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RESUM

La investigaci6 desenvolupada en la present Tesi esta
enfocada a 1’estudi de I’heteroplasmia mitocondrial humana. Els
treballs d’heteroplasmia mitocondrial que s’han publicat fins al
moment d’inici de la Tesi s’han centrat en la regié no codificant del
DNA mitocondrial (DNAmt) i no hi ha cap estudi on s’utilitzin
sequéncies completes de DNAmt. Per detectar correctament
I’heteroplasmia mitocondrial, cal tenir en compte la preséncia dels
anomenats NUMTs (insercions nuclears d’origen mitocondrial). A
causa de l'elevada similitud entre NUMTs i DNAmt, una co-
amplificacié entre ells podria comprometre la veracitat dels resultats.
Actualment, no existeix en la bibliografia cap treball on s’utilitzin
primers que evitin la co-amplificaci6 amb NUMTSs. D’altra banda,
les bases de dades de NUMTSs descrites fins el moment presenten una
gran discrepancia en el nombre total de NUMTs i han estat

realitzades amb una versi6 antiga de 1’esborrany del genoma huma.

Els objectius de la Tesi son els seguents: 1) establir una
metodologia adequada per a la correcta amplificacié i sequenciacio

del genoma mitocondrial huma que eviti la co-amplificaci6 amb



NUMTSs; 2) realitzar una exhaustiva compilacié de les insercions
nuclears d'origen mitocondrial basada en la darrera versié de
I’esborrany del genoma huma (GRCh37); 3) avaluar I’impacte de la
contaminacié per NUMTSs en estudis de cancer com un exemple
d’aplicaci6 de la base de dades descrita; 4) determinar la freqliéncia i
el patr6 de I’heteroplasmia en la totalitat del genoma mitocondrial; i
5) comparar el patr6 mutacional de I’heteroplasmia mitocondrial

amb 1’observat a nivell poblacional.

La metodologia aixi com la presentacié dels resultats i la
discussio s’han organitzat en 3 capitols dirigits a respondre els
diversos objectius. En el primer capitol s’ha dut a terme el disseny i
la validacio d’un conjunt de primers que permet 1’amplificacio i
seqlienciacié completa de genoma mitocondrial. A més, aquests
primers estan dissenyats de manera que eviten la co-amplificacid
amb DNA nuclear (DNAN). Finalment, i com a consequéncia de
I’actualitzacio de 1’esborrany del genoma huma, s’han re-avaluat
aquests primers, havent-se de redissenyar una de les parelles. En el
segon capitol es presenta la compilacié de les 755 insercions
nuclears d’origen mitocondrial realitzada tenint en compte el darrer
esborrany del genoma huma GRCh37. En aquesta base de dades, es
presenten per primera vegada les posicions no idéntiques entre el
DNAmt i el DNAn. Aquestes posicions han estat la base per
I’aplicacio de I’exemple que s’ha realitzat en estudis de cancer,
avaluant aixi I’impacte de la contaminacio per NUMTs. En el tercer i
darrer capitol es presenta ’estudi exhaustiu sobre la frequencia i
patr0 de [I’heteroplasmia mitocondrial humana mitjangant la

sequenciacié completa del genoma mitocondrial de 101 individus.



Alhora aquesta informacid6 s’ha utilitzat per realitzar una

comparativa amb 1’espectre mutacional a nivell poblacional.

Aquest és el primer treball on es descriuen per primera vegada
un conjunt d’eines essencials pel correcte estudi de 1’heteroplasmia
mitocondrial humana: es presenta un conjunt de primers que
permeten amplificar i sequenciar selectivament la totalitat del
genoma mitocondrial i s’ha generat una base de dades d’insercions
nuclears d’origen mitocondrial basada en el nou esborrany del
genoma huma GRCh37, reportant alhora les posicions no-idéntiques
entre el DNAmt i els NUMTSs.

Es la primera vegada on s’analitza la freqiiéncia i el patro de
I’heteroplasmia mitocondrial humana en individus sans. El 62.37%
de la poblacié presenta heteroplasmia mitocondrial (de longitud i/o
puntual) i un 24.75% d’individus presenta heteroplasmia puntual,
posant de manifest |’elevada freqiiéncia d’heteroplasmia
mitocondrial a nivell poblacional. La distribucié de I’heteroplasmia
mitocondrial comprén tot el genoma mitocondrial, localitzant-se tant
en posicions definides com a hotspot com en posicions altament
estables i conservades. Comparant el patr6 mutacional de
I’heteroplasmia amb el descrit a nivell poblacional, sembla haver-hi
un excés d’heteroplasmia puntual localitzada en posicions que
presenten zero hits en la filogénia. L’excés de transicions detectat en
I’espectre mutacional de I’heteroplasmia, en comparacié amb el
descrit a nivell poblacional, implica que determinades forces
evolutives com la deriva o la selecci6 han hagut d’actuar perqué
finalment siguin eliminades. En aquest context, les heteroplasmies

puntuals localitzades en posicions estables podrien tenir un gran



impacte en la supervivéncia de la propia mitocondria, suggerint que
la selecci6 purificadora hauria d’estar actuant per prevenir la seva

fixacioé en els individus.

Aquest ¢€s el primer treball on s’analitza la freqiiéncia i el patro
de I’heteroplasmia mitocondrial humana en individus sans. Tenint en
compte l'elevada quantitat de dades que es presenta unit a la poca
informacid prévia disponible, aquest treball proporciona una nova
perspectiva per a l'estudi de les malalties associades al DNAmt aixi

com en treballs a nivell poblacional, evolutiu i forense.



ABSTRACT

The investigation developed in this thesis is focused on the
study of human mitochondrial heteroplasmy. Until the beginning of
the present thesis, the heteroplasmy works published have been
focused on the analysis of non-coding region, and no studies on
determining the levels of heteroplasmy using complete mitochondrial
DNA (mtDNA) sequences has been published. To properly detect
the mitochondrial heteroplasmy, the presence of NUMTSs (nuclear
insertions of mitochondrial origin) has to be taken into account. Due
to similarity between NUMTs and mtDNA, a co-amplification
between them could compromise the veracity of the sequence results.
Currently, the published primers to amplify the whole mtDNA do not
prevent the co-amplification with NUMTs. Moreover, the NUMT
databases described until now show discrepancies in the total number
of NUMTs and all of them have been carried out with an older

version of the Human Genome Reference Sequence.

The main goals of the thesis are: 1) to establish an appropriate
methodology for the correct amplification and sequencing of the

human mitochondrial genome that avoid the co-amplification with



NUMTSs; 2) to perform an exhaustive compilation of nuclear
insertions of mitochondrial origin based on latest version of the
Human Genome Reference Sequence (GRCh37); 3) to evaluate the
impact of NUMTSs contamination on cancer studies as an application
example of the described database; 4) to determine the frequency and
pattern of heteroplasmy in the whole mitochondrial genome; and 5)
to compare the heteroplasmic mutational spectrum with the observed
at population level in the whole mtDNA.

The methodology used, the presentation of results and the
discussion are organized into 3 chapters directed to answer the
objectives. In the first chapter, the design and validation of the set of
primers that allows a selective amplification and sequencing of
complete mitochondrial genome has been performed. Moreover,
these primers have been designed to avoid co-amplification with
nuclear DNA (DNAn). Finally, and as a result of the updated Human
Genome Reference Sequence, primer pairs have been re-evaluated
and one of them had to be redesigned. The second chapter presents
the compilation of the 755 nuclear insertions of mitochondrial origin
performed with the last Human Genome Reference Sequence
GRCh37. In this database, we present for the first time the non-
identical positions between DNAmt and DNAn. These positions
have been the basis for the evaluation of the impact of NUMTSs
contamination on cancer studies in the application example. In the
third and final chapter is presented an exhaustive study of the
frequency and pattern of the human mitochondrial heteroplasmy

using the complete sequencing of the mitochondrial genome of 101



individuals. Moreover, this information has been used to perform a

comparison with the mutational spectrum at the population level.

This is the first study that describes essential tools for the
correct study of the human mitochondrial heteroplasmy: a set of
primes that can selectively amplify and sequence the entire
mitochondrial genome and a database of nuclear insertions of
mitochondrial origin based on the last Human Genome Reference
Sequence GRCh37, reporting the non-identical positions between
MtDNA and NUMTSs.

For the first time the analysis of the frequency and pattern of
the human mitochondrial heteroplasmy in healthy individuals is
reported. The results show that the 62.37% of the individuals are
heteroplasmic (length and/or point) and 24.75% of individuals
presented point heteroplasmy, highlighting the high frequency of
mitochondrial heteroplasmy at population level. The distribution of
mitochondrial heteroplasmy covers the whole mitochondrial genome,
finding them in hotpots as well as in highly stable and conserved
positions. Comparing the presented results with the mutational
spectrum at population level, it seems that there is an excess of point
heteroplasmy located in positions that have zero hits in the
mitochondrial phylogeny. The excess of transitions detected in the
heteroplasmic mutational spectrum, in comparison with the
described at the population level, implies that some evolutionary
forces may be acting to finally remove them. In fact, highly stable
heteroplasmic positions could have a greater impact in the viability
of mitochondrial survival, suggesting that purifying selection must

be operating to prevent their fixation within individuals.



This is the first study that analyses the frequency of
heteroplasmy in healthy population, carrying out an evolutionary
evaluation of the detected changes. This work provides a new
perspective which would be important for medical, evolutionary, and

forensic proposes.
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PROLEG

El present estudi pretén ampliar significativament la
informacié que es té actualment de I’heteroplasmia mitocondrial
humana, aportant informacid desconeguda fins el moment, que podra
aplicar-se en camps de la investigacid tan diversos com I’evolutiu, el

poblacional, aixi com els estudis forenses i genétics.

Actualment, hi ha una gran varietat de treballs sobre I'estudi
del DNA mitocondrial (DNAmt), tant per la seva relaci6 amb
malalties com en la caracteritzacié d’individus sans. Pel que fa als
estudis poblacionals, la majoria dels treballs publicats fins el moment
s'han centrat en la regié no codificant del genoma mitocondrial, que
comprén només el 7% del genoma mitocondrial. Val a dir que, el
rapid desenvolupament de les técniques de sequienciacié automatica
ha permes ampliar aquests estudis a la resta del genoma
mitocondrial. No obstant, pel que fa a l'estudi de I’heteroplasmia
mitocondrial, en el moment d’inici de la present Tesi Doctoral, no hi
havia cap treball publicat centrat en 1’analisi de 1’heteroplasmia que

utilitzés sequiéncies completes de DNAmt.
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Per identificar correctament 1’heteroplasmia mitocondrial, cal
tenir en compte la preséncia dels anomenats NUMTSs (insercions
nuclears d’origen mitocondrial), ja que l'elevada similitud entre
NUMTs i DNAmt, pot induir una co-amplificacié entre ells i
comprometre la correcta identificaci6 de I’heteroplasmia
mitocondrial. Fins a la realitzaci6 d’aquesta Tesi, no s’ha publicat
cap treball on tots els primers utilitzats evitessin la co-amplificacid
entre el DNAmt i els NUMTSs. Tanmateix, actualment existeixen
diverses bases de dades de NUMTS, pero totes elles s’han realitzat

amb una versio antiga de I’esborrany del genoma huma.

La present Tesi Doctoral aborda aguestes mancances i s’inicia
amb una introducci6 on es destaquen les principals caracteristiques
del DNAmt; es detalla 1’origen evolutiu de la mitocondria i es
descriuen les caracteristiques de les insercions nuclears d’origen
mitocondrial; i finalment es fa una exhaustiva descripci6 de
I’heteroplasmia mitocondrial, recopilant els tipus de treballs duts a
terme fins ara, aixi com les metodologies que s’han d’aplicar per la
correcta deteccid i interpretacié d’aquesta. A continuacio, s’exposa
la justificaci6 del treball i s’estableixen els objectius principals de la
Tesi Doctoral. La metodologia, els resultats i la discussio
s’estructuren en tres capitols adrecats a respondre als diferents
objectius plantejats. Aquest capitols estan escrits en anglés per
facilitar la difusio de la Tesi. En el primer capitol es descriu el
disseny i validacié d’un nou set de primers per a I’amplificacio i
sequenciacié completa del DNAmt huma, evitant alhora la co-
amplificaci6 amb NUMTSs; aixi com la revisiéo d’aquest set de

primers degut a 1’actualitzacié del nou esborrany del genoma huma




Proleg

(GRCh37). El segon capitol presenta una nova base de dades
d’insercions nuclears d’origen mitocondrial basada en darrer
esborrany del genoma huma (GRCh37) i la seva aplicacio en estudis
de cancer. En el darrer capitol es descriu ’estudi de la freqiiencia i el
patr6 de I’heteroplasmia mitocondrial humana. Seguidament
s’exposa la discussidé general, organitzada en funcié dels objectius
plantejats i, finalment, es presenten les conclusions de la Tesi
Doctoral.
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Introduccié

“ All these mitochondrial DNAs stem from one

woman who is postulated to have lived about 200,000 years ago,
probably in Africa.”

Rebecca Cann, Mark Stoneking & Allan Wilson

1.1 CARACTERISTIQUES DEL DNA MITOCONDRIAL
HUMA

El DNA mitocondrial (DNAmt) huma és una molécula
circular de 16569 parells de bases (pb) de longitud. Es un genoma de
doble cadena, amb una cadena pesada H (Heavy Strand), rica en

guanina i una cadena lleugera L (Light Strand) rica en citosina.

Aquest genoma es troba a les mitocondries, els organuls
responsables de la respiracio cel-lular, que generen la major part dels
subministraments d'adenosina trifosfat (ATP) que necessita la

cél-lula.

Una revisié de Cowdry (1918), citat per Lehninger (1965),
conté més d'un dotzena de termes per referir-se a les estructures que

ara es coneixen com a mitocondries: lefaroplast, condricont,




El DNA mitocondrial

condriomits, condrioplasts, condriosomes, condriosferes, fila,
granuls  fucsinofilics, Korner, Fadenkorper, mitogel, c0ss0s
parabasals,  vermicules, sarcosomes, €0ss0s intersticials,
plasmosomes, plastocondris i bioblasts, entre d’altres. Més tard,
I’any 1948, amb el estudis de Hogeboon, Schneider i Palade, i
gracies a la utilitzacié del microscopi electronic, es confirma que les
mitocondries presenten dues membranes: una membrana externa llisa
i una membrana interna plegada formant les crestes mitocondrials
(Hogeboon et al. 1948). Aixi s’establi definitivament la mitocondria

com el lloc on es duu a terme la respiracio cel-lular.

El nombre de mitocondries per cél-lula és un parametre que
sembla variar significativament d'un tipus de cel-lula a un altre,
sobretot per la importancia de la biogenesi mitocondrial en el context
de la diferenciaci6 i especialitzacio cel-lulars. Estimacions a partir de
seccions seriades de cel'lules donen valors d’entre uns pocs
centenars fins a milers per cel-lula, per exemple, unes 800
mitocondries en el cas dels hepatocits. S’estima que 1’00cit huma
conté més de 100.000 mitocondries, mentre que els espermatozoides
en tenen relativament poques (tot i que aquestes poden ser

excepcionalment grans) (Scheffler 2008).

Cada mitocondria pot presentar multiples copies de DNAmt,
de manera que cada cel-lula pot contenir-ne milers. EI primer
informe definitiu que afirmava la preséncia de DNA en aquest
organul va apareixer l’any 1960, perd es considerava tan
especialitzat i excepcional que la troballa no va ser generalitzada a

totes les mitocondries (Steinert and Steinert 1960).




Introduccié

Donada la reduida mida del genoma mitocondrial, és evident
gue només un nombre limitat de gens hi podrien ser presents. Durant
les tres darreres decades, centenars de genomes mitocondrials
d’animals, plantes i fongs s'han caracteritzat i fins i tot sequenciat
gencticament. La primera seqilienciacio completa d’aquest genoma
va ser la dels éssers humans (Anderson et al. 1981), i poc després va
completar-se la sequiéncia bovina (Anderson et al. 1982).

L’estimacio que es va realitzar sobre el nombre de polipeptids
diferents en cada mitocondria va situar-se per sobre dels mil (Schatz
1995), pero les analisis proteomiques més recents han identificat
entre 500 i 800 proteines (Da Cruz et al. 2005; Forner et al. 2006;
Gabaldon and Huynen 2004; Johnson et al. 2007; Prokisch et al.
2006; Vo and Palsson 2007). Aix0 vol dir que, uns 1000 gens
nuclears contribueixen a la biogénesi i funcié de les mitocondries.
Molts d'ells s6n coneguts, pero encara n’hi ha que no s'han identificat

i caracteritzat.

