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Resumo

Os marcadores de nucleétido Unico ou SNPs (do inglés single nucleotide polimorphisms)
apresentam baixas taxas de mutacdo e a sua biologia possibilita uma analise
automatizada, com uma interpretacdo relativamente simples devido as técnicas de
analise destes marcadores originarem poucos artefactos, levando a obtengdo de
informacdo genética adicional que, muitas vezes, pode ser uma mais-valia para o
geneticista e para o esclarecimento dos acontecimentos, quer em casos do foro civel quer
em casos do foro criminal. Por tudo isto, nos ultimos anos tem-se assistido a um rdpido
desenvolvimento da metodologia de analise de SNPs como ferramenta usada em genética

forense.

Do ponto de vista da andlise forense, estes marcadores encontram-se agrupados em
guatro classes. Uma destas classes é constituida pelos marcadores que podem ser Uteis
na identificacao individual e uma outra por polimorfismos que podem ser usados na
identificacdo de linhagens familiares, os quais facultam informacdo genética adicional a
obtida aquando da analise de STRs (do inglés short tandem repeats), os marcadores mais
utilizados nestas pericias. Assim, o estudo de SNPs, nestas situaces, prende-se com a
necessidade de obter informacdo genética adicional, derivada da existéncia de
incompatibilidades nos sistemas STR estudados ou da falta de amostra pertencentes a
individuos importantes para o estudo de relacées de parentesco ou, ainda, devido a ndo
amplificacdo ou amplificacdo incompleta dos loci STR, resultante de uma reduzida

quantidade e/ou fraca qualidade do DNA existente para analise.

No entanto, as duas restantes classes de SNPs ndo permitem a concretizacdo de uma
identificacdo individual ou familiar mas ndo deixam, por isso, de conter um grande
interesse forense. Estas classes possibilitam inferir sobre caracteristicas do dador de uma
amostra fornecendo informacgdes que ndo sdo obtidas através da analise de STRs. Uma
destas classes é constituida por SNPs que fornecem informacgdo sobre a origem étnico-

geografica do dador da amostra e a restante classe é composta por marcadores que
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fornecem indicagdes sobre caracteristicas fenotipicas do individuo, caracteristicas
externamente visiveis que, na auséncia de um suspeito, permitem fornecer informacdes
valiosas aos investigadores policiais, auxiliando estas for¢as na descoberta do individuo
gue pretendem identificar. Este tipo de informacao podera ser principalmente importante
guando o perfil genético de STRs do dador de uma determinada amostra, cuja analise seja
importante para a resolugao de um caso, nao se encontre ainda inserido nas bases de
dados de perfis de DNA e ndo existam fortes indicios ou suspeitos sobre os quais se possa

dirigir a investigagao em curso.

A aplicacdo destes marcadores esta a ser estudada por varios grupos de investigacao
internacionais de modo a que o seu uso possa ser uma realidade futura nos laboratdrios
forenses. Contudo, e uma vez que a genética forense se prende com a descoberta juridica
da verdade dos factos, assente no conhecimento cientifico mas com base na variabilidade
da espécie humana, importa fazer o estudo dos marcadores de interesse nas popula¢des
nas quais pode vir a ser utilizado este tipo de andlise. Assim, também em Portugal
interessa fazer o estudo dos marcadores forenses do tipo SNP para estes poderem vir a
ser usados, no futuro, na realiza¢ao de pericias envolvendo a nossa popula¢ao. Com este
trabalho pretendeu-se contribuir para este desenvolvimento, quer através da verificacao
na populacdo Portuguesa das caracteristicas populacionais de alguns dos multiplexes de
SNPs mais investigados, quer através da modificacdo e aperfeicoamento dessas mesmas

ferramentas de modo a poder ser obtida mais e melhor informagdao com as mesmas.

No presente estudo, inicialmente com base na metodologia de andlise simultanea de 52
SNPs desenvolvido pelo consércio europeu SNPforlD, conjunto de marcadores
denominado de 52-plex, comegou por se desenvolver e otimizar um conjunto de 20 /oci
para identificacdo individual de modo a estes marcadores poderem ser utilizados, como
ferramentas adicionais ao estudo de STRs, na identificacdo individual e na determinacao
de relacbes de parentesco. Posteriormente, avangou-se para o estudo do 52-plex na
populacdo Portuguesa e da sua eficidcia na analise de amostras complexas, relacionadas
com casos criminais e de investigacao da identidade, tais como osso, dente ou vestigios
provenientes de cenario forense e das quais ndo foi obtido um perfil completo de STRs

guando da aplicagdo de um kit comercial.
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Outro objetivo era estudar a aplicacdo de um multiplex de SNPs informativos de
caracteristicas fenotipicas, o IrisPlex, na mesma populagdo. Adicionalmente, e uma vez
gue aquando da realizacdo do projeto de tese foi verificado que os marcadores que
compdem este multiplex para além de estarem relacionados com a determinag¢do da cor
dos olhos estdao também envolvidos na determinac¢do da cor do cabelo e da cor da pele,
pelo facto dos principais genes envolvidos nos trés mecanismos serem os mesmos, foi
também definido suplementar este multiplex com marcadores adicionais de modo a
verificar se a ferramenta resultante poderia fornecer informacdo adicional sobre estas

caracteristicas externamente visiveis.

Assim, esta tese de doutoramento apresenta resultados obtidos na investigacdao dos SNPs
e da sua aplicabilidade a populacdo Portuguesa, com enfoque nos marcadores de
identificacdo individual e nos marcadores para fenotipagem forense de DNA, uma vez que

estes foram os principais objetivos deste trabalho.

Deste modo, no Capitulo | é feita uma descricdao sucinta do estado da arte sobre o
conhecimento dos SNPs e da sua utilizacdo em genética forense. Especial atencdo foi dada
a classe de SNPs utilizados para identificacdo individual (IISNPs) e a classe de SNPs
informativos de caracteristicas fenotipicas (PISNPs), uma vez que, como referido

anteriormente, estas foram as classes sobre as quais esta tese de doutoramento se focou.

Posteriormente, sdo expostos os resultados obtidos nos capitulos Il a V, na forma de
artigos cientificos, os quais foram publicados em revistas internacionais, indexadas e com
revisdo por pares. Para além destas publicacdes, é apresentado um manuscrito em fase

de preparacao.

A ordem de apresentacdo de cada um dos capitulos e subcapitulos desta tese ndo reflete
necessariamente uma ordem cronoldgica, uma vez que alguns dos estudos descritos a
frente decorreram simultaneamente e os resultados obtidos durante um trabalho

particular viriam a influenciar o progresso de outro ou de outros trabalhos.

Vii
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No Capitulo Il é apresentada a validagdo e os resultados obtidos com um multiplex de 20
SNPs, derivado do 52-plex desenvolvido pelo consércio SNPforlD, na investigacdo da
paternidade e noutros casos de investigacdo de parentesco, alguns destes com um maior

grau de complexidade.

No capitulo Ill, sdo apresentados os resultados obtidos com o uso de SNPforlD 52-plex no
estudo dos pardametros populacionais e forenses da populacdo Portuguesa residente no
sul de Portugal e também numa das maiores populagdes migratdrias residentes no nosso
pais, os imigrantes provenientes da Republica da Guiné-Bissau. Neste capitulo sdo ainda
apresentados os resultados obtidos com este multiplex na andlise de amostras complexas

relacionadas com casos criminais e de investigacdo da identidade.

O Capitulo IV, de menor dimensao, apresenta resultados obtidos com o desenvolvimento
de um pequeno multiplex de dez SNPs informativos do hapldtipo mitocondrial (LISNPs), o

qgual pode ser utilizado no estudo de linhagens maternas.

Ja no Capitulo V sdo apresentados os resultados obtidos com o desenvolvimento de um
novo multiplex de marcadores fenotipicos, baseado no IrisPlex, o qual foi desenvolvido
para inferir acerca da cor dos olhos e da cor da pele e que mostrou ser aplicavel a
populacdo Portuguesa. Neste capitulo é também feito o estudo da aplicacdo deste

multiplex na investigacdo dum caso com interesse antropoldgico e forense.

No Capitulo VI é feita uma discussao geral dos resultados descritos nesta dissertacao de
doutoramento, bem como de algumas questdes levantadas ao longo do desenvolvimento

desta tese.

Por ultimo, de forma resumida, sdo apresentadas as conclusdes obtidas nesta tese. Entre
estas, conclui-se que a analise de um pequeno numero de IISNPs, como 20 marcadores,
pode ser usada com sucesso na investigacdo da paternidade e na avaliacdo de casos de
parentesco, como complemento a andlise dos STRs. Todavia, para a analise de amostras
complexas devera ser utilizado um maior niumero de /oci. Neste tipo de amostras deve ser

analisado 0 52-plex uma vez que a amplificagao dos marcadores STR nestas amostras pode

viii
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ser ineficiente, revelando-se na obtenc¢do de perfis incompletos ou na nao obtencdo de
qgualquer perfil genético. Foram estudados os parametros populacionais e forenses deste
52-plex na nossa populagdo e na populagdo de imigrantes provenientes da Guiné-Bissau,
tendo sido obtidos resultados em linha com os descritos por outros autores. Foi, ainda,
desenvolvido um pequeno multiplex de LISNPs, para determinagao do haplogrupo
mitocondrial, que podera ser usado como teste rapido de triagem antes da sequenciagado

do DNA mitocondrial em amostras complexas.

Neste trabalho, foi também modificado o IrisPlex de modo a que o multiplex resultante
pudesse fornecer informagdo sobre a cor da pele do individuo dador da amostra. O
multiplex resultante demonstrou ser bastante preciso na determinacdo da cor dos olhos
em individuos da populacdo Portuguesa bem como a distinguir se o individuo em causa
apresenta uma pele clara (fotétipos | a IV) ou se apresenta uma pele mais escura
(fototipos V e VI). Este multiplex demonstrou ser bastante sensivel quando testada a sua
aplicagdo numa amostra de musculo retirada de um individuo mumificado com data
estimada de mumificacdo por volta dos anos 1930-40, apresentando, por isso, o DNA num

estado degradado.

No futuro, a andlise de SNPs serd, certamente, usada com bastante frequéncia, na analise
de casos criminais e de investigacdo da identidade, nomeadamente através da analise de

IISNPs e de PISNPs.

Palavras-chave: Genética forense; identificacdo genética; fenotipagem forense de DNA —

FDP; polimorfismos de um unico nucleétido — SNP.



Resumo




Abstract

Abstract

Single nucleotide polymorphisms or SNPs present low mutation rates and its biology
permits for an automated analysis, with a relatively simple interpretation due to the fact
of the techniques used to analyze these markers originating few artifacts. This allows to
attain additional genetic information that can offer great value to the geneticist and for
the discovery of the truth in civil or criminal cases. For all these, in recent years we have

witnessed the rapid development of SNP methodology as a tool in forensic genetics.

These markers can be characterized in four forensically relevant classes, one of which
consists of SNPs useful in individual identification and other consists in polymorphisms
used to identify family lineages, allowing the obtainment of additional genetic information
to complement those usually achieved through STR analysis. Thus, SNP study in these
situations relates to the need of additional genetic information due to the existence of
STR incompatibilities in the studied systems or due to the lack of sample from individuals
essential to the analysis of kinship casework. SNP study is also of great importance when
incomplete amplification or no amplification of the studied STR systems is observed,

resulting from the small quantity and / or poor quality of the analyzed DNA.

The two remaining SNP classes cannot provide individual or family identification but they
present large forensic interest because they allow inferring about characteristics of the
sample donor. The first of these classes is composed by SNPs that provide biogeografical
ancestry information and the remainder class consists of markers that provide
information about phenotypic characteristics. This type of information can be especially
important when no information is known about the sample donor and not even his or her
genetic profile has entered into DNA databases, in a way that these will provide valuable

clues to the discovery of the individual yet to be identified.
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The application of these markers to forensics is being studied by several research groups
worldwide so that their use can become a reality in the near future. However, since
forensic genetics is founded on scientific knowledge and based on human genetic
diversity, it is important to study these in the populations in which this type of analysis
can be used. Thus, it is important to study the SNP /oci in the Portuguese population so
that these markers can be used to carry out forensic testing in cases involving Portuguese
individuals. The purpose of this work was to contribute to this development, both through
the verification of SNP multiplexes in the Portuguese population and through the
modification and improvement of these tools in order to obtain more and better
Information with them. Thus, this work intended to study and optimize individual
identification SNP multiplexes to be used on kinship testing and on individual
identification and to study a phenotype informative SNP multiplex for application in the

resolution of cases where there is no suspect’s sample for comparison.

Initially, based on the 52-plex developed by the SNPforlD consortium, it was developed
and optimized a set of 20 /oci set for individual identification so that these could be used
as an additional tool to STR investigation in the study of paternity testing and kinship
analysis. Later, it was studied the population and forensic parameters of the 52-plex in
the Portuguese population and the effectiveness of this multiplex in the analysis of
complex samples such as bone, tooth or crime scene’s samples from which it was not

obtained a complete genetic profile when applying a commercial STR kit.

Another main objective was to study the application of IrisPlex in Portuguese population.
This is a multiplex designed to infer about the eye color of a sample donor. In addition,
since that when this thesis project was carried out it was verified that the markers that
make up this multiplex, besides being related to eye color determination are also involved
in hair and skin color, due to the main genes involved in the 3 mechanisms being the same,
it was also decided to supplement this multiplex with additional markers in order to verify
if the resulting tool could provide additional information on these other externally visible

characteristics.

Xii



Abstract

Thus, this doctoral thesis presents the results obtained through the analysis of SNPs and
of its applicability to the Portuguese population, focusing on the individual identification
loci and on the markers used for forensic DNA phenotyping. The results obtained are
presented in chapters Il to V, in the form of scientific articles which have been or will be

published in indexed and peer-reviewed international scientific publications.
In the future, SNP analysis will certainly be used more quite often in criminal and identity

investigation casework, namely through the analysis of identity investigation and of

forensic DNA phenotyping SNPs.

Key-words: Forensic genetics; genetic identification; forensic DNA phenotyping — FDP;

single nucleotide polymorphism — SNP.
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General Introduction

The Human Genome Project allowed the discovery of new genetic markers with high
potential for many areas of genetics. Single Nucleotide Polymorphisms (SNPs) were
perhaps the most important, at least for their abundance in the genome. It is difficult to
say with certainty their frequency but it was estimated a frequency of 1 SNP per 1000
base pair (bp) (Venter et al., 2001). However, if we consider the 84.7 million SNPs recently
characterized by the 1000 Genomes Project, it is very likely that the frequency of SNPs on

the human genome must be much higher than that (Auton et al., 2015).

In recent years, we have witnessed a rapid development of SNPs methodologies in a
variety of biomedical disciplines, and it is not different in forensic genetics. This fast
development was due to these polymorphisms present low mutation rates and its biology
allows for their automated analysis, namely through the recent and powerful massive
parallel sequencing systems (MPS, also referred as Next Generation sequencing or NGS).
The fact SNPs have few artifacts, make their interpretation relatively simple and allow
obtention of additional genetic information, that can be a great value in different areas of
biomedical sciences. In forensic genetics this is no different situation, SNPs are revealing
to be an important tool for the analysis of complex cases where conventional
methodologies, such as STRs or mitochondrial DNA analysis fail and cannot provide an
adequate response or even to obtain information about external visible characteristics

(EVC) or the ancestry of sample donor, when there is still no suspect.

1.1. SNP biology and its application

SNPs are the result of point mutations where one DNA bp is replaced by another. Figure
1 illustrates a point mutation in the DNA chain that may origin a new SNP locus in a given

population.
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Figure 1 — Point mutation originating a SNP. The upper DNA molecule differs from the lower
DNA molecule at a single base-pair location (C/A polymorphism). Source: SNP model by David
Eccles (gringer), CC BY 4.0, https://commons.wikimedia.org/w/index.php?curid=2355125)

Over time and as result of other forces of evolution, namely natural selection and genetic
drift, these mutations established in a given population by being transmitted to the
progeny over the following generations. This process results in the entry of a new allele

in that population and possibly in the establishment of a new polymorphism.

Because of this apparent simple generation mechanism, these polymorphisms are the
most abundant polymorphisms class in the human genome and provide powerful tools
for a variety of biomedical genetic studies (Wang et al., 1998). These loci have been shown
to be associated with different susceptibility to diverse forms of cancer (Engle et al., 2006),
heart disease (Aulchenko et al., 2009) and neurodegenerative pathologies (Paulsen et al.,
2013), but also with different vulnerability to infection by several diseases, such as

pulmonary tuberculosis meningococcal disease or AIDS (Chapman and Hill, 2012).

Recent advances in sequencing technology have drastically reduced the costs of DNA
sequencing, making possible the analysis of a large number of individuals in order to

provide a comprehensive resource on the human genetic variation, namely on SNPs. The
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"1000 Genomes" was the first project to sequence the genome of a large number of
samples having been sequenced 2504 genomes from individuals from 26 populations that
led to the identification of 84.7 million SNPs (Auton et al., 2015). As with other previously
human genome sequencing projects, data from the "1000 Genomes" is available to the
worldwide scientific community through a public open access database - The International
Genome Sample Resource (IGSR, available at http://www.internationalgenome.org/). The
initial goal of this project was to find genetic variants that have frequencies equal to or
greater than 1% in the studied populations, i.e. find the different alleles of identified
polymorphisms. These results are enabling and will enable geneticists to test the
association between newly discovered SNPs and any genetic traits that pretends to be

studied.

These studies can be used to better characterize the degree of association of a given
polymorphism(s) with certain characteristic(s) and/or with certain populations,
information that can be important in forensic genetics. Giving an example, the discovery
of SNPs that are present in all or almost all populations in Hardy-Weinberg Equilibrium
and that are not associated with any phenotypic characteristics makes these loci useful
for human identification. On the other hand, if some markers are especially present in one
or few populations, maybe its identification in an unknown sample may be an indication
that the sample is from an individual from that specific population. More, taking as a
phenotypic example the characteristic of the eye color, not all individuals present in
northern Europe have blue eyes, although this is the area of the world where this
characteristic is more present. A population study will tend to show a high degree of
association between SNPs associated with this different physical characteristic with the

different alleles displayed by these populations.
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1.2. SNPs in forensic genetics

SNPs have a set of characteristics that makes them ideal molecular markers for use in
forensics (Sanchez et al., 2003, 2006; Gill et al., 2004; Amorim and Pereira, 2005). First,
SNPs present mutation rates lower than Short Tandem Repeats (STRs), loci typically used
for analysis in genetic identification and in determination of biological kinship (10
compared to 103 to 107, according to Huang et al., 2002; Reich et al., 2002). Second, SNPs
can be analyzed through PCR amplification of small genomic regions (60-130 bp range),
which can be extremely valuable when DNA samples are severely degraded especially
when typing forensic or archaeological samples. This is reflected, among other cases, in
the work of Vallone and coworkers (Vallone et al., 2005), where they were able to identify
some of the victims of the World Trade Center attack in samples where no results had
been obtained through the amplification of STR /oci. Third, SNPs can be rapidly analyzed
through a large set of high throughput technologies, with accurate automated typing and
allele calling. This is an important factor for the implementation of criminal DNA databases
(Martin et al., 2001; Schneider and Martin, 2001). This fact is becoming more relevant
with the implementation of MPS sequencing systems in forensic labs due to the down
coming costs and the advanced maturation stage of these technologies. Finally, SNPs, and
binary polymorphisms in general, are relatively easy to validate because estimates of gene
frequencies necessary for proper interpretation of forensic data can be obtained by
analysis of a comparatively small number of samples, when compared with the number
of samples needed to estimate allele frequencies of STRs. SNPs also offer a potentially
cheaper, faster, and more automatable alternative to STRs in many applications (Pakstis

et al., 2010).

Ken Kidd at the 22nd Congress of the International Society of Forensic Genetics (ISFG) that
was held on August 25, 2007 in Copenhagen, Denmark, during a panel discussion on SNPs
and their application in forensic identity and relationship testing, classified SNPs in the
following four categories: 1. Identity or Individual Identification SNPs (IISNPs) as “SNPs
that collectively give very low probabilities of two individuals having the same multi-locus

genotype”; 2. Lineage Informative SNPs (LISNPs) as “Sets of tightly linked SNPs that
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function as multi-allelic markers that can serve to identify relatives with higher
probabilities than simple bi-allelic SNPs”; 3. Ancestry Informative SNPs (AISNPs) as “SNPs
that collectively give a high probability of an individual’s ancestry being from one part of
the world or being derived from two or more areas of the world”; and, 4. Phenotype
Informative SNPs (PISNPs) as “SNPs that provide a high probability that the individual has
particular phenotypes, such as a particular skin color, hair color, eye color, etc.” (Butler et
al., 2008). This classification was commonly accepted by the forensic community and that
is well described by Budowle and van Daal (Budowle and van Daal, 2008). Here it is
reviewed the use of SNP for human forensic genetics and the recent advancements of the

application of these markers.

In this manner, the first class of SNPs holds the loci that can be useful in individual
identification and consequently in parental testing and the second one comprises the
polymorphisms used to identify family lineages, mainly present in Y chromosome and in
mitochondrial DNA. If we compare the analysis of these SNP markers to the analysis of
standard methodologies typically used in forensic laboratories, the analysis of ISNPs can
be fairly compared to the analysis of autosomal STRs and the analysis of the LISNPs
compared to the analysis of Y-STRs and of mitochondrial DNA sequencing. As a
consequence, the analysis of these types of SNPs is only executed in special situations as,
for example: when there is the need to obtain additional genetic information due to the
existence of STR incompatibilities in the studied systems, due to the lack of samples from
individuals crucial to the analysis of the kinship relationships, or when there is incomplete
PCR amplification or no amplification of the STR systems studied in complex samples,

resulting from the small quantity or from the reduced quality of the DNA analyzed.

The two remaining SNP classes cannot provide individual or family identification but have
great forensic interest because they allow inferring about characteristics of the sample
donor. The AISNPs provide biogeographical ancestry information about sample donor and
the PISNPs class consists of SNPs that provide information about phenotypic
characteristics of sample donor. These can be especially important when there is no

suspect to compare with the samples and no STR genetic profile has yet entered into DNA
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databases, in a way that they provide valuable clues to police investigators, aiding the

discovery of individual to be identified.

Still, is important to remember that this classification is not a tight one in a way that a
marker that is included in one class may also provide some degree of other types of
information, for example, LISNPs may provide information about the ancestry of an
individual if his particular lineage is only observed in some part of the globe or PISNPs that
provide a probability of an individual being blue eyed give also the information that the
individual is probably European because blue-eyed color phenotypes are mainly of
European ancestry. This type of information may even transpose to the clinical
information, a situation that is recommended by the ISFG to be avoided for forensic
autosomal STRs but that, in these cases, cannot be applicable. For example, identifying
that an individual has a high probability of having a very light skin also informs scientists
that there is an higher probability of that individual be more prone to melanoma
development, but that comes from the fact of individuals with lighter tones of skin having

more probabilities of develop this type of skin cancer.

1.2.1. Individual Identification SNPs

SNPs can be very efficient tools for human identity testing purposes or for distinguishing
between close relatives, e.g. brothers, provided that a sufficient number of SNPs is used
so that the average match probabilities (the probabilities of two unrelated individuals
having the same multi-locus genotype) of the final panel at least be comparable to the
standard CODIS STR markers (Budowle et al., 2008). In order to obtain this, the SNP panel
must be composed by somewhere in the range of 50 to 100 selected SNP /oci so that
alleles range in proportion between 0.2-0.8 and taking in consideration the assumption
of independence across all loci (Chakraborty et al., 1999; Gill, 2001; Amorim and Pereira,
2005). However, it was also suggested that 20 to 50 SNP /oci, with no linkage and with a
high degree of heterozygosity may be sufficient to adjust the population stratification in

association studies based on populations (Pfaff et al.,, 2004). Nevertheless, the more
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recent MPS systems, using the newly available commercial forensic kits, can analyze more
than one hundred SNP loci at once analyzing at the same time all the STRs more commonly

used in routine forensic casework (Bgrsting and Morling, 2015; Churchill et al., 2016).

Taking this in consideration, in recent years several autosomal SNP marker sets were
developed for human identification (Dixon et al., 2005; Kim et al., 2010; Pakstis et al.,
2010; Freire-Aradas et al., 2012; Cho et al., 2014; Hou et al., 2014; Wang et al., 2016) and
its use been widely debated by the forensic community. One of the best well-known of
these is the 52-plex SNP assay that was developed by the SNPforID consortium (Sanchez
et al., 2006).

