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GENOMA MITOCONDRIAL: CONTRIBUTO PARA O ESTUDO DE MARCADORES
GENETICOS COM INTERESSE MEDICO-LEGAL, FORENSE E POPULACIONAL
EM IMIGRANTES ORIUNDOS DE PAISES AFRICANOS INTEGRADOS NA
POPULAGAO DE LISBOA

Palavras chave Genoma mitocondrial, populagao de Lisboa, imigrantes africanos

Resumo

Comparativamente ao DNA nuclear, do qual possuimos somente duas representagdes
por célula, uma das carateristicas do DNA mitocondrial, de grande utilidade na &rea
médico-legal e forense, consiste no facto de possuirmos cerca de 500 a 2000 copias de
DNA mitocondrial por célula. O comprimento do DNA mitocondrial, 100 000 vezes
inferior a0 DNA nuclear, e a sua forma circular também |he conferem uma menor
probabilidade de degradacéo em relagdo ao DNA nuclear. Outras carateristicas como o
facto de ser herdado somente por via materna e de apresentar reduzidas taxas de
heteroplasmia e de mutagéo tornam este genoma de grande utilidade quando vérias
geracdes separam os investigados dos seus familiares vivos. No entanto, a robustez da
utilizagdo do DNA mitocondrial no ambito de investigagdes médico-legais e forenses
estd em muito dependente da existéncia de bases de dados de DNA mitocondrial ou de
ferramentas equiparadas que permitam uma estimativa sobre a frequéncia de
determinada sequéncia numa populag&o e a sua possivel distribui¢do geografica.

Nas Ultimas décadas o numero de imigrantes em Portugal aumentou
consideravelmente. No final de 2014, o nimero de imigrantes a residir em Portugal
ultrapassou os 400 000 individuos, entre os quais cerca de 80 000 oriundos de paises
africanos de lingua oficial Portuguesa - PALOP -. Deparamo-nos, portanto, em Portugal
e muito particularmente na regi@o de Lisboa com uma realidade populacional diferente
da existente anteriormente a este fluxo de imigrantes. Além desta nova realidade
populacional, os estudos que versam sobre toda a regido controlo do DNA mitocondrial
de individuos, grupos ou populagdes de Portugal, ou ai residentes, sdo em numero
muito reduzido.

Sequenciamos, com o método de Sanger, toda a regido controlo do DNA mitocondrial
de amostras de sangue de 439 imigrantes com residéncia oficial na regio de Lishoa e
com naturalidade e nacionalidade em PALOP, designadamente Angola, Cabo Verde,
Guiné-Bissau e Mogambique.

Obtivemos sequéncias de DNA mitocondrial com cerca de 1 122 pares de bases de
todos os 439 imigrantes estudados. Nao contrariando a generalidade dos estudos
anteriores, nos 439 individuos que estudamos ndo identificamos heteroplasmia de
posicdo em nenhum caso. Os imigrantes estudados encontram-se distribuidos pelos
haplogrupos LO, L1, L2, L3, L4, L5, M, R, J, T, H, K, U e X. Globalmente, as
carateristicas observadas nos imigrantes PALOP foram amplamente coincidentes e n&o
apresentaram  contradicbes relativamente as  carateristicas  descritas  nas
correspondentes populagdes de origem - populagdes da regido de Africa subsariana -.

A qualidade das sequéncias obtidas no nosso estudo e o interesse populacional dos
grupos estudados determinaram a sua aceitagdo para insercdo na EMPOP sendo,
atualmente, possivel a toda a comunidade cientifica a nivel internacional aceder as
sequéncias de DNA mitocondrial dos imigrantes de Cabo Verde (EMP00616), Angola
(EMP00662), Mocambique (EMP00681) e Guiné-Bissau (EMP00704) em
www.empop.org. Esta base de dados genéticos internacional ndo tinha, até entdo,
nenhum individuo de Cabo Verde nem de Mogambique com a caraterizagdo de toda a
regido controlo do seu DNA mitocondrial.
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MITOCHONDRIAL GENOME: AN APPROACH TO THE STUDY OF GENETIC
MARKERS WITH MEDICO-LEGAL, FORENSIC AND POPULATION INTEREST IN

IMMIGRANTS FROM AFRICAN COUNTRIES LIVING IN LISBOA

mitochondrial genome, Lisbon population, african imigrants

Compared to nuclear DNA, of which we have only two copies per cell, one of the
characteristics of mitochondrial DNA, which is very useful in medical-legal and forensic area, is
that we have about 500 to 2000 copies of mitochondrial DNA per cell. The length of
mitochondrial DNA, 100 000 times less than nuclear DNA, and its circular shape also give it a
lower probability of degradation in comparison to nuclear DNA. Other characteristics such as
maternal inheritance, low rates of heteroplasmy and mutation, make this genome very useful
when several generations separate the victims from their live offspring. However, the
robustness of mitochondrial DNA utilization in medical-legal and forensic investigations is
highly dependent on the existence of mitochondrial DNA databases or similar tools that allow
an estimation of the frequency of a given sequence in a population and his possible
geographical distribution.

In the last decades the number of immigrants in Portugal has increased considerably. By the
end of 2014, the number of immigrants living in Portugal exceeded 400 000, including about
80 000 immigrants from Portuguese-speaking African countries (PALOP). We are therefore in
Portugal and particularly in Lisbon region with a different population reality. In addition to this
new population reality, studies that deal with the entire mitochondrial DNA control region of
individuals, groups or populations of Portugal, or resident there, are very few.

We sequenced the entire mitochondrial DNA control region of blood samples of 439
immigrants officially living Lisbon region and with naturainess and nationality in PALOP,
namely Angola, Cape Verde, Guinea-Bissau and Mozambique.

We obtained mitochondrial DNA sequences with about 1 122 base pairs from all 439 studied
immigrants. In line with the generality of previous studies, in the 439 studied individuals we did
not identify point heteroplasmy in any case. The studied immigrants are distributed by the
haplogroups L0, L1, L3, L4, L5, M, R, J, T, H, K, U and X. Globally, the characteristics
observed in PALOP immigrants were largely coincident and not presented contradictions in
relation to the characteristics described in the corresponding populations of origin -
populations of the sub - Saharan Africa region.

The quality of the sequences obtained in our study and the population interest of the studied
groups determined their acceptance for EMPOP insertion, and it is now possible for the entire
international scientific community to access the mitochondrial DNA sequences of Cape
Verdean immigrants (EMP00616), Angola (EMP00662), Mozambique (EMP00681) and
Guinea-Bissau (EMP00704) at www.empop.org. This international genetic database did not,
until then, have any individuals from Cape Verde or Mozambique with the characterization of
the whole mitochondrial DNA control region.
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A teoria mais aceite atualmente relativamente a origem do
homem moderno é a que corresponde a hipdtese Out of
Africa, na qual se preconiza que o homem teve uma origem
africana, a partir da qual se terd dispersado para o resto do
mundo (Cann, Stoneking, & Wilson, 1987; Ingman,
Kaessmann, Paabo, & Gyllensten, 2000; Stringer, 2003).
Estima-se que o ancestral feminino comum terd surgido ha
aproximadamente 200 000 anos, em Africa, tendo divergido
para os restantes continentes, conforme representado na
figura 1, e transmitido a sequéncia de DNAmt a populacao
atual (Behar et al., 2008; Cann et al., 1987). Este antepassado
feminino é designado por Eva mitocondrial (Harrub, Ph, &

Thompson, 2010).