El DNAmt dels metazous codifica per dos RNAs ribosomals
(rRNA) (12S i 16S), 22 RNAs de transferéncia (tRNAs) (amb
excepcions en algunes espécies), tres gens de les subunitats del
citocrom oxidasa (COXI-COXIII), el gen del citocrom b (Cyt B), set
gens de les subunitats del NAD deshidrogenasa (N1-N6, N4L), dos
gens de les subunitats del ATPasa (6 i 8) i el gen del citocrom b
(Scheffler 2008) (Figura 1).

El DNAmt també inclou una regi6 no codificant o D-loop que
conté I’origen de replicaci6 de la cadena pesada i les regions

promotores de la transcripcio en direccions oposades. Per aquestes
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raons, es coneix com a “regié control”. La seva longitud és de 1122
pb en humans i, degut a la seva identitat funcional, aquesta regi6é no
esta ben conservada entre espécies, sent polimorfica fins i tot dins
d'una sola espécie com en els éssers humans. Tot i aixi, en la regio
control hi ha petites zones funcionalment significatives i segments
conservats. Podriem establir doncs, que la regi6 del D-loop és
funcionalment conservada en tots els vertebrats, pero les seqiiéncies

de nucledtids que la composen no ho son (Scheffler 2008).

K [
AB pp cox i

Figura 1. Representaci6 esquematica del genoma mitocondrial huma amb
les seves regions funcionals: els dos rRNAs (12S i 16S), tres gens de les
subunitats del citocrom oxidasa (COXI-COXIII), set gens de les subunitats
del NAD deshidrogenasa (N1-N6, N4L), dos gens de les subunitats del
ATPasa (6 i 8), el gen del citocrom b, 22 tRNAs (amb el codi estandard de
lletra Unica), dos origens de replicacio de les cadenes lleugera i pesada (Oy i
0.), els promotors de la transcripcié tant de la cadena pesada com de la
lleugera (HSP i LSP) i la regi6 control. Figura adaptada de DiMauro i
Schon (2008).
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Introduccié

L’any 1987, Cann, Stoneking i Wilson (Cann et al. 1987) van
publicar un treball sobre I'analisi del DNAmMt mitjancant fragments
de restriccidé de 147 individus provinents de cinc poblacions
geograficament espaiades (34 asiatics, 21 aborigens australians, 26
aborigens de Nova Guinea, 46 caucasics i 20 africans). L’impacte
cientific d’aquest treball va ser enorme. L'aplicacié de métodes de
genética molecular en I'estudi de I'evoluci6 de primats i humans, amb
especial atenci6 al DNAmt, ja havia estat suggerida per Brown
(1981), i diverses publicacions de Brown, Wilson i els seus
col-legues 1’havien precedit a la publicacié de referencia del 1987
(Brown et al. 1982; Cann et al. 1982; Cann et al. 1984). No obstant
aixo, el gran nombre de persones representades en aquest estudi va
permetre obtenir proves convincents de la forca potencial d'aquest
enfocament en el tractament de preguntes sobre I'evolucié humana,
sobre els origens dels éssers humans moderns i sobre els patrons

migratoris dels nostres avantpassats (Cann et al. 1987).

En les ultimes dues décades s’han dut a terme analisis per
enzims de restriccié abastament refinats, s’ha aplicat la reaccio en
cadena de la polimerasa (PCR), s’han seqiienciat regions concretes |,
fins i tot s’han analitzat seqiencies de DNAmt huma de les zones
més remotes del globus. Darrerament, degut a la introduccio de les
técniques de seqiienciacid d’ultima generacio (plataformes 454 de
Roche o Illumina de Solexa, entre d’altres) s’estan realitzant
sequenciacions massives en una gran diversitat de treballs que
ampliaran enormement el volum de sequiencies completes de DNAmt
per a la seva utilitzaci6 en futurs estudis [per exemple Ansorge
(2009), Briggs et al. (2009) i Metzker et al. (2010)].

11
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El DNAmt ha estat la regi6 més estudiada dels genomes
eucariotes i ha tingut un paper fonamental en el desenvolupament de
I’estudi de les poblacions i la genetica evolutiva (Avise 1991; Avise
et al. 1987; Brown 1985; Harrison 1989; Moritz et al. 1987; Rand
1994). Durant la primera decada dels estudis, en el camp de la
biologia evolutiva, va assumir-se que el DNAmt actuava de manera
neutra com a marcador genetic. Més recentment, ha anat creixent
I’interés de com la seleccié podria estar actuant en el DNAmt, i dos
enfocaments diferents s’han postulat per abordar aquesta qlestio.
Analisis directes, mitjancant 1’estudi de diferents poblacions, han
intentat identificar els efectes de la fitness o supervivencia en els
diferents haplotips (Clark and Lyckegaard 1988; Fos et al. 1990;
Garcia-Martinez et al. 1998; Hutter and Rand 1995; Kambhampati et
al. 1992; Kilpatrick and Rand 1995; MacRae and Anderson 1988;
Nigro and Prout 1990). D'altra banda, s’han buscat evidéncies de
seleccié en el DNAmt realitzant analisis estadistiques de models
neutres d'evolucié molecular basant-se en sequéncies de DNA de
poblacions naturals (Ballard 2000; Ballard and Kreitman 1994;
Blouin 2000; Excoffier 1990; Nachman 1998; Nachman et al. 1994;
Nachman et al. 1996; Quesada et al. 1999; Rand et al. 1994; Rand
and Kann 1996; Rand and Kann 1998; Rand et al. 2000; Templeton
1996; Weinreich and Rand 2000; Whittam et al. 1986; Wise et al.
1998). Tots dos enfocaments han identificat una evolucié del
DNAmMt no neutre, implicant 1’actuaci6 de la seleccié a nivell
individual. No obstant aix0, un augment rapid de la literatura sobre
biologia cel-lular i genética molecular ha demostrat la importancia de
la seleccid i la deriva genética dins i entre citoplasmes com a

mecanisme primari, afectant a I'expressio fenotipica de les mutacions
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en el DNAmt (Pereira et al. 2009; Ruiz-Pesini et al. 2004; Ruiz-
Pesini and Wallace 2006).

L'0s generalitzat d’aquest genoma es deu a les caracteristiques
Uniques del DNAmt, que el fan especialment susceptible als estudis
evolutius. Aquestes caracteristiques inclouen un alt nombre de
copies, I’heréncia materna, la manca de recombinacio i una taxa de

mutacié mes alta que la que es troba en el DNA nuclear (DNAN).

1.1.1 Elevat nombre de copies

El DNAmt és present en un gran nombre de copies en les
cel-lules humanes. La mitjana de cel-lules somatiques només té dues
copies d'un determinat gen o segment de DNAN, perd centenars de
milers de copies de DNAmt (Robin and Wong 1988). Aquesta
propietat, juntament amb el fet de localitzar-se fora del nucli, fa que
sigui més facil d'obtenir, sent la molécula escollida per a I'analisi en
estudis de DNA antic i per certes aplicacions forenses. Perd a la
vegada, aquesta propietat també complica la genética de poblacions
del DNAmt perqueé hi ha diferents nivells en els quals les poblacions
de molécules de DNAmt poden ser definides -dins del mitocondri,
dins d'una cél-lula, dins d'un determinat teixit, dins d'un individu, i

dins d'un grup de persones (la tradicional definici6 d'una poblacio).

1.1.2 Herencia materna
Encara que I'heréncia paterna del DNAmt es produeix en

musclos (Zouros et al. 1992), i s’ha observat tant de manera inter
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com intraespecifica en Drosophila, ratolins, i hibrids d'aus
(Gyllensten et al. 1991; Kaneda et al. 1995; Kondo et al. 1990; Kvist
et al. 2003), des de fa anys, I'heréncia estrictament materna del
DNAmMt huma ha estat considerada com un dogma indestructible
(Stoneking 1993; Stoneking and Soodyall 1996; Wallace et al.
1999). Aquesta herencia uniparental és un dels grans avantatges del
DNAmt, ja que permet als investigadors tracar Ilinatges relacionats a
través del temps, destacant l'ascendéncia materna d'una poblacio,
sense els efectes de confusio de [I'herencia biparental i la
recombinaci6 inherent al DNAN. No obstant pero, I’any 2002 va fer-
se public I’informe d'un home amb intolerancia severa a l'exercici,
on el DNAmt del teixit muscular era predominantment d’origen
patern, fet que va provocar certs dubtes sobre la validesa de la
hipotesi de 1’estricta heréncia materna del DNAmt (Schwartz and
Vissing 2002). Aix0 provoca que s’alcessin veus advertint sobre la
prudencia a I’hora de fer inferéncies sobre les poblacions humanes i
de la historia basada en el suposit ara questionable de I'heréncia
estrictament materna (Bromham et al. 2003). Investigacions
posteriors amb un major nombre de pacients amb miopaties
mitocondrials no han reportat més casos d'heréncia paterna (Filosto
et al. 2003; Schwartz and Vissing 2004; Taylor et al. 2003). Es
coneix des de fa anys, que les mitocondries de l'esperma son
selectivament destruides a I'oocit (Manfredi et al. 1997; Shitara et al.
1998), i s'ha demostrat que el DNAmt patern és destruit en els oocits
per ubiquitinitzacio (Sutovsky et al. 1999; Sutovsky et al. 2000). Per
tant, sembla molt probable que el cas d’heréncia paterna del DNAmt
fos conseqiiéncia d’una ruptura en el reconeixement normal i

eliminacio de les molécules d’aquest DNAmt patern. D'altra banda,
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milers de comparacions mare-fill no han demostrat cap indici de
contribucié paterna (Giles et al. 1980; Howell et al. 2003; Jazin et al.
1998; Santos et al. 2008b; Santos et al. 2005b). Per tant, a I'actualitat,
I'neréncia materna del DNAmt en els éssers humans encara es pot
considerar com la norma general (Schwartz and Vissing 2003).
Aquesta caracteristica d'heréncia uniparental fa que tots els individus
pertanyents a un mateix llinatge comparteixin una mateixa
sequiencia, el que confereix la possibilitat d'estudiar Ilinatges al llarg
del temps, esclarint els ancestres materns de les poblacions
(Pakendorf and Stoneking 2005).

1.1.3 Perdua de recombinacio

Un altre principi de I'Antropologia Molecular, que es va veure
sacsejat fa uns anys, és que el DNAmMt no recombina. Aixd va ser
considerat com un fet establert (Stoneking 1993; Stoneking and
Soodyall 1996; Wallace et al. 1999) fins els anys 1999-2000, quan
guatre publicacions reportaren evidéncies de recombinacié en el
DNAmMt huma (Awadalla et al. 1999; Awadalla et al. 2000; Eyre-
Walker et al. 1999; Hagelberg et al. 1999). Tres d'aquests estudis es
van basar en analisis filogenétiques i estadistiques mitjancant
seqiencies de DNAmt. Els autors van demostrar l'evidéncia de
recombinaci6 amb l'argument d’un excés de llocs homoplasics
observats en els arbres filogenetics (Eyre-Walker et al. 1999), i la
correlacio del desequilibri de Iligament amb la distancia a traves del
genoma mitocondrial (Awadalla et al. 1999; Awadalla et al. 2000).
El quart estudi va afirmar tenir proves directes de recombinacio en el
DNAmt d’individus de la Melanésia (Hagelberg et al. 1999). No

obstant aix0, posteriorment es va demostrar que els estudis
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filogenétics i/o estadistics havien utilitzat dades erronies i/o metodes
estadistics questionables (Arctander 1999; Jorde and Bamshad 2000;
Kumar et al. 2000; Macaulay et al. 1999; Merriweather and Kaestle
1999; Parsons and Irwin 2000), i el treball de Hagelberg et al. (1999)
va haver-se de retractar (Hagelberg et al. 2000). Tres estudis sobre la
correlacio del desequilibri de lligament i la distancia en grans
conjunts de dades de seqiiencies completes de DNAmt (Elson et al.
2001; Ingman et al. 2000; Piganeau and Eyre-Walker 2004) no van
trobar evidéncies de recombinacid, encara que, de nou, va detectar-se
un excés de posicions homoplasiques (Piganeau and Eyre-Walker
2004) - aix0 pero, s'atribueix generalment a I’heterogénia taxa de
mutacié del DNAmt huma (Excoffier and Yang 1999; Howell and
Smejkal 2000; Stoneking 2000). Fins el moment pero, només ha
estat publicat un cas de recombinacié en el DNAmt huma en la Unica
persona coneguda que conté tant DNAmt d’origen matern com
patern (Kraytsberg et al. 2004; Schwartz and Vissing 2002). En
aquest cas, la recombinacié entre el DNAmMt matern i patern es va
produir en aproximadament el 0,7% del total de DNAmt en el teixit
muscular del pacient. Aquesta troballa posa de manifest que la
recombinacio és possible, ja que les mitocondries posseeixen una
recombinasa funcional (Thyagarajan et al. 1996).

No obstant aix0, recentment s’ha demostrat que la fusio entre
mitocondries d’una mateixa cel-lula proporcionaria proteccio enfront
a mutacions en el DNAmt mitjancant 1’intercanvi genétic, fet que
permetria als genomes mitocondrials amb diferents mutacions
complementar-se entre ells, compensant aixi la carrega mutacional
(Nakada et al. 2001; Nakada et al. 2009). Aix0 podria donar-se fins i

tot dins d’una sola mitocondria, sempre i quan fos entre nucleoides i

16



Introduccié

no entre molecules de DNAmt en el si del mateix nucleoide, fet que
limitaria la recombinacié (Chen et al. 2010; Gilkerson et al. 2008). A
més, les fuites de DNAmt patern sén un fenomen molt rar, per tant la
recombinacio no sembla ser un procés fonamental (Hagelberg 2003;
Slate and Gemmell 2004) - en abséncia de molécules de DNA en
heteroplasmia, els esdeveniments de recombinacid es traduirien en

DNAs mitocondrials que no diferirien dels originals.

1.1.4 Taxa de mutacio

Per logica es pot pensar que com mes importancia té el
contingut genétic més lentament hauria d’actuar un canvi evolutiu,
pero tot i que la majoria del DNAmt conté gens indispensables per a
la vida cel-lular, la taxa de mutacié d’aquest genoma Se Situa per
sobre de la dels gens nuclears en diversos ordres de magnitud
(Nachman et al. 1996; Schriner et al. 2000).

La proximitat als efectes mutagénics dels radicals oxigénics
generats per la fosforilacié oxidativa i el fet de que aquest genoma
no esta associat a histones que podrien protegir-lo, sén explicacions
per aquest augment de la pressié mutagénica en el DNAmt (Gray et
al. 1999; Shigenaga et al. 1994). De totes maneres, aquesta elevada
taxa de mutacié proporciona una considerable variaci6 a nivell
poblacional, ja que podria permetre a alguns individus sobreviure a
sobtats canvis ambientals. Per tant, ’elevada taxa de mutacid que es
dona en la linia germinal del DNAmt dels mamifers podria
representar un compromis entre la generacié de suficient variacio
adaptativa per a poder augmentar la probabilitat de que les espéecies
sobrevisquin a un canvi ambiental catastrofic, versus la supressié de

la taxa de mutacié del DNAmt suficientment com per a garantir que
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I’acumulacié de mutacions perjudicials al llarg dels llinatges materns
no condueixi a I’extincié com a resultat del trinquet de Muller
(Wallace 2007).

Tot 1 existir una gran controversia pel que fa a I’acceptacio
d’una taxa de mutacido que pugui ser utilitzada en diferents camps
d’investigaci6, wuna estimaci6 d’aquesta  seria 0,017x10°
substitucions/posicié/any pel que fa a tot el genoma, exceptuant la
regio de control (Ingman et al. 2000). En les dues regions
hipervariables (HVRI i HVRII) de la regi6 no codificant, la taxa és
encara major, tot i que saber quant major és, és una questié que
encara genera discrepancies.