The SNPforID consortium was a project supported by the EU GROWTH program in 2002
which primary goal was to develop a SNP multiplex that could be used in forensic
casework. This cooperation led to the creation of an assay which amplifies 52 autosomal
SNPs in a single PCR reaction, with amplicons ranging in size from 59 to 115 bp, and that
afterwards can be analyzed using several SNP detection methods (Musgrave-Brown et al.,
2007). This 52-plex assay revealed to be more successful in amplifying challenging samples
than the assays based on STR analysis, indicating that forensic SNP typing can be very
useful when STRs fail to present results for this kind of samples (Butler et al., 2007,
Musgrave-Brown et al., 2007; Senge et al., 2011). This was confirmed in some case reports
involving real forensic samples such as the ones reported by Fondevila et al. or by Alimat
et al. where full SNP profiles were generated from DNA extracts that yielded no or few

STR loci (Fondevila et al., 2008; Alimat et al., 2013).

Another application where IISNPs can sometimes be important supplementary tool is in
kinship testing. Kinship testing is perhaps the kind of forensic analysis with the greater
number of exams done all over the world, performed by smaller and larger laboratories
and by public and private entities in countries where legislation permits it. This can be
observed when analyzing the number of laboratories participating in the kinship testing
and forensic modules of proficiency testing programs of ISFG such as the GHEP-ISFG

quality control proficiency testing.
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Most of these laboratories perform kinship testing by comparing STR genotypes obtained
analyzing one or two autosomal STR amplification kits produced by the following
commercial companies: Applied Biosystems (kits AmpFI/STR® Identifiler® / AmpFI/STR®
Identifiler® Plus PCR Amplification Kit and GlobalFiler™ PCR Amplification Kit), Promega
(kits PowerPlex® 16 / 16 HS System and PowerPlex® Fusion) and Qiagen (Investigator
ESSplex kits family). Using one or two of these kits is possible to analyze a great number
of STRs including the CODIS and the ESS loci plus the amelogenin sex marker and,
depending on the kits used, a few Y-STRs and InDels.

Although these kits are fully validated for forensic purposes and widely used all over the
world, some particularly complex kinship situations exists where it is difficult to obtain a
satisfactory answer to the case in question. This can be due to variable facts such as the
existence of missing persons essential to the analysis, like the putative father (known as
deficiency cases), or such as missing or misleading information like testing a close relative
instead of the person of interest without knowing (like testing the brother or the father
of the putative father). Other facts like the existence of genetic inconsistencies between
the relatives in testing can lead to an inadequate answer, or even simply because a kit
cannot resolve between two alleged parents can also present complex situations

(Kersbergen et al., 2008; Gonzalez-Andrade et al., 2009; Bgrsting and Morling, 2011).

Many times, to obtain additional information in these situations forensic scientists use
other autosomal STR kits to achieve additional genetic information and complement the
routine autosomal STR analysis previously achieved. However this methodology
sometimes does not reveal abundant additional information due to the fact the majority
of these kits markers being the ones already existing in the kits previously employed.
Other option is to study the Y or the X chromosomal STR genotypes or even the
mitochondrial haplotypes. However the use of these markers in forensic calculations is
challenging since its segregation is not independent, therefore not following a Mendelian
inheritance pattern, making these markers mainly used for the study of paternal and

maternal lineages.

This way, other alternative for forensic scientists in these types of cases can be to

complement it with different autosomal markers, like SNPs or even to do the kinship

10
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testing using solely this type of markers. In 2008 Costa and coworkers (Costa et al., 2008)
begun to test the use of SNPs in paternity investigation using 10 SNPs. Still in 2008,
Bgrsting and coworkers presented evidence that the SNPforlD 52-plex assay was a good
alternative to standard STR investigations in relationship testing and suggested that the
strength of STRs and SNPs could be combined in order to resolve complex cases. Bgrsting
and coworkers compared the paternity indices obtained typing 15 STRs, 7 VNTRs and the
SNPforID multiplex in 124 paternity trios and concluded that due to SNPs mutating much
less frequently, they were therefore ideal for additional marker testing in paternity cases
where genetic inconsistencies were detected with the standard STR analysis, with the
additional advantage of being both fast and cheaper to type. The typical paternity indices
(Pls) obtained based on the 52 SNPs were 5-50 times lower than the typical Pls based on
15 STRs or 7 VNTRs. However, the mutation rate of SNPs was expected to be
approximately 100.000 times lower than the mutation rate of tandem repeats, making
Barsting et al. to consider the SNPforlD 52-plex assay as a valuable investigative tool in
forensic casework where potential relatives are involved, especially in cases where
various family scenarios are possible or in cases where a possible mutation has been
detected in one of the tandem repeat loci and supplementary investigations are required.
Furthermore, they considered the SNPforlD 52plex SNP assay as highly useful in disaster
victim investigations because this assay can generate complete profiles from highly

degraded DNA, where the STR kits can fail (Bgrsting et al., 2008).

1.2.2. Lineage Informative SNPs

Similarly to what happens with mtDNA analysis or with Y-STR genotyping, SNPs that reside
on the mtDNA genome or in the Y chromosome provide useful information about an
individual’s lineage. Because of a lack of recombination and a low mutation rate, these
loci can be very informative for evolutionary studies and kinship analyses, especially in
cases where the reference sample(s) and the evidence sample are several generations
apart (Budowle and van Daal, 2008). These types of markers can be used in family testing

for solving deficiency cases where putative fathers or mothers are not available for DNA
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analysis and the unavailable male or female can be replaced by another relative of the
same sex in the analysis of a descendent. Other applications of the use of these markers

can include historic cases, as long as living descendants are available (Kayser, 2007).

Mitochondrial DNA is matrilineal inherited as haplotypes and all these haplotypes can
ultimately be traced to a common ancestor that lived approximately 200,000 years ago in
Africa (Mishmar et al., 2003; Behar et al., 2008). MtDNA sequence variation evolved as a
result of the sequential accumulation of mutations along maternally inherited lineages,
which can be represented in a tree reflecting the phylogenetic relationships of known
mtDNA variants (van Oven and Kayser, 2009). For two individuals to belong to the same
matrilineal lineage they have to share the same haplotype, an information that can
present usefulness in forensic casework. Further, due to the nature of mtDNA and to the
structure of the mitochondria itself the mtDNA is many times available in forensic samples
where the autosomal DNA is highly limited or degraded such as bones, teeth or hairs.
Consequently, mtDNA can provide key information in human identity testing from these

types of samples (van Oven and Kayser, 2009).

This way, some SNP assays have been established for forensic casework like the ones
developed by Brandstatter and coworkers (Brandstatter et al., 2003), Quintans and
coworkers (Quintans et al., 2004), Vallone and coworkers (Vallone et al., 2004), Coble and
coworkers (Coble et al., 2004, 2006), Nelson and coworkers (Nelson et al., 2007) or

Kéhnemann and coworkers (Kbhnemann et al., 2009).

Similarly to what happens to mtDNA /oci, SNPs on the non-recombining portion of the Y
chromosome are inherited as haplotypes in the absence of recombination and with a low
mutation rate but in this case in a patrilineal line (Jobling, 2001; Onofri et al., 2006). These
characteristics makes Y-SNPs particularly suitable for identifying stable paternal lineages
(Onofri et al., 2006) and reconstructing a common ancestor to help in the discovery of the

history of our species (Hammer, 1995; Thomson et al., 2000).

Several assays were also developed to genotype Y-SNPs that differ in the populations for

which they were primarily aimed for, differ on the objective of the assay or on the
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technologies used (Brion et al., 2005; Krjutskov et al., 2009; Geppert et al., 2011; Park et
al., 2013).

Nevertheless, in forensics while it can be used for exclusion confirmation in criminal cases,
Y inclusions are not possible to make because haplotypes are confined within lineages in
which many male relatives of a suspect share the same Y chromosome (Jobling et al.,

1997).

Several autosomal haploblocks have also been identified by the HapMap project which
for forensic purposes may collectively serve as autosomal lineage-based markers and
improve the ability to identify missing persons when the number of family members for

comparison is very limited (Budowle and van Daal, 2008).

The most likely use of lineage SNPs in forensics is for special instances such as deficiency
cases in familial testing, missing person investigations or mass disaster identifications.
Nevertheless, successful identification by genetic testing using kinship analysis is limited
by the amount of DNA available for analysis, the number of family members for

comparison, and the available genetic markers (Budowle and van Daal, 2008).

1.2.3. Ancestry Informative SNPs

Loci that can be used to infer about the genetic ancestry of a donor of a sample are
commonly known as ancestry informative markers (AIMs). The analysis of these loci can
present great importance in different medical areas but maybe even of greater
importance in forensic applications, even if its use can present some ethical

considerations.
All types of genetic markers can provide forensic investigators clues about the origin of an

individual. Even STRs, markers commonly used in routine forensic practice present in

some degree information about ancestry (Rosenberg, 2009) and is common for a well-
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trained forensic geneticist who analyze a genotype that presents a rare allele in one
population but that is normally found in another one to think that the donor of that
sample should belong to that second population. That thought is just an educated guess
but serves as the basis of the use of AlMs. If a certain sample presents a certain number
of markers that are characteristic of a single population instead of others and does not
present markers from other populations than there is a given probability of the donor of
that sample belonging to that population. This thought is also important to understand
that a single marker is not sufficient to address the question about ancestry information
and caution should be taken when making individual inferences based on AlMs (Pardo-

Seco et al., 2014).

Although STRs can present some information about genetic ancestry, at least since 2003
that is known that using the most informative SNPs will be more efficient in this discovery
(Rosenberg et al., 2003). This was already evident back in 1994 when we revisit RFLP
studies of Dean and coworkers where it was demonstrated that RFLPs differences were
attributed to “racial differentiation” (Dean et al., 1994) bearing in mind that RFLPs are

the product of SNPs that alter DNA restriction sites altering molecule migration patterns.

In 2006 Lao and coworkers demonstrated that it was possible to use only 10 SNPs for
detecting continental population structure using Affymetrix GeneChip Mapping 10K SNP
array technology (Lao et al., 2006). Since then, different AIM-SNP panels were published,
using different technologies: the SNPforlD Consortium 34-plex, analyzed with SNaPshot
(Phillips et al., 2007); the 47 AIM-SNP Affymetrix GeneChip Mapping 10K SNP assay
(Kersbergen et al., 2009); the 128 AIM panel for American populations, developed by
Kosoy et al. at Seldin lab (Kosoy et al., 2009) and the Kidd lab 128 AISNP panel (Kidd et al.,
2011), both using TagMan Assays; the LACE consortium 446 AIM panel, using Sequenome
iPLEX system (Galanter et al., 2012), and the Kidd lab ancestry informative 41-SNP panel
to be analyzed with ABI SNPlex and Sequenome iPLEX system (Nievergelt et al., 2013). In
2014, in an attempt to build a forensic ancestry panel from the ground up based on
previously work from all the authors, the EUROFORGEN group proposed a Global AIM-
SNP set composed of 128 SNPs to be used on different MPS forensic applications that

would be developed by commercial companies (Phillips et al., 2014). Nevertheless,
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although some information is not already public, private companies developing forensic
MPS applications are basing the choice of AIM SNP panel on the work developed in Seldin
and in Kidd labs and in the 34-plex developed by the SNPforID Consortium.

Lastly, even though there has been great advancement on the scientific knowledge and
technological development in the investigation of ancestry informative SNPs there is the
need of this matter to be addressed by society and policymakers (Budowle and van Daal
2008). Information about genetic ancestry, principally if undesirable and unexpected, can
lead to the restructuring of personal, familial, or even group identity. Documented cases
exist where anthropological and/or genetics research that casts doubt on ancestral
relationships incited varying degrees of identity-related conflicts (Royal et al., 2010). This
way, balance must be done between the usefulness of the predicted physical appearance
based indirectly on ancestry versus the potential for racial and ethnic discrimination
(Budowle and van Daal, 2008). Nevertheless, it’s not possible to forget that this type of
markers were used in the past to aid in the resolution of important cases like the
identification of the suspect in a serial murder case in the United States (Budowle and van
Daal, 2008) or in the identification of the suspects involved in the Madrid train attack on

March 11, 2004 that killed 191 people and injured 1755 (Phillips et al., 2009).

1.2.4. Phenotype Informative SNPs

In recent years scientific community assisted an impressive discovery of loci associated
with phenotypic characteristics. This progress was achieved, in the beginning, by
evaluation of human orthologues of genes associated with EVCs in animal models (Kwon
et al.,, 1994; Lamason et al., 2005; Lehner, 2013) but mostly, in recent years, through the
analysis of genome-wide association studies (GWAS) in humans. In GWAS different
characteristics are studied by comparison of several common genetic variants in different
individuals to determine if some of those are associated with a specific trait, many times
a human disease like eye degeneration (Klein et al., 2005) or skin cancer (Gerstenblith et

al., 2010) for example.
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Similarly, phenotypic characteristics GWAS have undisclosed /oci associated with human
EVCs such as eye color, skin color and hair color (Sulem et al., 2007, 2008; Han et al., 2008;
Gerstenblith et al., 2010).

These discoveries created great interest in forensic scientists as means of obtaining
information about sample donors in cases where there are no suspects and doesn’t exist
any corresponding genetic profiles in DNA criminal databases (Sulem et al., 2007; Kayser
and Schneider, 2009; Kayser and de Knijff, 2011). This type of analysis known as Forensic
DNA Phenotyping, also sometimes refereed as 'DNA intelligence', is still not widely used
but can provide important information in criminal casework (Walsh et al., 2011a, 2013;
Keating et al., 2013; Poetsch et al., 2013). However, these traits are difficult to understand
due to their high complexity due to their multifactorial nature, involving epistasis and

gene—environment interaction phenomena (Pospiech et al., 2011, 2014).

Nowadays only eye color and hair color can be predicted with high accuracies using
forensic DNA phenotyping (FDP) technologies although there are still a few assays
developed to determine skin color. EVCs such as male baldness, hair morphology or facial
format are under research to detect their DNA mechanisms and to estimate their

phenotypes with a high predictive value (Kayser and de Knijff, 2011; Kayser, 2015).

One of these assays reported as having a high accuracy is IrisPlex, developed by Walsh et
al. to determine eye color (Walsh et al., 2011b). This assay consists of a single multiplex
genotyping system for the six most informative eye color SNPs according to current
knowledge: rs12913832 (HERC2), rs1800407 (OCA2), rs12896399 (SLC24A4), rs16891982
(SLC45A2 (MATP)), rs1393350 (TYR) and rs12203592 (IRF4). This multiplex in conjunction
with a statistical prediction model (Liu et al., 2009), was reported as having an average
accuracy rate of 94% for predict eye color as being blue or brown in Europeans individuals.
This analysis was done considering a probability threshold of 0.7 and ranged from 91% to
98% depending on the European population that was under consideration and despite the
large variation in eye color frequencies between populations (Walsh et al., 2012). Is
important to refer that IrisPlex was validated for forensic use (Walsh et al., 2011a).

However, IrisPlex have limitations in accurately predicting intermediate eye colors such
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as green because of the current unavailability of good DNA predictors for these non-blue

and non-brown eye colors (Walsh et al., 2011b).

Since IrisPlex publication, different studies were made to address its application on
different populations namely in a Slovenian (Kastelic et al., 2013), in different Eurasia
populations (Yun et al., 2014) and in a United States population (Dembinski and Picard,
2014). Although, using IrisPlex blue and brown eye color were reliably predicted from DNA
samples in the Dutch, in the Slovenian and in the East Asia populations (Walsh et al., 2012;
Kastelic et al., 2013; Yun et al., 2014), what shows the interest of different authors in

studying these matters.

Based on IrisPlex Walsh and coworkers developed a multiplex to determine eye color and
hair color simultaneously — the HirisPlex (Walsh et al., 2013). The HirisPlex assay consists
in an assay of 24 SNPs, the 6 ones of IrisPlex multiplexed with INDEL polymorphism
N29insA and 10 SNPs from the MC1R gene, rs11547464, rs885479, rs1805008, rs1805005,
rs1805006, rs1805007, rs1805009, Y1520CH, rs2228479, and rs1110400, rs28777
(SLC45A2), rs12821256 (KITLG), rs4959270 (EXOC2), rs1042602 (TYR), rs2402130
(SLC24A4), rs2378249 (ASIP/ PIGU), and rs683 (TYRP1). IrisPlex 6 SNPs provide the
information for the eye color prediction while the other 18 (together with IrisPlex SNPs 1,

2, 4 and 6) are used for hair color and shade investigation (Walsh et al., 2013, 2014)

The authors report that this assay presents a hair color prediction model with average
individual-based hair color prediction accuracies of 69.5% for blond, 78.5% for brown, 80%
for red and 87.5% for black hair (Walsh et al., 2013). However this assay have limitations
in accurately predicting hair color in individuals who underwent age-dependent changes
that influenced category shifts (such as blond to brown) because of the current
unavailability of biomarkers to indicate such a color change so additional research is
necessary (Walsh et al., 2013). Nevertheless, HirisPlex was validated for forensic use

(Walsh et al., 2014).

As regards to an assay to determine skin color is important to refer the Marofias et al.

predictive test that was developed for analyzing skin color variation in Europeans, Africans
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and admixed African-European individuals (Marofias et al., 2014). This test analyzes 10
SNPs located in 8 pigmentation genes in which one marker, rs16891982, is common to
the IrisPlex eye color predictive test mentioned above. These authors identified the two
most important markers amongst the 10 SNPs as being rs16891982 and rs1426654,
respectively located in SLC45A2 and SLC24A5, with SNP rs16891982 accounting for
77.62% of the classification success for intermediate skin color and rs1426654 as being
the major contributor to the differentiation of black vs. rest plus white vs. rest. In this
study conclusions, it is also important to refer that the SNP rs6058017 in ASIP was
identified as the second most important marker for classifying black individuals vs. rest,
enhancing classification success by 2% and that SNP rs1448484 located in OCA2 was

recognized as a major contributor to differentiate between black vs. white.

Despite all these studies, EVCs prediction tools are still not usually used in forensics
because some phenotypic loci may provide ancestry or clinical information which can raise
ethical concerns in the field. However the determination of these traits could be used in
crime solving in such way as a conventional eyewitness testimony helping police in the
determination of a suspect’s profile, probably with lesser risk of exacerbating social

pressure (Kayser and Schneider, 2009).

As regards the legal aspect, although the use of FDP is not permitted or is even forbidden
in the legislation of most countries this technology is already allowed in legislation of

Netherlands and some of states of the U.S. (Kayser and de Knijff, 2011; Murphy, 2013).

1.3. Objectives

The present PhD thesis aimed to achieve two main global objectives: the first was the
study and optimization of autosomal [ISNP multiplexes for human identification for use
primarily in Portuguese population but also in others for which there is great casuistic in
the Portuguese National Institute of Legal Medicine and Forensic Sciences, where the
practical part of this work was conducted. The idea was the development of

methodologies based on the SNPforlD 52-plex (Schneider, SNPforlD Consortium; Sanchez
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et al., 2006) and later, the implementation of the 52-plex to casuistic, if necessary. As the
application of lineage markers can sometimes be important for the resolution of forensic
cases, the study of LISNPs for aid in this resolution could also be investigated; the second
global objective was the development and optimization of a PISNP multiplex designed for
phenotyping eye color and skin color that could be used in the same population(s)
described above and, avoiding the use of purely ancestral markers. The main idea was
based on the fact that the same loci that are responsible for eye color determination are
also involved in skin color and hair color variation then if we based on the literature would
supplement IrisPlex (Walsh et al., 2011b) with other important loci then it would be
possible to obtain some information about these other physical traits. As mentioned
above, this same idea was also trailed by Walsh et al. (2011b) in the development of
HirisPlex multiplex where they supplemented their previously developed IrisPlex with
additional loci what allowed for the determination of hair color in addition to the eye color
(Walsh et al., 2013). One important fact was that for the development and
implementation of all the developed methodologies it was necessary to use Applied
Biosystems SNaPshot™ technology (ABI PRISM® SNaPshot™ Multiplex Kit Protocol, 2000)
because it was the technological platform available at the laboratory, a situation that is

very common for most forensic laboratories all over the world.

1.4. General Methodology

SNP genotyping can be achieved through a variety of methods that differ in the type of
allelic discrimination reaction used to discriminate between the different alleles and in
the method of detection of the products of those reactions. Allelic discrimination reaction
can be based on allelic-specific hybridization, primer extension, oligonucleotide ligation
or invasive cleavage and detection methods can be based on fluorescence (which can be
analyzed using different technologies such as electrophoresis, arrays or some sequencing
by synthesis systems), FRET, fluorescence polarization mass spectroscopy or
luminescence. These different SNP typing methodologies that are applied to forensic
genetics are well reviewed by Sobrino and coworkers (Sobrino et al., 2005) exception for

MPS technologies that are more recent than that publication.
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In this PhD thesis, samples were analyzed by minisequencing reaction with single base
extension (SBE) using SNaPshot™ (Applied Biosystems), following electrophoresis and
fluorescence detection. This is probably the most common commercial minisequencing
reaction technology followed by electrophoresis and fluorescence detection and is based
on the high accuracy of nucleotide incorporation by DNA polymerases. It is also important

that this technology is available in most forensic laboratories.

In SNaPshot™ minisequencing reactions, an unlabelled primer is positioned with the 3’
end at the base immediately upstream to the SNP site. This annealed primer is then
extended with a single ddNTP complementary to the base interrogated by the DNA
polymerase that only introduces those nucleotides if the primers have a perfect match
with the template (Fig. 2). Important for this assay is that in the reaction, each ddNTP is
labeled with a different fluorescent dye. The products are then separated
electrophoretically in an automated capillary DNA sequencer and the products of single

base expansion detected by fluorescence detection (Sobrino et al., 2005).

To construct multiplexes for analyzing multiple /oci the design of the primers have to be
done taking advantage of the spatial separation of the minisequencing products that can
be obtained using ““tails” at the 5’ end of the SNaPshot™ with primers of varying lengths

of non-human sequence (Sobrino et al., 2005).
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PRIMER EXTENSION
. Minisequencing
Primer T
m - mm
Polimerase !
G ] 3 J‘ ]
Primer extended Primer not extended

Figure 2 - lllustration of the allelic discrimination reactions by minisequencing: a primer anneals
to its target DNA immediately upstream to the SNP and is extended with a single nucleotide
complementary to the polymorphic base (from Sobrino et al., 2005, reprinted with permission
from the publisher © Elsevier).

Although SNaPshot™ minisequencing methodology was used in all studies developed
during this PhD thesis, different PCR conditions were used in order to achieve the specific
purposes of each of these studies. This way, these detailed PCR conditions can be
consulted on the scientific papers that resulted from this thesis and that are presented on

the following sections.

Comprising the different studies about SNP analysis in forensic analyses carried out during
this PhD thesis, a total of 721 samples of human origin were analyzed. These belong to
the Portuguese National Institute of Legal Medicine and Forensic Sciences and were
studied in casuistic of the Forensic Genetics and Biology Department of the Institute. Of
these samples, 662 were reference ones, the majority of peripheral blood collected on
Whatman cards although some samples of saliva had also been used. All samples were
collected under informed consent in healthy individuals, involved in biological kinship
investigation, being subsequently anonymized for research purposes. The remaining 59
samples were forensic casework ones (bone tissue, tooth material, hairs and other
samples of diverse nature). Additionally, some samples of vertebrate animals were also

analyzed in order to validate the specificity of the methodologies developed. DNA from
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reference samples was extracted using Chelex® 100 method (Walsh et al., 1991) but for
forensic casework samples diverse extraction methods were used: Phenol-Chloroform,
Machery Nagel Nucleospin, Qiagen Mini, Micro and Investigator kits depending on type,
availability and quality of samples presented for analysis. When necessary, DNA
guantification was performed using Real-Time PCR and STR typing was performed with
standard commercial kits commonly used in routine forensic analysis. Detail about the
samples analyzed and the methodological conditions used in the different studies carried
out during this PhD can also be consulted on the scientific papers that are presented on

the following sections.

1.5. Thesis Structure

This PhD dissertation reports the outcomes obtained in the investigation of SNP /oci and
its applicability to Portuguese population with special focus on individual identification
and phenotyping that were the main objectives of this work. This way, obtained results
are exposed in chapters Il to IV in the form of scientific papers that were published in peer
reviewed international publications or that are being prepared to be submitted for

publication.