<8,000 YBP'

S20000y8P i

39,000~ HJTU,
51,000 YBP (SIS0

" 12,000~

15,000 YBP ~15,000YBP

~3,000 YBP

L2 =
130,000~ ‘/LO" 3

200,000 YBP i
y M42,
Q

48,000 YBP

Figura 1 - Mapa representativo da expans&o do Homem pelo mundo e respetiva distribuicao
geografica dos haplogrupos. Adaptado de Kivisild et al., 2015.

A evolucdo de uma dada populacdo é refletida nas suas
sequéncias do DNAmt, pela acumulacao de mutacdes, sendo
que o conjunto destas mutacdes definem haplétipos que,
por sua vez, se agrupam em haplogrupos (Pakendorf &
Stoneking, 2005). Os haplogrupos de DNAmMt podem, assim,
estar associados a determinadas regides geograficas e/ou a

grupos étnicos em particular.
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O conjunto das alteracbes observadas nos individuos é
organizado e utilizado para construir drvores filogenéticas
(Howell, Kubacka, & Mackey, 1996), sendo a Phylotree a
arvore filogenética mais utilizada atualmente (van Oven &
Kayser, 2008). Esta arvore contém polimorfismos quer da
regiao controlo quer da regido codificante do DNAmt, sendo
permanentemente atualizada. A base da arvore filogenética
engloba todos os haplogrupos carateristicos de populacdes
africanas, nomeadamente de regi6es de Africa subsariana,
no macrohaplogrupo L (Behar et al, 2008; Gonder,
Mortensen, Reed, De Sousa, & Tishkoff, 2007; Pakendorf &
Stoneking, 2005), que se ramifica nos haplogrupos Lo, L1, L2,
L3, L4, L5 e L6 (van Oven & Kayser, 2008). Foi a partir deste
macrohaplogrupo L, principalmente do haplogrupo L3, que
os restantes haplogrupos divergiram. Este haplogrupo L3,
dispersou para regides europeias e asiaticas, dando origem
aos macrohaplogrupos M e N, que caraterizam as linhagens
presentes nestas regides. O macrohaplogrupo N, tipico de
populacdes europeias, divergiu nos haplogrupos H, |, J, K, T,
U, V, W e X, que constituem aproximadamente 99% dos
haplogrupos desta regido (Behar et al., 2008; Budowle,
Allard, Wilson, & Chakraborty, 2003; Pakendorf & Stoneking,
2005). As sequéncias de DNAmt, carateristicas de regides
asidticas, englobam haplogrupos que pertencem tanto ao
macrohaplogrupo M como ao N (Toomas Kivisild, 2015).

O haplogrupo Lo é considerado como a primeira ramificacao
do DNAmt, que terd surgido ha cerca de 140/160 000 anos,
sendo a subestrutura mais primitiva observada em
comunidades das regi6es sul e este de Africa (Rosa & Brehm,
2011). A primeira classe a derivar do haplogrupo Lo, hd cerca

de 100 000 anos, terd sido a Lod que se restringe as
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populacbes Khoe-San, do sul de Africa, e as populacdes da
Tanzania e Angola (Antonio Salas et al., 2002).

O haplogrupo L1 terd surgido had aproximadamente 140/150
000 anos com origem no centro e ocidente do continente
africano (Atkinson, Gray, & Drummond, 2009; Gonder et al.,
2007; Toomas Kivisild et al., 2004; Schlebusch, Lombard, &
Soodyall, 2013), sendo observado em populacdes do oeste
de Africa (Fendt et al., 2012; Gonzalez et al., 2006; Rosa,
Brehm, Kivisild, Metspalu, & Villems, 2004) e muito
especialmente em populacdes Mandenka e Wolof do
Senegal (Rando et al., 1998). Encontra-se um pouco por toda
a costa ocidental de Africa, em paises como Mauritania,
Senegal, Serra Leoa e Gana (Behar et al., 2008; Fendt et al,,
2012; Gonzalez et al., 2006; Rando et al., 1998).

O haplogrupo L2 terd surgido ha cerca de 90/105 000 anos
na regido oeste de Africa, apresentando ampla dispersdo
por todo o continente, e designadamente a sudeste e
centro-oeste, como consequéncia das expansdes Bantu e a
noroeste como consequéncia do comércio transaariano de
escravos (Harich et al., 2010; Silva et al., 2015; Tishkoff et al.,
2007).

O haplogrupo L3 tera surgido ha 60/75 000 anos na regiao
este de Africa (Rosa & Brehm, 2011; Antonio Salas et al.,
2002). Encontra-se amplamente disperso por todo o
continente africano e muito especialmente em populagoes
Bantu a este, sudoeste e oeste (Atkinson et al., 2009; Rosa &
Brehm, 2011; van Oven & Kayser, 2008).

O haplogrupo L4 terd surgido antes do haplogrupo L3,
também na regido este de Africa, estando representado em
paises como a Etidpia e populacbes Barbers (Behar et al.,

2008; Toomas Kivisild et al., 2004).
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O haplogrupo L5 tera surgido ha cerca de 110 000 anos na
regido este de Africa tendo especial representacdo em
populacdes de paises como Egipto, Sudao, Etidpia, Quénia,
Ruanda e Tanzania (Gonder et al., 2007; L. Pereira et al,,
2001; Plaza et al., 2004; Rosa & Brehm, 2011) e populacdes
Bantu (Rosa & Brehm, 2011).

O haplogrupo U, apesar de associado a regides europeias,
tem, também, sido identificado em popula¢des indianas e
populacbes africanas, designadamente do norte de Africa
(Bermisheva et al.,, 2004; Finnila, Lehtonen, & Majamaa,
2001; Rando et al., 1998). Terd surgido na Europa hd cerca de
50 000 anos e ter-se-d dispersado para a India, préximo
oriente e norte e noroeste de Africa (Bermisheva et al.,
2004; Finnild et al., 2001; T. Kivisild et al., 1999; Rando et al.,
1998; Richards, 2000).

O haplogrupo K é considerado um subgrupo da haplogrupo
U, sendo comum por toda a Europa (Coia et al., 2016; Torroni
et al., 2000).

O haplogrupo H, terd surgido ha 30/35 000 anos no médio
oriente e ter-se-d dispersado para a Europa (Achilli et al,,
2004). E o haplogrupo europeu mais comum, apresentando
uma distribuicdo ampla no continente Europeu e em outras
regides, designadamente no norte de Africa, médio e
préximo oriente, india e Asia central (Achilli et al., 2004;
Brotherton et al., 2014; Ottoni et al., 2010; Luisa Pereira et al.,
2005; Roostalu et al., 2007; Turchi et al., 2016).

Os haplogrupos J, M, R, T e X sdo originarios e encontram-se
por toda a Europa e designadamente Europa central, Balcas,
Ucrania, préximo oriente, caucaso e Asia, mas também
oeste europeu (Brandst??tter et al., 2008; Pala et al., 2012). O

haplogrupo X surge também em popula¢des da América do
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norte, Peninsula Ibérica e nordeste de Africa (Alvarez et al.,
2007; Toomas Kivisild et al., 2004; Lima et al., 2006).

De todas as populagbes estudadas, as que apresentam
maior variabilidade e heterogeneidade genética sdo as
populacées do continente africano (Y.-S. Chen et al., 2000).
Em média, as altera¢des nucleotidicas destas popula¢des
sao aproximadamente o dobro das varia¢bes observadas
nos individuos euroasiaticos (Budowle et al., 1999).