Aquesta gran controvérsia pel que fa a la taxa de mutaci6 del
mtDNA, és deguda en gran mesura, al procediment que es realitza
per calcular-la. Existeixen dues vessants clarament diferenciades: els
métodes basats en comparacions filogenétiques, ja estiguin
fonamentades en comparacions interespecifiques o intraespecifiques,
gue donen estimacions de 0.0250-0.1770 substitucions/posicié/milié
d’anys pel que fa a la regié control, i els métodes empirics
d’observacio directa de les mutacions del DNAmt en families o
llargs llinatges, on es consideren totes les substitucions, que donen
estimacions de 0.3791-1.7957 substitucions/posicio/mili6 d’anys
[per revisié veure Santos et al. (2005a; 2008b)]. Aquesta Ultima
sembla ser una taxa significativament més elevada que les
obtingudes filogeneticament. A l'actualitat existeix un debat pel que
fa a la incognita de com la taxa reflecteix el "veritable" estat de
coses, i com s’utilitza en estudis poblacionals (Heyer et al. 2001,
Howell and Mackey 1997; Howell et al. 2003; Jazin et al. 1998;
Macaulay et al. 1997; Paabo 1996; Parsons et al. 1997;
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Sigurgardottir et al. 2000). Una bona reflexié al respecte és la
suggerida per Santos et al (2008b; 2005b) que proposa una série de
factors a tenir en compte i que eliminen les discrepancies, si
s’apliquen les correccions necessaries, com per exemple la taxa

d’heteroplasmia (0.4332 substitucions/posicio/milié d’anys).
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“The first cell fusion, precursor of fertilization,
may have been the result of cannibalism: a microorganism ate

another without digesting. ”

Lynn Margulis

1.2 ORIGEN EVOLUTIU DE LA MITOCONDRIA

Poc després d’extreure, per primera vegada, mitocondries de
cel-lules d'organismes superiors, fa uns 120 anys, ja es va expressar
d’una forma més o menys explicita la idea de que estaven
relacionades d'alguna manera amb els bacteris (Margulis 1981).
Llavors, els pensaments sobre l'origen de les mitocondries i els
cloroplasts varen culminar en una declaraci6 extremista de la Teoria
Endosimbiotica que deia: "la ‘cél-lula’ eucariota son multiples
‘cel-lules’ procariotes” (Taylor 1974), i Lynn Margulis es va
convertir en una divulgadora particularment elogiient i contundent

sobre les idees de la simbiosi en I'evolucié cel-lular eucariota.

Formalment, és necessari almenys tenir en compte dues
hipotesis alternatives sobre l'origen evolutiu de les mitocondries.

Una d’elles proposa que les mitocondries provenen de l'interior d'una
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cél-lula mitjancant un procés de compartimentacié intracel-lular i
especialitzacio funcional. Quan es va descobrir el DNA en aquests
organuls, calia afegir que la informacié genética d'un genoma
nuclear s’havia distribuit entre aquests dos compartiments. La segona
hipotesi suggereix que les mitocondries es van originar a partir d'una
relacié simbiotica entre una proto-cél-lula eucariota i un organisme
procariota primitiu capa¢ de dur a terme la fosforilacié oxidativa.
Només la segona hipotesi s'esta considerant seriosament a l'actualitat
(Scheffler 2008).

Una revisi6 critica dels arguments a favor i en contra sobre la
hipotesi endosimbiont publicada per Gray i Doolittle 1’any 1982
(Gray and Doolittle 1982) va fer un intent per definir el tipus de
dades que provaven aquesta hipotesi, i va concloure que "un origen
endosimbiont dels mitocondris és més complex i molt menys
creible” que el cas d’un origen dels cloroplasts (plastidis) a partir
d’eubacteris fotosintétics (cianobacteris). Durant la década de 1980
van comencar a compilar-se una gran quantitat de dades addicionals
que eren revisades periodicament per Gray i altres, culminant I’any
1992 en una revisié exhaustiva i avaluada (Gray 1992). L'autor va
arribar a la conclusio que re-avaluar hipotesis alternatives no tenia
sentit en vista de I'enorme quantitat de proves a favor de la hipotesi

endosimbiotica.

El DNAmt codifica per proteines molt especifiques i Uniques,
tot i que és evident que és un genoma massa petit per codificar la
informacid suficient perque un organisme visqui per si sol. La pérdua
d'informacio genética de les mitocondries primordials es va veure

compensat per les funcions codificades pel nucli, perd en aquest
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moment s’hauria de distingir entre dues possibilitats. Una d’dbvia és
gue els gens proto-mitocondrials van ser transferits al nucli, havent-
hi una evidéncia convincent de que aquests esdeveniments s‘havien
produit. També hauria de ser obvi perd, que la simbiosi implica que
els bacteris destinats a convertir-se en mitocondria van haver
d’envair una cél-lula hoste, un proto-eucariota, que abans d'aquest
esdeveniment evolutiu era igualment capa¢ d'una existéncia
independent. La distincid entre les dues cél-lules des de la visi6 més
simple, és que el proto-eucariota ja tenia el seu DNA compartimentat
en un nucli amb una membrana nuclear, mentre que el proto-
mitocondri s'assemblava a un bacteri sense nucli. Tots dos havien de
ser capacos de replicar i transcriure el seu DNA, aixi com de
sintetitzar proteines i diversos lipids per a formar la membrana. El
cicle de Krebs també I’haurien de poder fer totes dues. Per tant,
I'associacid inicial entre aquestes dues cél-lules havia de conduir a
una considerable i redundant informacié genética. Els gens
redundants en la mitocondria podrien simplement haver-se perdut,
d’altres van ser transferits al nucli i només un nombre molt petit va

romandre a la mitocondria (Kleine et al. 2009).

Hi ha pero, un limit establert en la reduccié d’aquest genoma
mitocondrial (Palmer 1997)? Esta for¢a acceptat que els péptids que
resten codificats en el genoma mitocondrial s6n extremadament
hidrofobics i no poden ser importats mitjancant la maquinaria de
translocaci6 mitocondrial. D'altra banda, dos peptids d'ancoratge
hidrofobic del complex Il son codificats per gens nuclears en la
majoria dels organismes examinats fins al moment. Els arguments

teodrics s'han remes a la prediccié que el genoma mitocondrial, en
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Gltima instancia, necessita retenir només dos gens que codifiquen
péptids, a més dels RNAr i els RNAt (Claros 1995; Claros et al.
1995; Popot and de Vitry 1990). Els dos gens assenyalats son el Cyt
B i el COXI, que codifiquen per peptids amb més de tres o quatre
segments transmembrana hidrofobics. Alguns descobriments
proporcionen evidencies convincents de que la pérdua completa dels
gens funcionals del genoma mitocondrial va ocorre, de fet, abans de
I’emergencia dels animals, fa aproximadament 1000 milions d’anys
(Palmer 1997). Una de les idees emergents és que la mitocondria
endosimbiont original va evolucionar de forma independent en les
diverses espécies que habiten en aquests entorns, del que en resulta
una colleccid de variants d’organuls morfologica, genética i
funcionalment heterogenia, incloent mitocondries aerobiques,
anaerobiques, hidrogenosomes i mitosomes (Van der Giezen and
Tovar 2005).

1.2.1 Insercions nuclears d’origen mitocondrial (NUMTy)

Tot i que hi ha evidéncies de que la transferéncia de material
génic funcional de les mitocondries al nucli ha finalitzat, la
transferencia de DNA organular no funcional al nucli és un procés
gue continua actiu (Hazkani-Covo and Graur 2007; Hazkani-Covo
et al. 2010; Ricchetti et al. 2004) i que té com a resultat la formacid
de pseudogens coneguts com a NUMTs o NUPTSs, depenent de si
tenen un origen mitocondrial o cloroplastidic (Leister 2005) (Figura
2).
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Figura 2. Visio esquematica dels diferents tipus de transferéncia de
DNA intercompartimental. (a) Organul-nucli; (b) cloroplast—mitocondri;
(¢) nucli—mitocondri. Figura adaptada de Leister et al (2005).

Fins al moment, tots els NUMTs estudiats en mamifers han
perdut la seva funci6. Probablement a causa de les diferéncies entre
els codis genétics nuclear i mitocondrial, aquestes insercions van
passar immediatament a ser no funcionals quan van arribar al nucli
(Hazkani-Covo et al. 2003).

Diversos estudis han demostrat que els NUMTSs son similars
perd no idéntics a les seves contraparts en el DNAmt; varien en
grandaria i es poden repetir en tandem (Tourmen et al. 2002). A més,
els NUMTSs es caracteritzen per la seva heterogeneitat estructural i la

desigual distribucid en els cromosomes (Bensasson et al. 2001;
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Tourmen et al. 2002). Alguns d'aguests NUMTs s'han integrat
recentment al genoma nuclear mantenint la seva estructura. D’altres
perod, es van inserir fa molt temps i, posteriorment a la insercid, han
patit processos com ara duplicacions, delecions, inversions o

desplacaments dins de la sequiencia nuclear (Tourmen et al. 2002).

L'explicaci6 més parsimoniosa que explica 1’origen dels
NUMTSs és la reparacié dels trencaments de doble cadena (DSBR)
pel mecanisme d’unié d’extrems no homolegs (NHEJ) (Hazkani-
Covo and Covo 2008). Durant aquest procés de reparacid, una
sequiencia de DNAmt serveix de pegat i preserva el DNAn de la
pérdua de nucleotids. D’aquesta manera, el NUMT previndria la
formaci6 de delecions cromosomiques (Hazkani-Covo and Covo
2008).

S'han descrit NUMTs en més de 80 espécies i el nombre
d'aquestes seqiiéncies és diferent entre elles (Bensasson et al. 2001,
Hazkani-Covo and Graur 2007). Richly i Leister (2004) suggereixen
gue l'abundancia variable dels NUMTSs entre les especies pot ser la
causa de les diferéncies en la frequencia de la transferéncia de
DNAmt al nucli o les distintes taxes de pérdua de NUMTSs. No
obstant aix0, l'estimacié del contingut i abundancia de NUMTSs

encara continua incompleta (Bensasson et al. 2001).

L'analisi de NUMTSs ha permés estudiar diversos mecanismes
d'integracio del DNAmt al nucli, aixi com conéixer les forces
evolutives que actuen sobre les seqliencies no codificants (Kleine et

al. 2009). Aquest procés evolutiu ha estat ampliament estudiat
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mitjancant comparacions paralogues dins dels genomes (Hazkani-
Covo et al. 2003; Mourier et al. 2001; Woischnik and Moraes 2002).

Els NUMTSs es classifiquen com ortdlegs, quan deriven d'un
procés d'especiacio i estan presents en el mateix locus al genoma de
diferents especies. Aixi doncs, podem considerar els NUMTs com
fossils moleculars que ens aporten informaci6 sobre ’estat ancestral
del DNAmt, alhora que ens permet arrelar els arbres filogenétics
recents dins d’una mateixa espécie sense necessitat d’utilitzar una
espécie outgroup. Si profunditzem en aquest Us dels NUMTs, podem
comprendre fendomens poblacionals i establir histories evolutives de
les poblacions d’una mateixa espécie (Ricchetti et al. 2004,
Thalmann et al. 2005). La taxa en que ocorren les insercions de
NUMTS, la seva ortologia i I’estudi dels processos post-insercionals
gue pateixen, es perfilen com una bona eina per I’estudi filogenétic
de les espécies (Hazkani-Covo and Graur 2007; Jensen-Seaman et al.
2009) i de fet, s’han construit filogénies de primats a partir de
I’estudi dels NUMTs amb eines bioinformatiques, concordants amb
les consensuades fins al moment (Hazkani-Covo 2009). Daltra
banda, els NUMTSs poden classificar-se com a no-ortololegs quan
deriven d'un procés de duplicacio i estan presents en un sol genoma.
En aquest cas, es classifiquen en insercions, delecions parcials o
totals i en duplicacions en tandem (Hazkani-Covo and Graur 2007).
En aquest context, es coneix que la duplicaci6 de NUMTSs ja
establerts en el genoma nuclear, és un procés que contribueix a un
augment substancial en el nombre d'insercions (Richly and Leister
2004).
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Diversos estudis publicats fins ara, mostren discrepancies
significatives en el nombre total de NUMTSs presents en el genoma
huma. Aquest nombre oscil-la entre 190 (Lascaro et al. 2008) i 1105
(Tourmen et al. 2002), havent treballs que reporten 206 insercions
(Richly and Leister 2004), 211 (Ricchetti et al. 2004), 247 (Mishmar
et al. 2004), 296 (Mourier et al. 2001), 452 (Hazkani-Covo and
Graur 2007), 585 (Simone et al. 2011), 612 (Woischnik and Moraes
2002) i 871 (Hazkani-Covo et al. 2010). D'acord amb Lascaro et al.
(2008), les principals causes per explicar aquest desacord son el
criteri propi de cada investigador en la utilitzacié dels métodes
bioinformatics i I'aplicacié a genomes nuclears que encara no estan
acoblats correctament. D'altra banda, hi ha molts estudis que no
tenen en compte els possibles efectes dels processos post-
insercionals de les duplicacions en el genoma nuclear (Hazkani-
Covo et al. 2003). A més, les recopilacions i bases de dades existents
no estan actualitzades, ja que s’han dut a terme amb una versio

antiga del genoma huma enlloc de I’actual versio (GRCh37).
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“It is quite likely that all of us harbour more than
one mtDNA type among the trillions and trillions of mtDNA genomes

in our bodies”

Brigitte Pakendorf & Mark Stoneking.

1.3 HETEROPLASMIA MITOCONDRIAL

Les multiples copies del genoma mitocondrial dins d'un
individu no han de ser necessariament identiques; l'existéncia de
diferents tipus de DNAmt dins d’una mateixa mitocondria, cél-lula o

individu es coneix com a heteroplasmia (Figura 3).

Figura 3. Representacid esquematica dels diferents nivells on pot
observar-se 1’heteroplasmia mitocondrial
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Existeixen dos tipus d’heteroplasmia mitocondrial:

= Heteroplasmia puntual: s’estableix quan unes copies de

DNAmt pateixen una substitucié (Figura 4a).

= Heteroplasmia de longitud, s’estableix quan unes copies
de DNAmt pateixen una insercié o delecid (Figura 4b).
Aguesta acostuma a produir-se en zones repetitives com
les regions de poliC del D-loop: la regié compresa entre
les posicions 16184-16193 de la HVRI i 303-315 de la
HVRII.

a)

AR A

b)
W\A/\W\N\A[W/MMRMR&Qﬂﬁ

Figura 4. Electroferograma corresponent a la seqiiéncia d’una
regio del DNAmt. a) Heteroplasmia puntual donada per una
substitucié C/T. b) Heteroplasmia de longitud en una poliC de
la HVRII situada entre les posicions 303-309.

L'estudi de I’heteroplasmia mitocondrial humana es remunta
als anys 80 i va ser identificada per primera vegada en estudis
genétics sobre malalties mitocondrials, on es van observar nivells

variables de delecions (Holt et al. 1988) o mutacions (Wallace et al.
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1988) en els pacients afectats. No obstant aix0, ’heteroplasmia no és
necessariament un estat relacionat amb patologies. Bendall et al.
(1996) va suggerir que la freqliencia de I’heteroplasmia mitocondrial
és superior a la detectada fins el moment i que no s’havien pogut
detectar abans degut, probablement, a dificultats metodologiques.

Per tant, la freqliéncia observada dependra de com es mesura.

Les estimacions inicials sobre la freqiiencia d’heteroplasmia
puntual detectaven nivells minims o nuls d’heteroplasmia, degut a
gue els métodes emprats eren poc sensibles. Una de les estimacions
més actuals considera que aproximadament un 24% de la poblacid té
més d’un tipus de DNAmt present, amb una freqiiéncia d’almenys un
0.08% (Li et al. 2010), i de fet és molt probable que tothom albergui
meés d'un tipus de DNAmt entre els trilions i trilions de genomes
mitocondrials que tenim al nostre cos (Pakendorf and Stoneking
2005). No obstant aix0, I'nomogeneitat total del DNAmt entre
individus indica que una restriccié en el nombre de molécules de
DNAmt, o “coll d’ampolla”, esta darrere d'aquest procés: un nombre
molt petit de molécules de DNAmt, o fins i tot una sola molecula,
podria servir de model en la replicacié per a formar part dels oocits
dels qual es transmet el DNAmt a la descendéncia (Clayton 1996;
Chinnery 2002; Poulton 1995). Diferents autors estan d’acord en
que, ja sigui per deriva genética o per un complex procés de tria, és
possible explicar facilment la rapida segregacié dels genomes
mitocondrials; el veritable enigma resideix en 1’estabilitat que tenen
certes heteroplasmies observades en alguns arbres genealogics
(Lightowlers et al. 1997; Santos et al. 2005b). Una dona amb una
fraccio relativament petita de DNAmt mutat pot tenir descendéncia

amb una proporcio significativament més alta d’aquest DNAmt
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mutat, si aquest és aleatoriament amplificat. No obstant aixo,
I’heteroplasmia hauria de ser reduida en la majoria dels seus

descendents.