The order of presentation of each chapter and sub-chapter in the present PhD dissertation
does not necessarily reflect a chronological order, since some of the works described
below were done simultaneously and the results obtained during one particular work

would influence the progress of the other and vice-versa.

Chapter | describes the current knowledge of SNPs and its use in forensic genetics, framing
the reader within the thematic and preparing it for the next chapters where are presented
the results obtained during this thesis. Special attention was given to the classes of IISNPs

and of PISNPs since these were the classes this PhD thesis focused.
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Chapter Il presents the validation and results obtained with a 20-plex derived from the
SNPforlD multiplex in paternity investigation, in kinship testing and in complex casework.

The work developed under the Chapter Il is presented on the following papers:

1. Dario, P., Ribeiro, T., Oliveira, A.R., Dias, D., Geada, H., Corte Real, F. and Costa Santos,
J. (2012) Internal Validation of 20 SNP Multiplex for Forensic Genetics. International
Journal of Legal Medicine, 126(S1), pp. 357. doi:10.1007/s00414-012-0711-9 (Only
abstract published);

2. Dario, P., Ribeiro, T., Espinheira, R. and Geada, H. (2009) SNPs in paternity
investigation: The simple future. Forensic Science International: Genetics Supplement
Series, 2(1), pp. 127-128. d0i:10.1016/j.fsigss.2009.08.136;

3. Dario, P., Ribeiro, T., Espinheira, R., Dias, D., Geada, H. and Corte-Real, F. (2011). 20
SNPs as supplementary markers in kinship testing. Forensic Science International:
Genetics Supplement Series, 3(1), pp. €508—e509. doi:10.1016/j.fsigss.2011.09.111.

4. Dario, P., Ribeiro, T., Dias, D., Corte-Real, F. and Geada, H. (2011) Complex casework
using single nucleotide polymorphisms. Forensic Science International: Genetics
Supplement Series, 3(1), pp. €379-e380. doi:10.1016/].fsigss.2011.09.051;

Chapter lll reports the results obtained with the SNPforID 52-plex in the study of
population and forensic parameters of the Southern Portuguese population and from
immigrants from Guinea-Bissau, one of the largest migratory populations residing in
Portugal. In addition, this chapter reports the results obtained with this assay when
examining problematic samples from criminal or identification casework.

The work developed under the Chapter Il is presented on the following papers:

5. Dario, P., Oliveira, A. R., Ribeiro, T., Porto, M. J., Dias, D. and Corte Real, F. (2017)
Autosomal SNPs study of a population sample from Southern Portugal and from a
sample of immigrants from Guinea-Bissau residing in Portugal. Legal Medicine, 24, pp.
32-35. d0i:10.1016/j.legalmed.2016.11.004;

6. Dario, P., Oliveira, A. R., Ribeiro, T., Porto, M. J., Santos, J. C., Dias, D. and Corte Real,
F. (2015) SNPforlD 52-plex in casework samples: “Cracking” bones and other difficult
samples. Forensic Science International: Genetics Supplement Series, 5, pp. 118-120.
doi:10.1016/j.fsigss.2015.09.048.
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Chapter IV is a smaller section where are presented the results obtained with the
development of a small mitochondrial LISNPs multiplex that can be used as a lineage
marker tool. This assay proved to be very useful on the investigation of haplogroups in the
analysis of criminal DNA samples prior to its DNA sequencing.

The work developed under the Chapter IV is presented on the following paper:

7. Dario, P., Bom, J., Ribeiro, T. and Geada, H. (2009) MtSNP typing before mtDNA
sequencing: Why do it? Forensic Science International: Genetics Supplement Series,
2(1), pp. 187-188. doi:10.1016/j.fsigss.2009.08.137.

Chapter V exhibits the results obtained with the development of a new PISNP multiplex
based on lIrisPlex, developed for the determination of eye color and skin color in
Portuguese individuals and the application of this on a case with anthropological and
forensic interest.

The work developed under the Chapter V is presented on the following papers:

8. Dario, P., Mourifio, H., Oliveira, A. R., Lucas, I., Ribeiro, T., Porto, M. J., Costa Santos,
J., Dias, D. and Corte Real, F. (2015) Assessment of IrisPlex-based multiplex for eye and
skin color prediction with application to a Portuguese population. International
Journal of Legal Medicine, 129(6), pp. 1191-1200. doi:10.1007/s00414-015-1248-5;

9. Dario, P., Oliveira, A. R., Marques, M., Ribeiro, T., Porto, M. J., Dias, D., Costa Santos,
J. and Corte Real, F. (in preparation). Forensic phenotyping of a mummified body —
genetics contribution to a glimpse from the past. To be submitted.

Chapter VI presents an overall discussion of the results described in this PhD dissertation,

as well as some questions raised along the development of this thesis.

At the end, it is possible to verify the conclusions achieved with this PhD thesis.
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Reprints of the papers presented were made with permission from the respective
publishers:

e Paper abstract 1 and paper 8 © Springer;

e Papers?2,3,4,5, 6and7 © Elsevier.
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Background: There has been a growing interest in Single Nucleotide
Polymorphisms (SNPs) analysis in Forensic Genetics. In 2006, the
SNPforID Consortium published the development of a multiplex
PCR assay for detection of 52 autosomal SNPs for human identifica-
tion, validated for forensic use in the following year. Even though the
analysis of 52 SNPs may be ideal, a smaller number of loci can be
sufficient to provide additional data for complex casework. The use of
a 20 SNP multiplex has already been developed for paternity and
kinship analysis. Here we present the internal validation study of that
multiplex.

Method: DNA was extracted using Chelex®100 resin method from
buccal swabs and/or blood samples of 113 unrelated individuals in-
volved in paternity testing casework. DNA from animal samples was
also extracted. PCR amplification of autosomal SNPs was performed
in two 25 pl 10-plex reactions designed to amplify SNP loci
rs1490413, rs1029047, rs763869, rs735155, rs2107612, rs1454361,
rs2111980, rs1005533, rs8037429, rs891700 in the first multiplex
and SNP loci rs2046361, rs717302, rs1886510, rs729172, rs1024116,
rs1463729, rs2076848, rs1355366, rs907100, rs737681 in the second
one. PCR conditions and SBE reactions were performed as described
by Sanchez et al. with slight modifications and SBE products were
analyzed by capillary electrophoresis on a 3130 Genetic Analyzer.
Results: An optimum PCR annealing temperature of 58°C was
obtained although Sanchez et al. described it at 60°C. This assay
revealed sensibility to obtain full profiles from 2.5 ng, 2.0 ng, 1.0 ng
and 0.5 ng of human DNA. No SNP loci amplification was detected
from animal samples, which included various vertebrates such as cats,
dogs, horses and others.

Population studies were performed with 113 individual samples. All
studied loci revealed allelic frequencies higher than 0.310, sixteen above
0.400. Discrimination Power of 99.9999995 % and Power of Exclusion
(PE) of 97.88 % were obtained with the 20 SNP studied. Although PE is
relatively low, these 20 SNP multiplex can be very informative when
analyzed together with one or two routine STR multiplex loci.
Conclusion: A sensible and specific 20 SNP multiplex for forensic
testing, based on SNPforID 52-plex, was validated. This multiplex
shows human specificity, full profiles can be obtained from very low
DNA quantity and is very informative when analyzed together with
routine STR multiplex loci. Autosomal SNP analysis can be a valuable
tool in Forensic Genetics, especially in kinship analysis and human
identification.

(Original document modified for easy reading)

Q Springer

47



Chapter Il

1. Introduction

There has been a growing interest in single nucleotide polymorphisms (SNPs) analysis in
forensic genetics. In 2006, the SNPforlD Consortium published the development of a
multiplex PCR assay for detection of 52 autosomal SNPs for human identification [1],
validated for forensic use in the following year [2]. Other development topics such as
genetic marker characterization, inheritance, chromosomal location, polymorphism or
population allelic frequencies are fully studied and accessible in Musgrave-Brown work

[2] or online in SNPforID Consortium webpage [3].

Even though the analysis of 52 SNPs may be ideal, a smaller number of loci can be
sufficient to provide additional data for complex casework. The use of a 20 SNP multiplex
has already been developed for paternity and kinship analysis [4-6].
Here we present an validation study of that multiplex, based on SWGDAM and ISO/IEC
17025:2005 guidelines [7,8], with proper adaptations due to SNP nature.

2. Material and methods

DNA was extracted using Chelex®100 resin method from buccal swabs and/or blood
samples of 113 unrelated individuals involved in paternity testing casework. DNA from

animal samples was also extracted.

PCR amplification of autosomal SNPs was performed in two 25ul 10-plex reactions
designed to amplify SNP loci rs1490413, rs1029047, rs763869, rs735155, rs2107612,
rs1454361, rs2111980, rs1005533, rs8037429, rs891700 in the first multiplex and SNP /oci
rs2046361, rs717302, rs1886510, rs729172, rs1024116, rs1463729, rs2076848,
rs1355366, rs907100, rs737681 in the second one.

PCR conditions and SBE reactions were performed as described by Sanchez et al. [1] with
slight modifications and SBE products were analyzed by capillary electrophoresis on a

3130 Genetic Analyzer.
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3. Results

Various experiments were performed to obtain SNPs electrophoregrams with good peak

heights and shapes, as presented in figure 1.

For this multiplex an optimum PCR annealing temperature of 582C was obtained (figure
2), although Sanchez et al. described it at 602C for the 52 SNPforID multiplex [1] from

which this was derived.

As shown in figure 3, this assay revealed sensibility to obtain full profiles from 2.5 ng, 2.0
ng, 1.0 ng and 0.5 ng of human DNA, although partial profiles were obtained with less

concentrated samples.

Known samples, including 9947A, 9948 and K562, were genotyped to evaluate correct
genotyping and reproducibility and to evaluate peak size average and standard deviations
(figure 4 and Table 1). Allele matching was noticed to be affected by room temperature

(data not shown).

SNP Joci amplification was not detected from animal samples, which included various
vertebrates such as cats, dogs, horses and others and DNA contamination was not
detected using SNP procedures (data not shown).

Population parameters were examined studying samples from 113 individuals. All studied
loci revealed allelic frequencies higher than 0.310, sixteen above 0.400. Discrimination
Power of 99.9999995% and Power of Exclusion (PE) of 97.88% were obtained for the
studied multiplex.

For comparison to established methods, paternity testing results obtained with standard
STR results were compared to the ones obtained with the 20 SNP multiplex. As

exemplified in figure 5 results are coincident between the two methodologies.
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Fig. 1 - Electropherogram showing the amplification of the 20 SNPs after optimization. As shown
in the electropherogram, the good peak heights and shapes were attained after optimization.
Upper panel includes loci A01, A27, A51, A10, A49, A08, A06, A12, Al4 and A50 and lower panel

includes loci A41, A13, A36, A38, A37, A29, Al16, AO5, AO4 and A35.
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Fig. 2 - PCR annealing temperature optimization. As can be seen in this figure, internal PCR
optimization was achieved with PCR annealing temperature of 582C. Minor peaks dropouts,
using other annealing temperatures, are indicated with arrows of same color and place of the
lost allele. Upper panel includes loci A01, A27, A51, A10, A49, A08, A06, A12, A14 and A50 and
lower panel includes loci A41, A13, A36, A38, A37, A29, A16, AO5, A04 and A35 r each
temperature of annealing tested.
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Fig. 3 - Sensitivity studies. Sensitivity of the proposed multiplex was investigated using different

samples concentration: 2.5 ng, 2.0 ng, 1.0 ng, 0.5 ng, 0.1 ng (not presented) and 0.0 ng. Full

genetic profiles were obtained from samples containing 0.5 ng, although partial profiles were
obtained with less concentrated samples. Upper panel includes loci A01, A27, A51, A10, A49,
A08, A06, A12, A14 and A50 and lower panel includes loci A41, A13, A36, A38, A37, A29, Al6,

AO05, A04 and A35 for each concentration tested.
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Fig. 4 - Known samples and reproducibility. To evaluate this multiplex correct genotyping, several
injections of references samples 9947A, 9948 and K562 were genotyped at different times,
presenting good results from samples with concentrations above 0.5 ng.
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Fig. 4 (cont.) - Known samples and reproducibility. To evaluate this multiplex correct genotyping,
several injections of references samples 9947A (A), 9948 (B) and K562 (C) were genotyped at
different times, presenting good results from samples with concentrations above 0.5 ng.

Locus A01 A27 A51 A10 A49
Allele | 01C 01T 27G 27A 51G 51A 10C 10T 49G 49A
Average | 26,14 | 28,11 | 26,85 | 28,95 | 35,97 | 37,72 | 37,35 | 37,81 | 39,91 | 41,02 -
SD| 0,34 0,30 0,23 0,27 0,16 0,18 0,14 0,10 0,14 0,15 g
Locus A08 A06 Al2 Al4 A50 %
Allele | 08C 08T 06A 06T 12G 12A 14A 14T 50G 50A a
Average | 44,61 | 45,69 | 56,49 | 56,87 | 59,97 | 60,78 | 63,62 | 63,97 | 68,50 | 69,52
SD| 0,16 0,16 0,08 0,08 0,07 0,07 0,10 0,13 0,16 0,18
Locus A4l A13 A36 A38 A37
Allele | 41C 41T 13G 13A 36A 36T 38G 38C 37C 37T
Average | 23,38 | 25,71 | 25,73 | 27,59 | 31,78 | 32,48 | 31,81 | 33,34 | 50,96 | 51,95 <
sb| 0,37 0,52 0,27 0,32 0,38 0,34 0,29 0,34 0,27 0,24 §
Locus A29 Al6 A05 A04 A35 %
Allele | 29G 29A 16G 16T 05G 05A 04A 04T 35G 35A a
Average | 57,39 | 58,47 | 70,98 | 72,45 | 75,08 | 76,22 | 79,15 | 79,90 | 84,28 | 85,08
sb| 0,15 0,14 0,18 0,21 0,15 0,16 0,20 0,28 0,21 0,20

Table | - Match criteria, calculation and comparison of obtained peak size average and standard
deviations. In this table is presented the values, in bp, of obtained peak size average and standard

deviations.
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4. Discussion

Following SWGDAM guidelines [7] for the internal validation of this multiplex, the method
presented the correct genotypes of known and non-probative evidence samples, with
good reproducibility and match criteria, although affected by room temperature,
probably due to small SNP amplicons.

Although this multiplex is based in SNPforID one [1] which is validated for forensic use [2],
there are differences, namely in the number of tested loci, and for that reason some
development validation topics were also evaluated: species specificity and PCR reaction
conditions.

This small multiplex revealed to be human specific; with no cross contamination just as
current procedures for STR analysis when strictly followed.

More important, this is a very sensible method and, although giving a PE relatively low,
this 20 SNP multiplex can be very informative specially when analyzed together with

routine standard STR /oci.

5. Conclusions

SNPs are genetic loci that are been investigated for forensic use in recent years and
SNPforID multiplex [1] is a milestone of that effort. Since the validation of this multiplex
[2] this proved to be very useful in paternity testing [9] and even in providing
supplementary genetic information for resolution of relationship tests that show
ambiguous STR results [10].

Another multiplex derived from SNPforlD 52-plex was also developed - Bgrsting 49 SNPs
multiplex, with slight modifications relatively to the original [11]. This multiplex is also
validated for forensic genetic testing [11] which demonstrates the importance of SNPforlD
multiplex, and its variations, for forensic genetic testing.

Here we present the validation of a 20 SNP multiplex for use in forensic genetics, also
based in SNPforID multiplex. This has the objective of providing complement genetic
information for assisting resolution of deficient or complex paternity and relationship

testing or for individual genetic identification.
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This relatively small SNP multiplex shows human specificity and full profiles can be
generated from very low DNA quantities. This can be very informative, especially when
analyzed together with routine STR multiplex loci, as presented in previous studies [4-6].
Autosomal SNP analysis can be a valuable tool in genetic analysis, especially in kinship
investigation and human identification. These loci will probably have a bigger importance
in future forensic genetics with the current development of new genotyping technologies

outcome.
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Based on the 52 SNP-plex developed by the SNPforID Consortium, we designed two 10-plex to study
single nucleotide polymorphisms (SNPs) for human identification and to establish its usefulness in
paternity casework. This 20 autosomal SNP set was studied in 56 paternity investigation cases from
South Portuguese resident population, also analyzed with 17 Short Tandem Repeats (STRs). Results
Keywords: obtained with both methodologies were consistent with each other, except for one case where the
SNPs . alleged father could not be excluded by SNPs. No mutation was found in the SNP loci, whereas a
zzt:;:l'ltoyt Inyestigation mismatch in STRs was detected. The use of SNPs as a complement to the analysis of autosomal STRs in

paternity casework can result in paternity index and paternity probability values equivalent or higher
than those obtained with more STR loci, but with lower costs. This study shows that instead of using
additional STR loci, the analysis of 20 autosomal SNPs, as a complement technique to standard
methodologies, is an appealing alternative in paternity investigation cases.

© 2009 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Nowadays, Forensic Genetic Laboratories perform paternity
investigations with one or two commercial Short Tandem Repeat
(STR) multiplex kits, one kit containing most of the markers
previously studied in the other one. This strategy, although giving
more information about the case and assuring quality control, can
be an expensive way of getting such small extra information from
two or three markers. More, due to the relatively high mutation
rates of these markers, the use of STR loci in paternity cases
sometimes leads to genetic inconsistencies, which oblige a higher
number of STR analyses to present a reliable conclusion.

SNPs are receiving enormous attention in the field of Forensic
Genetics. This is due, in part, to their low mutation rates which
make them very suitable for human identification [1], and
especially, for paternity casework as demonstrated by Bersting
et al. [2]. With the aim of using SNP analysis as a complement
method in paternity investigation, we have chosen a set of 20
autosomal SNPs from the 52-plex developed by the SNPforID
Consortium [3] to establish an alternative method to the use of
more STR loci, especially for difficult or complex paternity
investigation cases, continuing previous work [4].

* Corresponding author. Tel.: +351 218 811 800; fax: +351 218 864 493.
E-mail address: hgeada@dlinml.mj.pt (H. Geada).

1875-1768/$ - see front matter © 2009 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.fsigss.2009.08.136

2. Materials and methods

Selected from the 52-plex SNPforID for human identification
[3], two 10-plex were designed to analyze a total of 20 SNPs using
SNPforID browser [5], choosing the most polymorphic loci in the
nearby populations, namely North Portuguese and Galicia Spanish
populations, populations that share great similarity with ours. Care
was also taken to ensure that loci chosen were also polymorphic in
African populations, due to the number of African origin residents
in our country by historical reasons.

Using standard SNaPshot" methodology (Applied Biosys-
tems), the 20 SNP set was investigated in 56 paternity
investigation cases from different ethnic backgrounds. All cases
have been studied previously with standard STR methods, using
AmpF/STR™ Identifiler™ PCR Amplification Kit (Applied Biosys-
tems) and PowerPlex" 16 System (Promega), the two Kkits
usually used in our routine paternity casework. Forty-four non-
exclusion cases were obtained, one of which with a genetic
inconsistency in D2S1338. For both methodologies, samples
were run in 3130/3130xl Genetic Analyzers using POP4™
polymer and analyzed with GeneMapper“ID v3.2 software
(Applied Biosystems).

3. Results and discussion

Results obtained with both methodologies were consistent
with each other, except for one case where the alleged father
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Fig. 2. Distribution of paternity indices according to different methodologies, which shows that the use of Identifiler" or PowerPlex" 16 plus 20 SNPs gave similar or better
results than the use of both kits together. As expected both kits plus 20 SNPs provide the best results.

could not be excluded, probably due to the small number of SNP
loci analyzed. No mutation was found in the SNP loci studied.
Paternity investigation cases are wusually studied with
AmpF/(STR" Identifiler PCR Amplification Kit or/and Power-
Plex" 16 System, giving paternity indices and paternity
probabilities around 108 to 10° and 99,999 999(9)%, respectively
when both kits are used. SNP methodology studies gave very
low forensic parameters as it would be expected. However,
when these 20 SNPs are analyzed together with STR Identifiler
or Promega Kkits, paternity index and paternity probability have
equivalent or higher values than those obtained with the
combination of both kits. For most non-exclusion cases, the use
of one commercial kit in combination with SNPs is almost
always more informative than the use of both commercial kits
together, as can be seen in Figs. 1 and 2. Moreover, the use of
both kits and 20 SNPs altogether results in very high forensic
parameters, around 10'! to 10'? and 99,999 999 999(9)%, as
emphasized in Fig. 2 for paternity indices.

This study demonstrates the usefulness of only 20 SNPs for
paternity investigation as a complement to standard methodology,
being an alternative to the use of more STR loci in simple and
complex cases. Furthermore, this is a simple and less expensive
methodology using genetic markers that are the near future for
Forensic Laboratories.
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Single Nucleotide Polymorphisms (SNPs) are having an increasingly role in Forensic Genetics due to very
low SNP mutation rates and the possibility to multiplex a great number of loci. The purpose of this study
was to evaluate the use of 20 autosomal SNPs as additional markers in the resolution of kinship casework
where the alleged father was not available for testing and close relatives were used instead. A total of six
caseworks which included alleged paternal grandparents, alleged uncles or alleged brothers were
studied. All individuals studied in these cases were typed before with 17 autosomal STRs using
Identifiler(Plus)" and Powerplex 16" systems. Twenty SNPs were typed using SNaPshot" methodology
with two 10-plex, previously shown useful in paternity testing. LRs were calculated with “Familias” using
South Portugal STR and SNP frequency databases. This study confirms that even as few as 20 autosomal
SNP loci can be very useful in kinship analysis as a complement to standard methodologies. Moreover,
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SNaPshot" methodology can be easily implemented in any Forensic Laboratory.

© 2011 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

In routine casework, forensic scientists can be faced with
difficult kinship studies due to lack of crucial persons for
reconstruction of family trees. In these cases, all genetic markers
performed in the Laboratory are used to get a better knowledge of
the cases. This is even more important when genetic incompati-
bilities are detected and/or forensic statistics do not permit strong
confidence in one of the possible kinship hypothesis.

As in normal paternity testing, kinship study is usually done
using routine Short Tandem Repeats (STRs) kits, Identifiler(Plus)"
and/or Powerplex 16" System, many times not being sufficient
enough to obtain results to understand the familiar connections
involved. For that, other forensic tools are needed as additional
autosomal STRs, sexual chromosome markers or mitochondrial
DNA. Nevertheless, one type of genetic markers that can be used in
these situations is autosomal Single Nucleotide Polymorphisms
(SNPs). These have been used for human identification since the
development of SNP panels like the 52-plex SNPforID [1] and its use
validated [2]. Because of the characteristics of these genetic markers,

* Corresponding author at: National Institute of Legal Medicine, Portugal.
Tel.: +351 218 811 800; fax: +351 218 809 958.
E-mail addresses: pdario@dlinml.mj.pt, paulo.dario@gmail.com (P. Dario).

1875-1768/$ - see front matter © 2011 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.fsigss.2011.09.111

especially its low mutation rates, they have been successfully used in
paternity testing [3,4] and proved to be very useful in challenging
cases and in complex kinship casework situations [5,6].

The aim of this work is to demonstrate that the use of merely 20
autosomal SNPs as additional genetic markers can be useful in
challenging kinship casework, as previously shown for paternity
testing [4].

2. Material and methods

Six kinship testing caseworks were studied, as can be seen in Fig. 1,
where H1 is the claimed hypothesis, H2 is the exclusion hypothesis
and in filled light blue are visualized the individuals in dispute. These
six cases consisted in two situations involving putative paternal
grandparents in the absence of putative father (Casework 1 and 2),
two cases where the putative paternal uncle (Casework 3) or the
putative maternal aunt (Casework 4) were tested in the absence of
other paternal or maternal relatives, respectively, in paternity and
maternity tests. Two other forensic caseworks were studied in which
putative brothers were used to infer about paternity of individuals in
dispute (Casework 5 and 6). For this, a total of 20 individuals were
typed for 17 autosomal STRs and 20 autosomal SNPs.

STRs were typed using Identifiler(Plus)" PCR Amplification Kit
(Applied Biosystems) and PowerPlex" 16 System (Promega). SNPs
were typed with SNaPshot" (Applied Biosystems) with two 10-
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Fig. 2. Six studied caseworks (1-6) presented according to the LR values obtained using different STR and/or SNP multiplex.

plex, using previously described methodology [4] based on
SNPforID 52-plex [1]. Obtained data was analyzed with Gene-
Mapper" ID v3.2.1 (Applied Biosystems).