Em 2010 foi publicado um dos primeiros estudos de genética
de populacdes Portuguesas no qual foi analisada a
totalidade da Regidao Controlo do DNAmt. Pereira e
colaboradores apresentaram a caracterizacao de 285
individuos da regiao Sul de Portugal, através da andlise da
totalidade da Regido Controlo do DNAmt (V. Pereira et al.,
2010). Estudaram 160 individuos do municipio de Coruche,
50 individuos do municipio de Alcacer do Sul e 75 individuos
da freguesia de Pias. A populagdo foi descrita como uma
populacdo, globalmente, com haplogrupos tipicos da
Europa, mas, no entanto, em Alcacer do Sal 22% dos
individuos estudados foram identificados como individuos
com hapldtipos integrados no macrohaplogrupo L, alids,
representacao de individuos com haplogrupos tipicamente
Africanos nunca registada em nehuma populagao
Portuguesa estudada (V. Pereira et al., 2010).

Ja em 2011 e 2013, Teixeira e colaboradores e Mairal e
colaboradores, respetivamente, estudam individuos da
populacdo Portuguesa, analisando a totalidade da Regidao
Controlo do DNAmt e identificam, maioritariamente,
individuos com hapldtipos correspondentes a haplogrupos
preponderantemente Europeus, designadamente
haplogrupos incluidos nos haplogrupos H, T2, U2, N1 e Ro

(Mairal et al., 2013; Teixeira et al., 2011).
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Mais recentemente, em 2015, foi divulgado um estudo com a
caraterizacao da totalidade da Regiao Controlo do DNAmt
da populacao portuguesa, que integrou 98 individuos da
regiao Norte, 94 individuos da regido Centro e 100 individuos
do Sul de Portugal. Este estudo descreve Portugal como
uma populacdo tipica da Europa ocidental com uma
percentagem de linhagens maternas subsarianas inferior a
6% (Marques et al., 2015). No entanto, serd importante
sublinhar que este estudo apresenta aquilo que refere ser
uma atualizagdo da caraterizagao genética da populagao
Portuguesa, que conta com cerca de 10 000 000 habitantes,
através da andlise de pouco mais que 300 individuos. A
carateriza¢ao da populacao do Sul de Portugal, que conta
com cerca de 4 000 000 habitantes (INE, 2014), é feita pelo
estudo do DNAmt de 100 individuos. Na tabela 1
apresentamos o0s principais estudos populacionais com
DNAmt realizados em popula¢des ou grupos de individuos
de Portugal.

Nas dltimas décadas o nimero de imigrantes em Portugal,
bem como alids em grande parte dos paises europeus, tem
vindo a aumentar consideravelmente. De acordo com os
dados divulgados na Base de Dados de Portugal
Contemporaneo, PORDATA, no final de 2014, o nimero de
imigrantes a residir em Portugal ultrapassou os 400 000
individuos, entre os quais cerca de 80 000 (20%) eram
oriundos de paises africanos de lingua oficial Portuguesa,
PALOP. Dos cerca de 80 000 imigrantes oriundos de PALOP,
65 000 tinham residéncia oficial na regido de Lisboa. Destes
cerca de 65 000 imigrantes, cerca de 34 000 sdo oriundos de
Cabo Verde (51%), cerca de 15 000 sdo oriundos de Angola
(23%), cerca de 15 000 sdo oriundos da Guiné-Bissau (23%) e

cerca de 1700 sdo oriundos de Mogcambique (3%).
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Deparamo-nos, portanto, atualmente, em Portugal e muito
particularmente na regido de Lisboa com uma realidade
populacional diferente da existente anteriormente a este
fluxo de imigrantes. Introduzirdo estes emigrantes oriundos
de PALOP linhagens maternas diferentes das linhagens
maternas africanas ja observadas em estudos anteriores na
populagao Portuguesa?

Uma vez que as populagdes nativas de PALOP nao estao
estudadas para a totalidade da Regiao Controlo do DNAmt,
ou se estdao nao existem dados disponiveis sobre as mesmas,
que linhagens maternas vém os imigrantes de PALOP
introduzir na populagdo da regiao de Lisboa?

A caraterizacdo genética dos imigrantes de PALOP, a
consequente determinagdao da variabilidade genética que
vém introduzir na populacdo da regido de Lisboa e a
insercao deste grupo de individuos numa base de dados de
DNA publica e internacional permitira a utilizacao segura do
estudo de DNAmt no ambito de casos da rotina forenses,
pratica que, alids, se tem vindo a sedimentar desde a década
de 90 do século passado (Allen et al., 1998; Gill et al., 1994;
Holland et al.,, 1993; Ivanov PL, Wadhams MJ, Roby RK,
Holland MM, 1996; Lutz S, Weisser HJ, Heizmann J, 1996;
Pfeiffer, Hiihne, Ortmann, Waterkamp, & Brinkmann, 1999;
Sullivan, Hopgood, & Gill, 1992; Wilson, DiZinno, Polanskey,
Replogle, & Budowie, 1995).

Se por um lado, do ponto de vista médico-legal e forense, o
DNAmMt ndo permite a individualizagao de pessoas que o
estudo de marcadores genéticos autossdmicos, atualmente,
permite e assegura, por outro lado pode permitir, no
entanto, corroborar conclusGes no ambito da identificacao
humana médico-legal positiva de individuos ou de cadéveres

desconhecidos e, sobretudo, faz um diagndstico seguro nos
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casos de exclusao e, mais ainda, no caso de amostras muito
degradadas ou com DNA degradado, o DNAmt pode ser, em
muitas situa¢des, o Unico DNA que é possivel recuperar para

estudo.
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Tabela 1 - Principais estudos populacionais com DNAmt realizados em populagdes ou grupos de individuos de Portugal

Referéncia Bibliografica

Regides DNAmMt

N.2 Individuos e Regides

Macrohaplogrupo ou Haplogrupo

N.2 ou Percentagem de individuos

N.2 Individuos

estudadas com maior representagdo (%) do Macrohaplogrupo L Hapl. LO

Corte-Real H et al. Genetic diversity in the Iberian Peninsula HVI 54 Portugal N/D N/D N/D
determined from mitochondrial sequence analysis. Am Hum
Gene. 1996;60:331-50.
Pereira L et al. Diversity of mtDNA lineages in Portugal: not a HVI 100 Norte H (41%) Norte 5 Norte 0
genetic edge of European variation. Ann Hum Genet. 2000;64(Pt HVII 82 Centro H (37 81%) Centro 8 Centro
6):491-506. .