Actualment perd, no esta del tot clar en quin moment del
desenvolupament es dobna aquesta reduccié drastica de material
genétic mitocondrial. Estudis recents han postulat que el coll
d’ampolla es produeix durant el desenvolupament embrionari com a
conseqliencia d’una drastica reduccid del contingut de mtDNAs a les
cel-lules germinals (Jansen and de Boer 1998; Krakauer and Mira
1999), mentre que altres estudis proposen que el coll d’ampolla és el
resultat de la replicacié6 d’una subpoblaci6 de mtDNAs durant la
maduracio de I’oocit a nivell postnatal i que, per tant, el coll
d’ampolla es dona sense una reduccio del contingut de molécules de
mtDNA a les cél-lules germinals (Cao et al. 2010; Wai et al. 2008).
S’han dut a terme estimacions de la mida del coll d’ampolla (Bendall
et al. 1996; Howell et al. 1992; Marchington et al. 1998) utilitzant
diferents models de seleccid. Aplicant el model de selecci6 Unica
descrit per Bendall et al. (1996), en parelles de bessons, han estimat
una mida del coll d’ampolla de 3 a 30 unitats de segregacio.
Marchington et al. (1998), utilitzant oocits han obtingut una
estimacio similar de 1 a 31 unitats de segregacio. D’altra banda,
estudis de segregacio de I’heteroplasmia mitocondrial quantifiquen, a
través de les generacions, de l'ordre de només 10 unitats de
segregacio per individu (Bendall et al. 1996; Brown et al. 2001;
Poulton and Marchington 2002).

Actualment existeixen un nombre important de treballs

centrats en 1’observacid de les variacions heteroplasmiques en
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poblacions sense malaltia mitocondrial evident (Calloway et al.
2000; He et al. 2010; Irwin et al. 2009; Kirches et al. 2001; Santos et
al. 2008c¢). En general, aquests estudis s'han centrat en I'analisi de la
regié de control, zona que només cobreix el 7% del DNAmt total.
Aquests treballs detecten elevades frequéncies pel que fa a
heteroplasmia de longitud (aproximadament un 70%) i al voltant
d’un 4% en quant a la freqiiencia d’heteroplasmia puntual. Els
escassos estudis en els que s’han analitzat regions de la porcio
codificant del DNAmt en individus sans mostra que 1’heteroplasmia
mitocondrial és més freqlient a la regi6 de control (Jazin et al. 1996;
Li et al. 2010; Santos et al. 2008b).

S'ha observat que els nivells d’heteroplasmia varien entre els
teixits (Bendall et al. 1997; Calloway et al. 2000; Goto et al. 2011;
Grzybowski et al. 2003; He et al. 2010). En aquests treballs s’ha
posat de manifest que, teixits com el muscular o I’epiteli bucal
presenten freqiiéncies més elevades d’heteroplasmia respecte altres
teixits com el sanguini. També s’ha detectat que la freqgliéncia
observada a les arrels dels cabells és molt variable, podent presentar
tant els nivells minims com els més elevats d’heteroplasmia que pot
tenir un mateix individu. D’altra banda, la frequéncia
d’heteroplasmia també pot variar entre poblacions (Irwin et al.
2009). Al treball de Irwin et al. (2009) es destaquen, d’entre les
poblacions estudiades, les poblacions de Jordania (9.5% en sang) i
Vietnam (15.5% en epiteli bucal) com les que presenten freqtiencies
més elevades d’heteroplasmia, mentre que les de Nairobi (1% en
sang) i Kazakhstan (4.3%, en epiteli bucal) son les que tenen

frequéncies més baixes.
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Si enfoquem I’heteroplasmia mitocondrial com una etapa
intermedia entre la generacio de mutacions i la fixacio d’aquestes en
un individu o una cél-lula, aquesta representa un pas obligatori en
I'evolucié del DNAmt (Rand 2001). Per tant, I’heteroplasmia
mitocondrial és una eina potencial per a l'estudi del patré de mutacid,
el possible paper de la seleccid i, fins i tot, de I'existéncia de la
recombinacié del mtDNA (Zsurka et al. 2005).
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“There's about 1,000 times more mitochondrial
DNA than nuclear DNA in our cells, so it's much easier to pick up”

Chris Stringer

1.3.1 Metodologies aplicades a I’estudi de I’heteroplasmia

mitocondrial

La deteccié de I’heteroplasmia mitocondrial ha evolucionat
significativament des de la seva primera troballa, cap als volts dels
anys 80. De fet, és la millora en les técniques el que ha permés
aprofundir més i millor en seu estudi. A banda d’intentar millorar el
nivell de deteccio, les técniques per observar-la sén molt variades i

sovint depenen del tipus d’estudi que es pretengui realitzar.

S’ha dut a terme un recull de les publicacions relacionades
amb la deteccid de I’heteroplasmia puntual des de I’any 2004 fins a
’actualitat. Aquesta revisié inclou 24 estudis poblacionals (Afonso
Costa et al. 2010; Bai and Wong 2004; Ballana et al. 2008; Biggin et
al. 2005; Cassandrini et al. 2006; Chong et al. 2005; De Camargo et
al. 2011; Irwin et al. 2009; Jacobs et al. 2007; Lo et al. 2005; Lutz-
Bonengel et al. 2008; Meierhofer et al. 2005; Nakahara et al. 2008;
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Paneto et al. 2010; Picornell et al. 2006; Poe et al. 2007; Rose et al.
2010; Santos et al. 2008b; Singh et al. 2006; Sondheimer et al. 2011,
Theves et al. 2006; Wang and Boles 2006; White et al. 2005; Zsurka
et al. 2005) i 43 estudis realitzats amb mostres patologiques (Abnet
et al. 2004; Alston et al. 2010; Ambrosini-Spaltro et al. 2010; Betts
et al. 2006; Bi et al. 2010; Bidooki et al. 2004; Brinckmann et al.
2007; Canter et al. 2005; Cardaioli et al. 2008; Coskun et al. 2004;
D'Aurelio et al. 2010; Debray et al. 2007; Dobrowolski et al. 2009;
Fendt et al. 2011; Frederiksen et al. 2009; Gambello et al. 2006;
Genasetti et al. 2007; Gigarel et al. 2005; He et al. 2010; Jacobs et al.
2005; Jakupciak et al. 2008; Kaare et al. 2009; Kaplanova et al.
2004; Karppa et al. 2004; Kloss-Brandstatter et al. 2010; Laloi-
Michelin et al. 2009; Leshinsky-Silver et al. 2005; Li et al. 2005;
Lindberg et al. 2008; Lu et al. 2009; Marchington et al. 2011;
Meierhofer et al. 2006; Monnot et al. 2011; Phasukkijwatana et al.
2006; Sarzi et al. 2007; Suen et al. 2010; Tan et al. 2008; Uusimaa et
al. 2007; Whittaker et al. 2007; Wong et al. 2004; Zaragoza et al.
2010; Zhadanov et al. 2007; Zsurka et al. 2011).

Aquest recull ha evidenciat que la tecnica més habitual per
determinar els nivells d’heteroplasmia és la sequienciacié automatica
basada en el metode Sanger. D’aquesta manera, un 41,18% dels
estudis poblacionals s’han realitzat mitjancant la sequenciacio
automatica (Afonso Costa et al. 2010; Biggin et al. 2005;
Cassandrini et al. 2006; Chong et al. 2005; De Camargo et al. 2011,
Irwin et al. 2009; Jacobs et al. 2007; Lo et al. 2005; Nakahara et al.
2008; Paneto et al. 2010; Picornell et al. 2006; Santos et al. 2008b;
Theves et al. 2006; Wang and Boles 2006), havent-se observat una
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frequéncia similar (40,32%) en els estudis centrats en malalties
(Abnet et al. 2004; Ambrosini-Spaltro et al. 2010; Bi et al. 2010;
Bidooki et al. 2004; Brinckmann et al. 2007; Cardaioli et al. 2008;
D'Aurelio et al. 2010; Fendt et al. 2011; Gigarel et al. 2005; He et al.
2010; Jacobs et al. 2005; Jakupciak et al. 2008; Kloss-Brandstatter et
al. 2010; Laloi-Michelin et al. 2009; Leshinsky-Silver et al. 2005; Li
et al. 2005; Lu et al. 2009; Marchington et al. 2011; Meierhofer et al.
2006; Monnot et al. 2011; Sarzi et al. 2007; Tan et al. 2008;
Zaragoza et al. 2010; Zhadanov et al. 2007; Zsurka et al. 2011).

La segona tecnica més emprada en els estudis poblacionals
(17,65%), és la cromatografia liquida dalta resoluci6 (DHPLC)
(Ballana et al. 2008; Biggin et al. 2005; Jacobs et al. 2007; Lo et al.
2005; Meierhofer et al. 2005; Rose et al. 2010). Per contra, en els
estudis de malalties (Brandstatter and Parson 2003; Kaare et al.
2009; Meierhofer et al. 2006), aquesta técnica es fa servir només en
un 3,23% dels casos. Alternativament, el segon métode més utilitzat
en els estudis de malalties és el de PCR-RFLP (Alston et al. 2010;
Betts et al. 2006; Brinckmann et al. 2007; Canter et al. 2005;
Cardaioli et al. 2008; Coskun et al. 2004; D'Aurelio et al. 2010;
Debray et al. 2007; Genasetti et al. 2007; Kaplanova et al. 2004;
Karppa et al. 2004; Lindberg et al. 2008; Phasukkijwatana et al.
2006; Sarzi et al. 2007; Suen et al. 2010; Uusimaa et al. 2007;
Whittaker et al. 2007; Wong et al. 2004; Zhadanov et al. 2007;
Zsurka et al. 2011), amb una freqliéncia d'un 32,26%, aplicant-se tan
sols en un 14,71% dels estudis poblacionals (Bai and Wong 2004;
Meierhofer et al. 2005; Singh et al. 2006; White et al. 2005; Zsurka
et al. 2005).
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Les técniques de seqiienciacié de nova generacid, com les
plataformes 454 (Roche), Illumina (Solexa) i Life (APG), s'utilitzen
tant en estudis poblacionals (14,71%) (Ballana et al. 2008; Biggin et
al. 2005; Lutz-Bonengel et al. 2008; Sondheimer et al. 2011; White
et al. 2005) com en estudis de malalties (6,45%) (Alston et al. 2010;
Brinckmann et al. 2007; He et al. 2010; Zaragoza et al. 2010).

Finalment, un 11,76% i un 17,74% respecte als estudis
poblacionals (Bai and Wong 2004; Cassandrini et al. 2006; Poe et al.
2007; Theves et al. 2006) i de malalties respectivament (Bi et al.
2010; Dobrowolski et al. 2009; Frederiksen et al. 2009; Gambello et
al. 2006; Genasetti et al. 2007; Jacobs et al. 2005; Jakupciak et al.
2008; Laloi-Michelin et al. 2009; Li et al. 2005; Tan et al. 2008;
Wong et al. 2004), apliquen tecnologies diferents i més especifiques.
L’electroforesi temporal per gradient de temperatura (TTGE), el
melting d'alta resolucié (HRM) i el sistema d'amplificacio refractari
de mutacié (ARMS), s6n alguns dels métodes utilitzats als estudis de
malalties. Pel que fa als estudis poblacionals, s’usen altres técniques
com la deteccié a temps real de la fluorescéncia, la hibridacié per
Southern blot i LATE-PCR de molecula Unica.

Al voltant dels anys 80, alguns autors van concloure que la
seqlienciacié automatica (Maxam and Gilbert 1977; Sanger and
Coulson 1975; Smith et al. 1985; Smith et al. 1986) era capa¢ de
detectar clarament el doble pic d’una heteroplasmia puntual on la
variant minoritaria fos >20%, per0 donava senyals ambigles i/o
indetectables a nivells inferiors al 5-10% (Bai and Wong 2004; Irwin
et al. 2009; Tang and Huang 2010). Malgrat aix0, s'ha demostrat

clarament que una heteroplasmia on la variant minoritaria sigui del
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5% pot ser observada per sequenciacié automatica si es segueixen
estrictes protocols de validacio i autentificacié d’aquestes (Santos et
al. 2008b). Aquests protocols estan bastats en un criteri molt exigent
d’acceptacio de seqiiéncies valides (amb un nul soroll de fons) i d’un
seriat de repeticions independents, utilitzant primers de seqlenciacio
en ambdos sentits (directe i revers), diferents productes de PCR i fins
i tot diferents extractes de DNA.

Segons Grzybowski et al. (2000), I'Gs de diferents tecniques
d'amplificacié pot donar diferéncies en la quantificacio dels nivells
d’heteroplasmia. No obstant aix0, aquests resultats no van poden ser
reproduits en un altre estudi (Brandstatter and Parson 2003). De la
mateixa manera, en un estudi recent, I'ls de la sequenciacié de la
cadena lleugera (L) dona millors resultats en quant a qualitat de la
seqliencia que no pas si es sequencia la cadena pesada (H)
(Brandstatter and Parson 2003).

D’altra banda, la presencia de NUMTSs porta a replantejar els
estudis de DNAmt. Degut a I’elevada similitud amb el DNAmt, els
NUMTSs son una font de contaminacié en els treballs de DNAmt
basats en la seva amplificacio per PCR (Parr et al. 2006b; Yao et al.
2008b). Tot i que aquest problema ha estat silenciat amb I’argument
de D’elevat nombre de copies del DNAmt, respecte el locus
corresponent al DNAnN, la precaucié ha de ser-hi present (Parfait et
al. 1998), ja que la co-amplificacié amb un NUMT donara problemes
en la interpretacid de les sequiencies i, sobretot, en la interpretacié de
I’heteroplasmia mitocondrial (Parr et al. 2006a; Parr et al. 2006b). En
un estudi de Parr et al. (2006b), on utilitza cél-lules p0O (abséncia de

mitocondries), va suggerir que un dels factors més importants que
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determina si un NUMT sera co-amplificat amb el DNAmt és la regi6
de DNAmt que es pretén amplificar aixi com el nimero de copies del
NUMT. A més, les mostres de DNA antic o qualsevol teixit amb un
baix nombre de copies de DNAmt, tant en teixit sa com en mostres
patologiques (per exemple mostres tumorals) també semblen ser
factors importants que determinarien la possibilitat de co-
amplificacié (Goios et al. 2008; Parr et al. 2006b). Goios et al.
(2008) va postular que en sequenciacions estandards de mostres
utilitzades per a la caracteritzacié poblacional, en la que la deteccid
d’heteroplasmia mitocondrial no constituia una prioritat, la co-
amplificaci6 de NUMTSs no constitueix un problema real, ja que el
contingut de DNAmt en aquestes mostres és molt superior al
contingut de DNAN. Perd Yao et al. (2008b) i Parr et al. (2006b) van
demostrar que la co-amplificaci6 de NUMTs pot donar-se fins i tot
quan s’utilitzen mostres amb una qualitat i quantitat de DNA
estandard. A D’estudi de Parr et al. (2006b) es demostra aquesta
problematica amb la seqlienciacio de 46 fragments de DNA paralegs
gue representen tot el genoma mitocondrial i Hirano et al. (1997)
assenyalaren que una heteroplasmia aparent en un malalt
d’Alzheimer era en realitat el resultat d’una co-amplificacié amb
DNAN.
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2.1 JUSTIFICACIO DEL TREBALL

El DNAmMt huma segueix sent un dels DNAs més estudiats.
Els atributs distintius, en contrast amb el genoma nuclear, com ara la
seva abundancia en les cél-lules humanes, I’heréncia materna i
I’elevada taxa de mutacid, fan d'aquesta molecula una atractiva font
d'informacio per a estudis evolutius i de genética de poblacions. Una
altra caracteristica del genoma mitocondrial és la presencia de més
d’un tipus de DNAmt en una mateixa mitocondria, cél-lula o
individu, particularitat anomenada heteroplasmia mitocondrial.
Actualment, hi ha una gran varietat de treballs centrats en I'estudi de
I’heteroplasmia mitocondrial, tant per la seva relacié6 amb malalties
com estudis amb individus sans. Aquests Ultims s'han centrat en
I'estudi de la regi6 no codificant del genoma mitocondrial, que
representa només el 7% del seu genoma. Tot i aixi, pel que fa a
I'analisi de I’heteroplasmia en la totalitat del genoma mitocondrial,
en el moment d’inici de la present Tesi Doctoral, no hi havia cap
treball publicat enfocat en aquest tema on s’utilitzessin sequéncies
completes de DNAmt. Recentment pero, s’ha publicat un treball on
s’analitza [’heteroplasmia mitocondrial mitjangant Sequencies

completes de DNAmt, tot i que el proposit se centra en ’aplicaci6 de
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la plataforma de seqlenciacié massiva lllumina (Solexa) (Li et al.
2010).

Un estudi exhaustiu de les posicions heteroplasmiques ens
ajudara a entendre millor quina és la dinamica i quines forces estan
intervenint en 1’evoluci6 del genoma mitocondrial. La comprensio de
les bases de I’heteroplasmia mitocondrial, aportara una valuosa
informacié en una gran diversitat de camps d’investigacié com
I’evolutiu, el poblacional, el forense i el de la genetica.

Per treballar amb el DNAmt i, més encara, si es pretén
estudiar I’heteroplasmia mitocondrial, cal tenir en compte la
preséncia dels anomenats NUMTSs. A causa de l'elevada similitud
entre NUMTs i DNAmt, una co-amplificacié entre ells podria
comprometre la veracitat dels resultats. Actualment, no existeix en la
bibliografia cap treball on tots els primers utilitzats evitin la co-
amplificacio amb NUMTSs. Es per aix0 que, dur a terme una bona
estratégia per evitar-ne aquesta co-amplificacid, és de vital
importancia.