Likelihood-ratios and posterior probabilities were calculated
with Familias software v.1,97 using allele frequencies for the South
Portuguese population and assuming 0.5 prior probabilities for
tested hypothesis depicted in Fig. 1.

3. Results and discussion

Posterior probabilities (PPs) and likelihood-ratios (LRs) from
these six caseworks were calculated (data not shown). LRs
comparison when using the different marker systems are shown
in Fig. 2, where the cases studied are presented according to the LR
values obtained. The single use of SNPs in these caseworks gave
weak results as expected. However, the combined use of one
autosomal STR multiplex kit with the analysis of 20 SNPs presented
better results than the use of both autosomal STR amplification kits
- Identifiler (Ident) and Powerplex16 (PP16). The best results were
obtained when SNPs were analyzed together with both kits, being
this enough to increase the LR value more than 1 log, in five out of
six cases, when compared with the use of both STR kits alone.

4. Conclusions
This study demonstrates the utility of merely 20 autosomal
SNPs as a complement to standard methodologies, namely to STR

analysis, in kinship testing, although it would be an advantage to
increase the number of studied SNP loci. Nevertheless, this is a
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simple and inexpensive methodology that can be easily used in the
resolution of this kind of complex casework.
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Complex kinship analyses are normally a challenge for forensic laboratories, especially in cases in which
the individuals involved can have criminal responsibilities. This paper presents two complex relationship
caseworks studied with routine STRs and autosomal SNPs as supplementary markers. In the first case, to
exclude trafficking of children, maternity investigation of a child was requested involving two alleged
mothers - a 39-year-old woman, the alleged grandmother, and her absent daughter. The second one was
a possible incest case with a young girl with Trisomy 21 where her father was also the alleged child's
father. The individuals of these cases were typed for 17 autosomal STRs with AmpFISTR Identifiler or
IdentifilerPlus and Powerplex 16. Twenty autosomal SNPs were also typed using SNaPshot"
methodology, with two 10-plex previously revealed useful in paternity testing. Both cases gave low
likelihood ratio values with STRs and a genetic incompatibility was also detected in the first case. SNP
studies strongly indicated that the alleged grandmother was not the child’s mother but indeed the
grandmother in a real complex immigrant kinship case, while in the second casework reinforced the
incest relationship. Therefore, SNPs revealed useful as additional markers in complex kinship testing.

Keywords:
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Complex kinship testing
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1. Introduction

Forensic geneticists come across casework difficult to analyze
due to the complexity of family relationships. Some cases also have
serious criminal consequences for the individuals studied. These
caseworks can involve incest leading to pregnancy of very young
adolescents. Routine STRs are not sufficient to give an answer in
some of these cases and therefore more loci need to be studied. The
two caseworks presented here were brought to the laboratory by
police forces to investigate possible criminal situations that involved
complex family relationships. Their study with 17 routine Short
Tandem Repeats (STRs) rose up some doubts about the conclusions
obtained, so there was a need to study more genetic markers.

The first casework involved an immigrant family composed of 7
persons: the oldest one, a 39-year-old female, the alleged
grandmother, one of her daughters and a son, her alleged grandson
in dispute and three other very young possible grandchildren of
two absent daughters. Police wanted to determine if those children
belonged indeed to that woman’s family and the possible

* Corresponding author at: National Institute of Legal Medicine, Portugal.
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E-mail address: pdario@dlinml.mj.pt (P. Dario).
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relationship existing among them, to exclude a situation of
trafficking of children. The second case consisted in a possible
incest by the father of a young girl with Trisomy 21 that
presumably abused his daughter leading to her pregnancy, which
ended in voluntary abortion.

Due to the relevance of the presented situations, these two
cases were also studied with 20 autosomal Single Nucleotide
Polymorphisms (SNPs) [1], with a fast methodology, which have
performed good results in the resolution of complex family cases
[2], also involving STR mutations [3].

2. Material and methods

In both cases, a total 9 individual were typed from DNA
extracted from buccal swabs with Chelex", except for the mother
of the second case and her abortion product in which the extracted
DNAs were sent to the laboratory by the police. STRs were typed
using AmpFISTR" Identifiler" (first case) or IdentifilerPlus" PCR
Amplification Kit (second case) (Applied Biosystems) and Power-
Plex" 16 System (Promega) in both cases. For these systems,
manufacturer’s instructions were modified for reduction of
amplification reaction mix to half of the recommended volume.

Twenty SNPs were genotyped with SNaPshot" methodology
(Applied Biosystems) with two 10-plex using previously described
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Case l.a:

Case 1.b:
H1:

Fig. 1. Genetic pedigrees of the two studied cases evidencing tested hypothesis: Case 1.a - first step simple analyzed pedigrees; Case 1.b - final pedigrees hypothesis analyzed;

Case 2 — incest case.

methodology [1] based on SNPforID 52-plex [4]. Samples were run
in 3130/3130x] Genetic Analyzers equipped with 36 capillary
arrays,using POP4™ polymer for STRs and POP6™ polymer for
SNPs. Obtained data was analyzed with GeneMapper" ID v3.2.1.

Likelihood-ratios (LR) and posterior probabilities (PP) were
calculated with Familias software v.1,97 [5] using allele frequen-
cies for the South Portuguese population [6,7].

3. Results and discussion

Case 1 — According to the simple pedigrees shown in Fig. 1 Case
1.a, a genetic incompatibility in the D18S51 locus was detected
with 17 routine autosomal STRs, between the alleged grandmother
and the tested child.

PPs and LRs of that woman being grandmother vs being mother vs
having no relation with the child were calculated assuming 1/3 prior
probabilities (Fig. 1 Case 1.a). Studying the case with Identifiler and
Powerplex was obtained a PP of 92.34% (LR =949) of being the
grandmother. But, when 20 SNP analysis was done altogether with
the 17 previously studied STRs, PP was raised to 99.97% (LR = 4292).
The other possible relationships were tested in a similar way leading
to a complex pedigree as shown in Figure 1Case 1.b. When the
hypothesis of the women presented being the grandmother was
tested against that of being the mother of the child, the final LR was of
2.11 x 10" favoring the 1st hypothesis using all genetic markers
previously referred. These immigrant situations with difficulties in
communication, not only due to language barriers, but also mainly
because of poor education background, make them possible targets
for social discrimination.

Case 2 - Inthis case, two simple tested hypotheses were obtained
as presented in Figure 1Case2. Posterior probabilities of
99.9999996% and 99.9999991% corresponding to LRs of
294 x 10® and 1.18 x 10® were, respectively, obtained with
Identifiler or PowerPlex. When analyzed with both kits, PP raised
to 99.99999997% and LRto3.91 x 10°. Whoever, when SNPs were
analyzed with each one of these kits better results were obtained: PP
99.9999999992% and LR1.39 x 10"" for SNPs/Identifiler and PP
99.999999998% and LR 5.61 x 10'° for SNPs/Powerplex. When all
systems studied were analyzed altogether the best results were
obtained: PP 99.99999999994% and LR of 1.85 x 10'% - avery strong
result favoring incest hypothesis, 4 logs above the original results
obtained with a single STR amplification kit and three above the
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conjugation of both kits. These results raised credibility for the
hypothesis of child abuse.

4. Conclusions

This study demonstrates the usefulness of 20 autosomal SNPs,
performed with two 10-plex, in complex kinship casework as
complement to standard STR methodologies, as was also
performed before in paternity investigation cases [1] and kinship
analysis [8]. Besides being a very fast technique, which enables a
better and a quick response of the Forensic Laboratory, the SNP
methodology is simple and inexpensive and can be easily used in
the resolution of this kind of challenging work.
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In recent years, autosomal single nucleotide polymorphisms (SNPs) have been comprehensively investi-
gated in forensic research due to their usefulness in certain circumstances in complementing short tan-
dem repeats (STRs) analysis, or even for use on their own when analysis of STRs fails. However, as with
STRs, in order to properly use SNP markers in forensic casuistic we need to understand the population
and forensic parameters in question. As a result of Portugal’s colonial history during the time of empire,
and the subsequent process of decolonization, some African individuals migrated to Portugal, giving rise
to large African and African-descendent communities. One of these groups is the community originating
from Guinea-Bissau, that in 2014, was enumerated to consist of more than 17,700 individuals with offi-
cial residency status, more than the third major city of Guinea-Bissau.

[n order to study the population and forensic parameters mentioned above for the two populations
important to our casuistic, a total of 142 unrelated individuals from the South of Portugal and 90 immi-
grants from Guinea-Bissau (equally non related and all residing in Portugal) were typed with SNaPshot™
assay for all 52 loci included in the SNPforlD 52plex.

Keywords:

SNP

South of Portugal
Guinea-Bissau

52plex

DNA frequency estimate
Genetic distance

@ 2016 Elsevier Ireland Ltd. All rights reserved.

1. Population Quantifiler™ Human DNA Quantification Kit (Applied Biosystems®
- AB) and AB 7500 Sequence Detection System (AB). This proce-
dure was conducted in accordance with the manufacturer's

instructions.

Samples from 232 unrelated individuals invelved in paternity
testing casework were studied: 142 from the South of Portugal
and 90 from Guinea-Bissauan immigrants residing in Portugal.

The collection took place after informed consent, 3. PCR amplification

2. DNA extraction and quantification

DNA was extracted from buccal swabs and/or blood samples. It
was then collected and air dried prior to DNA extraction using the
Chelex® 100 resin method [1]. DNA quantification was achieved
using a sampling approach, in random selected samples, where
DNA concentration was determined by Real-Time PCR using

* Corresponding author at: INMLCF — National Institute of Legal Medicine and
Forensic Sciences, Largo da Sé Nova, s/n, 3000-213 Coimbra, Portugal.
E-mail address: paulo.a.dario@nmlcf.mj.pt (P. Dario).

http:/fdx.doi.org/10.1016/j legalmed.2016.11.004
1344-6223/@ 2016 Elsevier Ireland Ltd. All rights reserved.

PCR conditions to simultaneously amplify all 52 loci were
arranged as originally described by Sanchez et al. |2]. PCR reactions
were performed in 25 pL reaction volumes containing 1 x PCR buf-
fer, 8 mM MgCl,, 700 mM of each dNTP, 0.01-0.17 mM of each pri-
mer, 2U AmpliTaq Gold DNA polymerase (Applied Biosystems)
and 1 pL DNA in order to achieve a final concentration of around
1-10ng in final reactions. Thermal cycling was performed in
Applied Biosystems GeneAmp 9700 or Verity thermal cyclers with
the following cycle programme: denaturation at 94 °C for 5 min
followed by 35 cycles of 95°C for 30s, 60°C for 30 s and 65 °C
for 30s, followed by 7 min at 65 °C. Excess primers and dNTPs
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were removed by the addition of 1 uL USB® ExoSAP-IT® to 2.5 uL
PCR product and incubation at 37 °C for 15 min, followed by
15 min at 80 °C.

4. Single base extension (SBE} reaction

SBE reactions were also conducted as described by Sanchez
et al. [2] but with some slight modifications. The reactions were
performed in total volumes of 8 L containing 1 pL of purified
PCR product, 4 pL. of SNaPshot reaction mix (AB), 1 uL of SBE pri-
mer mix (0.01-0.27 mM) and 2 pL of Milli-Q water. The SBE primer
mix was diluted in 160 mM of ammonium sulfate {Sigma-Aldrich)
as pointed out by the authors. The SBE reaction was performed in
Applied Biosystems GeneAmp 9700 or Verity thermal cyclers with
30 cycles of 96 °C for 10s, 50°C for 5 s and 60 °C for 30 s. Excess
nucleotides were removed by the addition of 1 pL (1 UfuL) shrimp
alkaline phosphatase to the SBE mix and incubation at 37 °C for
60 min, followed by 75 °C for 15 min.

5. SNP typing

SBE products were analyzed by capillary electrophoresis using
AB 3130 Genetic Analyzer with 36 cm capillary array and POP-4
polymer. For analysis and allele calling, GeneMapper® ID 3.2.1
was used with peak thresholds set to a minimum of 100 RFUs,
except for orange where 80 RFUs was used. Samples were analyzed
together with reference sample 9947A and 007 results compared
to the genotype established by Barsting et al. [3]. All samples were
analyzed twice, and the results from the two experiments were
compared. The data obtained is presented in Supplementary Data.

6. Analysis of data

Allele frequencies, observed (Ho) and expected (He) heterozy-
gosity, matching probability (MP), power of discrimination {PD),
polymorphism information content (PIC), Power of Exclusion (PE)
and Typical Paternity Index (TPI) were assessed using PowerStats
v1.2 [4]. Specific tests for Hardy—Weinberg equilibrium (HWE)
and linkage disequilibrium (LD) tests, Fgr values and locus by locus
AMOVA were estimated using Arlequin v. 3.5 [5]. Population com-
parisons were later performed between the studied populations
and the others referred to in SNPforlD browser 6], namely: Angola,
Mozambique, Senegal (Mandenka), Somalia, Uganda, China (popu-
latien resident in Germany), Denmark, France {French), Germany,
Greenland, NW Spain, Slovenia, Sweden and Turkey, but also for
the North of Portugal, later studied by Pontes and Pinheiro [7].
Genetic distances were graphically represented in a multidimen-
sional scaling (MDS) using software SPSS v.22 for Windows [8]
and evolutionary history was inferred in MEGAG [9] using the
Neighbor-Joining method [ 10].

7. Quality control

Analysis of the DNA polymorphisms was conducted following
ISFG recommendations [11]. This Laboratory is ISO/IEC
17025:2005 accredited and participates regularly in the collabora-
tive quality control and proficiency testing exercises of the Spanish
and Portuguese Working Group from the International Society for
Forensic Genetics {(GHEP-ISFG) having participated in the 2009
and 2012 inter-laberatory collaborative exercises for autosomic
SNPs promoted by the GHEP-ISFG group.
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8. Results

Allele frequencies for the 52 SNPs from the Southern Portuguese
and Guinea-Bissauan populations are presented in Table 1. All
other studied population and forensic parameters for these two
populations {Ho, He, MP, PD, PIC, PE, TPI and HWE), are presented
in Supplementary Table I. The autosomal SNP A15 {rs2016276)
presented the lowest PIC value for the Southern Portuguese popu-
lation {0.2647), while autosomal SNP A17 (rs740910) was the low-
est for the Guinea-Bissauan population resident in Portugal. The
mean value for the observed heterozygosity for the 52 SNPs in
the 52plex was 0.44631 £ 0.06844 for the Southern Portuguese
population and 0.36267 £0.16503 for the Guinea-Bissauan (data
not shown). After Bonferroni corrections, SNP A17 (rs740910) did
not match the Hardy-Weinberg equilibrium (HWE) expectations
for the Scuthern Portuguese population while the same occurred
for AD5 (rs717302), AO7 (rs917118), A13 (rs1886510), Al7
(rs740910) and A46G {rs1360288) for the Guinea-Bissauan popula-
tion. The combined mean match probability using the studied SNPs
was 3.4340 x 10~2! for the Southern Portuguese population and
4.9703 x 10~'7 for the Guinea-Bissauan population, where mean
exclusion probability was 99.980% and 99.941%, respectively.

In Arlequin analysis 3 groups were considered: European {con-
sisting of Denmark, France (French), Germany, Greenland, NW
Spain, Slovenia, Sweden, Turkey, Northern Portugal and Southern
Portugal), African (consisting of Angola, Mozambique, Senegal
{(Mandenka), Somalia, Uganda and the Guinea-Bissauan immigrant
population resident in Portugal) and Asian (consisting only of the
Chinese population resident in Germany - the population that
was later used to root the Phylogram tree). Obtained genetic dis-
tances were graphically represented in an MDS plot presented in
Supplementary Fig. 1, while the inferred Phylogram using the
Neighbor-Joining method is shown in Supplementary Fig. 2 (sum
of branch length = 0.26371594).

9. Other remarks

SNP markers can be considered as important tools for analyzing
highly degraded forensic samples, and for increasing the power of
both kinship analyses and the identification of human remains
where family reconstructions for missing and unidentified persons
are required. They can alse be particularly useful for providing
additional investigative information in cases where there are no
suspect{s) and/or no STR matches in the DNA databases [12].

Forensic genetics applies principles of population genetics to
validate its methodologies. Samples have to be considered within
the context of the population from which the sample’s donor{s)
belong to. In this way, it is necessary for forensic laboratories to
have access to data regarding the population in question, or to
study those populations themselves in order to better evaluate
the forensic samples from any given case. In this study, population
and forensic parameters of populations from the South of Portugal
and from a Guinea-Bissauan immigrant population resident in Por-
tugal were evaluated.

Until the middle of the 20th century some modern African
nations were still Portuguese territories, namely; Cape Verde,
Angola, Mozambique and Guinea-Bissau. During the decoloniza-
tion process and the decades that followed it, many immigrants
from these Portuguese-speaking African countries established
themselves in Portugal, resulting in around 250,000 immigrants
of African origin now residing in the country [13].

The results obtained (Table 1 and Supplementary Table 1) were
compatible with the ones found in similar research for other pop-
ulations previocusly studied with SNFforID, namely; the Northwest
region of Spain and Northern Portugal when compared to the



Study and application of SNPforlD 52-plex in Portuguese population and casuistic

P. Dario et al. /Legal Medicine 24 (2017) 32-35

34

Lrraeo ¢8ZSS0 L

68890 BLLFFO v HEV
TFPEE0 €088S0 2 ¥rP69°0 22080 2
955500 [£: 188 41) A4 ¥ov 95500 L6190 2 8V
£9998°0 L0SFE0 ] 9555%0 LLZ090 L
£EEETO £6¥59°0 v €5V rPre0 68L6E0 2 LEV
985580 FE90€°0 L 955080 £48€50 L £EERTO 11eseo 2
PFPRLO 99€69°0 A4 w5y PrPE10 LZI9%0 v eV £991L°0 B8LF90 v [as-4
PPPEFO 0£6F50 2 8LL2T0 CELBED 2 588880 866950 2 000550 BLFILD 1
9856550 0L0S¥0 v sv TTTLLO 892190 v GEV TLILTO 799e%0 v A 000Ss¥0 125820 2 1984
000550 0e6750 2 955080 799890 P £99990 Tr6eeL0 2 68880 iatiatiat] L
000S¥0 0L0S¥O k4 osv P60 BEELE0 2 rev £EELED 950920 v @Y TLILLO 9FCLS0 pl oLV
Teeeso 10610 2 PrPeR0 LLSBLO L 6888L0 S9%LT0 2 [aaaayy) BETLET0 2
BLLLFO 660850 A4 vV 955010 £ek0To 2 £V TILIZ0 S£8ZL0 v 1zv 8LLLED 1949470 pl 6Y
€eeeLo 986550 1 Lrraeo r0zen L 000550 HEBTE0 L igidasal 950150 L
BLLLTO FLOFFO P i 68890 886490 2 eV 000570 71590 2 ozv 985550 FP68%0 pl 8V
SEPSE0 658650 ] LL199°0 0LEEFD 2 TTETR0 9LEL9D L £58FF0 085590 2
SFEF00 TFI0F0 A4 9Fv BBRECD 069950 v oev 2LLLTO jigacran} P 184 LF1SS0 0TFFe0 v LY
PFFE00 ¢LB9E0 L LILeo 6L79F0 2 8LLLE50 580790 L 9550¥0 £¥9%50 1
956060 8¢0€90 2 SFY 68880 [25es0 v Bev eTLTT0 SI65E0 ] 8LV P65 0 LSESFO0 v av
£EEBLD 661¢F0 1 000060 LEBLLO P 68800 9BLIE0 2 FrFe90 GSI6S0 2
L9912°0 10850 J ¥y 00001°0 GOLBTO v Y TIT960 ¥1e890 v LIV 9550€°0 S¥ROF0 v v
ceeecn FLOFPFO 2 8LL2€0 ¢8¢550 2 955070 S806£°0 L L991F0 909,90 1
BLLLLO 986550 v &Y TTTi90 BLLFFO v LTV F6L0 SI609°0 ] IV £EEBSO jgiiad ] v s
BLLLTO GOFLT0 2 £999%°0 68790 L P60 967080 L CCTLLD €99890 L
72780 GESTL0 v wY £EEES0 I[TZ5€0 D 97V 955500 FOS61°0 p] SV 811270 8£€T1E0 v &
RLLLSO R 23740) L TTeLTo SSIFE0 2 ££E870 SR06L°0 L 98SST'0 €BITCO 1
ceeero 069950 J WY 8LL2L0 SPRS90 v STV L991L0 S1609°0 v PIv ¥rrr80 LIBLLO pl [a4
CeCLTO 194920 ] £eee9’o £95090 L 68850 HZ6LS0 ] 000Ss¥0 6860 L
8L.2Z80 HECELD v oFv £999¢°0 LETEED 2 Tev TLI9%70 [L09%°0 v eV 000550 TI2090 2 v

nessig [e3nirog nessig rednyrog nessig Tesdnog nesstg [eSmuiog

5 sapuanban]

S sarauanbaig

APV INSINY

5 sauanbarg

S saruanban]

RNV INSINVY

N sanuanbal]

S sanuanbarg

PRIV NSINY

5 sanuanbaig

§ saruanbarg

APIY  INSINY

ZoINY

oy

(06 = u) [esnirod Ul SUIAI] STURISIUWWI uenessig-eswns jo vorrendod e xof pue (zF] = u) Spdwes uopemdod asandniiod WayInos e 1of sarousnbay Ry

L 3qEL

69



Chapter llI

P. Dario et al. /Legal Medicine 24 (2017) 32-35 35

South of Portugal, and Senegal {Mandenka) when compared to the
studied Guinea-Bissauan population. This fact is evidenced in Sup-
plementary Fig. 1 and in Supplementary Fig. 2 where we can see
the MDS plot and a phylogram based on Fsp distances between
the Southern Portuguese and Guinea-Bissauan populations, and
15 others studied with SNPforlID.

In relation to the HWE deviations after Bonferroni correction for
A17 in the Southern Portuguese sample and for A05, A07, A13, A17
and A46 in the Guinea-Bissauan, these may occur hecause we are
not dealing with populations that perfectly comply with all the
Hardy-Weinberg principles. With respect to Guinea-Bissau this is
even more applicable because we are dealing with an immigrant
subpopulation that may not have been totally random at the time
of migration and therefore not reached HWE yet. This may be of
particular relevance if we consider that certain loci such as A17
and A46 may have ancestral association and are unlikely to reach
that equilibrium, probably evolving into the fixation of the most
frequent allele.

In conclusion, the 52plex SNP assay is both satisfactorily robust
and sufficiently sensitive enocugh for use in the forensic analysis of
the Southern Portuguese and Guinea-Bissauan populations.

10. Access of data
Available upon request to paulo.a.dario®@inmlcf.mj.pt.
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Supplementary Fig. 1 - MDS plot based on FST distances between a Southern Portuguese
population, an immigrant Guinea-Bissauan population resident in Portugal and 15 other
populations previously studied with SNPforID 52-plex by other authors (Angola,
Mozambique, Senegal (Mandenka), Somalia, Uganda, China (population resident in
Germany), Denmark, France, Germany, Greenland, NW Spain, Slovenia, Sweden, Turkey

and the North of Portugal). European populations are represented in blue, African in red

and Asian in yellow.
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Supplementary Fig. 2 - Phylogram inferred using the Neighbor-Joining method to
estimate the FST distances between the Southern Portuguese population, an immigrant
Guinea-Bissauan population resident in Portugal and 15 other populations previously
studied with SNPforID 52-plex by other authors (Angola, Mozambique, Senegal
(Mandenka), Somalia, Uganda, China (population resident in Germany), Denmark, France,

Germany, Greenland, NW Spain, Slovenia, Sweden, Turkey and the North of Portugal).
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Supplementary Table 1 - Population and forensic data: Southern Portuguese population

sample (n = 142).