59 Sul H (50%) Sul 4 Sul
Brehm A et al. Mitochondrial portraits of the Madeira and Agores HVI 115 Madeira H (36.2%) Madeira 12.9% Madeira 0
archipelagos witness different genetic pools of its settlers. Hum o o
Genet, 2003,114(1):77-86. 179 Agores H (45.2%) Agores 3.4% Acores
Carvalho M et al. mtDNA analysis in Portuguese populations: HVI 81 Centro N/D N/D N/D
Polymorphic sites in control region sequences. Int Congr
Ser.2003;1239:535-9. RVl 48 Acores
Gonzalez AM et al. Mitochondrial DNA affinities at the atlantic HVI 84 Norte H (20.1%) Norte 3.3% Norte 0
fringe of Europe. Am J Phys Anthropol. 2003;120(4):391-404. 78 Centro H (31 5%) Centro 6.8% Centro

137 Sul H (26.5%) Sul 10.6% Sul
Santos C et al. Genetic structure and origin of peopling in the HVI 146 Acores H (32.19%) 4 0
Azores islands (Portugal): the view from mtDNA. Ann Hum
Genet. 2003;67(Pt 5):433-56.
Pereira V et al. Genetic characterization of uniparental lineages RCT 160 Coruche H (49.9%) Coruche 8.7% Coruche 2 Pias
in populations from Southwest Iberia with past malaria . o . o/ D}
endemicity. Am J Hum Biol. 2010;22(5):588-95. 75 PIaSI H (34.7%) PIIaS 3.9% Pla,S

50 Alcacer do Sal H (40%) Alcdcer do Sal 22% Alcécer do Sal
Teixeira JC et al. Mitochondrial DNA-control region sequence RCT 56 Braganca (Judeus) H (35.7%) 0 0
variation in the NE Portuguese Jewish community. Forensic Sci
Int Genet Suppl Ser. 2011;3(1):e51-2.
Mairal Q et al. Linguistic isolates in Portugal: insights from the RCT 121 Miranda do Douro H (53.7%) 6 0
mitochondrial DNA pattern. Forensic Sci Int Genet.
2013;7(6):618-23.
Marques SL et al. Portuguese mitochondrial DNA genetic RCT 98 Norte H (26.5%) Norte 3.1% Norte 1 Sul
diversity—An update and a phylogenetic revision. Forensic Sci Int o o
Genet, 2015152732, 94 Centro H (27.6%) Centro 6.4% Centro

34 Sul H (22%) Sul 6% Sul
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Objetivos do Estudo

O principal objetivo do estudo serd a caracterizacao genética

dos imigrantes de PALOP a residir na regido de Lisboa,

através da andlise da totalidade da regiao controlo do DNA

mitocondrial.

Objectivos especificos:

1.

Determinacdo de hapldtipos/sequéncia da totalidade da
regido controlo do DNAmt de todos os imigrantes
incluidos no estudo

Determinacao dos haplogrupos correspondentes a todos
os hapldtipos determinados

Determinacao da representacao relativa de cada
haplogrupo na populacdo em estudo

Comparacao dos resultados obtidos com informacao
anterior disponivel quer relativamente as populacdes de
origem quer relativamente a populacao de acolhimento
Caracterizagdao dos individuos em estudo com um
marcador genético nuclear autossémico com poder de
informacdo em termos filogenéticos e de afiliacao
geografica

Comparacao os resultados obtidos com DNAmt e com
marcador genético nuclear autossémico

Insercao das popula¢bes de imigrantes estudados na

base de dados internacional EMPOP
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Capitulo Il - Estado da Arte:
Mitochondrial DNA in Human
Identification: a review

Amorim A, Fernandes T, Taveira N (2019) Mitochondrial DNA
in Human Identification: a review. Peer/ Preprints. DOI:
10.7287/peerj.preprints.27500v1

Pag. 28



Peer]

Mitochondrial DNA in human identification: a review

Anténio Amorim "?, Teresa Fernandes **, Nuno Taveira “"" °

Instituto Nacional de Medicina Legal e Ciéncias Forenses, Lisbon, Portugal

2
Faculdade de Ciéncias, Universidade de Lisboa, Lisboa, Portugal

Escola de Ciéncias e Tecnologias, Universidade de Evora, Evora, Portugal

4
Research Center for Anthropology and Health (CIAS), Universidade de Coimbra, Coimbra, Portugal

Instituto Universitério Egas Moniz (IUEM), Almada, Portugal
Research Institute for Medicines (iMed.ULisboa), Faculty of Pharmacy, Universidade de Lisboa, Lisbon, Portugal

Corresponding Author: Nuno Taveira
Email address: ntaveira@ff.ul.pt

Mitochondrial DNA (mtDNA) presents several characteristics useful for forensic studies,
especially related to the lack of recombination, to a high copy number, and to matrilineal
inheritance. mtDNA typing based on sequences of the control region or full genomic
sequences analysis is used to analyze a variety of forensic samples such as old bones,
teeth and hair, as well as other biological samples where the DNA content is low.
Evaluation and reporting of the results requires careful consideration of biological issues as
well as other issues such as nomenclature and reference population databases. In this
work we review mitochondrial DNA profiling methods used for human identification and
present their use in the main cases of humanidentification focusing on the most relevant
issues for forensics.
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Abstract

Mitochondrial DNA (mtDNA) presents several characteristics useful for forensic studies,
especially related to the lack of recombination, to a high copy number, and to matrilineal
inheritance. mtDNA typing based on sequences of the control region or full genomic sequences
analysis is used to analyze a variety of forensic samples such as old bones, teeth and hair, as well
as other biological samples where the DNA content is low. Evaluation and reporting of the results
requires careful consideration of biological issues as well as other issues such as nomenclature and
reference population databases. In this work we review mitochondrial DNA profiling methods
used for human identification and present their use in the main cases of human identification

focusing on the most relevant issues for forensics.
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Introduction

Human genetic identification for forensic purposes is achieved through the definition of genetic
profiles. A genetic profile or the genetic fingerprint of an individual is the phenotypic description
of a set of genomic loci that are specific to that individual. In accordance with international
recommendations, particularly with recommendations of the European DNA Profiling Group
(EDNAP), currently, only genetic profiles obtained from autosomal short tandem repeats (STR)
should be used for genetic fingerprinting. However, in a considerable number of situations of
human identification, autosomal DNA is highly degraded or isn’t available at all. In these cases
the study of mitochondrial DNA (mtDNA) for human identification can be the last appeal and by
that reason has become routine (Budowle, Allard, Wilson, & Chakraborty, 2003). Nevertheless,
and despite the robustness of mtDNA in cases of exclusion or absence of identity between
sequences, when the results are sequence identity, contrary to nuclear markers, they do not refer

to an individual but to a group of individuals of the same maternal lineage.

Survey methodology

We systematically searched with PubMed Advanced Search Builder for papers Titles with the
following combinations 1) mitochondrial DNA and biology, 2) mitochondrial DNA and
guidelines, 3) mitochondrial DNA and nomenclature, 4) mitochondrial DNA and sequencing, 5)
mitochondrial DNA and database, 6) mitochondrial DNA and data, 7) mitochondrial DNA and
identification, 8) mitochondrial DNA and forensic. Papers nonrelated with human or animal
mitochondrial DNA were excluded. Our search wasn’t refined by publishing date, journal or
impact factor of the journal, authors or authors affiliations. In addition, we used Guideline

documents from the International Society for Forensic Genetics available at https://www.isfg.org/
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Mitochondrial DNA biology and genetics

Mitochondria are cellular organelles that contain an extrachromosomal genome, which is both
different and separate from the nuclear genome. The mitochondrial DNA (mtDNA) was first
identified and isolated by Margit Nass and Sylvan Nass in 1963, who studied some mitochondrial
fibers that according to their fixation, stabilization and staining behavior, appeared to be DNA
related (Nass & Nass, 1963). However, the complete sequence of the first mtDNA was only
published and established as the mtDNA Cambridge Reference Sequence (CRS) eighteen years
later, in 1981 (Anderson et al., 1981).