Degut a la possibilitat de co-amplificaci6 amb el DNAmt,
seria molt util disposar d’una base de dades de totes les insercions
d’origen mitocondrial. Actualment existeixen diverses bases de
dades de NUMTSs, pero entre elles presenten una gran discrepancia
en el nombre total de NUMTs. A més, totes elles es troben
desactualitzades ja que s’han realitzat amb una versid antiga de
I’esborrany del genoma huma i no amb la darrera versié (GRCh37).
Aix0 comporta la necessitat de generar una nova base de dades
basada en el nou esborrany del genoma huma. Aquesta practica eina

permetra poder validar mutacions del DNAmt, aixi com I’elaboracié
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d'unes estrategies adequades per a la realitzacio d'estudis evolutius,

filogeografics i, fins i tot, epidemiolagics.
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2.2 OBJECTIUS

El proposit general d’aquest estudi és determinar la freqtiéncia
i el patr6 de I’heteroplasmia en la totalitat del genoma mitocondrial

huma. Per fer-ho, es plantegen els segiients objectius:

1. Establir una metodologia adequada per a I’amplificacid
i seqlienciacié del genoma mitocondrial huma que
permeti la correcta interpretaci6 de I’heteroplasmia
tant en mostres d’individus sans com amb patologies.

2. Realitzar una exhaustiva compilacié de les insercions
nuclears d'origen mitocondrial basada en la darrera
versio de I’esborrany del genoma huma (GRCh37).

3. Avaluar I’impacte de la contaminacio per NUMTs en
estudis de cancer com un exemple d’aplicacié de la base
de dades descrita.

4. Determinar la freqiiéncia i el patré de I’heteroplasmia
en la totalitat del genoma mitocondrial a nivell
poblacional.

5. Comparar el patro mutacional de I’heteroplasmia

mitocondrial amb I’observat a nivell poblacional.
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Primer design and validation for mtDNA amplification and sequencing

The described methodology as well as the results of the primer
design are detailed below and in the following publications (Annex

I:

Ramos, A; Santos, C; Alvarez, L; Nogués, R; Aluja, MP.
Human mitochondrial DNA complete amplification and
sequencing: a new validated primer set that prevents nuclear DNA
sequences of mitochondrial origin co-amplification.
Electrophoresis. 2009 May; 30(9):1587-1593.

Ramos, A; Santos, C; Barbena, E; Mateiu, L; Alvarez, L;
Nogues, R; Aluja MP. Validated primer set that prevents nuclear
DNA sequences of mitochondrial origin coamplification: A
revision based on the New Human Genome Reference (GRCh37).
Electrophoresis. 2011 Mar;32(6-7):782-3.
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Primer design and validation for mtDNA amplification and sequencing

3.1.1 Materials and methods

Primer design and validation

In order to analyze the whole mitochondrial genome, primers
previously published (Torroni et al. 2001) were tested and new ones
were designed. The primer design was performed using the
Lasergene 7.2 software, from the DNASTAR package, following the
general criteria of primers design (Roche 2006) . Particular attention
was devoted to adjust, as much as possible, the melting temperatures

(Tm) of all the primer pairs.

To discard co-amplifications of nDNA and mtDNA, PCR
primers were submitted to the Basic Local Alignment Search Tool
(BLAST) available in the National Center for Biotechnology
Information (http://www.ncbi.nlm.nih.gov/ BLAST/) (Altschul et al.

1990). BLAST finds regions of local similarity between sequences
comparing nucleotide sequences with sequence databases and
calculating the statistical significance of matches. In this work, the
specific tool Basic BLAST, optimized for highly similar sequences

(Megablast), was performed using the Reference genomic sequence
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data base for Homo sapiens (refseq_genomic: Genomic sequences
from National Center for Biotechnology Information Reference
Sequence Project). A primer pair was discarded if both primers
showed similarity (expected number of chance matches in a random
model — E-value — lower than 1) inside the same chromosome

region.

After BLAST validation, primers were further tested in PCR
experiments employing total DNA standard samples (see next
section) and nDNA obtained from sperm cells. The nDNA isolation
was performed by sperm differential lyses using the QIAmp DNA
Investigator Kit (Qiagen) according to the manufacturer’s
specifications. To guarantee the complete mtDNA elimination, the
initial washing step mentioned in QIAmp DNA Investigator Kit
manual was repeated at least four times. Moreover, to ensure the
integrity of nDNA, Y-chromosome STRs were amplified using
AMpFISTR® Y-filer'™ PCR kit (Applied Biosystems), under
conditions recommended by the manufacturer and all the markers

were correctly amplified.

Total DNA extraction, amplification and sequencing of the entire
mtDNA

Total DNA from blood samples was extracted using
JETQUICK Blood DNA Spin Kit (Genomed) and isoamilic phenol-
chloroform (Sambrook 2001).
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Optimized primers and PCR conditions for the mtDNA
amplification are reported in Table 1. The PCR mix for each sample
consisted of 50 pmol of each primer, 200 mM of each dNTP, 2mM
of MgCl,, 10NH4-based reaction buffer, 1 U of Tag DNA
polymerase, and 30 ng of DNA in a final volume of 50 mL. The
PCRs were performed in a G-Storm GS1 thermocycler and the
amplification program consisted of an initial denaturation step of 5
min, followed by 35 cycles of PCR (1 min at 94°C, 40 s at annealing
temperature (Ta) and 2.5 min at 72°C), and a final extension step of 5
min at 72°C. The PCR amplification results were visualized by
electrophoresis in agarose gels (2%).

PCR products were purified using the JETQUICK PCR
Purification Spin Kit (Genomed) and the mtDNA was fully
sequenced in both strands using 62 primers (Table 2). Sequence
reactions were carried out using the sequencing kit BigDye
Terminator v.3 (Applied Biosystems) according to the
manufacturer’s specifications and were run in an ABI 3130XL
sequencer (Servei de Genomica, Universitat Autonoma de

Barcelona).

Cloning

PCR products that, in the optimization process, show
consistently more than a one size product were cloned into the
pCR®4-TOPO® vector, using the TOPO TA Cloning® Kit for
Sequencing (Invitrogen). Ten clones were sequenced using the

previously explained methodology.
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3.1.2 Results
Primer design and validation

From the primers reported in the literature for the complete
mtDNA amplification, we evaluated the 11 primer pairs published by
Torroni et al. (2001) since, compared with other works, the authors
define a small number of fragments [see Table 2 in Torroni et al.
(2001)]. These primers were tested using BLAST. After this
analysis, four pairs of primers that show high similarity with nuclear

regions were rejected.

The BLAST analysis allows detecting two major problematic
regions for primer design. The first one, located between 3914 and
9074 mtDNA positions, presents a 98% similarity with a region
within chromosome 1 (see BLAST results on Table 1.1.1(1) of
Annex 1); the second one encompasses the region located between
9582 and 14479 mtDNA positions and it shows a 88% similarity
with a region within chromosome 5 (see BLAST results on Table
1.1.1 (2) of Annex I). For these regions new primers were designed
and verified until the selective amplification of mtDNA was
obtained. The 3914-9074 region (Figure 5) was split into two

fragments (fragments 4 and 5 in Figure 5); For each primer pair, one

58



Primer design and validation for mtDNA amplification and sequencing

of the primers was designed outside the 3914-9074 region,
preventing the amplification of the similar region of chromosome 1.
For the 9582-14479 region (Figure 5), minimum of four fragments
with 2000 bp were necessary to completely amplify it. Thus, the
previous strategy could only be applied for flanking fragments
(fragments 6 and 9 in Figure 5), and the primers used to amplify the
two fragments that were placed completely within the region
(fragments 7 and 8 in Figure 5) were designed in low-sequence

similarity regions.

14479 1
ﬁx
9
3
8
3914

6
X 5 Chromosome 1

Chromosome 5

9582
9074
D-loop Complex I genes Complex IV genes
- - (NADH dehydrogenase) - (cytochrome ¢ oxidase )
Complex IIT genes (ubiquinol: . Complex V genes
- cytochrome ¢ oxidoreductase) - Ribosomal RNA genes D (ATP synthase)

Figure 5. - Schematic representation of mtDNA. The nine
overlapping fragments defined to PCR amplify the complete mtDNA
genome are represented as well as the two nuclear regions with high

similarity with mtDNA
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After BLAST validation, PCR optimization was performed
using three samples of total DNA extracted using JETQUICK Blood
DNA Spin Kit (Genomed). Surprisingly, the outcome of the
amplifications of fragments between positions 12012-13828 and
3798-6739 resulted in more than one PCR product. However, a new
amplification with a different sample isolated with isoamilic phenol-
chloroform (Sambrook 2001) was carried out and only one PCR
fragment (with the expected size) was obtained (Figure 6). These
results allow to hypothesize that: (i) the observed additional bands
correspond to deletions in mtDNA; (ii) the amplification of an
NUMT not detected by BLAST analysis; (iii) the extraction method
influences the DNA quality and by consequence the PCR
performance and specificity, resulting in unspecific amplification of
nuclear or mtDNA. To test these hypotheses the fragment 12012—
13828 was cloned into the pCR®4- TOPO® vector, using the TOPO
TA Cloning® Kit for Sequencing (Invitrogen) and ten clones were
sequenced. The resulting sequences were tested with BLAST
showing a complete similarity with mtDNA. A careful analysis
reveals that the PCR forward primer hybridized with two close
regions of mtDNA: the target region and another one that present
several differences with the primer. Therefore, the amplification
result is an artifact that can be attributed to the poor quality of DNA.
For this reason, the forward primer was redesigned and tested again

as previously described.
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Figure 6- Gel electrophoresis showing amplification results between
positions 12012-13828 using blood samples extracted with different
methods. a) JETQUICK Blood DNA Spin Kit (Genomed); b) isoamilic
phenol-chloroform. M: Size marker.

Finally, to discard co-amplifications of nNDNA and mtDNA,
which could not be deduced by BLAST analysis, PCR amplifications
were performed using isolated nDNA obtained from sperm cells. The
PCR primers were tested and no positive amplifications were

observed.

PCR and sequencing primers to mtDNA analysis

For these primers, validated as previously explained, melting
temperatures were adjusted as much as possible and the annealing
temperatures were obtained by a PCR gradient being selected the

highest temperature that shows positive amplification. In Table 1
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PCR primers and annealing and melting temperatures to amplify the
nine overlapping fragments that cover the entire mtDNA (Figure 5)
are reported. Some of the primers were previously published by
Torroni et al. (2001) and the remaining ones were designed for this

study.

Since the size of fragments is of ~2000 bp, internal primers
were designed to fully sequence both strands of each fragment. In
Table 2 the sequence of the primers to sequence each fragment in
both stands are shown. All the primers were tested to sequence three
samples and a good efficiency of sequencing was obtained.
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Table 1- Validated primers to amplify the complete mtDNA in 9
overlaping fragments. Melting temperatures (Tm) and annealing
temperature (Ta) for each pair of primers are also presented.

Fragment , s Primer pair

Fragment length Name Sequence (5°— 3’) length (pb) Ta Tm

1 1822 14898for tagccatgcactactcaccaga 22 60 603
151rev ggatgaggcaggaatcaaagac

16488for* ctgtatccgacatctggttcct

2 1758 1676rev? gtttagctcagagcggtcaagt 22 60 603
1404for® acttaagggtcgaaggtggatt

E 2858 3947rev tcgatgttgaagcctgagacta ez S
3734for aagtcaccctagccatcattcta

4 3005 6739rev gatatcatagctcagaccatacc 23 61 589
6511for ctgctggcatcactatactacta

8 2i0%) 9220rev gattggtgggtcattatgtgttg e %S
8910for® cttaccacaaggcacacctaca

6 1738 10648rev  ggcacaatattggctaagaggg 22 61 603
10360for gtctggcctatgagtgactaca

7 e 12226rev cagttcttgtgagctttctcgg 22 CL

8 1853 11977for  ctccctctacatatttaccacaac 24 63 59.3

13830rev  aagtcctaggaaagtgacagcga 23 60.6

a
9 1872 13477for gcaggaatacctttcctcacag 29 63 603

15349rev®  gtgcaagaataggaggtggagt

#Oligonucleotides from Torroni et al. (2001)
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14898for
tagccatgcactactcaccaga
151rev
ggatgaggcaggaatcaaagac
16488for
ctgtatccgacatctggttcct
1677rev
gtttagctcagagcggtcaagt
1404for
acttaagggtcgaaggtggatt
3947rev
tcgatgttgaagcctgagacta
3734for
aagtcaccctagccatcattcta
6739rev
gatatcatagctcagaccatacc
6511for
ctgctggcatcactatactacta
9220rev
gattggtgggtcattatgtgttg
8910for
cttaccacaaggcacacctaca
10648rev
ggcacaatattggctaagaggg
10360for
gtctggcctatgagtgactaca
12226rev
cagttcttgtgagctttctcgg
11977for
ctccctctacatatttaccacaac
13830rev
aagtcctaggaaagtgacagcga
13477for
gcaggaatacctttcctcacag
15349rev

gtgcaagaataggaggtggagt

15416for
tacacaatcaaagacgccctc
16281rev
gttggtatcctagtgggtgag
411for
cggtatgcacttttaacagtc
1159rev
taagctgtggctcgtagtgt
2028for
gatagaatcttagttcaactt
3382rev
ttcgttcggtaagcattagga
4346for
gaacccatccctgagaatcca
6154rev
ggaactagtcagttgccaaag
7111for
acaccctagaccaaacctacg
8600rev
agaatgatcagtactgcggceg
9393for
cgagaaagcacataccaaggc
10154rev
ttctatgtagccgttgagttg
10892for
atcaacaacaacctatttagc
11673rev
gtttggatgagaatggctgtt
12500for
tgtgcctagaccaagaagtta
13297rev
ggttgatgccgattgtaacta
13950for
ctatctaggccttcttacgag
14838rev
catcatgcggagatgttggat

Name / Sequence (5°—3)

15966for
agtctttaactccaccattag
15825rev
gtgaagtatagtacggatgct
909for
gattaacccaagtcaatagaa
638rev
ggtgatgtgagcccgtctaaa
2646for
ggottcagctgtctcttacttt
2801rev
taatgcaggtttggtagttta
4896for
taccaaatctctccctcacta
5571rev
aagtattgcaacttactgagg
7713for
tcctaacactcacaacaaaac
8000rev
caacgtcaaggagtcgcaggt
9874for
taatatttcactttacatcca
9647rev
agctcaggtgattgatactcc
11461for
actcttaaaactaggcggcta
11163rev
cgggtgatgatagccaaggtg
12988for
ctagcagcagcaggcaaatca
12763rev
cgatgaacagttggaataggt
14440for
atactcctcaatagccatcgc
14325rev
aactttaatagtgtaggaagc

3239for
gcagagcccggtaatcgcata
2263rev
gggtgtgaggagttcagttat
5468for
cacgctactcctacctatctc
5017rev
gaggagtatgctaagattttg
8911for
tagcattaaccttttaagtta
7359rev
ctactattaggacttttcgct

Table 2- Primers designed to sequencing the whole mtDNA after PCR amplification in nine overlapping fragments.

5995for
cagctctaagcctccttattc

4421rev
cttatttagctgaccttactt
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3.1.3 Discussion

3.1.3.1 Human mtDNA complete amplification and
sequencing: a new validated primer set that prevents NUMTSs co-

amplification

The PCR amplification and sequencing of mtDNA is routinely
used in many research fields; however, the interpretation of results,
particularly of mtDNA heteroplasmy, could be complicated by the
co-amplification of NUMTSs (Parr et al. 2006b; Yao et al. 2008a).
Therefore, an effort to design PCR primers that selectively amplify
mtDNA must be performed. In this work we report a set of primers
to amplify the whole mtDNA that were validated using the BLAST
analysis and by the performance of PCR amplifications using nDNA

isolated from sperm cells.

The BLAST search allowed the identification of two
problematic regions in primer design (region 3914-9074 of the
mtDNA present in chromosome 1 and region 958214479 present in
chromosome 5). Region 3914-9074 was previously reported
(Lascaro et al. 2008) as presenting a high sequence similarity with a

region within chromosome 1, a result that is in accordance with our
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results. However, the presence of an NUMT in chromosome 5,
which shows a high identity with the 9582-14479 region of the
mtDNA, was not reported in previous studies; accordingly, this
region could represent a non-reported NUMT and this deserves

further investigation.