Locus N Ho He HWE MP PD PIC PE TPI

AO1 142 0.47183 0.48084 0.86191 0.38296 0.61704 0.36436 0.16402 0.94667
A02 142 0.34507 0.34646 1.00000 0.48830 0.51170 0.28565 0.08382 0.76344
AO03 142 0.37324 0.43187 0.11853 0.40538 0.59462 0.33775 0.09846 0.79775
AO4 142 0.45070 0.43956 0.84940 0.41599 0.58401 0.34208 0.14789 0.91026
AO05 142 0.40845 0.48495 0.08159 0.35856 0.64144 0.36648 0.11914 0.84524
A06 140 0.46429 0.49747 0.49691 0.36337 0.63663 0.37284 0.15812 0.93333
A07 138 0.35507 0.45310 0.01432 0.38259 0.61741 0.34955 0.08884 0.77528
A08 142 0.48592 0.50154 0.73876 0.36848 0.63152 0.37489 0.17547 0.97260
A0S 142 0.30986 0.35804 0.15513 0.47739 0.52261 0.29313 0.06767 0.72449
Al0 141 0.44681 0.49926 0.24089 0.35516 0.64484 0.37374 0.14504 0.90385
All 142 0.44366 0.40917 0.40885 0.44386 0.55614 0.32461 0.14278 0.89873
Al2 142 0.45070 0.45787 0.85451 0.39774 0.60226 0.35217 0.14789 0.91026
Al3 140 0.46429 0.49869 0.49825 0.36214 0.63786 0.37345 0.15812 0.93333
Al4 142 0.52817 0.47785 0.22104 0.41410 0.58590 0.36280 0.21336 1.05970
Al15 141 0.31915 0.31511 1.00000 0.51964 0.48036 0.26470 0.07172 0.73438
Al6 142 0.48592 0.47785 0.86230 0.39208 0.60792 0.36280 0.17547 0.97260
Al7 140 0.30714 0.43520 0.00078 0.40071 0.59929 0.33962 0.06652 0.72165
Al8 142 0.50704 0.46195 0.27638 0.41827 0.58173 0.35438 0.19374 1.01429
Al9 141 0.41135 0.44118 0.44699 0.40285 0.59715 0.34298 0.12097 0.84940
A20 142 0.47183 0.45576 0.71400 0.40795 0.59205 0.35102 0.16402 0.94667
A21 142 0.50704 0.39984 0.00128 0.48016 0.51984 0.31906 0.19374 1.01429
A22 142 0.33803 0.38670 0.18683 0.44803 0.55197 0.31110 0.08041 0.75532
A23 142 0.54930 0.49370 0.23508 0.41133 0.58867 0.37095 0.23439 1.10938
A24 142 0.49296 0.47937 0.86029 0.39387 0.60613 0.36359 0.18141 0.98611
A25 142 0.45775 0.45138 1.00000 0.40676 0.59324 0.34863 0.15313 0.92208
A26 142 0.42254 0.45787 0.36173 0.38901 0.61099 0.35217 0.12822 0.86585
A27 142 0.50000 0.49617 1.00000 0.38058 0.61942 0.37219 0.18750 1.00000
A28 142 0.42254 0.40611 0.68266 0.44059 0.55941 0.32280 0.12822 0.86585
A29 142 0.47887 0.49928 0.73782 0.36759 0.63241 0.37376 0.16967 0.95946
A30 142 0.44366 0.49278 0.30467 0.36054 0.63946 0.37048 0.14278 0.89873
A32 142 0.47183 0.43704 0.43738 0.42660 0.57340 0.34067 0.16402 0.94667
A33 142 0.28169 0.32618 0.12156 0.51230 0.48770 0.27221 0.05628 0.69608
A34 142 0.42958 0.43187 1.00000 0.41688 0.58312 0.33775 0.13295 0.87654
A35 142 0.39437 0.47629 0.04820 0.36431 0.63569 0.36198 0.11053 0.82558
A36 142 0.45775 0.49876 0.39854 0.35955 0.64045 0.37350 0.15313 0.92208
A37 142 0.47183 0.48084 0.86222 0.38296 0.61704 0.36436 0.16402 0.94667
A38 142 0.42254 0.47300 0.21942 0.37393 0.62607 0.36026 0.12822 0.86585
A39 142 0.48592 0.49617 0.86620 0.37383 0.62617 0.37219 0.17547 0.97260
A40 142 0.35211 0.39337 0.28275 0.44188 0.55812 0.31516 0.08733 0.77174
A41 142 0.52817 0.49278 0.39808 0.39923 0.60077 0.37048 0.21336 1.05970
A42 142 0.38028 0.39984 0.67293 0.43821 0.56179 0.31906 0.10237 0.80682
A43 142 0.54225 0.49458 0.30663 0.40597 0.59403 0.37139 0.22722 1.09231
Ad4 141 0.48936 0.48956 1.00000 0.38202 0.61798 0.36884 0.17836 0.97917
A45 142 0.45775 0.46770 0.85715 0.39050 0.60950 0.35745 0.15313 0.92208
A46 142 0.49296 0.48226 0.86118 0.39099 0.60901 0.36509 0.18141 0.98611
A48 142 0.51408 0.49458 0.73261 0.38951 0.61049 0.37139 0.20012 1.02899
A49 142 0.57042 0.48860 0.05567 0.43077 0.56923 0.36836 0.25688 1.16393
A50 142 0.52113 0.49689 0.61307 0.39109 0.60891 0.37256 0.20666 1.04412
A51 142 0.56338 0.49689 0.12914 0.41758 0.58242 0.37256 0.24922 1.14516
A52 142 0.40141 0.42649 0.55523 0.41529 0.58471 0.33468 0.11478 0.83529
A53 142 0.45070 0.45359 1.00000 0.40200 0.59800 0.34984 0.14789 0.91026
A54 142 0.41549 0.48621 0.08593 0.35896 0.64104 0.36713 0.12362 0.85542

N - number of alleles, Ho - observed heterozigosity, He - expected heterozigosity, HWE - Hardy—Weinberg equilibrium (p-value), MP - matching

probability, PD - power of discrimination, PIC - polymorphism information content, PE - power of exclusion, TPI - typical paternity index.
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Supplementary Table 1 (cont.) - Population and forensic data: Guinea-Bissauan

immigrants living in Portugal (n = 90).

Locus N Ho He HWE MP PD PIC PE TPI

A01 90 0.47778 0.49777 0.83096 0.36963 0.63037 0.37249 0.16879 0.95745
A02 90 0.28889 0.26418 0.68538 0.57358 0.42642 0.22821 0.05907 0.70313
AO3 90 0.38889 0.35376 0.54581 0.48617 0.51383 0.28991 0.10731 0.81818
A0O4 90 0.43333 0.48883 0.28721 0.36222 0.63778 0.36796 0.13552 0.88235
AO5 90 0.21111 0.42675 0.00000 0.43136 0.56864 0.33433 0.03286 0.63380
AO6 90 0.45556 0.48485 0.66181 0.37358 0.62642 0.36592 0.15148 0.91837
A07 68 0.10294 0.49837 0.00000 0.41825 0.58175 0.37234 0.00884 0.55738
A08 90 0.51111 0.49659 0.83226 0.38691 0.61309 0.37189 0.19741 1.02273
A09 90 0.62222 0.47275 0.00340 0.48840 0.51160 0.35962 0.31840 1.32353
Al10 90 0.35556 0.41316 0.20244 0.42321 0.57679 0.32646 0.08908 0.77586
All 90 0.41111 0.49777 0.13286 0.34741 0.65259 0.37249 0.12082 0.84906
Al2 90 0.43333 0.40838 0.61312 0.44222 0.55778 0.32365 0.13552 0.88235
Al3 90 0.87778 0.49975 0.00000 0.78099 0.21901 0.37348 0.75029 4.09091
Al4 90 0.41111 0.40838 1.00000 0.43630 0.56370 0.32365 0.12082 0.84906
Al5 90 0.11111 0.10552 1.00000 0.80247 0.19753 0.09943 0.01018 0.56250
Al6 90 0.32222 0.32843 1.00000 0.50691 0.49309 0.27327 0.07309 0.73770
Al7 90 0.01111 0.07517 0.00001 0.91432 0.08568 0.07196 0.00012 0.50562
Al8 90 0.51111 0.49063 0.82832 0.39284 0.60716 0.36888 0.19741 1.02273
Al9 90 0.26667 0.29398 0.46606 0.54765 0.45235 0.24961 0.05072 0.68182
A20 90 0.47778 0.49777 0.83157 0.36963 0.63037 0.37249 0.16879 0.95745
A21 90 0.33333 0.33495 1.00000 0.50025 0.49975 0.27761 0.07819 0.75000
A22 90 0.40000 0.44693 0.34952 0.39556 0.60444 0.34568 0.11392 0.83333
A23 90 0.22222 0.19863 0.59090 0.65432 0.34568 0.17802 0.03611 0.64286
A24 90 0.42222 0.46704 0.37279 0.38074 0.61926 0.35659 0.12802 0.86538
A25 90 0.38889 0.39845 0.79664 0.44173 0.55827 0.31773 0.10731 0.81818
A26 90 0.44444 0.50056 0.29707 0.35407 0.64593 0.37389 0.14334 0.90000
A27 90 0.47778 0.44314 0.48299 0.42395 0.57605 0.34358 0.16879 0.95745
A28 90 0.20000 0.18101 0.59202 0.68000 0.32000 0.16380 0.02976 0.62500
A29 90 0.42222 0.47796 0.27451 0.36988 0.63012 0.36235 0.12802 0.86538
A30 90 0.45556 0.45059 1.00000 0.40765 0.59235 0.34770 0.15148 0.91837
A32 90 0.50000 0.46400 0.49988 0.41358 0.58642 0.35497 0.18750 1.00000
A33 90 0.14444 0.18988 0.05174 0.69802 0.30198 0.17100 0.01645 0.58442
A34 90 0.34444 0.31502 0.50695 0.52025 0.47975 0.26420 0.08352 0.76271
A35 90 0.30000 0.35376 0.22596 0.48321 0.51679 0.28991 0.06354 0.71429
A36 90 0.30000 0.31502 0.73499 0.52173 0.47827 0.26420 0.06354 0.71429
A37 90 0.55556 0.49882 0.29685 0.41136 0.58864 0.37302 0.24090 1.12500
A38 90 0.38889 0.42675 0.45837 0.41358 0.58642 0.33433 0.10731 0.81818
A39 90 0.50000 0.46400 0.49989 0.41358 0.58642 0.35497 0.18750 1.00000
A40 90 0.23333 0.28672 0.12546 0.56321 0.43679 0.24448 0.03951 0.65217
A4l 90 0.60000 0.49063 0.05170 0.45210 0.54790 0.36888 0.29088 1.25000
A42 90 0.22222 0.29398 0.02941 0.55951 0.44049 0.24961 0.03611 0.64286
A43 90 0.33333 0.34761 0.76102 0.48765 0.51235 0.28593 0.07819 0.75000
A44 90 0.30000 0.34134 0.34463 0.49556 0.50444 0.28183 0.06354 0.71429
A45 90 0.16667 0.17200 0.56719 0.70395 0.29605 0.15642 0.02135 0.60000
Ad46 88 0.02273 0.08727 0.00009 0.89127 0.10873 0.08301 0.00049 0.51163
A48 90 0.42222 0.40348 0.79409 0.44395 0.55605 0.32074 0.12802 0.86538
A49 90 0.51111 0.50180 1.00000 0.38173 0.61827 0.37451 0.19741 1.02273
A50 90 0.52222 0.49777 0.67429 0.39185 0.60815 0.37249 0.20770 1.04651
A51 90 0.53333 0.49659 0.52401 0.39951 0.60049 0.37189 0.21837 1.07143
A52 90 0.24444 0.24854 1.00000 0.59802 0.40198 0.21662 0.04308 0.66176
A53 90 0.15556 0.23240 0.00694 0.64963 0.35037 0.20440 0.01883 0.59211
A54 90 0.11111 0.10552 1.00000 0.80247 0.19753 0.09943 0.01018 0.56250
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Casework samples can present difficulties to forensic scientists in criminal and identification
investigations. Some challenging samples like bones, teeth and crime scene samples, often contain
low DNA quantity which can even be degraded. In these cases, obtained STR profiles are many times
incomplete or even null. This is partly due to relative bigger size of commonly used STRs in forensic
analysis. In order to bypass this problem, other strategies of analysis have been developed in the past
based on mini-STRs and biallelic markers, such as Indels and SNPs. Although each marker type has its
advantages and disadvantages, SNPs benefit from the fact of having smaller amplification products and its
analysis can be realized analyzing simultaneously a great number of loci using large multiplexes. One of
such multiplex is SNPforlD 52-plex which analyzes 52 loci, providing good results, as reported by some
authors. Taking this in consideration, we compared the amplification success of 53 real casework samples
from our casuistic consisting of bones, teeth and other samples using the 52-plex and the Identifier" Plus
kit. Mean amplification success rate by loci was of 73% and 43% respectively and 16 out of 36 samples in
which STR profiles were not obtained or in which these were poor, generated complete or almost
complete SNP profiles. We conclude that the 52-plex can be a valuable tool in the analysis of different
types of challenging forensic samples when STRs fail to provide necessary genetic information for
identification.
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1. Introduction

In routine casework, forensic scientists have to deal with
different kinds of samples where type, availability, and state of its
preservation can make difficult to obtain a genetic profile [1].
Samples such as bones, teeth and crime scene samples often
present challenging situations due to their DNA quantities and
their degradation state, usually when it is no longer possible to
obtain more sample for further studies. In these cases, obtained
STR profiles can be incomplete or even null due to amplicon sizes of
commonly used STRs in forensic routine. In order to overcome this
problem, other genetic markers have successfully started to being
used: mini-STRs and biallelic markers, such as Indels and SNPs [2].
Advantages of SNP typing in forensic genetics are well known and
includes the use of smaller PCR products and the possibility of

* Corresponding author at: INMLCF, LP. (Del. Sul). Rua Manuel Bento de Sousa, 3.
1150-219—Lisboa, Portugal. Fax: +351 218 864 493.
E-mail address: pdario@dlinml.mj.pt (P. Dario).

http://dx.doi.org/10.1016/j.fsigss.2015.09.048
1875-1768/@ 2015 Elsevier Ireland Ltd. All rights reserved.

multiplexing many loci in a single PCR reaction. Sanchez et al.
developed the SNPforID 52-plex assay [3], that allows simulta-
neously amplification of 52 autosomal SNPs and which was
validated for forensic use [4]. This multiplex was reported as
having an higher performance when compared to STRs and even to
Indels [2], resulting in full profiles from DNA extracts that yielded
no or few STR loci during challenging criminal samples analysis [5].
The aim of this work was to study suitability of the SNPforID 52-
plex to complement standard STRs methodologies in bone and
teeth analysis but also in other challenging samples related to
criminal and individual identification. Taking this in consideration
we compared amplification success of 53 real casework samples
from our casuistic consisting of bones, teeth and other challenging
samples using the 52-plex and the Identifier™ Plus™ kit.

2. Material and methods
Atotal of 53 samples were investigated comprising 24 bones, 16

teeth and 13 diverse crime scene and identification samples.
Different extraction methods were used: Phenol-Chloroform,

75



Chapter IlI

P. Dario et al./Forensic Science International: Genetics Supplement Series 5 (2015) e118-e120

el19

Number of amplified loci

% SNPforiD 52-plex  w Identifiler” Plus®

52

R 8

SNPforiD 52-plexlod

-
&

o
01 02 03 04 05 06 07 08 09 10 11 12 13 14

ALl L

15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 S0 51 52 S3

Samples

15

"
5

©
Identifiler” Plus” loci

@

w

o

Fig. 1. Number of amplified loci for each one of tested samples, with 52-plex and Identifiler" Plus".

Fig. 2. Bone sample analyzed with Identifiler" Plus" (A)

Machery Nagel Nucleospin, Qiagen Mini, Micro and Investigator
kits depending on type, availability and quality of samples
presented for analysis. Same extract was used both for STR and
SNP amplification. DNA quantification was performed using
Quantifiler Duo DNA Quantification kit in an Applied Biosystems"
(AB) 7500 Real Time PCR System. STR typing was done using
Identifier™ Plus™ (AB) and SNPs were typed with SNaPshot"
Multiplex kit (AB) using SNPforID 52-plex [3]. All amplifications
were performed in AB GeneAmp" PCR System 9700 (gold block)
and capillary electrophoresis was accomplished in AB 3130/3130xl
Genetic Analyzers. Obtained data was analyzed with Gen-
eMapper" ID v3.2.1 (AB).

3. Results and discussion

Mean amplification success rate of the 52-plex and the
Identifiler" Plus™ kit by loci was of 73% and 43% respectively,
and 16 out of 36 samples in which STR profiles were not obtained or
in which these were poor, generated complete or almost complete
SNP profiles, as can be visualized in Fig. 1 (e.g. samples 04, 08 and
09).

An example of these samples is presented in Fig. 2, where a poor
profile was obtained with Identifiler" Plus" but a full profile was
obtained with 52-plex.

This superior amplification success of the 52-plex relatively to
Identifiler" Plus™ kit was observed in most bone samples (e.g. 08
and 09), teeth samples (e.g. 04 and 15) and also in crime scene
samples (52 and 53). There were two termination of pregnancy
samples tested which presented opposite results — 48 and 50
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and with 52-plex (B) [sample 31, concentration of 0.02 ng/j.l].

- what makes believe these must be the result from preservation
methods used. Nevertheless, better results were obtained with 52-
plex where full profiles were obtained from DNA extracts that
generated no or few STR loci.

4. Conclusion

This study demonstrates utility of SNP analysis as a comple-
ment or as an alternative to STR typing in challenging samples
analysis such as bones, teeth and other problematic samples where
STR amplification fails.
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Analysis of control mitochondrial DNA (mtDNA) hypervariable regions is sometimes the only available
method to study hair evidence in forensic casework although being a laborious technique. Nowadays
there is a huge interest in new genetic markers such as single nucleotide polymorphisms (SNPs) to type
degraded forensic samples. For that purpose, a 10-Plex mitochondrial SNP for haplogroup typing, chosen

Keywords: from several SNP studies and useful to study the most common populations in our laboratory was
g’gsgf " applied in forensic casework. Hair shafts from three forensic cases with different ethnic backgrounds
arsho

were studied with mtDNA sequencing and compared with mitochondrial SNPs (mtSNPs) study. Coding
mtSNP typing prior to sequencing can allow for a rapid screening in forensic casework, which is
emphasized in the first two cases. Moreover, in cases in which mtDNA sequencing fails, mtSNPs can still
be detected. This 10 SNP loci multiplex provides a less expensive and simpler method for mitochondrial
typing compared to control region mtDNA sequencing, especially when used as a fast screening method.

Forensic casework

@© 2009 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

In recent years, interest in autosomal, Y chromosome and
mitochondrial single nucleotide polymorphisms (SNPs) had
increased in forensic area. Mitochondrial DNA (mtDNA) is useful
for identity testing and, above all, for analysis of samples with few
or degraded DNA, such as skeletal remains or hair shafts. Analysis
of mtDNA HVI and HVII hypervariable regions is sometimes the
only available method in forensic casework but provide limited
power of discrimination besides being a laborious technique. In
many forensic cases, the only evidence found in crime-scenes
consists on hairs, usually in telogenic phase. Due to difficulties in
obtaining autosomic DNA in these samples, forensic laboratories
still exploit mtDNA analysis to give some information to police
forces.

Nowadays, there is a huge interest in the study of mitochondrial
SNPs (mtSNPs) for forensic purposes. We developed a 10 SNP-plex
assay for mitochondrial DNA haplogroup typing of the two most
common populations in our casework—European and African
ancestry populations. This set of coding region mtSNPs were
chosen from different SNP studies [1-3]. The aim of this study is to
demonstrate the advantage of typing coding region mtSNPs before
mtDNA sequencing.

* Corresponding author. Tel.: +351 218 811 800; fax: +351 218 864 493.
E-mail address: hgeada@dlinml.mj.pt (H. Geada).

1875-1768/($ - see front matter © 2009 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.fsigss.2009.08.137

2. Materials and methods

DNA was extracted using QIAmp DNA Mini Kit (QIAGEN) in
reference samples and QIAmp DNA Micro Kit (QIAGEN) in evidence
ones. MtDNA sequences from reference samples were studied and
compared with sequenced hair shafts in three forensic cases with
different ethnic backgrounds. HVI region was amplified using
15997L and 017H primers, and all sequences have been sequenced
in more than 500 bp, which have increased the discrimination
power of HVI mtDNA methodology [4,5]. BigDye " Terminator v3.1
Cycle Sequencing Kit (Applied Biosystems) was used for DNA
sequencing.

Ten mtSNP loci—G1719A, C3594T, T4216C, G4580A, C7028T,
G8251A, A10398G, C10400T, C12705T and A12308G, chosen from
different SNP works [1-3] were studied with single base extension
using SNaPshot" methodology (Applied Biosystems). Selected
SNPs were combined in one multiplex reaction defining the most
common European and African haplogroups—H, U, ], T, [, K, X, W, M,
N, V, HV, L1/L2 and L3.

Samples from both methodologies were run in a 3130 Genetic
Analyzer, using POP7™ polymer for MtDNA sequencing and
POP4™ polymer for mtSNPs. Results were analysed, respectively,
with SeqScape™ Software v2.5 and GeneMapper " ID v3.5 software
(Applied Biosystems).

3. Results and discussion

There is an increasing tendency to use mtDNA analysis in
criminal investigations, particularly when the only evidence found
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Fig. 1. Electropherogram of 10 mtSNP coding region loci showing L1/L2 haplogroup characterized by 4580G, 7028T, 1719G, 4216T, 12380A, 10400G, 3594A, 8251C, 12705T

and 10398G.

60

Fig. 2. MtSNPs obtained from a degraded hair sample in one case where mtDNA sequencing failed—haplogroup W was characterized by 4580G, 7028T, 1719G, 4216T, 12380A,
10400G, 3594G, 8251T, 12705T, 10398A. Some extra-peaks were also detected in this sample.

consists on hair shafts or telogenic hairs, many often subjected to
harsh environments, being very difficult to recover DNA, except
mtDNA.

In the first case of three criminal investigation cases, the victims
sample was typed as L1/L2 haplogroup (Fig. 1) and one hair found
in the body as H* haplogroup. In thirty-eight reference samples,
more than twenty different mitochondrial haplotypes were found,
although the forensic sample did not match any of these
haplotypes. According to the different ethnic background of the
suspects, a rapid screening with mtSNPs subdivided reference
samples into 11 haplogroups, being H*, U, T, X, J, L3 and N,
haplogroups with higher frequencies. H*, the evidence sample
haplogroup, was detected in 42% of all samples, showing that 58%
reference samples (22 samples) were unnecessarily sequenced.
More, sub-typing haplogroup H*, with a second multiplex (data not
shown), the number of samples to perform DNA sequencing were
drastically reduced.

In case 2, mtSNPs from two hairs have been studied.
Haplogroup U characterized by 7028T, 12308G and haplogroup
H* characterized by 7028C were obtained. These samples were
easily excluded from belonging to the victim (haplogroup L1/L2-
3594T, 10308G, 7028T). Case 3 emphasizes SNPs usefulness when
mtDNA sequencing fails as in degraded hair samples (Fig. 2).

Prior to mtDNA sequencing, haplogroup characterization with
mtSNPs is a very useful technique for fast screening of samples,
reducing costs and time used in casework analysis. Furthermore,
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this is a simple and less expensive methodology using genetic
markers that are the near future for most Forensic Laboratories.
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Abstract DNA phenotyping research is one of the most
emergent areas of forensic genetics. Predictions of externally
visible characteristics are possible through analysis of single
nucleotide polymorphisms. These tools can provide police
with “intelligence” in cases where there are no obvious sus-
pects and unknown biological samples found at the crime
scene do not result in any criminal DNA database hits.
IrisPlex, an eye color prediction assay, revealed high predic-
tion rates for blue and brown eye color in European popula-
tions. However, this is less predictive in some non-European
populations, probably due to admixing. When compared to
other European countries, Portugal has a relatively admixed
population, resulting from a genetic influx derived from its
proximity to and historical relations with numerous African
territories. The aim of this work was to evaluate the utility of
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IrisPlex in the Portuguese population. Furthermore, the possi-
bility of supplementing this multiplex with additional markers
to also achieve skin color prediction within this population
was evaluated. For that, IrisPlex was augmented with addi-
tional SNP loci. Bye and skin color prediction was estimated
using the multinomial logistic regression and binomial logistic
regression models, respectively. The results demonstrated eye
color prediction accuracies of the IrisPlex system of 90 and
60 % for brown and blue eye color, respectively, and 77 % for
intermediate eye color, after allele frequency adjustment. With
regard to skin color, it was possible to achieve a prediction
accuracy of 93 %. In the future, phenotypic determination
multiplexes must include additional loci to permit skin color
prediction as presented in this study as this can be an advan-
tageous tool for forensic investigation.