Essentially, the mtDNA is a 5 mm histone-free circular double-stranded DNA molecule, with
around 16 569 base-pairs and weighting 107 Daltons (Taanman, 1999). mtDNA strands have
different densities due to different G+T base composition. The heavy (H) strand encodes more
information, with genes for two rRNAs (12S and 16S), twelve polypeptides and fourteen tRNAs,
while the light (L) strand encodes eight tRNAs and one polypeptide. All the 13 protein products
are part of the enzyme complexes that constitute the oxidative phosphorylation system. Other
characteristic features of the mtDNA are the intronless genes and the limited, or even absent,
intergenic sequences, except in one regulatory region.

The mitochondrial D-loop is a triple-stranded region found in the major non-coding region (NCR)
of many mitochondrial genomes, and is formed by stable incorporation of a third 680 bases DNA
strand known as 7S DNA (Kefi-Ben Atig, Hsouna, Beraud-Colomb, & Abdelhak, 2009). The
origin of replication is located at the non-coding or D-loop region, a 1,121 base pairs segment that
is located between positions 16,024 and 516, according to the CRS numeration (Anderson et al.,

1981) (Figure 1). The D-loop region, also comprehends two transcription promotors, one for each
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strand. Nucleotide positions in the mtDNA genome are numbered according to the convention
presented by Anderson et al. (Anderson et al., 1981), which was slightly modified by Andrews et
al. (Andrews et al., 1999), determining the replacement of CRS for rCRS (revised Cambridge
Reference Sequence). More precisely, the numerical designation of each base pair is initiated at
an arbitrary position on the H strand, which continues thereafter and around the molecule for
approximately 16,569 base pairs.

The apparent lack of mtDNA repair mechanisms and the low fidelity of the mtDNA polymerase
lead to a significant higher mutation rate in the mitochondrial genome, when compared to the
nuclear genome. For example, Sigurgardottir and collaborators, estimated the mutation rate in the
human mtDNA control region to be 0.32x10%/site/year (Sigurdardottir, Helgason, Gulcher,
Stefansson, & Donnelly, 2000) which compares to 0.5 x 107%/site/year in the nuclear genome
(Scally, 2016). Most of the sequence variation between individuals is found in two specific
segments of the control region, namely in the hypervariable region 1 (HV1, positions 16,024 to
16,365) and in the hypervariable region 2 (HV2, positions 73 to 340) (Greenberg, Newbold, &
Sugino, 1983). A third hypervariable region (HV3, positions 438 to 574), with additional
polymorphic positions can be useful in the resolution of indistinguishable HV1/HV2 samples (Lutz
et al., 2000). The small size and relatively high inter-person variability of the HV regions are very
useful features for forensic testing purposes.

The mtDNA sequence defines the individual haplotype which is reported by the different base
pairs relative to the rCRS mtDNA sequence. The collection of similar haplotypes defined by the
combination of single nucleotide polymorphisms (SNPs) in mtDNA inherited from a common
ancestor defines an haplogroup which was formed as a result of the sequential accumulation of

mutations through maternal lineage (Mitchell et al., 2015).
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A mitochondrion contains 2 to 10 copies of mtDNA and each somatic cell can have up to 1,000
mitochondria (Elson, Samuels, Turnbull, & Chinnery, 2001; Wei et al., 2017). Hence, when the
amount of the extracted DNA is quite small or degraded, it is more likely that a DNA typing result
can be obtained by typing the mtDNA than by typing polymorphic regions that are found in nuclear
DNA.

Contrarily to the nuclear DNA, the mtDNA is exclusively maternally inherited, which justifies the
fact that, apart from mutation, mtDNA sequence of siblings and all maternal relatives is identical
(Case & Wallace, 1981; Giles, Blanc, Cann, & Wallace, 1980; Hutchison, Newbold, Potter, &
Edgell, 1974). This specific characteristic can be very helpful in forensic cases, such as in the
analysis of the remains of a missing person, where the known maternal relatives can provide some
reference samples for a direct comparison to the mtDNA type. Due to the lack of recombination,
maternal relatives from several generations apart from the source of evidence (or biological
material) can be used for reference samples (Case & Wallace, 1981; Giles et al., 1980; Hutchison
etal., 1974).

The haploid and monoclonal nature of the mtDNA in most individuals simplifies the process of
interpretation of the DNA sequencing results. Still, it is possible to find heteroplasmy at occasional
cases (Bendall, Macaulay, & Sykes, 1997; Bendall & Sykes, 1995; Comas, Paabo, & Bertranpetit,
1995; Gill et al., 1994; Ivanov et al., 1996; Wilson, Polanskey, Replogle, DiZinno, & Budowle,
1997). A person is considered as heteroplasmic if she/he carries more than one detectable mtDNA
type. There are two classes of heteroplasmy, related to length polymorphisms and to point
substitutions. Only the latter is important for forensic human identification. Most forensic
laboratories worldwide do not report length polymorphisms and the guidelines on human

identification with mtDNA do not point them as mandatory information (W. Parson et al., 2014;
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Prinz et al., 2007). Furthermore, the information of length polymorphisms has no impact in
haplogroups’ definition.

Heteroplasmy manifests itself in diverse ways (Stewart et al., 2001). An individual may show more
than one mtDNA type in a single tissue. An individual may be heteroplasmic in one tissue sample
and homoplasmic in another one. Finally, an individual may exhibit one mtDNA type in one tissue
and a different type in another tissue. Of the three possible scenarios, the last one is the least likely
to occur. When heteroplasmy is found in the mtDNA of an individual, it usually differs at a single
base, in HV1 or HV2.

Heteroplasmy was observed at position 16,169 of the mtDNA control region in the putative
remains of Tsar Nicholas II of Russia and his brother, the Grand Duke of Russia Georgij Romanov
(Gill et al., 1994; Ivanov et al., 1996). Comas et al. (Comas et al., 1995), in turn, detected
heteroplasmy at two distinct positions, 16, 293 and 16,311, in the mtDNA of an anonymous
donor’s plucked hair. Wilson et al. (Wilson et al., 1997) found a family constituted by a mother
and two children carrying a heteroplasmic mtDNA at position 16,355 both in blood and buccal
swab samples.

The existence of heteroplasmic individuals and the limited knowledge about both the mechanism
and the rate of heteroplasmy can be issues raised in an attempt to exclude mtDNA evidence from
forensic investigations. Heteroplasmy at one nucleotide position is more frequently observed in
hair samples, mainly due to genetic drift and to bottlenecks which occur due to the hair follicle’s
semiclonal nature (Budowle et al., 2003; Buffoli et al., 2013; Paus, 1998; Rogers, 2004). Hence,
if an evidentiary hair sample contains one of the two heteroplasmic lineages that are observed in a
reference sample, or vice versa, then the interpretation of exclusion may be incorrect. In this case,

typing additional hairs may be required to solve the problem (Budowle et al., 2003).
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As it was previously pointed out, it is accepted that the mitochondrial genome is maternally
inherited. Even though the sperm contains a few mitochondria in the neck and in the tail region,
the male mitochondrial genome is destroyed either during or shortly after the fertilization. More
precisely, sperm mitochondria disappear in the early embryogenesis, either by selective
destruction, inactivation or dilution (Cummins, Wakayama, & Yanagimachi, 1997; H. Shitara et
al., 2000; Hiroshi Shitara, Hayashi, Takahama, Kaneda, & Yonekawa, 1998; D. C. Wallace, 2007).
Nonethless, in the last years some cases of biparental mtDNA inheritance have been reported. In
the most recent case, Luo and collaborators describe biparental mtDNA inheritance, either directly
or indirectly, in 17 members of three multigenerational families, with results confirmed by 2
independent laboratories (Luo et al., 2018). Besides this report in humans, there are also a few
examples of paternal inheritance of the mitochondrial genome in animals (Gyllensten, Wharton,
Josefsson, & Wilson, 1991), and by that reason and despite the limited evidence for paternal
inheritance of the mitochondrial genome in humans, the courtroom can be tempted to use such

possibility to depreciate the use mtDNA evidences.