According to Goios et al. (2008) the amplification of NUMTSs
can only be obtained when mtDNA is almost completely removed
from the samples, such as those resulting from preferential semen
lyses. Thus, to test the proposed set of primers for the selective
amplification of mtDNA, we used a sperm sample that was
submitted to DNA extraction using four steps of preferential lyses
and for which Y-STRs were successfully amplified and no signs of
amplification with the designed primers were detected. This result
indicates that the proposed primers specifically amplify mtDNA and
we can ensure that no NUMTs will be amplified if this set of nine

pair primers is used.

The primers proposed amplification regions of about 2000 bp
of mtDNA. As a consequence, in some samples (such as ancient and
forensic ones) it would be almost impossible to obtain PCR
amplifications with this set of primers. To overcome this problem,
we suggest that additional primers within each fragment could be
designed using a similar strategy to that applied for fragment 9582—
14479, that is, locating primers in regions that show low similarity
with nDNA.
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3.1.3.2 Validated primer set that prevents nuclear DNA
sequences of mitochondrial origin co-amplification: a revision

based on the new human genome reference sequence (GRCh37)

The in silico primer validation presented in the present chapter
and in the publication by Ramos et al. (2009) was performed using
the human reference sequence hgl8. However, a new human
reference sequence -GRCh37- was recently (February 2009)
generated by the Genome Reference Consortium. In order to
guarantee the selective mtDNA amplification of presented primers, a
new in silico validation using the new human reference sequence
GRCh37 was performed.

Accordingly to the latest human reference sequence update,
one of the most problematic NUMTs for the primer design appears to
be larger than earlier reported. This nuclear sequence is located in
chromosome 1 and presents a 98% of similarity with one third of the
mtDNA. This redefined NUMT (detailed and described on table 1.1.2
of Annex 1) lays between positions 564461 and 570304 (in relation
to the Homo sapiens chromosome 1, GRCh37 primary reference
assembly - NC_000001), and presents a 98% similarity with the
region 3911-9755 of human mtDNA (Andrews et al. 1999).
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The new in silico analysis revealed that one of the nine
previously described primer pairs, specifically the one designed to
amplify the 2709 bp region of the mtDNA, located between positions
6511 and 9220 [fragment 5 in table 1 and reported by Ramos et al.
(2009)], lays on the redefined similar region. Thus, an accidental co-
amplification of mtDNA and nDNA could occur. The described
NUMT appears to be Human specific since it is present in Homo
sapiens but it is not present in other primates (see alignment results
on table 1.1.3 of Annex I). To date, its variability (presence/absence)
in human population is unknown, and we cannot discard the
possibility of NDNA co-amplification at least in some individuals.
For this reason, a new design, description and in silico validation
[according to the methods previously presented and reported by
Ramos et al. (2009)] of the fragment 5 primer pair is presented.

The size of the redefined chromosome 1 NUMT does not
allow locating a primer out of this region following a normal PCR
amplification strategy. Consequently, a new approach to primer
design was undertaken: (i) primers were relocated to areas with low
degree of similarity with chromosome 1 and (ii) the 3 end of each
primer were located in mismatch positions relatively to chromosome
1 sequence. Therefore, the possibility of co-amplification of NDNA
and mtDNA is reduced. Optimized primer pair and PCR conditions
for this concrete region of mtDNA are reported in Table 3. Internal
sequence primers previously reported [table 2 and presented by
Ramos et al. (2009)] are not affected and can still be used to

sequence this region.
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Table 3. New validated primer pair to amplify the mtDNA region
affected by the new updated NUMT is reported. Melting
temperatures (Tm) are also presented. In bold show the primer base

located in position 3’ that differs from the sequence of chromosome
1.

Fragment Primers
Fragment Iegg th Name Sequence (5°-37) pair length  Tm
(bp)
5 2664 6520for  tcactatactactaacagaccgc 23 58.9
9184rev  gtagaggcttactagaagtgtg 22 58.4

In conclusion, we report a set of primers that guarantee the
selective amplification and sequencing of the whole mtDNA in nine
overlapping fragments. These primers could be a useful tool in future
projects that deal with mtDNA complete sequencing since they
represent the first published set of primers tested for the non-
amplification of nDNA and therefore suitable for the screening of
mtDNA heteroplasmy in both standard and pathological samples.
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Updating of NUMT database and usefulness in cancer studies

The described methodology as well as the reported database
and their application in cancer studies are detailed below and in the
following publication (Annex I1):

Ramos, A; Barbena, E; Matieu, L; Gonzalez, MM; Mairal, Q; Lima,
M; Montiel, R; Aluja, MP; Santos, C. Nuclear insertions of
mitochondrial origin: database updating and usefullness in cancer
studies. Mitochondrion. 2011 Nov;11(6):946-53.
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3.2.1 Materials and methods

Updating of insertions of mitochondrial origin database

NUMTSs detection was performed in silico; the new version of
the human genome draft (GRCh37) and the criteria for NUMTSs
detection proposed by Hazkani-Covo and Graur (2007) were used.
The Basic Local Alignment Search Tool (BLAST), available from
the NCBI (National Center for Biotechnology Information:
http://www.ncbi.nlm.nih.gov/BLAST/) (Altschul et al. 1990), was

used to identify regions of similarity between mitochondrial and

nuclear genomes. The Human mtDNA Reference Sequence
(NC_012920) was compared against the human RefSeq Genomic
database at NCBI. The similar nucleotide sequences were found
using the RemoteBlast package in Bioperl bundle (Stajich et al.
2002) with the parameters set to restrict the search to human
organism and the E-value of 10 (Hazkani-Covo and Graur 2007).
Moreover, regions with less than 20bp were excluded. The BLAST
report contains the basic information for each hit and the lists of the
identical positions in the high scoring alignment pairs, both in the

guery and in the hit sequence. An in-house Perl script was written to
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further process this information. For each alignment pair, the array of
sites listed in the query range was compared against the identical
sites found. The same was carried out for positions in the hit range,
and finally the sites of interest, namely the non-identical nucleotides,

were extracted.

BLAST results were manually inspected to select only the hits
obtained for the GRCh37 primary reference assembly and no post-

insertional processes were taken into account.

Applications to Cancer

MtDNA mutations previously described in cancer samples,
and classified as having zero hits in the mtDNA phylogeny (that are
therefore not polymorphic in human populations) by Santos et al.
(2008a) were used to evaluate the impact of NUMT contamination in
cancer studies. First, mutations compiled by Santos et al. (2008a)
were re-evaluated using the updated mtDNA phylogeny - mit. Tree
build 8 - (Van Oven and Kayser 2009) and mutations that had one or
more hits in the new phylogeny were not considered for subsequent

analysis.

Mutations detected in cancer, with no hits in the mtDNA
phylogeny, were then searched in the database of non-identical
positions between the paralogous sequences. Furthermore, for those
studies in which mutations coincided with non-identical positions
between the paralogous sequences, an in silico validation of primers

used in each study was performed. In brief, the PCR primers were
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submitted to BLAST. The specific Basic BLAST tool, optimized for
highly similar sequences (Megablast), was performed using the
Reference Genomic Sequence database for Homo sapiens
(refseq_genomic: Genomic sequences from National Center for
Biotechnology Information Reference Sequence Project). If both
primers showed similarity (expected number of chance matches in a
random model —E-value— lower than 1) inside the same chromosome
region they were selected as being susceptible to co-amplify mtDNA
and nDNA.
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3.2.2 Results

Database of nDNA sequences of mitochondrial origin based on the

GRCh37 Human Genome Reference Sequence

The NUMT database based on the GRCh37 Human Genome
Reference Sequence is reported in reported in Table 1.2.1 (Annex I).

Seven hundred and fifty-five insertions were found to be
spread throughout the entire genome. For each insertion the
following information is reported: location at the chromosome;
length of the chromosome; access number; score and the E-value of
the match; fraction and the percentage identity; number of gaps; total
length of match (alignment mtDNA/nDNA); the effective length in
nDNA and in the mtDNA; the number of identical positions; the
region in the mtDNA and nDNA; and finally, matrix of the identical
and non-identical positions in mtDNA and nDNA (Figure 7).
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Figure 7. Alignment between mtDNA (region 12032-12340) and a NUMT
located in Chromosome 1 (region 94387537-94387832). Examples of
identical positions (box _ ), non-identical position (box ) and gap

region (box ..

....) are shown. Length in nDNA: 296bp; Length in mtDNA:

309bp; Total length of match: 311bp.

The 755 insertions are distributed throughout the genome with

variable frequencies and sizes for each chromosome (Table 4 and

Figure 8). A large number of insertions are observed in most

chromosomes. There are only six chromosomes (14, 15, 16, 18, 20

and Y) that accumulate 15 or fewer insertions, representing less than

2% of the total insertions present in each.
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Table 4. Number and length of insertions and their percentages for
each chromosome. Length of each chromosome and their percentage
are also reported.

Number of insertions  Length of insertions

Length chromosome (% in relation to the (% in relation to the

Chromosome (% in relation to the

entire genome) tot_al number of to_tal Ier_lgth of
insertions) insertions)
1 249250621 (8.05%) 51 (6.75%) 44798 (8.17%)
2 243199373 (7.86%) 106 (14.04%) 5268 (0.96%)
3 198022430 (6.40%) 44 (5.83%) 97489 (17.78%)
4 191154276 (6.17%) 41 (5.43%) 35103 (6.40%)
5 180915260 (5.84%) 35 (4.64%) 33053 (6.03%)
6 171115067 (5.53%) 31 (4.11%) 11738 (2.14%)
7 159138663 (5.14%) 43 (5.70%) 36328 (6.63%)
8 146364022 (4.73%) 47 (6.23%) 36917 (6.73%)
9 141213431 (4.56%) 34 (4.50%) 28498 (5.20%)
10 135534747 (4.38%) 35 (4.64%) 20926 (3.82%)
11 135006516 (4.36%) 31 (4.10%) 26640 (4.86%)
12 133851895 (4.32%) 42 (5.56%) 8264 (1.51%)
13 115169878 (3.72%) 22 (2.91%) 10691 (1.95%)
14 107349540 (3.47%) 9 (1.19%) 8899 (1.62%)
15 102531392 (3.31%) 14 (1.85%) 9395 (1.71%)
16 90354753 (2.92%) 15 (1.99%) 15965 (2.91%)
17 81195210 (2.62%) 23 (3.05%) 21990 (4.01%)
18 78077248 (2.52%) 6 (0.79%) 1334 0.24%)
19 59128983 (1.91%) 20 (2.65%) 9318 (1.70%)
20 63025520 (2.04%) 9 (1.19%) 7471 (1.36%)
21 48129895 (1.55%) 18 (2.38%) 6753 (1.23%)
22 51304566 (1.66%) 17 (2.25%) 23544 (4.29%)
X 155270560 (5.02%) 50 (6.62%) 38843 (7.08%)
Y 59373566 (1.92%) 12 (1.59%) 9025 (1.65%)
Total 3095677412 (100%) 755 (100%) 548250 (100%)
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Figure 8. Frequency and size (bp) of insertions for each
chromosome.

There is a positive correlation between the number of
insertions and chromosome size (Spearman correlation: 0.822
p<0.001) (Figure 9a). Chromosome 2, the second largest
chromosome in relation to the entire genome (7.86%), appears as an
outlier. It encompasses 106 insertions (representing 14.04% of total
number of insertions), nearly double the number of insertions that

would be expected (Figure 9a).
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Figure 9. Correlation between chromosome length and number of
insertions (figure 9a), and correlation between chromosome and insertion
length (figure 9b). Coefficient of determination (Sq r linear) for the two
correlations is shown.
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The correlation between the size of insertions and their
representation on each chromosome is also positive and significant
(Spearman correlation: 0.587 p=0.003). However, two outliers,
chromosome 2 and 3, were identified (Figure 9b). As before,
chromosome 2 is an outlier containing the highest number of
insertions. But the length of insertions is quite short, covering only
0.96% of the total length of insertions (Table 4). On the contrary,
chromosome 3, which is also one of the largest (6.40% in relation to
the entire genome) with a relatively high frequency of insertion
(representing 5.83% of total number of insertion), presents the
highest total length of insertions (17.78%). In both analyses,
chromosome 2 appears as an outlier. This would suggest a
differential evolution of this chromosome, a hypothesis that deserves
further investigation (Figure 9b).

The mean percentage of identity between nuclear insertions
and mtDNA sequence is 79.2%, ranging from 63.5% to 100%. When
the analysis of identity is performed for each chromosome (Table 5),
the similarity between inserted mitochondrial sequences and the
original mitochondrial sequences presents almost the same pattern in
all chromosomes, with a mean percentage of identity of ~80% along

the chromosomes.
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Table 5. Percentage identity for all chromosomes.

Chromosome 1 2 3 4 5 6 7 8 9 10 11
Mean 78.76 80.20 79.42 81.24 82.02 80.77 77.67 77.88 78.22 7831 7827
Median 75.73 7893 79.80 80.43 80.73 81.74 7583 76.32 77.30 76.98 75.76
Minimum 64.71 65.04 68.14 68.71 66.35 64.69 6846 67.77 68.02 69.08 66.46
Maximum 100 98.48 97.44 96.77 97.67 93.33 97.09 98.81 90.20 92 98.61
Percentiles 25 71.43 7458 73.16 76.19 76.47 77.78 7222 7237 7397 7414 74.44

50 75.73 7893 79.80 80.43 80.73 81.74 7583 76.32 77.30 76.98 75.76
75 84.03 8547 8356 84.86 8836 85 8202 8235 80.71 82.08 81.67

Chromosome 14 15 16 17 18 19 20 21 22 X Y
Mean 80.40 79.23 77.37 81.69 84.61 7292 8143 75.82 7574 76.05 79.00
Median 79.13 77.65 76.72 8041 83.96 69.65 77.88 74.05 7216 73.83 7457
Minimum 7355 7183 68.26 6854 74.08 6350 69.49 65.59 65.67 64.82 70.15
Maximum 93.07 9535 85.45 97.06 9557 8659 100 98.75 100 96.30 100
Percentiles 25 7475 75.15 7353 77.06 75.89 67.43 7240 69.09 69.32 69.78 71.38

50 79.13 77.65 76.72 80.41 83.96 69.65 77.88 74.04 72.16 73.83 74.57
75 86.02 83.37 81.73 83.42 94.08 79.04 9410 79.71 80.31 80.95 82.35

12
83.40
88
67.79
98.88
77.58
88
88

13
80.61
80.72
65.41
99.22
72.41
80.72
88.59
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The relationship between the size of the insertion and the
percentage identity is shown in Table 6. Concerning the size of
insertions, it appears that most refer to small insertions (Table 6 and
Figure 8) of less than 500 bp. Only 12.85% of the insertions have
more than 1500 bp. The smallest insertions found are 39 bp long and
are located on chromosomes 1 and 3. On the other hand, the largest
insertion (14,836 bp) is located on chromosome 4 (Table 1.2.1,
Annex |).

Table 6. Frequency and identity of insertions in relation to the size
of insertion (bp).

Identity

Size (bp) >80% <80% Total Percentage
<500 276 245 521 69.00
[500-1500[ 21 116 137 18.15
[1500-2500[ 5 43 48 6.36
[2500-4000[ 3 21 24 3.18
>4000 4 21 25 3.31
Total 309 446 755 100

About half of the small insertions have a percentage identity
higher than 80% of the mitochondrial sequence (Table 6). As the size
of the insertion increases, however, the proportion of insertions with
a percentage identity equal to or higher than 80% decreases. There
are 33 paralogous sequences with more than 500 bp, which present a
similarity equal to or higher than 80% (Table 7). These sequences
would represent the most problematic, in terms of mtDNA/nDNA

co-amplification.

85



Capitol 2

Table 7. Paralogous sequences with more than 500 bp and that
present a similarity equal or higher than 80%.