Keywords Eye color prediction - Skin color prediction -
EVC - Forensic DNA phenotyping - IrisPlex - Multinomial
logistic regression

Introduction

Forensic DNA phenotyping, also referred to as “DNA intelli-
gence,” is still not widely used but can provide important
information in criminal casework [1-3]. However, externally
visible characteristics (EVCs) are difficult to understand due
to their high complexity derived from their multifactorial na-
ture, involving various genes, gene—environment interactions,
and epistasis phenomena [4, 5]. EVCs are also not widely
used at present because some phenotypic loci may provide
ancestral or clinical information that may raise ethical con-
cerns in the forensic field. However, these markers could be
used in crime solving in a similar way to conventional eyewit-
ness testimony, helping police in the determination of a
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suspect’s profile and probably with a lower risk of exacerbat-
ing social pressure [6].

One multiplex designed to determine visible traits is
IrisPlex assay [7] developed by Walsh et al. to predict eye
color through the genotyping of 6 SNPs: rs12913832
(HERC2), rs1800407 (OCAZ2), rs12896399 (SLC24A4),
rs16891982 (SLC45A2 (MATP), rs1393350 (TYR), and
rs12203592 (IRF4). This multiplex based on the work of Liu
et al. [8], later validated for forensic use [9], was reported as
having precisions ranging from 91 to 98 % on the prediction
of blue and brown eye color, depending on the European
population under consideration [10].

As for implementation and internal validation of any foren-
sic multiplex, studies need to be performed in the population
of interest in order to satisfactorily evaluate its applicability to
that population [11]. Since IrisPlex’s publication, several stud-
ies were made to address its application on different popula-
tions, namely a Slovenian population [12], a variety of
Eurasian populations [13], and in a US population [14].
Even though IrisPlex reliably predicted blue and brown eye
color from DNA samples in Dutch, Slovenian, and East Asian
populations [10, 12, 13], this assay turned out to be only
moderately predictive for Asian and US populations [13,
14]. The authors of the works carried out on the Eurasian
and US populations explained this phenomenon as an effect
of IrisPlex testing being conducted using mainly European
samples. Also, the populations they studied were highly
admixed when compared to European ones [13, 14]. These
authors point out the importance of studying additional popu-
lations, particularly from areas outside of Europe, for the eval-
uation and optimization of predictions.

Due to the close proximity of the Mediterranean region
with that of North Africa, and the genetic flux resultant from
multiple interactions between these two regions throughout
the centuries [15], Mediterranean countries, especially the
southern regions, have a stronger background of African an-
cestry when compared to Central and Eastern European coun-
tries [16]. The presence of African gene flow into southern
Europe dates back to, at least, 1600 years ago and historically
results from the trade relations and slave trading across the
Western Sahara during the Roman occupation (200—600AD)
[15]. In Portugal, and also in Spain, this process took on even
greater significance due to the existence of further possible
sources of African admixture, namely the invasion of Iberia
by the Moorish armies after 711 AD that lasted until the six-
teenth century [17] and both Portugal and Spain’s imperial
colonial history and subsequent decolonization processes
[18].

Taking into consideration that IrisPlex loci are not only
related to eye color, but are also associated with hair color
and skin pigmentation [19-23], adding further SNP loci to
IrisPlex should provide genetic information able to predict
these other human traits. Walsh et al. accomplished this with
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the development of HirisPlex, which includes the original 6
IrisPlex loci together with 18 additional SNPs that allow si-
multaneous prediction of hair and eye color [3]. Similarly, it is
conceivable that IrisPlex, if analyzed together with additional
loci, would allow the prediction of skin color in a similar way
to the multiplex reported by Spichenok [24]. The association
of these loci to different human traits occurs because the cor-
responding genes are involved in the same physiologic pro-
cesses, namely melanosome biogenesis and melanin biosyn-
thetic pathways. These are the main processes responsible for
human pigmentation variation that affect eye and hair color as
well as skin pigmentation [25].

The original aim of this work was to evaluate IrisPlex with-
in a Portuguese population, but later, due to the refereed
above, it was decided to test if it was possible to supplement
the multiplex with additional loci in order to achieve simulta-
neous eye and skin color predictions and apply this to the
study population. In order to do so, three loci were selected:
rs1129038 (HERC2), rs2424984 (ASIP), and rs1426654
(SLC24A5). Sturm et al. described SNP rs1129038 as having
a high degree of association with eye color [26]. Leite et al.
also reported it as being involved in skin color pigmentation
[27]. Valenzuela et al. categorized ASIP rs2424984 as the
third most significant genetic contributor to variance in phe-
notypic skin reflectance [28]. SLC24A5 is a gene already
known to be involved in skin color determination for some
time [29]. Moreover, 1s1426654 locus explains per se the dif-
ference in skin melanin index between 25 and 38 % amongst
people of European vs. West African ancestry, respectively
[30-32]. Valenzuela et al. identified rs1426654 and
152424984, together with IrisPlex rs16891982, as being re-
sponsible for 45.7 % of the reflectance variance and an indi-
cator of skin reflectance in human phenotypes across different
populations [28].

In this work, eye color prediction was based on the multi-
nomial logistic regression model. The predictors were the usu-
al IrisPlex. In order to predict skin color, a binomial logistic
regression model was developed. In this case, the predictors
were IrisPlex and the three additional loci referred to above.

Material and methods

Sample collection and phenotypic characteristics record
and classification

Buccal swabs and blood samples were collected from 192
unrelated volunteers residing in Portugal and under informed
consent. This sample consisted of 95 males and 97 females
with ages ranging from 16 to 72. For each individual, infor-
mation was collected regarding age and sex (in
Supplementary Table 1) and also their country of birth and
ethnic origin, together with those of his/her parents.
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Subsequently, photographic images of phenotypic charac-
teristics were documented. Pictures were taken of the eyes and
the skin of the inner upside part of the arm. Photographs were
taken using a DSLR Nikon D90 camera equipped with a
Nikon AF-S Nikkor 35 mm lens and a Speedlight SB-800
flash mounted on a tripod. For normalization, similar distance
and light conditions were used for each photo.

Iris characteristics of all the individuals were classified in-
dependently by three different observers into three categories:
1: “blue eyes”, 2: “neither blue nor brown” (which included
blue/green, green, and green/brown eyes), and 3: “brown
eyes.” The majority classification was used to individually
classify the phenotype of each volunteer’s eyes.

Using a similar approach, individual skin color classifica-
tion was performed following Fitzpatrick classification I to VI
[33], but for simplification purposes, only three categories
were applied: 1: “white and beige skin color” (equivalent to
I and II in Fitzpatrick classification), 2: “light brown to medi-
um brown” (equivalent to III and IV in Fitzpatrick classifica-
tion), and 3: “dark brown to black skin” (equivalent to V and
VI in Fitzpatrick classification). The majority classification
was also used to individually classify each volunteer’s skin
tone (Supplementary Table 1). It is worth emphasizing here
that there was not enough data to develop a logistic regression
model where the response variable had six categories. As can
be seen in the following, when describing the skin color pre-
diction model, even with just three categories for skin color
classification, it was necessary to combine the skin categories
1 and 2 just cited. This factor was due to the sparseness of the
respective contingency table and gave rise to highly unstable
parameter estimates.

DNA extraction and quantification

DNA from both buccal swabs and blood samples was extract-
ed from each individual using Chelex® method [34].
Whenever necessary, samples were quantified with
Quantifiler Duo Quantification kit in a 7500 Real-Time
System using HID Real-Time PCR Software v1.1 and follow-
ing the manufacturer’s instructions (Applied Biosystems).

SNP loci selection and multiplex design

As a basis for multiplex design, IrisPlex development valida-
tion conditions were used [9]. This multiplex analyzes six
SNP loci: rs12913832, rs1800407, rs12896399, rs16891982,
rs1393350, and rs12203592 from the HERC2, OCA2,
SLC24A4, SLC45A2 (MATP), TYR, and IRF4 genes previ-
ously identified as having a high degree of association with
eye color [19, 20, 26]. Additionally, three other loci were
added to complement the eye color analysis and to predict
information about the sample donor skin tone: rs1129038,
152424984, and rs1426654 from the HERC2, ASIP, and

SLC24A35, respectively. The selection of these three markers
was based on revision of the literature, especially in GWAS
regarding SNP association with human phenotypic visible
color characteristics [19, 20, 28, 35]. As would be expected,
all these GWAS studies of SNP association with skin and hair
color indicate IrisPlex loci as having a high degree of associ-
ation with visible color characteristics, and not only eye color,
since all these components are interrelated.

The three PCR primer pairs for SNP loci not present in
IrisPlex were empirically designed using the rules of
Dieffenbach et al. [36], and AutoDimer software was used to
test the resulting multiplex design and to ensure little interac-
tion between all primer pairs [37]. Single base extension
(SBE) primer design followed a similar procedure whilst en-
suring that primer melting temperatures were approximately
55 °C so that the SBE reaction would occur under the same
conditions as those of IrisPlex [9]. The PCR and SBE primer
sequences can be found in Supplementary Table 2.

SNP loci amplification and detection

The conditions used for amplification and minisequencing
were the same as those indicated for IrisPlex PCR [7]. A total
of I ul genomic DNA extract from each sample was amplified
in a 12-pl PCR reaction containing 1x PCR buffer, 2.7 mM
MgCl,, 200 mM of each dNTP, 0.416 mM concentration of
each primer (Supplementary Table 2), and 0.5 U of AmpliTaq
Gold DNA polymerase (Applied Biosystems). PCR thermal
cycling was performed on a gold-plated 96-well GeneAmp®
PCR system 9700 (Applied Biosystems) using the following
conditions: (1) 95 °C for 10 min, (2) 33 cycles of 95 °C for
30 s and 60 °C for 30 s, and (3) 5 min at 60 °C. After PCR
amplification, excess primers and unincorporated
deoxynucleotides were removed by adding 1 puL of USB®
ExoSAP-IT® PCR Product Clean-Up (Affymetrix) to
2.5 uL of PCR product and incubating for 30 min at 37 °C,
followed by 15 min at 80 °C for enzyme inactivation. SNP
loci minisequencing was achieved by SBE in 5 puL reaction
volumes containing 1 pL of SNaPshot® reaction mix
(Applied Biosystems), 1 pl of purified PCR product, and
1 puL of SBE primer mix (Supplementary Table 2). Thermal
cycling for SBE was conducted on a gold-plated GeneAmp®
PCR system 9700 (Applied Biosystems) using the following
thermocycling program: (1) 96 °C for 2 min and (2) 25 cycles
of 96 °C for 10 s, 50 °C for 5 s, and 60 °C for 30 s. Excess
fluorescently labeled ddNTPs were inactivated by incubation
of SBE reaction with 1 pL of USB shrimp alkaline phospha-
tase (Affymetrix) at 37 °C for 45 min followed by enzyme
inactivation at 80 °C for 15 min. Multiplex extension products
were run on an Applied Biosystems 3130 Genetic Analyser
using 1 pl of cleaned SBE product with 0.5 pl 120 LIZ size
standard with 8.5 pl Hi-Di formamide (Applied Biosystems).
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Allele calling was achieved with GeneMapper v. 3.7 software
(Applied Biosystems).

Eye color prediction model

Eye color predictions were made using the Multinomial
Logistic Regression Model [3, 8, 38]. Eye (iris) color was
chosen as the response variable and categorized into three
groups: blue, brown, and intermediate (that is, green to hazel-
nut eyes). The covariates corresponded to the classification of
subjects based on population minor allele frequencies. Nine
SNP loci were used in this study: rs12913832, rs1800407,
rs12896399, rs16891982, rs1393350, rs12203592,
rs1129038, rs2424984, and rs1426654. Details of the mathe-
matical model are provided in the supplementary material.

Models were fitted by maximum likelihood. More precise-
ly, the parameters of the models were estimated by the
Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm,
which belongs to the class of the Quasi-Newton Methods.
To achieve this goal, the package “mlogit” [39], from the R
software, version 3.0.3 [40] was used.

The significance of each variable to the fitted model was
assessed by means of the Wald test [38]. The relevance of each
predictor in the DNA phenotyping context was also taken into
account in selecting the optimal subset of predictors. The like-
lihood ratio test was computed to evaluate the overall signif-
icance of the adjusted model.

The estimated outcome for the ith subject was given by:

Y,-:max{fro(x,-), A1(%), frz(x‘-)}, i=1, ... n

In this context, it was crucial to evaluate the accuracy of the
model in discriminating between the different outcomes. It is
worth stressing that in cases where the three probabilities are
relatively similar to each other, and the probability for the
selected category is only marginally higher, there is an in-
creased risk of an incorrect prediction being made [10]. The
probability thresholds of 0.5 and 0.7 were applied to avoid
potentially misleading classifications. Therefore, only the es-
timates that satisfied the restriction ¥; > ¢, i=1, ..
where ¢ represents the cutoff probability—was considered in
the remaining analysis.

In regard to the goodness of fit, the focus of interest was the
classification table. The estimated model was evaluated in
relation to its ability to discriminate between the different cat-
egories of the outcome. From the 3x3 confusion matrix, the
usual measures were computed for each category: sensitivity
(SENS), specificity (SPEC), positive predictive value (PPV),
and negative predictive value (NPV). In this context, SENS
and PPV play a special role because these measures rely only
on the comparison between the estimated values and the raw
data for each category of the outcome. More precisely, for
each eye color category /=0, 1, 2, SENS corresponds to the

oy, —
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probability of an individual being classified correctly in cate-
gory j; PPV represents the probability of an individual who
has been classified in category j actually belonging to that
category.

For each eye color category, the receiver operating charac-
teristic (ROC) curve was computed. The respective area under
the curve (AUC)—that is, the integral of the ROC curve—was
measured to assess the overall performance of the estimated
model in terms of the sensitivity and specificity [38, 41].
Bearing in mind that there were three classes under consider-
ation, an extension of the AUC was also calculated for more
than two classes. In brief, the AUC for each class against the
rest was computed and then the results averaged [42, 43].

As stated previously, the fitted model will provide eye color
predictions for future subjects. Therefore, it was crucial to
evaluate the performance of the estimated model in the con-
text of cross-validation. This procedure will also decrease the
possibility of over-fitting [44]. Due to the reduced sample size,
it was not possible to split the data into two subsets: the train-
ing set for modeling purposes and the validation set for pre-
dictions (usually 20 % of the sample size). To overcome the
small sample size limitation, the leave-one-out cross-
validation procedure was utilized. Hence, for each run, the
model was estimated from the whole data set except one sub-
ject, and the prediction was made for the individual that had
been left out. The procedure was repeated 1 times, where # is
the sample size. The ROC curve and the respective AUC were
computed from the probabilities generated by the cross-vali-
dation. The results were compared to those obtained from the
whole data set to assess the goodness-of-fit of the model.

Skin color prediction model

Initially, the multinomial logistic regression model was ap-
plied to model skin color. The outcome variable was divided
into the three categories referred to earlier in this section: 1:
very white, 2: white beige, 3: dark brown. People with very
white skin are extremely rare in the Portuguese population.
The sampled data confirmed this to be true, and thus, there
were very few subjects classified in this category. This led to
very inaccurate estimation results. Therefore, the two catego-
ries “very white” and “white beige” were combined into a
single category called “white.”

The binomial logistic regression model was used to make
skin color predictions [38, 44]. The response variable was the
skin color divided into two categories: white and dark brown
skin. The predictors were the same as those used in modeling
eye color. Details of the mathematical model are provided in
the supplementary material.

The models were fitted by maximum likelihood. More pre-
cisely, the parameters of the models were estimated using the
iteratively reweighted least squares. For details, see
McCullagh et al. [45]. The R software, version 3.0.3 [40],
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was used to accomplish this, The significance of each variable
in the fitted model was assessed by means of the Wald test
[38]. The relevance of each predictor in the context of DNA
phenotyping was also taken into account when selecting the
optimal subset of predictors. The likelihood ratio test was
computed to evaluate the overall significance of the adjusted
model.

The estimated outcome for the ith subject was given by ¥
= 7(x;) , n. Nevertheless, our interest relied
on predicting the outcome (in a binary way). Following the
methodology reported previously for modeling eye color, the
probability threshold of 0.5 was defined to distinguish an in-
dividual between dark and white skin color. Therefore, only
the estimates that satisfied the restriction ¥,#0.5, i=1, ...,
n, were considered when assessing the fit of the model.

The goodness-of-fit measures were similar to those devel-
oped for modeling eye color, with appropriate adaptations,
namely SENS, SPEC, PPV, and NPV. Additionally, the
ROC curve was computed, and the respective AUC deter-
mined. This measure quantifies the ability of the model to
distinguish between dark brown and white skin colors. As
the fitted model will provide skin color predictions for future
subjects, the leave-one-out cross-validation procedure was al-
so applied in this context. The ROC curve and the respective
AUC were computed from the probabilities generated by the
cross-validation so as to compare the results with those ob-
tained from the whole data set.

i= 11 e

Results
Multiplex genotype assay design

The addition of three SNP loci to IrisPlex assay was conduct-
ed whilst simultaneously ensuring that all characteristics of the
original multiplex were maintained [9]. The results obtained
are demonstrated in an electropherogram of a brown-eyed
individual, as shown in Fig. 1. Results for all the remaining
individuals in the study can be found in Supplementary
Table 1.

Eye color

Using a sample of the Portuguese population (sample size, n=
192), a multinomial logistic regression model was developed
using IrisPlex loci. The estimated multinomial logistic regres-
sion model to describe eye color is shown in Table 1. It is well
established in the literature that the six IrisPlex SNP genotypes
are very important to predict eye color [7, 8, 10]. Although the
SNPs rs1393350 and rs12203592 are not statistically signifi-
cant, they remain in the final estimated model due to their
relevance in the phenotyping context. The likelihood ratio test
was calculated to assess the overall significance of the model.

The results showed that the covariates under consideration are
particularly relevant when describing eye color (chi-squared
test statistic=60.41, p value=0.00).

The probability thresholds discussed by Walsh et al. [17]
and Dembinski and Picard [21] were applied here so as to
evaluate the accuracy of the estimated model. Accordingly,
two threshold values were analyzed: 0.5 and (.7. The former
of the two values was chosen as a threshold of 0.7 gave rise to
a large number of inconclusive results. Moreover, when using
a threshold of 0.5, 138 out of 192 subjects (72 %) were cor-
rectly predicted and only 22 individuals (11 %) incorrectly.
There was a loss of 32 people (17 %) from the sample as their
predictions were inconclusive.

Some goodness-of-fit measures are shown in Table 2,
namely sensitivity, specificity, PPV, NPV, and AUC.
Computations are based on the comparison between each of
the classes.

The percentage of blue, intermediate, and brown eyes cor-
rectly classified is 60, 57, and 96 %, respectively. The positive
predictive value for blue eyes is not very high (60 %), but the
model behaves much better when predicting intermediate and
brown eyes: 77 and 90 %, respectively.

The ROC curves and the AUCs are displayed in Fig. 2. The
areas under the ROC curves are very high (0.94, 0.84, and
0.87 for blue, intermediate, and brown eyes, respectively). In
the literature, values such as these for the AUCs are consid-
ered to result in excellent discrimination for each eye color
category under consideration [42]. Furthermore, the overall
AUC computed from the three classes under consideration is
0.84, which means that the predicted model is highly accurate
in discriminating between blue, intermediate, and brown eye
color.

The predicted probabilities generated by the leave-one-out
cross-validation procedure have led to slightly lower values
for the AUC, especially for blue eyes (0.84, 0.81, and 0.85 for
blue, intermediate, and brown eyes, respectively).
Nevertheless, they are still considered as excellent discrimina-
tion [42]. The overall AUC, based on the three classes under
consideration, has a value of 0.82, which is similar to that
obtained from the complete data set. In summation, the
goodness-of-fit measures accurately support the behavior of
the predicted model.

Skin color

The binomial logistic regression model used to describe skin
color was estimated from the same sample of the Portuguese
population (sample size, n=192). The modeling procedure
began with all nine of the SNPs referred to in “Material and
Methods.” However, there was the need to exclude the SNP-
ID rs12913832 due to its strong linkage with SNP-ID
rs1129038.
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Fig. 1 Electropherogram of an individual genotyped for eye and skin color prediction. The three new loci added to IrisPlex are located at the right on the

electropherogram

The estimated binomial logistic regression model is
shown in Table 3. The results have revealed that the
SNPs rs1800407, rs12896399, rs1393350, and rs1129038
are not statistically significant. Nevertheless, they are
retained in the final estimated model because of their

Table 1  Estimated coefficients, standard errors, and p values for the

fitted model to the eye color

SNP - ID Coefficient Standard error p value

logit: g,
rs12913832 3.126 0.626 0.000
51800407 1.005 1.124 0.372
rs12896399 -2.577 0.640 0.000
rs16891982 -5.084 1.101 0.000
rs1393350 -0.455 0.672 0.499
512203592 -0.872 0.999 0.383

logit: g»
rs12913832 1.941 0.425 0.000
51800407 1.717 0.571 0.003
512896399 -1.024 0315 0.001
rs16891982 -2.165 0.353 0.000
rs1393350 0.021 0.447 0.962
12203592 0.319 0.548 0.560

logit: g; and g, comparison of blue and intermediate eye color to the
reference level, respectively
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importance in the phenotyping context. In order to evaluate
the overall significance of the model, the likelihood ratio
test was computed. The results show that the covariates are
relevant to describe skin color (chi-squared test statistic=
158.00, p value=0.00).

The accuracy of the estimated model in predicting the out-
come in a dichotomous way was evaluated. Following the
approach for modeling eye color, individuals were differenti-
ated between having dark brown and white skin using the
cutoff probabilities of 0.5 and 0.7. Due to the large number
of inconclusive results obtained from the higher cutoff, the
former probability threshold was chosen. Using this threshold
of 0.5, the estimated model correctly predicted 183 out of 192
subjects (95 %) and incorrectly only nine individuals (5 %).

Table 2 Goodness-of-fit measures for the eye color: sensitivity,
specificity, PPV, NPV, and AUC

Eye color
Measure Blue Intermediate Brown
Sensitivity (%) 60 57 96
Specificity (%) 97 96 68
Positive predicted value (%) 60 77 90
Negative predicted value (%) 97 91 84
Area under the curve 0.94 0.84 0.87
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Fig. 2 Goodness-of-fit for the
eye color: ROC curve and AUC, 1.00
computed for each class against
the remaining classes
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There were no inconclusive predictions, and therefore, no in-
dividuals were excluded from the analysis.

Table 4 shows some goodness-of-fit measures, namely
sensitivity, specificity, PPV, NPV, and AUC. The percent-
age of dark brown color correctly classified is 86 %. The
positive predictive value is 93 %. Furthermore, both spec-
ificity and negative predicted values are very high (98 and
96 %, respectively). These results are very promising,
showing that the estimated model performs very well in
distinguishing between persons with white skin color and
those with dark brown.

The ROC curve, as well as the AUC, is displayed in
Fig. 3. The area under the ROC curve gives a very high
value (AUC=0.99). The predicted probabilities generated
by the leave-one-out cross-validation procedure have led
to a similar AUC (AUC=0.96). According to the literature
[42], these results clearly show an outstanding perfor-
mance in discriminating between white and dark brown
skin colors.

Table 3  Estimated coefficients, standard errors, and p values for the
fitted model to the skin color

SNP - ID Coefficient Standard p value
crror
Constant -7.327 1.736 0.000
rs1800407 -0.982 1.203 0.414
1512896399 -0.762 0.641 0.235
rs16891982 3.076 0.933 0.001
151393350 0.754 0.929 0.417
r$12203592 1.993 1.379 0.148
rs1129038 -0.824 0.683 0.227
152424984 1.778 0.726 0.014
151426654 4.658 1.089 0.000

e Intermediate Eyes

AUC:

Blue Eyes: 0.94

Brown Eyes: 0.87
Intermediate Eyes: 0.84

0.20 0.30 0.40 0.50 0.60 Q.70 0.80 0.90 1.00
1-SPECIFICITY

Discussion

The 192 samples used are representative of the Portuguese
population. Even though it would be advantageous, from a
statistical point of view, to have a larger sample size, this
number is in line with others used in similar works [12-14].
The eye and skin color classifications were carried out by
visual qualitative determination, as stated by Dembinski
et al. [21]. This practical manner of classification forms the
basis of eyewitness testimonies, and therefore, it is essential
that the obtained results correlate with the visual determina-
tions [14]. In order to reduce any ambiguity in color classifi-
cation, the grouped independent observer classification was
used.