Mitochondrial DNA Nomenclature

Considering that listing more than 600 bases in order to describe the results from a new HV1 and
HV2 sequence would be unpractical, an alternative approach was developed which essentially
identifies and reports the differences relative to the reference sequence rCRS (Anderson et al.,
1981).

Even though the process of naming mtDNA sequences seems simple and obvious, it is crucial to
properly consider the nomenclatures, since complications might arise. Most ambiguities in the

alignment/nomenclature arise due to insertions and/or deletions (indels). To avoid ambiguities,
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facilitate haplotype identification and their assignment to existent haplogroups or to new
haplogroups, phylogenetic-based nomenclature guidelines have been proposed. The phylogenetic
approach provides an evolutionary based view of global mtDNA diversity that is scientifically
sound because all mtDNA lineages derive from a common maternal ancestor. The phylogenetic
notation of mtDNA haplogroups can be based on maximum parsimony or maximum likelihood
analysis of mutations present in sequences from the control region or in mitogenomes (for
comprehensive reviews in phylogenetic reconstruction methods see (Bianchi & Lio, 2007; De
Bruyn, Martin, & Lefeuvre, 2014). The most comprehensive repository of mtDNA genomes is
Phylotree (www.phylotree.org) a website that also provides the reference phylogenetic tree
describing the worldwide human mitochondrial DNA variation (van Oven & Kayser, 2008). The
phylogenetic tree shown in Phylotree is regularly updated with new haplogroups as found by
maximum parsimony analysis of new mtDNA haplotypes using the mtPhyl software
(https://sites.google.com/site/mtphyl/home) (van Oven, 2015). A maximum likelihood approach
for mtDNA haplogroup classification named EMMA has been recently described by Réck and
collaborators (Rock, Diir, Van Oven, & Parson, 2013).

Variants flanking long C tracts are subject to sequence-specific conventions. The long C tracts of
HVS-I and HVS-II should always be scored with 16,189C and 310C, respectively. Length
variation of the short A tract preceding 16,184 should be notated preferring transversions unless
the phylogeny suggests otherwise. Regarding deletions, these are recorded by the number of the
base(s) that is missing, with respect to the rCRS, followed by DEL or (-) (for example 249 DEL
or 249-). The bases that cannot be unambiguously determined are coded as N. Indels should be
placed 3” with respect to the light strand unless the phylogeny suggests otherwise. For example, if

the bases beyond the position 309 were out of the register by one base due to the insertion of a C

Peer] reviewing PDF | (2019:01:34345:1:2:NEW 26 Apr 2019)



Peer]

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

the mutation is designated as 309.1C. Two C insertions are designated as 309.1C and 309.2C.
Important tools to assist with the notation of mtDNA sequences are available at http://empop.org/.
These notations are used for storing haplotypes in the EMPOP database and have also been adopted
by the Scientific Working Group on DNA Methods (SWGDAM) in the United States (W. Parson
etal., 2014).

Overall, the large majority of individuals from African populations, and specially from sub-
Saharan African populations, are categorized into one of the main haplogroup lineages that
diverged from macro-haplogroup L - LO, L1, L2, L3, L4, L5 and L6 - (Allard et al., 2005; Bandelt
etal., 2001; Behar et al., 2008; Chen et al., 2000; Gonder, Mortensen, Reed, De Sousa, & Tishkoff,
2007; Pakendorf & Stoneking, 2005; Rosa, Brehm, Kivisild, Metspalu, & Villems, 2004; van Oven
& Kayser, 2008). On the other hand, more than 90% of the individuals of the European and USA
Caucasian populations are categorized into 10 main haplogroup lineages - H, I, J, K, M, T, U, V,
W and X - (Allard, Miller, Wilson, Monson, & Budowle, 2002; Behar et al., 2008; Budowle et al.,
2003; Pakendorf & Stoneking, 2005; Torroni et al., 1996). Concerning to African-American
populations, the most commonly observed haplogroups are L2a, L1c, L1b and L3b (Allard et al.,
2005). The main haplogroups found in individuals from Asian populations are haplogroups M and

N (Allard, Wilson, Monson, & Budowle, 2004; Kivisild, 2015).

Mitochondrial DNA Typing Guidelines

In 2014 the DNA Commission of the International Society of Forensic Genetics (ISFG) published
updated guidelines and recommendations concerning mitochondrial DNA typing. These
guidelines referred to good laboratory practices, targeted region, amplification and sequencing

ranges, reference sequence, alignment and notation, heteroplasmy, haplogrouping of mtDNA
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sequences, and databases and database searches. In Table 1 we present the 16 recommendations
of ISFG. Overall, these are the main guidelines concerning the application of mtDNA
polymorphisms in human identification, which are regularly revised and published by the
International Society of Forensic Genetics (Bar et al., 2000; W. Parson et al., 2014; Prinz et al.,

2007; Tully et al., 2001).

Mitochondrial DNA Sequencing Methodologies

In 1977 Sanger presented the first DNA sequencing technology (Sanger, Nicklen, & Coulson,
1977), also called the chain termination method and now known as first generation sequencing.
The incorporation of ddNTPs in newly synthesized DNA strands results in termination of the
elongation process and correspondent knowledge about the specific nucleotide present at the
sequence at each position. Sanger sequencing method can produce reads from 25 up to 1200
nucleotides, allowing the read of a maximum of 96 kb nucleotides in 2 hours.

Since 2005 new sequencing methods, also known as next generation sequencing (NGS) methods,
have been developed (Bruijns, Tiggelaar, & Gardeniers, 2018). Sequencing by synthesis methods
such as Roches’ - 454 Pyrosequencing -, and Illuminas’- HiSeq -, allow sequencing up to 80
million base pairs in 2 hours or up to 6 billion base pairs in 1- 2 weeks (Mascher, Wu, St. Amand,
Stein, & Poland, 2013; Pukk et al., 2015). Sequencing by hybridization and ligation such as ABIs’-
SOLiD 3plus platform -, yields 60 gigabases of usable DNA data per run. With these massive
parallel sequencing (MPS) technologies, sequenced DNA fragments can range from 35-75
nucleotides as in the SOLiD technology (Bruijns et al., 2018; Ondov et al., 2010; Shendure et al.,
2005), to 100-1,000 nucleotides as in 454 Pyrosequencing (Bruijns et al., 2018; Dames, Durtschi,

Geiersbach, Stephens, & Voelkerding, 2010). Ion Torrent’s Personal Genome Machine™ (PGM)
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uses a detection methodology based in pH change upon addition of a nucleotide to a sequence
(Rothberg et al., 2011). When this happens protons are released generating an electric signal that
is proportional to the amount of protons released. Data collection is carried out by a complementary
metal-oxide semiconductor (CMOS) sensor array chip with the sensor surface present at the
bottom of the well plate, and these chips can measure millions to billions of simultaneous
sequencing reactions (Liu et al., 2014). Finally, MinlON (Oxford Nanopore Technologies), a
portable real-time sequencing device, allows ultra-long read lengths (hundreds of kb) albeit with
lower accuracy (Oikonomopoulos, Wang, Djambazian, Badescu, & Ragoussis, 2016).