Chromosome

O© N N O 01 01 O 01 O1 W W W NN DNDNDN KPP P -

KX X NP PP PP P B PP
P N N~NN~N~ND>BRFR BP O

%
identity
98.53
84.03
83.87
83.78
84.03
83.95
81.78
95.39
83.31
80.38
95.05
94.06
88.36
87.24
84.54
90.70
83.66
81.27
83.85
84.62
94.24
81.68
93.07
96.17
83.42
81.73
80.57
80.41
80.24
83.78
93.68
93.07
83.08

nDNA
length

5844
517
518
515
516
728
1350
1323
623
1621
2114
5219
9108
3463
962
527
2514
562
2517
533
2394
560
1021
653
10477
621
1514
2206
575
515
554
749
517

mtDNA
length

5845
521
521
519
521
729
1349
1323
623
1622
2121
5219
9067
3463
961
527
2517
561
2517
533
2396
568
1024
653
10536
619
1521
2205
582
519
554
750
521

mtDNA
region
3911-9755
987-1507
987-1507
987-1505
987-1507
6270-6998
4854-6202
1396-2718
7151-7773
1418-3039
577-2697
10269-15487
6117-15183
12662-16124
577-1537
2408-2934
577-3093
2740-3300
577-3093
8281-8813
577-2972
596-1163
5583-6606
6818-7470
577-11112
2656-3274
577-2097
14365-16569
2084-2665
987-1505
10606-11159
6553-7302
987-1507
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nDNA region

564461-570304
142792601-142793117
143243224-143243741
143344679-143345193

95564754-95565269
50815826-50816553
156119971-156121320
96336032-96337354
120440870-120441492
40293638-40295258
79945841-79947954
134258999-134264217
99381642-99390749
93903161-93906623
123096499-123097460
62284008-62284534
142373012-142375525
141504769-141505330
33656612-33659128
101817140-101817672
10529434-10531827
87524440-87524999
32953304-32954324
51183094-51183746
22021365-22031841
19504577-19505197
19501874-19503387
22018521-22020726
19503699-19504273
9735524-9736038
125606714-125607267
125605687-125606435
13290151-13290667
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Applications to cancer

From the 271 mtDNA mutations previously described in
cancer samples, and classified as having zero hits in the mtDNA
phylogeny by Santos et al. (2008a), 15 have one or more hits in the
current phylogeny by van Oven and Kayser (2009) (mit. Tree build
8). From the 256 positions with zero hits in the current mtDNA
phylogeny (Table 1.2.2 of Annex I), 220 could represent changes in
one or more nuclear insertions of mtDNA (Table 1.2.3 of Annex |
includes the 220 positions and their matches in non-identical
positions in the insertions and the paralogous mtDNA sequences),
since they are non-identical between mMtDNA and nDNA.
Accordingly at that point, only 36 positions can be considered as
authentic mtDNA mutations, since they were not found as non-
identical in any of the nuclear insertions reported in our study

(positions signalled with * in Table 1.2.2 of Annex ).

The 220 positions that can represent false mtDNA mutations
correspond to a total of 592 mutations described in the cancer
studies, revised in Santos et al. (2008a). Of these, 186 mutations
were once observed in different types of cancer and/or studies (Table

1.2.2 of Annex | and references therein). The mutations that occur
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more than once are mostly reported in the study of ovarian cancer by
Aikhionbare et al. (2007). In this work, the D-loop and part of the
coding region of mtDNA were characterized in 102 samples. The
PCR reactions were performed with two primer pairs; after primer
BLAST validation, the primer pair that amplifies the region located
between positions 16453-16569 and 1-1693 reveals no risk of co-
amplification. The in silico validation of the other primer pair,
located between positions 7392 and 8921, reveals a risk of co-
amplification between mtDNA and the region of chromosome 1
located between positions 46578 and 48102. However, in the
NUMTSs that can potentially be amplified by this primer set, the
mtDNA mutations described by Aikhionbare et al. (2007) were not
reported as non-identical positions in our NUMT database (Table
1.2.3 of Annex I).

With regard the remaining studies, in five we were unable to
assess their primers (Liu et al. 2001; Lorenc et al. 2003; Parr et al.
20064a; Petros et al. 2005; Zhou et al. 2007), since PCR primers were
not reported in the original manuscripts, and after requesting them

from the authors no response was obtained.

In the study by Allegra et al. (2006), the primer pair which
amplifies the 10688-11500 mtDNA region also co-amplifies nDNA,
specifically, it amplifies the region 99385306-99386137 on
chromosome 5. Moreover, position 11203, reported as a
mitochondrial mutation by Allegra et al. (2006), was reported as a
non-identical position between mtDNA and the NUMT located on
chromosome 5 in the region 99381642-99390749 (position signalled
with T in Table 1.2.3 of Annex 1).
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In ten different studies (Aikhionbare et al. 2007; Allegra et al.
2006; Fliss et al. 2000; Gasparre et al. 2007; Hervouet and Godinot
2006; Jin et al. 2007; Liévre et al. 2005; Mithani et al. 2007; Polyak
et al. 1998; Tan et al. 2006) the primer in silico validation also
revealed a risk of co-amplification between mtDNA and nDNA. The
twenty-seven positions described by the authors as mMtDNA
mutations, however, are not reported as non-identical position
between mtDNA and the nuclear regions that might potentially be
co-amplified.

Finally, 123 positions described in 15 studies (Aikhionbare et
al. 2007; Fliss et al. 2000; Gasparre et al. 2007; Habano et al. 1999;
Hervouet and Godinot 2006; Jin et al. 2007; Jones et al. 2001,
Kassauei et al. 2006; Liévre et al. 2005; Mithani et al. 2007; Nagy et
al. 2003; Parrella et al. 2001; Polyak et al. 1998; Tan et al. 2006;
Tzen et al. 2007) are more likely to be authentic, since the primers
used to amplify the regions that encompass such mutations did not
suggest the possibility of nDNA co-amplification (positions
signalled with ** in Table 1.2.2 of Annex I).
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3.2.3 Discussion

In population and clinical genetics, as well as in the design of
evolutionary, phylogenetic and epidemiological studies, it is
important to have a complete overview of the total number of
NUMTSs, their location and variation. In this study, a NUMT
database obtained using the latest version of the Human Genome —
GRCh37 draft is reported. This is, to our knowledge, the first
database that is based on this latest version of the human genome.
Moreover, it is also the first where the non-identical positions
between mtDNA and nDNA are listed for each NUMT.

In this study, 755 nuclear insertions of mtDNA origin were
reported. A comparison of the total number of NUMTSs in previously
published works clearly shows significant discrepancies. The number
of reported NUMTSs ranges from 190 (Lascaro et al. 2008) to 1105
(Tourmen et al. 2002), with reports of 206 (Richly and Leister 2004),
211 (Ricchetti et al. 2004), 247 (Mishmar et al. 2004), 452 (Hazkani-
Covo and Graur 2007), 612 (Woischnik and Moraes 2002) and 871
(Hazkani-Covo et al. 2010) insertions. The reasons for such
discrepancies have been discussed by others previously (Lascaro et

al. 2008). According to Lascaro et al. (2008), the incautious usage of
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bioinformatics methods and the application of methods to an as yet
not correctly assembled nuclear genome, are the main factors
underlying the disagreement observed between studies. In this sense,
the Human mtDNA Reference Sequence (NC_012920) was
compared against the human RefSeq Genomic database at NCBI,
using the RemoteBlast package in Bioperl bundle (Stajich et al.
2002) with the parameters set to restrict the search to the human
organism and the E-value of 10°°. Moreover, regions with less than
20 bp were excluded and only hits in the most recent version of the
Human genome draft - GRCh37 primary reference assembly were
considered.

Another factor that can induce differences in the number of
reported insertions is whether or not the post-insertional processes
were evaluated in order to differentiate original insertions from those
that result from processes that alter the initially inserted sequence. In
this study, post-insertional processes were not considered, since we
aimed to obtain an accurate database with all the nuclear insertions

and their specific variation (relatively to human mtDNA).

In accordance to other authors [for a review see Hazkani-Covo
et al. (2010)], the reported frequency of insertions, as well as their
length and distribution along the genome is variable. Most insertions
have less than 500bp. This agrees with the most parsimonious
explanation for the origin of NUMT which assumes that mtDNA
would be used as a “patch” in the double-strand break repair from
non-homologous end joining repair mechanism (Hazkani-Covo and
Covo 2008; Hazkani-Covo et al. 2010; Leister 2005).
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As previously mentioned, due to the similarity with mtDNA,
NUMTSs are a potential source of contamination in mtDNA studies
based on PCR amplification (Parr et al. 2006b; Yao et al. 2008b). In
this context, large insertions with a high percentage of identity with
mtDNA would be particularly problematic. In fact, one of these
insertions, located on chromosome 1, was previously reported to be a
source of several errors and misinterpretations (Yao et al. 2008b).
We characterized the 33 large insertions (with more than 500 bp) that
present a percentage identity greater than 80%. Its size makes it
difficult to perform primer designs to prevent co-amplification
between nuclear insertions and mtDNA [chapter lof the present
thesis, Ramos et al. (2009) and Ramos et al. (2011b)].

This study reports for the first time all identical and non-
identical positions between the NUMTSs and the GRCh37 version of
the nuclear genome and the mtDNA Reference Sequence. This
information can be used as a tool in the authentication of mtDNA
mutations reported in different fields. Notwithstanding, it is worth
mentioning that, in this compilation, the variation of NUMTs was
not considered since no studies of NUMT sequence variation had yet
been performed to date. Moreover, the mtDNA variation was only
taken into account for human mtDNA, although the original insertion

could in fact represent mtDNA sequence from very different species.

The described NUMT database was used as a tool to assess the
impact of NUMT contamination on cancer studies. Several authors
detected innumerable deficiencies in the medical literature related to
the analysis and interpretation of mtDNA data [Salas et al. (2005),

Yao et al. (2004) among others]. Concerning cancer studies, Salas et
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al. (2005) showed the consequences of poor experimental design,
both in the misinterpretation of the role of mtDNA in the complex
tumoral process, as well as in the comparison of results. Also, Yao et
al. (2004) showed that researchers may still ignore the possibility of
a NUMT contribution when a seemingly novel mtDNA sequence is
encountered. Using the NUMT database, we evaluated 256 mtDNA
positions that were previously reported to be mutated in cancer
samples and that present zero hits in the updated mtDNA phylogeny
(Van Oven and Kayser 2009). From those positions, 220 (identified
in 21 studies) could represent changes in one or more nuclear
insertions of mtDNA since they are non-identical between mtDNA
and nDNA. Thus, we raise the hypothesis that these changes could
represent nuclear variations instead of mtDNA variation. To test this
hypothesis, we further validated in silico the primer pairs used in
several original studies if they were accessible in the publication or if
they were provided by the authors after request. After primer in
silico validation, from a total of 16 works for which primers were
available, only six studies (Habano et al. 1999; Jones et al. 2001,
Kassauei et al. 2006; Nagy et al. 2003; Parrella et al. 2001; Tzen et
al. 2007) did not evidence the possibility of NDNA co-amplification.
In the remaining studies (Table 1.2.3 of Annex | and references
therein), some of the positions reported are located in regions that
could be the result of co-amplification. However, with the exception
of position 11203 reported by Allegra et al. (2006), these positions
are not reported as non-identical between the potentially co-
amplified mtDNA and nDNA regions. Even so, we must take into
account the fact that the variability of NUMTSs is unknown, and that

the non-identical positions database was generated using the mtDNA
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and nDNA Reference Sequences. Thus, the differences between
mtDNA and nDNA reported in our database are surely
underestimated and the above mentioned positions could be non-
authentic mtDNA mutations. On the other hand, it is possible that
these changes actually represent authentic mtDNA mutations;

however, this hypothesis seems extremely difficult to test.

Using cancer studies as an example application, we aimed to
highlight the applicability of the described NUMT database as a new
tool to validate in silico mtDNA mutations described in different
contexts; it is clear that there is a need to follow standardized
protocols that avoid co-amplification between mitochondrial and
nuclear paralogous sequences. Moreover, and due to the amount of
information provided for each nuclear insertion, this database could
be applied as a tool to design evolutionary, phylogenetic and

epidemiological studies.

To our knowledge, this is the first work to report the non-
identical positions between the mtDNA and nDNA. These positions
are the basis for the application to cancer studies reported in this
work, and knowledge of their distribution is useful for the
authentication of mtDNA mutations reported in different kinds of

study, especially those occurring in heteroplasmy.
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Frequency and pattern of human mitochondrial heteroplasmy

3.3.1 Materials and methods
Samples and DNA Extraction

From two hundred and fourteen samples collected and
analysed by Alvarez et al. (2010), a total of one hundred and one
were used in the present study. Alvarez et al. (2010) characterized
the genetic structure of a Northwest Iberia population using the
mtDNA variation. The authors sequenced the HVRI of mtDNA and
analysed phylogenetically informative coding region polymorphisms
in order to assign each sample to a mtDNA haplogroup. To the
present study, the selection of samples encompasses an equal
representation of both sex and a mtDNA haplogroup distribution
similar to that of an European population. All of the samples were
from maternally unrelated Spanish individuals sampled in regional
health centres. For all voluntary donors, appropriate informed
consent and the birth places of all their known maternal ancestors up
to the third generation were obtained under strictly confidential

circumstances.

Total DNA from blood and mouth scrap samples was
extracted using JETQUICK Blood DNA Spin Kit (Genomed, Lohne,

Germany) according to the manufacturer’s specifications.
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MtDNA Analysis

The whole mitochondrial genome was amplified for all
samples using a set of 9 primers pairs that prevents NUMTs co-
amplification [chapter 1 of the present thesis, Ramos et al. (2009)
and Ramos et al. (2011b)] PCR was performed as described in
chapter 1 of the present thesis and by Ramos et al. (2009; 2011b).
PCR products were purified using the JETQUICK PCR Purification
Spin Kit (Genomed, Lohne, Germany).

All samples were fully sequenced using 32 internal primers in
forward direction as well as 32 primers in reverse direction [chapter
1 of the present thesis, Ramos et al. (2009) and Ramos et al.
(2011b)]. Sequence reactions were carried out using the sequencing
kit Big Dye Terminator v.3 (Applied Biosystems, Foster City, USA)
according to the manufacturer’s specifications. Purification of DNA
sequencing reactions was carried out with BigDye XTerminator®
Purification Kit (Applied Biosystems, Foster City, USA) and
sequences were run in an ABI Prism 3100 sequencer (Servei de

Genomica, Universitat Autonoma de Barcelona).

Detection and Authentication of Heteroplasmy

Sequences obtained were analysed using the Sequencing
Analysis 5.2.0 software (Applied Biosystems, Foster City, USA),
considering a value of 2% in the Mixed Base ldentification option.
Moreover, all sequences were visually verified and compared with

others from the same run in order to detect the presence of
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heteroplasmy. Only sequences with a good intensity and with

background almost imperceptible were used.

Sequences were subsequently compiled and aligned in relation
to the revised Cambridge Reference Sequence (CRS) (Andrews et al.
1999), using SeqScape software (Applied Biosystems, Foster City,
USA).

Levels of heteroplasmy were determined as described in
Santos et al. (2005b) using the height of the peaks in the
electropherograms. About 6 sequences of every point heteroplasmy

detected were used to calculate the average of heteroplasmy levels.

The authentication of mtDNA heteroplasmy was performed
following a strategy similar to that used by Santos et al. (Santos et al.
2005b; Santos et al. 2008c¢), following the three main steps:

1. DNA extraction, PCR amplification, and sequencing of total
mitochondrial genome were carried out; if necessary, the
amplification and sequencing process was repeated to
ensure sequences with a good intensity and with almost

imperceptible backgrounds.

2. Individuals that appeared to present heteroplasmy in step 1
were confirmed by a second PCR amplification and

sequencing.

3. To authenticate results, an independent DNA extraction,
PCR amplification, and sequencing were subsequently
performed for all individuals showing heteroplasmy in step
2.
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Data analysis
Statistical analyses

In order to increase the total number of point heteroplasmies
analysed and to perform a more robust heteroplasmy study, results
published by Li et al. (2010) were also pooled with our data.

The point heteroplasmy frequencies detected both in the
present study and that reported by Li et al. (2010) were determined
by counting and the Bayesian 0.95 credible region (95% CR) was
calculated using the SAMPLING software (V. Macaulay, personal

communication).

To know if the distribution of point heteroplasmy across the
mtDNA genome shows differences, a proportion test was calculated
using the OpenStat version 2008. To test if there is a relation
between haplogroup and the presence of point heteroplasmy, Fisher
exact test was performed using the Struc program by Genepop 3.3
(Raymond and Rousset 2001). The remaining statistical tests were
performed using the program SPSS ver. 15.0.1 software (SPSS 1989-
2006).

Hits in the phylogeny, Population database and Conservation index

(C1)

The number of hits in the phylogeny or number of occurrences
was compiled from the updated mtDNA phylogeny — mit. Tree build
8 — (Van Oven and Kayser 2009) and from Soares et al. (2009).
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Using the number of occurrences for each mutation reported by
Soares et al. (2009), the probability of mutation was calculated as:
number of hits/total number of hits. A mtDNA position was
considered as a hotspot if it presents a probability of mutation ten

times higher than the mean value of the probability of mutation.

In order to calculate the frequency of each variant for a
particular nucleotide position, a population database of 3880 mtDNA
complete sequences available from mtDNA phylogeny —mit. Tree
build 8 — (Van Oven and Kayser 2009) was created. The database is
in SPSS format (SPSS 1989-2006), and each mtDNA position
represents a variable that allows calculate the frequency of

nucleotides for each mtDNA position.