Walsh et al. provide prediction accuracies for eye color
determination at the 0.7 threshold of 91.6 and 56 % for blue
and brown eye colors, respectively, and 91.6 and 87.5 % at the
0.5 threshold [7]. In the Portuguese population, using adjusted
parameters, prediction accuracies for eye color determination
of 60 and 90 % were obtained at the 0.5 threshold for blue and
brown eye colors, respectively. Due to the large number of
inconclusive results generated, it was not possible to rely on
the estimation at the 0.7 threshold. However, the AUCs per-
formed similarly: 0.94, 0.84, and 0.87 (0.5 threshold) com-
pared with 0.97, 0.84, and 0.95 (0.7 threshold) for blue,

Table 4 Goodness-of-fit

measures for the skin Measure Skin
color: sensitivity, color
specificity, PPV, NPV,
and AUC Sensitivity (%) 86
Specificity (%) 98
Positive predicted value (%) 93
Negative predicted value (%) 96
Area under the curve 0.99
Springer
€ spring
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Fig. 3 Goodness-of-fit for the 1.00
skin color: ROC curve and AUC
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intermediate, and brown. These results suggest that the ability
of the estimated model to make accurate predictions is only
slightly reduced when using the 0.5 threshold. Another impor-
tant factor is that for the data sets under consideration, TYR
151393350 and IRF4 rs12203592 do not seem to play such an
important role in the differentiation of brown and intermediate
eye color as suggested by Walsh et al. [7] because they are not
statistically significant. This conclusion may reflect the exis-
tence of some admixing just as Dembinski et al. reported for a
US population [14]. On the other hand, this could also be a
consequence of using a smaller sample size than Walsh et al.
[7]. Nevertheless, the AUCs clearly show that the estimated
model is well fitted to the Portuguese population. This con-
clusion is verified by a correct eye color prediction rate of
72 %, with 17 % inconclusive, and only 11 % incorrect.
Additionally, the results from cross-validation have also
showed that the model developed in this paper is very accurate
in predicting eye color for future observations. More precisely,
the AUCs based on the cross-validation methodology were
similar to those obtained from the whole data set.
Concerning skin color prediction, the modeling proce-
dure began with multinomial logistic regression so as to
conduct a similar analysis to eye color. The estimated
model did not give accurate results. The reason for this
is that Portugal is the most southwestern region of
Europe, and as a result, it is difficult to encounter indi-
viduals of the types I and II Fitzpatrick phototype that are
much more commonplace in northern Europe. For the
sample under analysis, the number of individuals who
belonged to those two categories was significantly re-
duced. Consequently, in order to satisfactorily carry out
the statistical analysis, these individuals were amalgamat-
ed into the same category as types III and IV Fitzpatrick
phototypes. This category mainly corresponds to
Mediterranean individuals. Unfortunately, this procedure
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AUC: 0.99
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prevented predictions between phototypes of classes I/II,
II/TV, and V/VI as initially desired. However, it was pos-
sible to differentiate between class V/VI (dark brown
skin) and the two others (white skins). If a larger sample
was used, the multinomial logistic regression model
would lead to more accurate results. In this case, it would
be possible to develop a model to predict all skin types.

Thus, skin color prediction was based on the binomial lo-
gistic regression model. The results were very promising. In
fact, the statistical analysis has led to an estimated model with
a prediction accuracy of 93 %. The AUC value is 0.99, which
gives an excellent discrimination between skin colors. This
model has proved its value with a 95 % correct prediction,
which can be considered a very good estimation. Moreover,
the model is highly adequate for predicting skin color for
future individuals. The veracity of this statement relies on
the fact that the AUC by cross-validation is similar to that
attained by analyzing the whole data set.

To summarize, in this paper, the multinomial and bino-
mial logistic regression models were used to predict eye
and skin color, respectively. One of the major advantages
of these methodologies is that they rely on a strong theo-
retical framework. As a consequence, the contribution of
each SNP to the prediction of the outcome (either eye or
skin color), as well as its precision, can be obtained (see
Tables 1 and 3). Moreover, the models developed in the
paper have revealed excellent prediction accuracies. These
methodologies are largely applied in forensic biology, as
can be seen, for instance, in [11, 14-17, 19, 21]. In future
research, classification methods, such as neural networks
for instance, may be applied to these data sets so as to
predict eye and skin colors. Liu et al. [15] used multino-
mial logistic regression to predict eye color. However,
they also used classification methods (Fuzzy c-means
clustering, neural networks, and classification tree) to
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attain the same objective. In their Supplemental Data [15],
they demonstrated that multinomial logistic regression be-
haves better than the classification methods in respect to
the model’s ability to correctly discriminate between three
different categories of eye color.

Conclusions

EVCs such as eye and skin color can be difficult to classify
due to the small difference between adjacent categories, espe-
cially when classification is done by visual determination due
to differences in the observers color perception. Nevertheless,
visual determination is still the basis for eyewitness testimo-
nies used in the field of criminal investigation. These charac-
teristics are even more difficult to investigate due to their
multigenic nature that is frequently subjected to the influence
of environment.

Despite the limitations cited previously, good results
have been obtained for the prediction of eye color, a char-
acteristic that is the result of a relatively small number of
genes and with little influence of environment. Still, eye
color is very informative about the appearance of an indi-
vidual. A good example of eye color investigation is the
development of IrisPlex, a multiplex developed for eye
color determination [7]. However, genes involved in eye
color determination are also involved in other “color”
characteristics, such as hair color [3]. In this work, the
IrisPlex has been supplemented with three additional
SPNs in order to obtain a simultaneous test for eye and
skin color determination.

In addition to eye color analysis, different loci from
other candidate genes can be used to complement
IrisPlex and enhance prediction models, as discussed by
Dembinski and Picard [21]. Thus, in the future develop-
ment of this kind of multiplex, it is intended to add dif-
ferent loci so as to infer other phenotypic characteristics.
This procedure will certainly lead to the establishment of
more informative “intelligence” tools. Together, these will
not only enhance the prediction accuracy independently of
the studied populations and the admixing present, but will
also provide combined information about eye, hair and
skin color, or even about other characteristics too.

Acknowledgments The authors would like to express their sincere
gratitude to all the volunteers who contributed to this work by providing
samples. The authors would also like to thank two anonymous reviewers
who gave valuable comments and advice on how to improve the content
of this article.

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical standards All experiments were approved by the Governing
board of the National Institute of Legal Medicine and Forensic Sciences,
Portugal.

References

1. Poetsch M, Blohm R, Harder M et al (2013) Prediction of people’s
origin from degraded DNA—presentation of SNP assays and cal-
culation of probability. Int J Leg Med 127:347-357. doi:10.1007/
500414-012-0728-0

2. Keating B, Bansal AT, Walsh S et al (2013) First all-in-one diag-
nostic tool for DNA intelligence: genome-wide inference of bio-
geographic ancestry, appearance, relatedness, and sex with the
Identitas v1 Forensic Chip. Int J Leg Med 127:559-572. doi:10.
1007/s00414-012-0788-1

3. Walsh S, Liu F, Wollstein A et al (2013) The HIrisPlex system for
simultaneous prediction of hair and eye colour from DNA. Forensic
Sci Int Genet 7:98-115. doi:10.1016/j.fsigen.2012.07.005

4. Pospiech E, Draus-Barini J, Kupiec T et al (2011) Gene-gene inter-
actions contribute to eye colour variation in humans. J Hum Genet
56:447-455. doi:10.1038/jhg.2011.38

5. Pospiech E, Wojas-Pelc A, Walsh S et al (2014) The common
occurrence of epistasis in the determination of human pigmentation
and its impact on DNA-based pigmentation phenotype prediction.
Forensic Sci Int Genet 11C:64—72. doi:10.1016/j.fsigen.2014.01.
012

6. Kayser M, Schneider PM (2009) DNA-based prediction of human
externally visible characteristics in forensics: motivations, scientific
challenges, and ethical considerations. Forensic Sci Int Genet 3:
154-61. doi:10.1016/).fsigen.2009.01.012

7. Walsh S, Liu F, Ballantyne KN et al (2011) IrisPlex: a sensitive
DNA tool for accurate prediction of blue and brown eye colour in
the absence of ancestry information. Forensic Sci Int Genet 5:170—
80. doi:10.1016/j.fsigen.2010.02.004

8. Liu F, van Duijn K, Vingerling JR et al (2009) Eye color and the
prediction of complex phenotypes from genotypes. Curr Biol 19:
R192-3. doi:10.1016/j.cub.2009.01.027

9. Walsh S, Lindenbergh A, Zuniga SB et al (2011) Developmental
validation of the IrisPlex system: determination of blue and brown
iris colour for forensic intelligence. Forensic Sci Int Genet 5:464—
71. doi:10.1016/j.f5igen.2010.09.008

10.  Walsh S, Wollstein A, Liu F et al (2012) DNA-based eye colour
prediction across Europe with the IrisPlex system. Forensic Sci Int
Genet 6:330-40. doi:10.1016/j.fsigen.2011.07.009

11. (2004) Scientific Working Group on DNA analysis methods, re-
vised validation guidelines. Forensic Sci. Commun. 6

12.  Kastelic V, Pospiech E, Draus-Barini J et al (2013) Prediction of eye
color in the Slovenian population using the IrisPlex SNPs. Croat
Med J 54:381-386

13. Yun L, Gu Y, Rajeevan H, Kidd KK (2014) Application of six
IrisPlex SNPs and comparison of two eye color prediction systems
in diverse Eurasia populations. Int J Leg Med. doi:10.1007/s00414-
013-0953-1

14.  Dembinski GM, Picard CJ (2014) Evaluation of the IrisPlex DNA-
based eye color prediction assay in a United States population.
Forensic Sci Int Genet 9:111-117. doi:10.1016/j.fsigen.2013.12.
003

15. Moorjani P, Patterson N, Hirschhorn JN et al (2011) The history of
African gene flow into Southern Europeans, Levantines, and Jews.
PLoS Genet 7, e1001373. doi:10.1371/journal.pgen. 1001373

16. Plaza S, Calafell F, Helal A et al (2003) Joining the Pillars of
Hercules: mtDNA sequences show multidirectional gene flow in
the western Mediterranean. Ann Hum Genet 67:312-328. doi:10.
1046/j.1469-1809.2003.00039.x

17.  Kennedy H (1996) Muslim Spain and Portugal. A Political History
of al-Andalus. Longman

18.  Pinto AC, Lloyd-Jones S (2003) The last empire: thirty years of
Portuguese decolonization. ix, 156 p

@ Springer

93



Chapter V

1200 Int J Legal Med (2015) 129:1191-1200
19. HanJ, Kraft P, Nan H et al (2008) A genome-wide association study 31. Dimisianos G, Stefanaki I, Nicolaou V et al (2009) A study of a
identifies novel alleles associated with hair color and skin pigmenta- single variant allele (rs1426654) of the pigmentation-related gene
tion. PLoS Genet 4, €1000074. doi:10.1371/journal.pgen.1000074 SLC24AS5 in Greek subjects. Exp Dermatol 18:175-177. doi:10.
20. Sulem P, Gudbjartsson DF, Stacey SN et al (2007) Genetic deter- 1111/5.1600-0625.2008.00758.x
minants of hair, eye and skin pigmentation in Europeans. Nat Genet 32. Soejima M, Koda Y (2007) Population differences of two coding
39:1443-1452. doi:10.1038/ng.2007.13, ng.2007.13 [pii] SNPs in pigmentation-related genes SLC24AS5 and SLC45A2. Int J
21. Sulem P, Gudbjartsson DF, Stacey SN et al (2008) Two newly Leg Med 121:36-39. doi:10.1007/500414-006-0112-z
identified genetic determinants of pigmentation in Europeans. Nat 33, Fitzpatrick TB (1988) The validity and practicality of sun-reactive
Genet 40:835-7. doi:10.1038/ng.160 skin types I through VI. Arch Dermatol 124:869. doi:10.1001/
22. Branicki W, Brudnik U, Wojas-Pelc A (2009) Interactions between archderm.1988.01670060015008
HERC2, OCA2 and MCIR may influence human pigmentation 34, Walsh PS, Metzger DA, Higuchi R (1991) Chelex 100 as a medium
phenotype. Ann Hum Genet 73:160-170. doi:10.1111/j.1469- for simple extraction of DNA for PCR-based typing from forensic
1809.2009.00504.x ) ) L material. Biotechniques 10:506-513
23. Nan H, Kraft P, Qureshi A a et al (2009) Genome-wide association 35 Sturm R (2009) Molecular genetics of human pigmentation diver-
study of tanning phenotype in a Popu]atlon_qf European ancestry. J sity. Hum Mol Genet 18:R9-17. doi:10.1093/hmg/ddp003
g e i e 36.  Dieffenbach CW, Lowe TM, Dveksler GS (1993) General concepts
24. Splchenok'O, Bud.lmll.Ja M, Mltch.ell AA 'et al (2011) Prediction (?f for PCR primer design. PCR Methods Appl 3:530-7
s kil de o g vn NP Founi 5.l P, Bl M (2004 AoDiner  sring ol fr
25.  Sturm RA, Frudakis TN (2004) Eye colour: portals into pigmenta- PR IeT G0C DL S R e o
tiow penestnd ancestcy, Trends Generd0:307- A0 doi 10,0016 .  ~0 TIoMmerDWiTr, Lemesow S, Sninlivant R (QO13) Applicd logis-
2004.06.010 tic regression, third edit. Wiley, New Jersey
26. Sturm RA, Duffy DL, Zhao ZZ et al (2008) A single SNP in an 39. Croissant Y (2013) mlogit: multinomial logi‘t model. R packa-lge‘
evolutionary conserved region within intron 86 of the HERC2 gene 40. R Coret _Tcam (2014) R: A language and environment for statistical
i | ; computing
OGO T T L Lk A om e o) Mt s
27. Leite TK, Fonseca RM, de Franca NM et al (2011) Genomic an- ensembles. J Biopharm Stat 23:631-94. dou:10. .
cestry, self-reported “color” and quantitative measures of skin pig- 2012.756500
mentation in Brazilian admixed siblings. PLoS One 6, €27162. doi: 42 ; %1(1': C; rl}lenlindeﬁ()lﬁallf J; salﬁo M (1200L3) Vqlt;\lmeG undsr the
10.1371/journal.pone.0027162 urface for Multi-class Problems. In: Lavra¢ N, Gamberger
28.  Valenzuela RK, Henderson MS, Walsh MH et al (2010) Predicting D, Blockeel H, Todorovski L (eds) Mach. Learn. ECML 2003 SE -
phenotype from genotype: normal pigmentation. J Forensic Sci 55: 12. Springer Berlin Heidelberg, pp 108-120
315-322. doi:10.1111/j.1556-4029.2009.01317 x, JFO1317 [pii] 43. Hand DJ, Till RJ (2001) A simple generalisation of the area under
29. Lamason RL, Mohideen MA, Mest JR (2005) SLC24A5, a putative the ROC curve for multiple class classification problems. Mach
cation exchanger, affects pigmentation in zebrafish and humans. Learn 45:171-186. doi:10.1023/A:1010920819831
Science (80-) 310:1782-1786. doi:10.1126/science. 1116238 44. Hilbe JM (2009) Logistic regression models. Chapman & Hall/
30. Stokowski RP, Pant PV, Dadd T et al (2007) A genomewide asso- CRC Press, Boca Raton
ciation study of skin pigmentation in a South Asian population. Am 45.  McCullagh P, Nelder JA (1989) Generalized linear models, second
J Hum Genet 81:1119-1132. doi:10.1086/522235 Edi. Chapman & Hall, London
@ Springer

94



Development and application of a Phenotype Informative SNPs multiplex
in Portuguese population

Supplementary Material for
“Assessment of IrisPlex based multiplex for eye and skin color

prediction with application to a Portuguese population”

Paulo Dario @b.<d*, Helena Mourifio ?, Ana Rita Oliveira 249, Isabel Lucas 2, Teresa Ribeiro 2,

Maria Jo&o Porto 2, Jorge Costa Santos 2<¢, Deodalia Dias 24, Francisco Corte Real 2<f,

a INMLCF - National Institute of Legal Medicine and Forensic Sciences, Portugal

Largo da Sé Nova, s/n. 3000-213 Coimbra, Portugal.

b University of Lisbon, Faculty of Science, Portugal

Campo Grande. 1749-016 Lisboa, Portugal.

¢ CENCIFOR - Forensic Science Centre, Portugal

Largo da Sé Nova, s/n. 3000-213 Coimbra, Portugal.

d CESAM - Centre for Environmental and Marine Studies

Pélo de Lisboa. Edificio C2. Campo Grande. 1749-016 Lisboa, Portugal.

¢ University of Lisbon, Faculty of Medicine, Portugal

Av. Professor Egas Moniz. 1649-028 Lisboa, Portugal

f University of Coimbra, Faculty of Medicine, Portugal

Rua Larga. 3004-504 Coimbra, Portugal

* Corresponding author e-mail address: pdario@dlinml.mj.pt (Paulo Dario).

Tel: +351 218 811 866; Fax: +351 218 864 493.

95



Chapter V

Eye color prediction model

Let Yi represent the response for subject i, i =1,..., n, with three levels, where n is

the sample size. It is assumed that the categories of this variable are coded 0
(reference value, which is the brown eyes), 1 (blue eyes) or 2 (intermediate color).
Thus, the outcome variable follows a Multinomial distribution. Let the conditional

probability of each outcome category, given the covariate vector for the i-th subject,
X;, be denoted by 7;(x)=P(Y,=j|X), j=0,1 2.The multinomial logistic
regression model relates a transformation of the outcome (eye color) to a linear
combination of the predictors. The transformation is referred to as the logit link

function. In this context, two logit functions are supplied because there is the need to

compare each category to the baseline, that is,

g;(x)=In M =BpX; +-ot BiX, 1=12, (1)
: 75 (%) : :

7 (%)

where the quotient represents the odds of having blue eyes, or intermediate

o\ X
eye color respectively for j=1, 2, relative to brown eyes; the predictor X, is the
number of minor alleles of the k -th SNP, for the i-th subject, with the respective

regression coefficient denoted by f,k=1...,9,i=1...,n.

Solving Eq. 1 for the probabilities ﬂj(Xi), jzl, 2, the conditional probability of each

outcome category takes the form,

1

1+ eXp[Zgl BuXe j + exp(zg:ﬂZkai J

7o (%) = P(Yi =0] Xi)z

eXp(Zgl B inj
1+exp (iﬂlk Xyi ] +EXp (Z BoicXi J

9
k=1

7 (%) = P(Y| =1| Xi):
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exp[Zgl/%kaij
1+ exp[iﬂlk X j + exP[iﬂszki J |

7y (%) = P(Yi =2 Xi):

k=1

Skin color prediction model
Let Yi represent the response for subject i, i =1, ..., n, with two levels. The

categories of this variable are coded 0 (reference value: white skin) or 1 (dark brown

skin). Thus, the outcome variable follows a Bernoulli distribution. Let

7(x)=P(Y;=1]x),i=1...,n, represent the conditional probability that the outcome

takes the value one, given the covariate vector for the i-th subject, X,. In the same

way as modeling eye color, the logit link function is used to describe the linear

relationship between the outcome (skin color) and the predictors:

P(Y,=1]x,)

Q(Xi)=|n(—P(Yi:0|Xi)

J=ﬂo+ﬂ1xﬁ+...+ﬂ9xgi, i=1..n (@2

where ﬁo is the constant term. The remaining parameters have similar meanings to

those described for the eye color prediction model. The same is true for the

explanatory variables (see Eq. 1).
Solving equation (2) for the probability 7(X.), the conditional probability of dark

brown skin is then given by

z(x)=P(Y,=1|x)= with x, =1, i=1,...,n.
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Table S2 - SNP markers used in the IrisPlex plus skin color prediction assay, including multiplex genotyping details

SNP-1D

rs12913832

rs1800407

rs12896399

rs16891982

rs1393350

1512203592

rs1129038

152424984

151426654

Chr position

15-26039213

15-25903913

14-91843416

5-33987450

11-88650694

6-341321

15-26030454

20-32314036

15-46213776

Gene

HERC2

OCA2

SLC24A4

SLC45A2
(MATP)

TYR

IRF4

HERC2

ASIP

SLC24AS5

PCR
product
(bp)

87

127

104

128

80

53

Forward PCR primer (5'-3') and
Reverse PCR primer (5'-3")

TGGCTCTCTGTGTCTGATCC
GGCCCCTGATGATGATAGC
TCGAAAGGCTGCCTCTGTTCT
CGATGAGACAGAGCATGATGA
CTGGCGATCCAATTCTTTGT
CTTAGCCCTGGGTCTTGATG
TCCAAGTTGTGCTAGACCAGA
CGAAAGAGGAGTCGAGGTTG
TTCCTCAGTCCCTTCTCTGC
GGGAAGGTGAATGATAACACG
ACAGGGCAGCTGATCTCTIC

GCTAAACCTGGCACCAAAAG
GACGATTCAGATAACGAGGATGTC
ACACCAGGCAGCCTACAGTCTA
CACTTAGGTCGAGGGACCAG
AGCCAGGCACTGATAGCAAC
TTCAGCCCTTGGATTGTCTC
CCGCTGCCATGAAAGTTG

Each
primer
concent

ration

(mM)

0.416

0.416

0.416

0.416

0.416

0.416

0416

0.416

0.416

SBE primers

teeeteeteeettteettettttt GCGTGCAGAAC-
TTGACA
titttGCATACCGGCTCTCCC

teeetteteetttteeteeteeeteettta TCTTTAGG-
TCAGTATATTTTGGG
tetttttttt AAACACGGAGTTGATGCA

ueutttntititaTTTGTAAAAGA-
CCACACAGATTT

teeeeeeteectttta '’ I'TGGTGGGTAAAAGA
AGG

tettteeteeetteeeteeteeeteeettettttttt ACAG-
TCTACACAGCAGCGAG
tttttetteettttettteterettetttttt e GG G-
ACCAGGCCCCACAAGAG
tttteetecettttteet et teceetettecteettetaT-
GTCTCAGGATGTTGCAGGC

Primer
length
no tail

(bp)

(]
(%3

19

20

20

20

Total
primer
length

(bp)

41

29

47

60

64

Alleles
detected

T/C

T/C

¢

Primer

direction

Reverse

Forward

Forward

Forward

Reverse

Forward

Reverse

Forward

Forward

Concent
ration
(mM)

0.2

0.2

0.3

0.6

0.1

0.6

0.4

0.1
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Lessons from the Museum

Forensic phenotyping of a mummified body — genetics

contribution to a glimpse from the past

Abstract

The museum of the South Branch of the Portuguese National Institute of Legal Medicine
and Forensic Sciences holds a mummified corpse of a female individual in its collection, of
which very little is known. In order to collect more information about the individual to
whom this remains belong, a DNA investigation was initiated. A muscle fragment from the
knee joint region was collected and DNA was extracted using QlAamp DNA Mini Kit and
guantified with Quantifiler® Duo. We analyzed phenotypic IrisPlex SNP Joci for
determination of iris color rs12913832 (HERC2), rs1800407 (OCA2), rs12896399
(SLC24A4), rs16891982 (SLC45A2), rs1393350 (TYR) and rs12203592 (IRF4) along with
three other loci rs1129038 (HERC2), rs2424984 (ASIP) and rs1426654 (SLC24A5) also
involved in skin color determination. Based on obtained results, it was found that the
deceased remains belonged to an individual that probably had brown eyes and white skin.
In this work it was found that it is possible to obtain information about the phenotype of
a given sample donor, even if the sample is relatively old and eventually degraded.
Although the presented results have more historical and scientific interest than a forensic
one, this study aims to illustrate that phenotypic markers may serve not only as a tool in
criminal investigation but also as an instrument in the anthropology field. Concluding,
phenotypic markers may provide additional information when is necessary to study

cadaveric remains of forensic or historical interest.

Keywords: Phenotypic investigation; Ancient DNA; Archeo-anthropology.
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Introduction

The South Branch of the Portuguese National Institute of Legal Medicine and Forensic
Sciences (INMLCF) possesses a museological collection under study, from which a part is
patent in a small museum space open to medical students, researchers, academics and to
the publicin general upon request. This collection possesses, for example, one of the more
impressive collection of preserved tattoos from last century 10’s to 40’s or a collection of
busts of individuals who died from asphyxiation, most of them by hanging. However some
of the specimens of the collection are not cataloged and their provenience is not well
known and, in the recent years, there has been an attempt to restore information about
these pieces.

One of the most interesting pieces is a complete female mummified body that very few is
known about it except that would be from last century 30’s or 40’s. Because of this, many
stories have come out during the years... some connected to the intense spy activity that
occurred during the WWII or the years that preceded it. One of the most interesting
stories was that this was the body of a German spy that deceased in a hotel room without
no one noticing it... or not wanting to notice it, during a long period, long enough to
provide the conditions for the mummification of the cadaver. However this was only a
forensic “urban myth” and the truth remained undiscovered.