The NGS technologies have been quickly applied in forensics (Bruijns et al., 2018). For example,
Ion Torrent’s PGM system has been used for sequencing complete mitogenomes (Walther Parson
et al., 2013) and to study heteroplasmy (Magalhaes et al., 2015) in the forensic context. Although
PGM proved to be sensitive and accurate at detecting and quantifying mixture and heteroplasmy,
there were some problems in the coverage of the mtDNA genome with some regions presenting
extreme strand bias, and presenting false positives mostly generated by alignment problems in the
analysis algorithms. More recently Ion S5 System (Thermo Fisher Scientific) and MiSeq FGx
Desktop Sequencer (Illumina) were used to evaluate the Precision ID mtDNA Whole Genome
Panel (Woerner et al., 2018). Both sequencing systems provided consistent estimation of mtDNA
haplotypes. Many other studies on the use of NGS technologies for forensic genetics and mtDNA
analysis have been published (Chaitanya et al., 2015; Churchill, Stoljarova, King, & Budowle,
2018; Hollard et al., 2017; Just, Irwin, & Parson, 2015; Just, Scheible, Fast, Sturk-Andreaggi,
Higginbotham, et al., 2014; Just, Scheible, Fast, Sturk-Andreaggi, Rock, et al., 2014; Lopopolo,
Borsting, Pereira, & Morling, 2016; Ma et al., 2018; Marshall et al., 2017; Ovchinnikov, Malek,

Kjelland, & Drees, 2016; Park et al., 2017; Templeton et al., 2013; Young, King, Budowle, &
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Armogida, 2017). However, further validation studies and specialized software functionality
tailored to forensic practice should be produced in order to facilitate the incorporation of NGS
processing into standard casework applications (Amorim & Pinto, 2018; Peck et al., 2016). In the
meantime, and according to current international guidelines (W. Parson et al., 2014; Prinz et al.,
2007), Sanger sequencing still continues to be an adequate method for mtDNA analysis for
forensic human identification, and is used in most casework laboratories worldwide (Ballard,
2016). Some forensic laboratories perform Sanger sequencing for HVI and HVII fragments, while
others have already extended the study to the HVIII fragment and, in recent years, most of the
forensic laboratories are introducing the amplification of the entire control region as routine
methodology (Chaitanya et al., 2016; Poletto, Malaghini, Silva, Bicalho, & Braun-Prado, 2019;
Turchi et al., 2016; Yasmin, Rakha, Noreen, & Salahuddin, 2017). Attempting to improve the
power of mtDNA in human identification, over the past decade some studies have been focused in
the extension of the analyses to the whole mtDNA genome (Duan et al., 2018; Strobl, Eduardoff,
Bus, Allen, & Parson, 2018; Woerner et al., 2018). Nevertheless, it should be stressed that while
the information from the entire mtDNA genome can contribute to refine the haplogroup obtained
with the study of HVI, HVII and HVII fragments or the entire control region, it is not supposed to

change the previous results to a different haplogroup of a completely different geographic ancestry.

Mitochondrial DNA Population Data and Databases

When two mtDNA sequences, one from an evidence sample and another from a reference sample,
cannot be excluded as being originated from the exact same source, it is necessary to convey some
information concerning the rarity of the mtDNA profile. The current practice is to count how many

times a specific sequence is observed within a population database(s) (Budowle et al., 1999).
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Overall, the population databases that are used in forensics comprehend several convenience
samples, representing the major population groups of the potential contributors in terms of
evidence.

The most important mtDNA haplotypes database is the EDNAP Mitochondrial DNA Population
Database (EMPOP, www.empop.org) (Walther Parson & Diir, 2007). In its early stages, EMPOP
was designed and envisioned to serve as a reference population database, specifically to be used
in the evaluation of the mtDNA evidence around the world, aiming to provide the highest quality
mtDNA data. The architecture of this online database and its analysis tools have evolved over the
last few years, even though the main emphasis of the EMPOP database remains to be mtDNA data
quality. Therefore, and as a direct consequence, EMPOP not only serves as a reference population
database, but also as a quality-control tool for scientists in forensic genetics, as well as in other
disciplines. Finally, and even though there is a significant number of high-quality reference
population databases for forensic comparisons, EMPOP is the most comprehensive resource,
especially from the standpoint of the populations that are represented in such database (W. Parson
etal., 2014).

EMPOP uses SAM, a string-based search algorithm that converts query and database sequences
into alignment-free nucleotide strings and thus guarantees that a haplotype is found in a database
query regardless of its alignment. SAM-E, an updated version of SAM that considers block InDels
as phylogenetic events, is used currently. At EMPOP, the tool haplogroup browser represents all
the established Phylotree haplogroups in convenient searchable format and provides the number
of EMPOP sequences assigned to the respective haplogroups by estimating mitochondrial DNA
haplogroups using the maximum likelihood approach EMMA (Rock et al., 2013). For multiple

possible haplogroups, most recent common ancestor (MRCA) haplogroups are provided.
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As mentioned before, PhyloTree provides an updated comprehensive phylogeny of global human
mtDNA variation, based on both coding and control region mutations (van Oven & Kayser, 2008).
The complete mtDNA phylogenetic tree includes previously published as well as newly identified
haplogroups, is continuously and regularly updated, and is available online at
http://www.phylotree.org. In Figure 2 we present the representation of the mtDNA phylogenetic
tree, Build 17, which is divided into 25 subtrees. At EMPOP the geographical haplogroup patterns
are provided via maps to visualize and better understand their geographical distribution (Figure 3).
Another important human mtDNA database is Mitomap (Ruiz-Pesini et al., 2007). In 1996, this
database developed into an online database, www.mitomap.org, containing published human
mtDNA variation along with geographic and disease specific variants. Currently, Mitomap is
manually curated, frequently updated and a functionally rich resource, presenting high-quality
human mtDNA data for clinicians, investigators and geneticists (Ruiz-Pesini et al., 2007).
Mitomap has three main categories for usage. It contains some background information regarding
the human mitochondrial DNA, such as the general representation of mtDNA, haplogroups and
their frequencies and illustrations of mtDNA, among others. Furthermore, users can also find
information about other mtDNA-specific databases, tools and useful resources.

Mitomap stores the annotated listing of the mtDNA variants from both healthy individuals and
patients. The frequencies of the variants are calculated from human mitogenomes retrieved from
the GenBank. Therefore, users can retrieve information about the loci, the nucleotide change, the
codon position and the number, among others, and download the most important data in different
file formats.

Mitomap contains the Mitomaster analysis tool, currently providing the Application Programming

Interface for it. The main function of this tool is to allow the identification of polymorphic
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positions, the calculation of variant statistics and the assignment of haplogroups to complete or
partial mitogenomes. Such query might be performed by recurring to mtDNA sequences, to
GenBank identifiers or to single nucleotide variants (Brandon et al., 2009).

From another perspective, ethical and legal problems may arise in the implementation of mtDNA
databases. The informative potential which the analysis of mtDNA entails can generate privacy
questions (Guillen, Lareu, Pestoni, Salas, & Carracedo, 2000; H. M. Wallace, Jackson, Gruber, &
Thibedeau, 2014). Mitochondrial diseases affect between 1 in 4,000 and 1 in 5,000 people. In most
people, primary mitochondrial disease is a genetic condition that can be inherited. Information
about the mitochondrial genome composition may therefore enable the identification of the current
or future state of health of an individual. For this reason, the analysis of mtDNA must be carried
out only on non-coding regions, which have not been associated with any kind of disease or

phenotypical information.

