25,1
N53 36 16 24 25 18
N57 33 13 22 30 27,1
N65 37 16 33 27 23,1
N71 35 18 34 30 22,1
N75 39,3 8 21 26 27,1
N84 34 8 19,1 28 24,1
N88 35,2 18 19,1 40,2 40,1
N91 38 18 22 27 24
N97 36 8 21 25 24
N104 34 8 22 29 27,1
N109 42,1 8 30 26 25,1
N114 38 7 23 27 24
N33 34 18 27 29 25
N122 35 17 24 27 26
N130 39 17 24 31 23
N133 36 8 23 28 27
N137 34 18 24 28 27
N140 42 18 21 40 22
N145 39 16 19 41 25
N46 37 8 24 27 24
N152 37 17 24 27 24
N154 39 13 23 29 22
N147 35 18 21 31 26
N158 35 8 26 31 27
N160 37 17 27 31 29
N170 37 17 19 30 26
N173 35 13 24 27 29
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N177 35 8 18 27 18
N181 35 8 22 42 26
N189 36 17 18 30 23
N192 36 16 20 26 26
N195 36 8 23 30 28
N197 34 14 24 26 23
N202 37 7 18 27 26
N208 36 16 19 33 26
N212 36 16 28 30 25
N217 35 15 19 43 23
N221 33 8 20 28 23
N231 43 14 22 30 23
N238 34 16 28 29 26
N268 37 19 26 30 24
N275 37 16 20 29 27
N276 35 16 24 29 24
N281 36 15 29 28 24
N283 36 14 29 40 25
N290 39 10 21 29 18
N296 38 18 19 26 27
N300 39 8 29 45 25
N303 35 15 29 41 18
N305 37 16 17 44 25
N312 35 8 22 29 24
N321 33 15 24 29 25
N323 41 19 19 38 23
N327 37 17 15 28 26
N332 35 17 23 41 23
N337 35 18 23 28 23
N342 36 8 25 26 26
N345 35 16 23 39,2* 25
N348 35 16 21 28 20
N351 34 8 20 29 30
N356 41 16 26 43 25
N359 33 7 28 47 25
N364 37 18 24 42 23
N368 36 8 21 30 23
N374 37 16 29 44 23
N379 37 18 21 29 24
N380 33 14 29 30 13
N384 37 7 27 26 25
N388 34 17 21 30 27
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N389 37 8 21 27 26
N394 43 17 28 30 23
N399 37 18 32 29 23
N403 37 18 22 27 24
N411 36 16 27 29 18
N423 36 18 28 28 26
N429 37 15 21 30 27
N181 35 8 22 42 26
N192 36 16 20 26 26

N5 37 8 19 28 18

N5 37 8 19 28 18
N97 36 8 21 25 24
N97 36 8 21 25 24
79043 35 18 19 30 18
78762 38 18 20 25 25
28671 37 17 19 43 26
28636 38 16 25 39,2* 18
78587 34 18 20 27 30
28542 33 18 20 29 24
28519 36 8 21 42 18
78432 35 15 21 29 28
78384 36 17 19 28 26
28336 36 16 26 28 24
28290 36 16 22 27 29
78285 36 18 17 27 23
28317 35 19 25 43 17
28168 36 15 23 28 18
Z8030 37 8 25 27 18
727955 34 8 22 28 27
77964 37 8 18 29 27
77879 37 19 25 26 22
77863 37 18 34 27 24
27803 38 8 30 40 25
27802 36 17 18 41 27
77762 35 18 26 28 25
77748 39 17 31 27 23
27737 37 8 22 41 25
77713 29 15 17 24 30
77712 39 19 28 39,2* 27
727676 35 15 24 40 19
727623 36 18 17 26 27
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77617 35 13 21 25 26
27505 36 7 17 26 24
27498 37 7 18 43 25
77476 34 16 23 30 27
Z7501 36 15 21 40 25
727376 39 17 24 41 23
77362 35 17 15 31 27
77314 35 17 22 29 24
727320 36 8 19 32 23
727315 37 19 23 40 25
27250 37 8 21 39,2* 18
27202 34 20 21 27 24
27152 32 8 17 28 26
77137 37 19 23 27 20
77133 38 17 26 26 23
27077 33 7 22 28 22
27017 35 19 31 23
Z7012 37 19 17 28 28
76945 40 17 19 41 27
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Supplementary table 3. Quantification of Macanese samples with NanoDrop One
microvolume UV-Vis spectrophotometer (Thermo Scientific Scientific, USA).

Sample Name | (ng/uL) |A260/A280|A260/A230
M2 1 292,442 1,239 0,270
M7 1 61,896 1,424 0,174
M7 2 62,097 1,430 0,173
M8 1 78,097 1,344 0,207
m9 1 287,860 1,170 0,259
M101 49,169 1,233 0,231
M181 78,940 1,219 0,238
M191 34,845 1,216 0,226
M211 68,705 1,189 0,238
M221 62,577 1,222 0,253
M231 233,841 1,206 0,242
M241 151,096 1,269 0,218
M251 112,356 1,258 0,190
M271 154,988 1,187 0,268
M311 80,909 1,201 0,155
M 331 75,897 1,204 0,217
M351 115,252 1,220 0,149
M 381 32,522 1,144 0,237
M401 149,600 1,209 0,195
M421 71,390 1,153 0,176
M431 53,644 1,011 0,234
M441 56,802 1,146 0,157
M 461 27,939 1,390 0,169
M471 105,133 1,107 0,170
M 48 1 441,325 1,103 0,297
M49 1 368,870 1,133 0,283
M 501 182,063 1,248 0,323
M511 472,740 1,107 0,230
M521 226,071 1,057 0,212
M531 193,695 1,106 0,267
M 541 95,070 1,153 0,223
M 551 152,258 1,093 0,239
M 561 205,543 1,062 0,233
M571 193,704 1,165 0,283
M 591 134,284 1,175 0,279
M631 118,249 1,117 0,221
M671 135,180 1,106 0,220