SNP phenotypic markers are being studied for loci such as the ones responsible for human
eye, hair and skin color leading to the development of phenotype informative SNP
multiplexes [1-3], which some have been tested in different populations such as the
Slovenian [4] or the U.S. population [5] but also in the Portuguese one [6]. These may
provide information for identification of phenotypic traits from samples of unknown
donors found in criminal casework where there are no suspects [2,7,8] or in the
identification of missing persons or human skeletal remains [9,10]. This kind of
information may be even more relevant when the sample donor possesses phenotypic
characteristics which distinguish him from the population in which he is inserted.

In this work, a DNA sample from a mummified corpse with historical and scientific interest
was studied in order to discover more information about the person which this corps
belonged to. In this investigation an IrisPlex [1] based multiplex designed for eye and skin

color prediction, which was previously applied to study Portuguese population [10] was
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used in order to infer about the eye and skin color of the mummified corpse. This study
demonstrates how these methodologies of phenotypic investigation may be useful, not
only in forensic investigation but also in similar areas of science such as in archeo-

anthropology.

Specimen description

At the observation of the mummy it was observed that the specimen consisted of a
complete human individual body, presumably a female. It was in a dry, odorless state and
presented a pale yellow-brownish-grey color (Fig. 1). The tissue and skin were very
dehydrated and hard and the left lower part of the leg was separated from the rest of the
body at the knee joint articulation due to this rigidity but in the overall the specimen was

in a well-preserved condition and presented no apparent injuries.

Fig. 1 - Photographic overview of the specimen. A) Lateral view of the mummified body. B) Aerial
ventral view of the mummified body. The left lower part of the leg separation at the knee joint

articulation can be better visible at this angle.
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At specimen observation a small folded paper was discovered between the 3™ and 4t
fingers from the left hand. The paper was also very dehydrated and was presumably put
in the location right after individuals’ obit. This paper appeared to be an identification
card from Miguel Bombarda Mental Hospital, an old Mental Hospital Located in Lisbon,

and to be dated from the 30’s (Fig. 2).

Fig. 2 - Miguel Bombarda Mental Hospital card discovered between the 3rd and 4th fingers from

the left hand. Presumably this was put in place after individuals’ obit.

Genetic and phenotypic analysis

For genetic analysis, taking part of the previous leg separation and with the objective of
maintaining body preservation, a muscle fragment from the inner part of the knee joint
region was collected from the mummified corpse (Figs. 1B and 3).

The DNA from this tissue was extracted using QlAamp DNA Mini kit (Qiagen) and
guantified with Quantifiler® Duo in Applied Biosystems 7500 Real-Time PCR System. SNPs
were genotyped with a multiplex that combines IrisPlex loci [1] (HERC2 rs12913832, OCA2
rs1800407, SLC24A4 rs12896399, SLC45A2 rs16891982, TYR rs1393350, and IRF4
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rs12203592) along with three other loci for determination of skin color (HERC2 rs1129038,
ASIP rs2424984 and SLC24A5 rs1426654) and that was previously studied in Portuguese
population [6]. PCR amplification was done in Applied Biosystems GeneAmp® PCR System
9700 thermocycler and subsequent capillary electrophoresis and analysis performed in
Applied Biosystems 3130 system. Eye color estimation was based on the model of Liu et

al. [12].

7

Fig. 3 — Collection of soft tissue sample from the inner part of the knee joint for genetic analysis.

This procedure was made taking part of the previous leg separation to maintain piece integrity.

Results and Discussion

Based on information found on the corpse, the Miguel Bombarda Mental Hospital card
discovered between the 3rd and 4th fingers from the left hand, it is believed that this
individual was deceased in the years 30-40 of the last century. This is consistent with the
corpse being from a pre or even beginning of World War |l period in that, according to
documents of that time, the Institute of Legal Medicine of Lisbon (now the South Branch

of the National Institute) was taking procedures for the acquisition of mortuary cold
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chambers and ending some parts of the building that only finished in the end of the 30’s.
This can explain that in such period, a troubled and difficult period in Europe and in
Portugal, a corpse coming from a mental hospital could be left in such conditions that

could lead to its mummification without no one reclaiming the body.

Based on the phenotyping profile obtained from the mummy's sample
(Electrophoretogram (EPG) presented in Fig. 4 - 1G/A, 2C, 3G/T, 4G, 5G, 6C, 7C, 8C/T, 9A),
and based on Liu et al. model for IrisPlex system (loci 1 to 6) [12], it was estimated that
the individual would have a 71% probability of having brown eyes (Table 1). This model

used for this estimate has an accuracy of 92.5% for the class of brown eyes.
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Fig. 4 — Phenotyping EPG of mummy's sample.

Using for comparison a female individual with the same IrisPlex profile as the one
genotyped on the mummy’s sample (Fig. 5, with estimation probabilities indicated in
Table 1), we perceive that the mummified individual may have had brown eyes similar to

the ones found on that women (Fig. 6).
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Fig. 5 — Phenotyping EPG of female individual presenting same IrisPlex phenotype than

mummy's sample (first 6 loci).

Table 1 — Probabilities for eye color of the referred individuals. Mummified corpse and the

female individual used for exemplification.

P.
P. blue intermediate P. brown
Mummified corpse (?) 15% 14 % 71%
Female sample (?) 15% 14 % 71%
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Fig. 6 — Eyes from female individual having same IrisPlex phenotype than mummy's sample.

This sample belongs to the female with the most similar phenotype for all loci found in a
recent study for the Portuguese population, differing in rs1129038 for having C/T instead
of homozygous C and in rs2424984 for having homozygous T instead of C/T. This female

had white skin, as presented in Fig. 7.

i

Fig. 7 — Skin color from female individual having the more similar genotype to the one obtained

from mummy's sample.

However, in this same study it was found an individual having a phenotype even more
similar to the one found in mummy's sample, differing only in rs1129038 for having C/T
instead of homozygous C (Fig. 8). This was a male individual whose eyes and skin color are

presented in Fig. 9.
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Fig. 8- Phenotyping EPG of the individual having the more similar phenotype to the one found

in than mummy's sample (first 6 loci).

Fig. 9 — Eye (A) and skin (B) color from male individual having the more similar genotype to the

one obtained from mummy's sample.

As can be seen in the image from the eye of the male individual having the same IrisPlex
loci, this presents an intermediate phenotype of green/brown eye color that can be
considered as belonging to the not blue and not brown eye color category. This difference

in the color of the eyes of the male individual can be explained by the effect found by
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Martinez-Cadenas et al. for IrisPlex, of the bias of males tending to have lighter eye colors
than females [13] what leads to consider that the eyes of the female individual as more
prone to being representative of the mummy’s eyes instead of the eyes of the male
individual.

These results indicate that the female individual to which the mummified corpse belonged
to should have had brown eyes and white skin, probably whiter as the individuals

compared in this study... probably not a German spy or at least probably not German.

Conclusions

Genetic and phenotypic information about a mummified individual was obtained,
presumably a corpse from years 1930-1940. From the sample, which was relatively old
and that was in an altered state - mummification, was possible to infer about their eye
and skin colors. Although the presented results have more historical and scientific interest
than a forensic one, this study aims to illustrate that phenotypic markers may serve not
only as a tool in criminal investigation but also as an instrument in the anthropology field.
Concluding, phenotypic markers may provide additional information for the study of
cadaveric remains of forensic or historical interest when necessary. This demonstrates the

increasing importance of genetics in the study of anthropology or archeo-antropology.
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General Discussion

This chapter presents an integrative discussion of the results obtained in the papers that

compose Chapters Il to V of this thesis.

SNPs are important tools in several areas of biomedical sciences and are gaining a
prominent role in forensic genetics. In forensics, these genetic markers besides providing
genetic information that can be used for (i) individual identification or for the (ii)
investigation of familial lineages similarly to the current STR /oci used in routine
investigation they can provide information about the (iii) ancestry and admixture of an
individual or even about its (iv) physical traits such as eye color or skin color when nothing
else is known except for the fact that the individual left behind a sample on a specific place
that is under investigation. Because of these characteristics these markers can be

classified as (i) lISNPs, (ii) LISNPs, (iii) AISNPs and (iv) PISNPs.

Nevertheless, despite the intense study on the use of SNPs for forensic identification, as
exemplified by the creation of the SNPforID consortium, STRs should continue to be the
most used genetic markers in forensic genetics, given that they have high polymorphism,
which makes them very useful for the analysis of mixtures, but mainly because the data
obtained by analysis of SNPs cannot be compared with genetic profiles of STRs which are

the basis of the existing forensic DNA databases.

However, even if the profile analysis of SNPs is unlikely to play the main role in forensics
in the future it will certainly have an important part. Compared to STRs, SNPs are much
more abundant in the human genome and although having a smaller number of alleles
because they are normally biallelic systems, the combination of being abundant and
biallelic allows for these to be investigated with a higher degree of automation and a more
standardized and facilitated analysis. Thus, the reduced number of alleles is
counterbalanced by examining a larger number of loci that, on the whole, ends up having
a power of analysis equals to or higher than the ones obtained through the study of a
relatively small number of STRs. This can be particularly important if we consider that
SNPs can be analyzed through a great number of techniques such as through the use of

big PCR multiplexes analyzed by capillary electrophoresis, by massive analysis techniques
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such as MALDI-TOF or as DNA microarrays but especially by the recent methods of MPS
systems. However, the more important is that SNPs can be used for niche applications for
which the STRs are unsuitable like the analysis of heavily degraded samples, for

phenotyping or even for the determination of ancestry and admixture.

Now it’s time to discuss the results obtained during this PhD thesis and this is done

analyzing the three types of SNPs studied in this project: ISNPs, LISNPs and PISNPs.

lISNPs

IISNP markers can be considered as important tools for analyzing highly degraded forensic
samples, and for increasing the power of both kinship analyses and the identification of
human remains where family reconstructions for missing and unidentified persons are
required. They can also be particularly useful for providing additional investigative
information in cases where there are no suspect(s) and/or no STR matches in the DNA
databases. Forensic genetics applies principles of population genetics to validate its
methodologies. Samples have to be considered within the context of the population from
which the sample’s donor(s) belong to. In this way, it is necessary for forensic laboratories
to have access to data regarding the population in question, or to study those populations

themselves in order to better evaluate the forensic samples from any given case.

Initially, one of the aims of this PhD project was to develop, optimize and implement a
small IISNPs multiplex based on SNPforlD 52-plex for use on more complex cases but that
could also be used in parentage testing in cases related to South Portuguese population
and immigrant populations residing in this area. This way and using SNPforlD browser
(Amigo et al., 2008), two 10-plex were designed to analyze a total of 20 SNPs selected
from the SNPforlD 52-plex (Sanchez et al., 2006), choosing the most polymorphic /oci in
the nearby populations but also taking care to ensure that chosen loci were also
polymorphic in African ones, due to its possible application to some of the most
representative immigrant populations resident in Portugal due to historical reasons,

namely Cape-Verde, Angola and Guinea-Bissau.
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This multiplex was internally validated for forensic use (Dario et al., 2012) following the
SWGDAM guidelines (Scientific Working Group on DNA analysis methods, revised
validation guidelines, 2004) and the results of this validation confirmed that the assay
presented correct genotypes of known and non-probative evidence samples, with good
reproducibility and match criteria, although sometimes with the quality being affected by
room temperature, probably due to the small SNP amplicons. This small multiplex
revealed to be human specific; with no cross contamination just as current procedures for

STR analysis when strictly followed.

This application of this 20-plex was evaluated as a complement to standard STR
methodologies in paternal testing (Dario et al., 2009b), in kinship casework (Dario et al.,
2011b) and on familial complex casework analysis (Dario et al., 2011a). Results obtained
with SNP methodology were consistent with STR ones, except for one paternity case
where the alleged father could not be excluded, probably due to the small number of SNP
loci analyzed. Nevertheless, a similar situation like this has also been referred in the past
for STRs which are much more polymorphic than SNPs (Gonzdlez-Andrade et al., 2009).
However, when these 20 SNPs were analyzed together with one standard commercial STR
kit, likelihood ratios obtained were always equivalent or higher than those obtained with

a combination of two overlapping commercial STR kits.

These studies demonstrated the effectiveness of these 20 IISNPs multiplex in familial
testing, from paternal testing to complex casework analysis. Besides being a very fast
technique, which enables a better and a quick response from the Forensic Laboratory, this
20 SNPs methodology is relatively simple and economical and can be easily used in the
resolution of this kind of casework. This also demonstrated to be a very sensitive method
and, although providing a relatively low PE, demonstrated to be very informative specially

when analyzed together with routine standard STR /oci.

Later on, and related to the necessity of studying a greater number of SNPs it became
aware that would be important to expand the aim of this PhD thesis to the study of the

complete SNPforlD multiplex. This way, the 52-plex population and forensic parameters
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of the population of the South of Portugal and also from a Guinea-Bissauan immigrant
population resident in this area were evaluated (Dario et al., 2017). The results obtained
were in line with others reported on similar studies, performed on different populations
previously studied with this multiplex, namely: the Northwest region of Spain and
Northern Portugal when compared to the South of Portugal, and Senegal when compared

to the studied Guinea-Bissauan population.

Besides the population and forensic evaluation of the SNPforlD 52-plex in the South of
Portugal population, this thesis had the objective of studying the suitability of the
application of this multiplex to complement the standard STRs methodologies in the
analysis of real case samples consisting of degraded bone, teeth and also other different
challenging samples related to criminal and individual identification casework. Taking this
in consideration, in 2015 (Dario et al., 2015b) it was compared the amplification success
of 53 casework challenging samples using the 52-plex and the Identifiler® Plus® kit and it
was obtained a mean amplification success rate of 73% for the 52-plex and of 43% for the
Identifiler®. More, in 16 out of 36 samples in which profiles were not obtained with STR
analysis or in which these were poor it was possible to obtain a complete or almost

complete SNPs profile.

These studies provided the population and forensic data necessary for forensic scientists
to apply the SNPforlD 52-plex in criminal and identification cases occurring in the area of
the South of Portugal and demonstrated its utility as a complement or as an alternative

to STR typing in challenging samples analysis where STR amplification fails.

LISNPs

Often there is the necessity of using mtDNA analysis in forensic examinations, especially
in criminal investigations. This is particularly true when the only evidence found consists
on hair shafts or telogenic hairs, often subjected to harsh environments, because in these
cases it is very difficult to recover DNA. However there is an exception, which is mtDNA.

Still, mtDNA analysis is a time consuming and expensive technique that cannot be used to
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identify a sample donor. This serves to merely verify if an individual presents the same
haplotype found on a sample, making it possible for him or her to be the sample donor,
or if it present a different haplotype what excludes him or her from being the one

responsible for leaving that sample.

For mtDNA analysis, DNA is sequenced in the hypervariable regions in order to uncover
variations relatively to a consensus mitochondrial sequence named rCRS or revised
Cambridge Reference Sequence. After sequencing these regions, it is necessary to identify
which base pairs may present variants relatively to the consensus region what can range
from nil to more than a dozen alterations. However, due to human population evolution
some of these variations were established in an earlier time and others were acquired
more recently, but more important they were established during times of human
migration establishing lineages characteristic of different populations. This way some of
these variations that are more linked to the population from which the individual is
related to form the haplogroups and the other variations that are more related to
maternal lineage are defined as haplotypes, resembling the hours and minutes pointers
from a clock of human evolution. Yet, being this a difficult technique and with the quantity
of samples that can enter a forensic lab in just a single criminal case, becomes important
to have a technique which can be used to firstly identify which samples can present a
particular haplogroup and then evaluate the best strategy for sequencing and analyzing

the evidence samples brought to the forensic laboratory.

With that purpose in mind and based on previously mtDNA SNP studies developed by
other authors, a 10-Plex mitochondrial SNP for haplogroup typing was published by Dario
and coworkers (Dario et al., 2009a) that could be applied to the study of the most common
populations in our laboratory circumscription and applied to our forensic casework. Hair
shafts from three forensic cases with different ethnic backgrounds were studied by
mtDNA sequencing and compared with mitochondrial SNPs analysis using those 10

LISNPs.

The analysis of these cases demonstrated that mtDNA LISNPs typing analysis prior to

mtDNA sequencing can allow for a rapid screening in forensic casework. This technique
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also has the additional advantage of providing results when mtDNA sequencing fails. This
10 SNP Joci multiplex provides a less expensive and rather simpler method for
mitochondrial typing compared to control region mtDNA sequencing, especially when

used as a fast screening method.

PISNPs

Relatively to PISNPs its use may be very important in the near future for the discovery of
the truth in forensic cases, through the estimation of EVCs. This strategy could serve as
intelligence to the police forces in a manner similar to the visual determination, which is
still the basis for eyewitness testimonies used in the field of criminal investigation. PISNPs
based EVC prediction could serve to corroborate eyewitness testimonies and to inform
investigators when eyewitnesses do not exist.

Nevertheless, EVCs such as eye and skin color are difficult to classify due to the small
difference between adjacent categories and are difficult to investigate due to their
multigenic nature that is frequently subjected to the influence of environment. Good
examples of PISNPs based EVC prediction investigation were the development of IrisPlex
and later of HirisPlex which can be used to infer about the characteristics of a sample
donor: eye and eye / hair color, respectively. Nevertheless, these multiplexes are
subjected to some variations when used on different populations besides the ones
originally used for its development and need to be studied / validated in the pretended
populations in order to be used on them (Kastelic et al., 2013; Yun et al., 2014; Dembinski

and Picard, 2014).

During this PhD thesis work and taking in consideration that the genes involved in eye
color determination are also involved in other “color” characteristics, such as hair color
(Sulem et al., 2007), a multiplex was developed for eye and skin color determination
through the optimization of IrisPlex supplementing this assay with three additional SNPs.
This strategy was used to obtain a simultaneous test for the determination of both eye
and skin color EVCs and at the same time validate its use in Portuguese population (Dario

et al., 2015a).
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In this study, solid results were obtained for the prediction of eye color in the Portuguese
population. This trait is the result of a relatively small number of genes and with little
influence of environment but very informative about the appearance of an individual.
Using a multinomial logistic regression model, prediction accuracies for eye color
determination of 60% and 90% were obtained at the 0.5 threshold for blue and brown eye
colors, respectively which is similar to the results obtained by Walsh and coworkers
(Walsh et al., 2011), although these authors applied a 0.7 threshold. More, the AUCs also
performed similarly: 0.94, 0.84, and 0.87 (0.5 threshold) compared with 0.97, 0.84, and
0.95 (0.7 threshold) for blue, intermediate, and brown, suggesting that the ability of the
estimated model to make accurate predictions is only slightly reduced when using the 0.5
threshold. Another important factor is that for the data sets under consideration, TYR
rs1393350 and IRF4 rs12203592 do not seemed to play such an important role in the
differentiation of brown and intermediate eye color as suggested by Walsh and coworkers
(Walsh et al., 2011) because they were not statistically significant. This conclusion may
reflect the existence of some admixing just as reported by Dembinski and Picard for a US
population (Dembinski and Picard, 2014). On the other hand, this could also be a
consequence of using a smaller sample size than Walsh and coworkers (Walsh et al., 2011)
but that is in line with similar studies presented by other authors. Nevertheless, the AUCs
clearly confirm that the estimated model is well fitted to the Portuguese population, a
conclusion that is verified by a correct eye color prediction rate of 72%, with 17%
inconclusive and only 11% incorrect. Additionally, the results from cross-validation have
also showed that the model developed in this thesis is very accurate in predicting eye
color for future observations. More precisely, the AUCs based on the cross-validation

methodology were similar.

Concerning skin color prediction, the modeling procedure began with multinomial logistic
regression so as to conduct a similar analysis to eye color. The estimated model did not
give accurate results. The reason for this is that Portugal is the most southwestern region
of Europe, and as a result, it is difficult to encounter individuals of the types | and Il

Fitzpatrick phototype that are much more commonplace in northern Europe. For the
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sample under analysis, the number of individuals who belonged to those two categories
was significantly reduced. Consequently, in order to satisfactorily carry out the statistical
analysis, these individuals were amalgamated into the same category as types Ill and IV
Fitzpatrick phototypes. This category mainly corresponds to Mediterranean individuals.
Unfortunately, this procedure prevented predictions between phototypes of classes I/II,
[1I/1V, and V/VI as was initially desired in the design of the experimental work of this thesis.
However, it was possible to differentiate between class V/VI (dark brown skin) and the
two others (white skins). If a larger sample was used, the multinomial logistic regression
model would lead to more accurate results. In this case, it would be possible to develop a
model to predict all skin types. Despite that, the statistical analysis was done with a
binomial logistic regression model and led to a prediction accuracy of 93% to differentiate
between Fitzpatrick phototypes classes V-VI (dark brown skin) and the Fitzpatrick
phototypes classes |-V (white skins). The AUC value was 0.99, which gives an excellent
discrimination between whiter and darker skin colors. This model proved its value with a
95% correct prediction, which can be considered a very good estimation proving to be

highly adequate for predicting skin color for future individuals.

The genetic information about the phenotypic characteristics of a mummified individual
present in the museum space of the INMLCF was also obtained during this investigation
about the genetic information necessary for phenotyping the eye and skin color in
individuals from the Portuguese population. This mummy is presumably a corpse from
years 1930-1940, and from a sample tissue taken from this piece was possible to infer
about the eyes and skin colors of that individual (Dario et al., in preparation). Phenotypic
markers may provide additional information for the study of cadaveric remains of forensic
or historical interest as demonstrated in this study as also by other authors (Bouakaze et
al., 2009; Draus-Barini et al., 2013). This study illustrated that these may serve as a tool in
criminal investigation and in connected fields such as anthropology or archeo-

antropology.
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Conclusions

At the end of this PhD thesis it is possible to conclude that:

A small lISNPs multiplex, like the 20-plex investigated in this thesis, can be
used with success in familial testing, from paternal testing to complex
casework analysis. Besides being a rapid technique this type of methodology

is relatively simple but effective.

In criminal and identification casework more IISNP /oci need to be analyzed
in order to provide insight on forensic casework where STR analysis fails.
This PhD thesis work provided the SNPforlD 52-plex population and forensic
data and demonstrated its utility in challenging samples in order to this

methodology can be applied to South Portuguese population casuistic.

In mtDNA analysis, LISNP typing before mtDNA control region sequencing
provides a simple and economical method that can be used as a fast

screening method.

PISNPs can provide valuable information about phenotypic traits of a
sample donor. During this PhD thesis work, a phenotypic multiplex was
developed based on IrisPlex in order to predict not only the eye color but
also the skin color of a sample donor. This multiplex proved to be useful to
accurately predict eye and skin color of a Portuguese individual trough the

analysis of a sample.
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Conclusions

The PISNP multiplex developed during this thesis demonstrated its
sensitivity through the positive analysis of a much degraded sample of
muscle of a mummified individual what evidenced that this type of analysis

can also be used in areas such as archeo-anthropology.
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Perspectives

A set of technologies that allows for the identification of individuals have emerged and
will continue to emerge. These tools enable the forensic geneticist to inform the society,
particularly the judicial institutions and police investigations, with a growing build of

information that assists such bodies in the search for truth and justice.

It is possible to say that for sure SNPs analysis is a tool that will play a major role in forensic
investigation, especially in casework related to criminal and identification analysis. This is
true because, in addition to these markers allowing for the identification of an individual,
particularly when severely degraded samples are involved and STR analysis fails, they can
also be used for the discovery of information that STR analysis cannot uncover like the
discovery of the physical characteristics of the sample donor. Thus, the analysis of these
genetic markers may be of great importance for forensic investigation in the upcoming

years.

Thus, considering both the improvement of the scientific and technological methods but
also the advancement of society itself to embrace these, it is possible to anticipate that in
the future, with the demystification of the idea of these technologies as being unethical
and with the demonstration that these can help society in the resolution of more
situations, more quickly and with greater certainty, the analysis of SNPs will be used in a
greater number of cases. This is evidenced by the increasing number of studies conducted
in recent years about the use of SNPs, also demonstrated by the complexity of those and

the growing numbers of samples used in those studies.

Certainly, more studies will be needed before SNPs can achieve this major role in forensics
discussed above but, with the development of new phenotypic methodologies with more
loci giving more accurate information and evidence about other human traits, probably
with application of the more recent methodologies, this will permit to establish more
informative “intelligence” tools that will certainly be used in a routine basis by forensic

laboratories around the world.
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