Mitochondrial DNA in Forensic Human Identification

In the context of forensic analysis, both mtDNA sequences of a reference sample and an evidence
sample(s) are compared. If the mtDNA sequences are identical, the samples can’t be excluded
since they must have the same origin or derive from the same maternal lineage. Similarly, samples
can’t be excluded when heteroplasmy is observed at the same nucleotide positions in both samples.
Finally, when one sample is heteroplasmic and the other is homoplasmic but they both share at
least one mtDNA species, the samples can’t be excluded since they may have the same origin.
Several authors have suggested that samples with mtDNA with one-base difference should be

further evaluated, mainly regarding their rate of mutation (Alonso et al., 2002; Bér et al., 2000;

Peer] reviewing PDF | (2019:01:34345:1:2:NEW 26 Apr 2019)



Peer]

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

Holland & Parsons, 1999; Tully et al., 2001). When two or more nucleotide differences exist
between the two sequences, the overall interpretation is exclusion (W. Parson et al., 2014).

At this section we present some selected published cases of human identification with mtDNA.
Table 2 summarizes the selected published cases. In 1991, Stoneking and collaborators presented
the first report of successful application of the mtDNA typing to a case that involved the individual
identification of skeletal remains (Stoneking, Hedgecock, Higuchi, Vigilant, & Erlich, 1991). This
was the case of a 3-year-old child disappeared from her parents’ house in October of 1984. In
March of 1986, the skeletal remains of a human child were found in the desert, 2 miles away from
the parents’ residence. Using hybridization with 23 sequence-specific oligonucleotide probes
(SSO) targeting nine regions of HV1 and HV2 on the control region, they found that the skeletal
sample and the mother shared the same mtDNA types, corroborating that those skeletal remains
were of the missing child. Moreover, they anticipated that the mtDNA typing would be valuable
not only in linking biological remains to missing individuals, but also in the analysis of material
in sexual assault cases.

In July of 1990, the body of a female, in a quite advanced state of decomposition, was discovered
in an open field. Despite being impossible to identify the remains by analyzing the individual’s
clothes and fingerprints, her dentition was consistent with old dental records of a missing person
from the same region. Some fragments of the heel bone and fibula, plus samples of the hair and
skin, were provided for the DNA analysis, as well as a blood sample from a putative sister of the
deceased. In 1992, Sullivan and collaborators attempted the identification of the highly
decomposed remains of the corpse, amplifying and directly sequencing 2 hypervariable segments
within HV1 and HV2 in the mtDNA (Sullivan, Hopgood, & Gill, 1992). No statistical value was

given to the evidence, since no database of the British population sequences were available at that
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time. Still, no differences were found between both sequences, the blood of the putative sister and
the bone of the corpse, indicating they were sisters.

Perhaps the most well-known lineage study using mtDNA sequencing is related to the
identification of Tsar Nicholas II’s bones. Gill and collaborators, in 1994 (Gill et al., 1994), and
Ivanov and collaborators, in 1996 (Ivanov et al., 1996), compared the sequences of HV1 and HV2
fragments of the mtDNA obtained from the putative bones of the Tsar with those of Tsar living
maternal relatives, Countess Xenia Cheremeteff-Sfiri and the Duke of Fife. It was found that the
sequences were very similar, corroborating the hypothesis that the bone remains were of Tsar
Nicholas II.

In a distinct scenario, Deng et al. (Deng et al., 2005) used direct sequencing of the HV1 and HV2
fragments of the mtDNA control region to identify Tsunami victims in Thailand in 2004. This
tsunami killed nearly 5,400 people in Southern Thailand, including foreign tourists and local
residents. They succeeded in obtaining fully informative results for mtDNA markers (HV1 and
HV2) from 258 tooth samples with a success rate of 51% (258/507).

More recently, in 2010, Rios and collaborators (Rios, Garcia-Rubio, Martinez, Alonso, & Puente,
2010) used direct sequencing of the HV1 and HV2 fragments of the mtDNA control region to
identify human skeletal remains that were exhumed from a mass grave from the Spanish Civil War
(1936-1939). There was a match between the mtDNA profiles of the biologically youngest
skeleton and the sister of the youngest person that was presumptively known to be buried in the
grave, allowing the identification of that person.

Also in 2010, Piccinini and collaborators (Piccinini et al., 2010) attempted to identify the remains
of a famous World War One Italian soldier that was killed in a battle along the Italian front in

1915. Like previous studies, they used the direct sequencing of the HV1 and HV2 fragments of
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the mtDNA control region to define single mtDNA haplotypes. The availability of the offspring
maternal lineage allowed the mtDNA analysis, which presented a clear exclusion scenario: the
remains did not belong to the supposed war hero.

In 2012, a skeleton was excavated at the site of the Grey Friars friary, in Leicester, which is the
last-known resting place of King Richard III (King et al., 2014). To determine if the remains
belonged to King Richard III, the HV1, HV2 and HV3 regions of the mtDNA of the skeletal
remains and of the living relatives of King Richard III were sequenced and compared. There was
a perfect match between the sequences indicating that the remains belong to King Richard III.
The communist period in Poland during 1944-1956 resulted in the death of more than 50,000
people, who were buried in secret. One mass grave was found at the cemetery Powazki Military,
in Warsaw, Poland. In 2016, Ossowski and collaborators (Ossowski et al., 2016) identified 50
victims, specifically by using autosomal, Y-STR and direct sequencing of the HV1 and HV2
fragments of the mtDNA control region.

In 2016, among the first studies on human identification with mtDNA using massive parallel
sequencing, Ambers and collaborators proposed a protocol that includes the study of ten regions
of mtDNA for the identification of historical human remains with forensic genetic markers
(Ambers et al., 2016). They studied a 140-year-old human skeletal remains discovered at a
historical site in Deadwood, South Dakota, United States. The remains were in an unmarked grave
and there were no records available regarding the identity of the individual. The mtDNA profiles
of the unidentified skeletal remains obtained with their method were consistent with H1
haplogroup. This haplogroup is the most common in Western Europe. The ancestry-informative

nuclear SNPs also studied in this case indicated a European background. These genetic results are
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consistent with the findings of previous anthropological report which determined that the
Deadwood unidentified skeletal remains belong to a male of European ancestry.

In 2017, the victims’ remains from the World Trade Center terrorism act, which occurred in
September 11 of 2001, were still being identified by using the mtDNA sequencing technology,
among other techniques, with protocols and guidelines as recommended by the International

Society for Forensic Genetics (Goodwin, 2017).

Conclusions

Over the last 25 years, mtDNA typing has been widely used around the world to solve several
human identification related issues in violent crimes, lesser crimes, acts of terrorism, mass
disasters and missing persons’ cases. The progress in mtDNA typing has been overwhelming,
going from the examination of small fragments in a matter of days to sequencing multiple entire
mtDNA genomes in a couple of hours. Being a lineage genetic marker, mtDNA genome can
provide information about ancestors, including health/disease information. Even though many
would readily accept that there are good reasons for researchers to obtain information about an
unknown suspect’s potential ancestral background, many still find the potential to determine
genetic dispositions to certain disorde