71
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M 68 1 80,982 1,206 0,292
M 691 129,593 1,217 0,312
M701 202,751 1,089 0,266
M711 170,521 1,152 0,213
M721 175,927 1,138 0,270
M731 194,233 1,235 0,305
M741 220,539 1,123 0,219
M751 444,517 1,143 0,274
M761 80,589 1,152 0,245
M771 114,183 1,151 0,241
M781 118,398 1,147 0,266

proposal for nomenclature
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Poster done by analyzing African data obtained from the literature and published data

in prowl of the work in this dissertation
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INTRODUCTION & AIMS

Forensic genetic tools have been a major field in solving several legal cases. Autosomal short tandem repeats (STRs) are the prime choice for these investigations but they
present some limitations that can be complemented by STRs located on the sex chromosomes. Besides their importance in solving complex kinship cases [1], X-chromosome
STRs (X-STRs), may also provide valuable information about the genetic evolution of populations [2, 3]. The existence of an accurate database regarding X-STRs, on top of an
accepted nomenclature, is of an enormous importance so there is no misinterpretation of data such as when comparing allele frequency distributions among different
populations or data exchange between laboratories [4-7). Thus, to have the most precise STR kits in forensics, studies comparing the genetic markers in different populations
must be made to reinsure that these are inclusive. For this aim, we present preliminary results by analyzing sequencing data from African population groups for the
DX510148 locus. We performed comparisons with the chimpanzee (Pan troglodytes) genome to infer on the ancestral STR and allelic structure. This will allow us to access
the differences in the selected markers and to propose a more accurate nomenclature encompassing the differences encountered.

MATERIAL & METHODS

X-STR: DX510148; Samples: n= 63 Guinea-Bissau (2], n= 8 West African [4], n= 36 Algeria [3];
Nomenclature: most commonly used and initially described (CCTT)2- N8 -(CTTT)x-{TCTT}y-
(TTCC)4 [1); Genome assemblies: Pan troglodytes (Jan 2018, Clint_PTRv2/panTro6) and Homo
sapiens (Dec. 2013, GRCh38/hg38) sequence alignment using the Genome Browser, BLAT tool

{http://genome.ucsc.edu).

RESULTS & DISCUSSION

Table 1. DX510148 sequence data obtained in n=107 individuals from African population groups.
ALG: Algeris; AF= West Africa; GB= Guines Bissau.
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Figure 1. Sequence alignment results for DXS10148 repeat region between Homo Sopiens and Pon Troglooytes.

» Qualitative information regarding the allele and locus sequence structure of the X-STR
DXS10148 in African populations was gathered from the literature (Table 1).

> Analyses of the data (Table 1) reveals a lot of variation regarding the allelic structure of
the DXS10148 genetic marker, in particular, high intra-variation for the non-consensus

alleles were found (i.e., same alleles with different structures).

> S e data published in two different studies [2, 4] detected variation in the
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upstream flanking region of the DXS10148 locus (reverse strand) in a population sample
of Guinea-Bissau and other West African regions (Table 1) as following (CTTT-CCTT)1-3 -
CTTT-(CCTT)2-CTTTCCTT-(CTTT)x-(TCTT)y-T*-(TTCC)4.

> In the nomenclature suggested in the study of Hundertmark and co-authors [1] only two
copies of this structures is observed (CTTT-CCTT)2-CTTT-{CCTT)2-CTTTCCTT-(CTTT)x-T*-

¥ In the study for the Algerian group [3] results for the repeat region are presented only,
therefore it is not clear how many copies of the upstream flanking sequence CTTT-CCTT
were detected (Table 1).

»Results of sequence alignments for the human DXS$10148 repeat region and the
chimpanzee genome (Figure 1) also revealed 3 copies of CTTT-CCTT with the following
(CTTT-CCTT)3- (CCTT)1-CTTTCCTT-(CTTT)3-TCTT-T- (TCTT)4-(TTCC)4.

(*T= insertion in non-consensus alleles; italic bases not considered for allele nomenclature.)

STR consensus structure for DXS10148 taking into account the locus variation observed in this
study between humans and chimpanzees and allele nomenclatures [based on the ISFG
guidelines (7-9)]: {(CTTT-CCTT)1-4 CCTT CTTT CCTT- (CTTT)x- (TCTT)y- (TCTT)4.

The preliminary results obtained on the genetic variation of X-STRs
suggest that the nomenclature in use for DX510148 [1] misses variation
at the upstream flanking region of the repeat. Therefore the new
variation should have been included in the (original) nomenclature, in
accordance to the ISFG guidelines for STR nomenclature [7-8].
These results reinforce the need to establish a globally accepted
{f to avoid among genetic
data and ultimately allow for the most precise X-STR kits in forensic
genetics.
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