Nucleotide and amino acid conservation index (Cl) were
estimated for all heteroplasmic point positions calculating the
percentage of variation between reference sequences of different
species of the reign of metazoa. A total of 1491 nucleotid sequences
and 1628 amino acid sequences were used respectively for
nucleotides and amino acid CI (for specific list of species and
accession number see Table 1.3.1 of Annex 1). Sequences were
aligned using clustal W (Thompson et al. 1994) and formatting for
further frequency analyses in SPSS software (SPSS 1989-2006).

Due to the difficulty to obtain a good alignment for the D-
loop, an independent alignment was performed using 48

mitochondrial reference sequences of primates.
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Structure prediction

To know if any implication of mitochondrial point
heteroplasmy exists in the secondary structure of tRNAs and rRNA
or in the protein interactions of mitochondrial genes, an analysis of

structure prediction was performed.

The secondary structure prediction were developed using the
RNAfold web server. Base-pair probabilities and positional entropy
of any tRNA predicted structures were used to estimate the
implication in the molecule. Human reference tRNA models were
compiled (Putz et al. 2007), whereas rRNA models were not
available. In order to know if rRNA heteroplasmic positions are
located in stem or loop regions, additional analysis with software

mtDNA-GeneSyn version 1.0 (Pereira et al. 2009) was performed.

The implications in the tertiary structures of proteins were
performed using available crystal structures. After BLAST search,
only bovine crystal structures of mitochondrial complex bcl and IV

were actually available (lwata et al. 1998; Tsukihara et al. 1996).

The human sequence of COXI, COXII and COXIII (complex
IV) and CYB (bcl complex) were used as templates to search for the
highest E-value pdb using BlastP analysis (Altschul et al. 1997). The
resulting codes of bovine structures (pdb 1occ and 1bgy for complex
IV and bcl, respectively) were then used in MODELLER (Sali and
Blundell 1993) in order to build human structural models. The
accuracy of the predicted 3D human models was estimated using
three model quality: Verify 3D, SOLVX and ANOLEA (Holm and
Sander 1992; Luthy et al. 1992; Melo and Feytmans 1998) .
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All residue-residue bonds were calculated using Pymol
software and all the structures were visualized using the same

software.
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3.3.2 Results
Frequency and type of heteroplasmy

From 101 complete mtDNA genome sequences, an exhaustive
analysis of frequency and pattern of heteroplasmy was performed.
The complete mutation report of all individuals is available on Table
1.3.2in Annex I.

For analysed samples, 63 individuals (62.37%) presented point
and/or length heteroplasmy, and the remaining 37.63% were fully
homoplasmic (Table 8). The 24.75% of the individuals present point
heteroplasmy. There were found 4 individuals with more than one
point heteroplasmy (Table 8). Twenty-eight different positions were
involved; with the exception of positions 152 and 16189 that
appeared to be heteroplasmic in two individuals, each position is

heteroplasmic in a single individual.

The frequency of heteroplasmy did not present significant
differences between sexes (x°=0.601, df=1 p=0.438). Moreover, the
haplogroup distribution of the heteroplasmic samples is similar to

that of the original sample (Fisher exact test p=0.8091).
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Concerning length heteroplasmy, a 48.51% of the
individuals were heteroplasmic. In this case, 33 individuals
presented only one length heteroplasmy and the remaining
carried more than one length and/or one point heteroplasmy
(Table 8).

Table 8. Classification of the analysed individuals depending on the
heteroplasmic presence (PH: point heteroplasmy, LH: length
heteroplasmy, CI: confidence interval).

Classification I'\r‘mf’jlja‘;z F(ggﬂ/t‘)egf)y

Homoplasmy 38 37.63 (28.8-47.4)
Heteroplasmy 63 62.37 (52.6-71.2)
1PH 12 11.88 (7-19.6)
1LH 33 32.67 (24.3-42.3)

>1 PH 2 1.98 (0.6-6.9)

>1 LH 5 4.95(2.2-11.1)

One or more PH+LH 11 10.89 (6.2-18.5)
Total PH 25 24.75 (17.4-34)
Total LH 49 48.51 (39-58.2)

Total 101
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In table 9 the regions of the mtDNA genome showing length

heteroplasmy are presented. The highest frequency of length

heteroplasmy was located in the poly(C) tract of HVRII. The poly(C)
tract of HVRI, and the poly(C) tract of HVRIII located between
positions 568-573 of the mtDNA present a frequency of 9.1%. A

5.45% of individuals showed length heteroplasmy in poly (AC)

between positions 514-525 of the HVRIII region. Finally, three

individuals present length heteroplasmy in different regions of
mtDNA: between positions 8272-8278, 956-965 and in position

8289 (Table 9).

Table 9. Distribution of length heteroplasmy along the mtDNA

genome.

Length heteroplasmy
region

HVRI poly(C)
(16189-16193)
HVRII poly(C)
(303-309)
HVRIII

poly(C) (514-525)
poly(AC) (568-573)
Coding region
956-965
8272-8278
8289
Total

Number of
heteroplasmies

5

39

55

106

Frequency
(95% ClI)

9.1 (4-19.6)

70.9 (57.8-81.2)

5.4 (2-14.9)
9.1 (4-19.6)

1.8 (0.4-9.6)
1.8 (0.4-9.6)
1.8 (0.4-9.6)
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Pattern and distribution of point heteroplasmy along the mtDNA

genome

A total of 30 point heteroplasmic positions were confirmed in
our study. To obtain a more accurate pattern of point heteroplasmy,
results published by Li et al. (2010) were pooled together with our

data (for a detailed list of positions see table 1.3.3 in Annex I).

The distribution of point heteroplasmy observed along the
mitochondrial genome is showed in table 10, both for the present
study and for the study of Li et al. (2010). As it can be observed, the
distribution of heteroplasmy across the mtDNA genome is similar in
both studies.

Combining the information of both studies, the prevalent
region of mtDNA that presents point heteroplasmy was the control
region, with a frequency of 31.34% of the total of detected
heteroplasmies (Table 10). The remaining 68.66% were located in
tRNA (7.46%) and rRNA (5.97%), and coding positions for the
respiratory chain of mtDNA (55.22%) (Table 10).

In order to know if point heteroplasmy followed a differential
distribution along mitochondrial genome, tests for difference
between two independent proportions were performed. Statistical
significant differences (after Bonferroni correction) were observed
between control and coding region, being the control region the most
frequent location of mtDNA heteroplasmy (z=-4.319, p<0.0001).
Also, statistical differences were observed between RNA regions
(rRNA and tRNA) and protein coding genes presenting
heteroplasmy (complex I, 1Il, IV and V) (z=-5.838, p<0.0001) as
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well as between complex | and the rest of others complex, being the
complex | the most common region in the protein coding genes zone
(Complex | vs. Complex 1V: z=-3.622, p=0.0001; Complex | vs.
Complex Il and Complex | vs. Complex V: z=-3.896, p<0.0001).

From 46 point heteroplasmies located in 45 different positions
of the coding region, 37 of them were located in protein coding
genes: 21 were located in positions that encode for different subunits
of the NADH dehydrogenase (56.75%); 6 point heteroplasmic
positions were in the cytochrome ¢ oxidase subunits I, Il and Il
(16.21%); 5 point heteroplasmic positions were in the ATP synthase
FO subunit 6 (13.51%); and the remaining 5 were located in the
cytochrome B (13.51%) (Table 10).
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Table 10. Distribution of point heteroplasmy along the mtDNA genome in the present study and reported by Li et al.

(2010).

mMtDNA
region
D-loop
HVRI
HVRII
Coding region
tRNA
rRNA
Complex |
Complex Il
Complex IV
Complex V
Total

Present study

Number of
heteroplasmies

8

22

W A DN NN

30

Frequency
(95% CI)

26.7 (14.2-44.6)
10 (3.6-25.8)
16.7 (7.5-33.7)
73.3 (55.4-85.8)
13.3 (5.5-29.8)
6.7 (2-21.4)
23.3 (3.4-13.6)
6.7 (2-21.4)
13.3 (55.4-85.8)
10 (3.6-25.8)

Li et al. (2010)

Number of
heteroplasmies

13

24

14

37

Frequency
(95% CI)

35.14 (21.8-51.4)
13.51 (6-28.1)
21.63 (11.4-37.3)
64.86 (48.6-78.2)
2.7 (0.6-13.8)
5.4 (1.7-17.7)
37.8 (24-54)
8.1 (2.9-21.4)
5.4 (1.7-17.7)
5.4 (1.7-17.7)

Pooled Data
Number of Frequency
heteroplasmies (95% CI)
21 31.34 (21.5-43.3)
8 11.93 (6.2-21.9)
13 19.40 (11.7-30.5)
46 68.66 (56.7-78.5)
5 7.46 (3.3-16.3)
5.97 (2.4-14.4)
21 31.34 (21.5-43.3)
7.46 (3.3-16.3)
8.95 (4.2-18.2)
7.46 (3.3-16.3)
67
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These 37 point heteroplasmies placed in protein coding genes
are located in 36 different positions and 16 of them represent
nonsynonymous mutations (43.24% of frequency), giving a

nonsynonymous:;synonymous ratio of 1:3 (Table 11).

Concerning the kind of mutation, 34 of point mutations
detected in heteroplasmy were purine transitions and 29 were
pyrimidine transitions, only 4 transversions were found. The
transition:transversion and purine:pyrimidine ratios are also

presented in table 11.

Table 11. Comparison of results obtained in present study with
heteroplasmy detected by Santos et al. (2008c) and with the whole
mtDNA genome mutational spectrum at population level (Pereira et
al. 2009).

Heteroplasmy Mutational

Heteroplasmy

Type ofmutation o Do o lovel
Transition: Transversion
Whole mtDNA genome 15.75:1 - 75:1
Control Region 21:0 57.5:1 20.8:1
Purine:Pyrimidine
Whole mtDNA genome 1.17:1 - 1.28:1
Control Region 1:3.2 1:2.93 1:1.7
Nonsynonimous:Synonymous 1:3 - 1:1.97

Pooled data from present work and from Li et al. (2010).

® Santos et al. (2008c).

¢ Computed using data of mtDNA mutation fixed at the individual level and
polymorphic at population level, by Pereira et al. (2009).
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Stability of point heteroplasmic positions

For the 67 point heteroplasmies found in pooled data, and
located in 61 different positions of mtDNA genome, several analyses
were performed to know the impact of mutation in the involved
positions. The number of hits in the mtDNA phylogeny, the
probability of mutation, the frequency in the population database,
and the conservation index (ClI) both at nucleotide and at amino acid

level, were calculated (Table 1.3.3 in Annex I).

A total of 21 point heteroplasmies were located in 16 different
positions of the non-coding region (Figure 10 and Table 1.3.3 in
Annex 1). These heteroplasmic positions have typical characteristics
of non-stable position: high number of hits in the phylogeny, high
frequency representation of the minority variant in database
population and low percentages of conservation index (Table 1.3.3 in

Annex I).

Concerning coding region, 9 point heteroplasmies (in 9
positions) were located in stem regions of mitochondrial rRNA and
tRNA (Table 10). From that, 2 heteroplasmic positions (1552 and
3014) are related to a high stability and conservation. These positions
do not have any hit in mtDNA phylogeny, present a null
representation of minority variant on database population and have a
nucleotide CI over 70% (Figure 10 and Table 1.3.3 in Annex ).

Thirty seven point heteroplasmies were located in 36 different
positions of protein coding genes (Figure 10 and Table 1.3.3 in
Annex 1). There are a total of 11 point heteroplasmies located in 11
stable positions (3532, 6054, 7697, 7754, 8603, 9029, 11253, 13604,
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14561, 14770 and 15046). All these 11 positions present a maximum
of 2 hits in the phylogeny, a minimum of 99.6% of representation in
database population concerning to the majority variant and a
minimum nucleotide Cl of 77.25%. Moreover, nine of stable
positions represent nonsynonymous mutations (3532, 8603, 6054,
7697, 7754, 9029, 11253, 13604 and 14561). From the total of 11
point heteroplasmies, six of them can be considered as highly stable
positions (6054, 7697, 7754, 9029, 13604, and 15046). Besides the
characteristics mentioned above (low number of hits, low
representation in database population and low CI at nucleotide level),
these positions present Cl >92.9% at amino acid level (Table 1.3.3 in
Annex |).
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21 PH in non-coding region
(16 positions)

67 PH
(61 positions)

46 PH in coding region
(45 positions)

5 PHin tRNA
(5 positions)

1 stable position

Implication in
— secondary structure

(15908)

(15908 position)

9 PHin RNAs
(9 positions)

4 PHin IRNA
(4 positions)

2 stable positions
(3014 and 1552)

Implication in
secondary structure
(1552 position)

2 S positions
(14770 and 15046)

11 PH in stable positions

(11 positions)

37 PH in protein genes
(36 positions)
16 NS positions

9 NS positions

(3532,6054,7697,
7754,8603,9029, |—
11253,13604 and

Implication in
tertiary structure
(7754 position)

14561)

L]

26 PH in non-stable positions (25 positions), 7 NS positions |

Figure 10. Schematic information of point heteroplasmies analysed in present study and reported by Li et al. (2010). Information
about distribution along the mtDNA genome, kind of mutation (synonymous/nonsynonymous), stability® of positions and implication
in secondary and tertiary structure is reported (PH:point heteroplasmy, S:synonymous, NS:nonsynonymous).

®Defined by: distribution in database population, number of hits in the phylogeny and nucleotide and amino acid conservation index.
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In table 12 the distribution of point heteroplasmy and the
number of hits in the phylogeny, considering the stability of
positions, is presented. Taking the distribution of mutations at the
population level, as the expected mutation distribution, there is an
excess of point heteroplasmies located in positions that present 0 hits
in the phylogeny. The frequency of point heteroplasmies located in
no hotspot positions with a probability of mutation lower than the
mean seems to be quite different compared to mutations at the
population level. On the other hand, the proportion of heteroplasmies
in hotspots is similar to the observed at population level.

Table 12. Distribution of point heteroplasmies and of hits in the
phylogeny considering the stability of position (Mean value of the
probability of mutation®= 6.034x107). N: total number.

Point heteroplasmy Hits in the phylogeny®
mMtDNA positions Frequency N Frequency
(95% IC) (95% IC)
0 Hits 13 19.40 (11.7-30.5) 0 0 (0.00-0.00)
Hotspot® 29 43.28 (32.1-55.2) 4089  38.29(37.8-38.7)
No hotspot>mean 8 11.94 (6.5-21.9) 2872  26.89 (26.1-27.7)
No hotspot <mean 17  25.37 (16.5-37) 3719  34.82(33.9-35.7)

2 Probability of mutation: number of hits/total number of hits.
® Hotspot: probability of mutation ten times higher than the mean value.
¢ Soares et al. (2009).
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In order to know the impact of mutation in the stability of
secondary and tertiary conformation of tRNA, rRNA and proteins
encoded by mtDNA, a prediction of different structures with the
wildtype and mutant variant were performed and afterwards are
presented those that imply changes in secondary or tertiary structures
(Figure 1.3.1 of Annex I).

In the case of tRNAs, it seems that point heteroplasmic
position 15908 located in threonine tRNA implies a reduction in the
number of residue-residue bond that evolve one of the stems of this
tRNA (Figure 11). Moreover, this position presents two hits in the
phylogeny, a representation of minor variant of 0.1% in population
database and a CI of 17.78%, representing a stable position.
Concerning rRNA, half of positions located in 12S and 16S are in
stem regions, and the rest of them in loops. The heteroplasmy located
in 1552 position imply a reduction in the stability of bonds of this
stem region. Moreover, entropy information of bonds in this position

is reduced (Figure 12).
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Threonine Mutation 15908

Mutation 15908
entropy

Threonine
entropy

Figure 11. Secondary structure prediction of threonine tRNA. Implication
of point heteroplasmic position 15908. The structure below is colored by
base-pairing probabilities, for unpaired regions the colour denotes the
probability of being unpaired. Structure drawing encoding positional
entropy is also reported.
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.% rRNA 128

- - 4

Figure 12. Secondary structure prediction of 12S RNA. Implication of
point heteroplasmic position 3014. Detailed view of wildtype and mutated
position is showed. The structure below is colored by base-pairing
probabilities, for unpaired regions the colour denotes the probability of
being unpaired. Structure drawing encoding positional entropy is reported
in Figure 1.3.1 in Annex I. (WT:wildtype, Mut:mutated).

Concerning the implications in the tertiary structures of
proteins, only information of complex 1V and bcl was available.
Four nonsynonimous heteroplasmic positions (6052, 7697, 7754 and
15314) were located in these regions (Figure 1.3.1 in Annex ). It
seems that heteroplasmic position 7754, which implies an amino acid
substitution (Asp57Asn) in COXII region, has some implication in
the interactions between amino acids in tertiary structure. The

mutated amino acid is located in the centre of an a-helix and the
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substitution of an acidic by a polar amino acid implies the loss of
interactions with the neighbours amino acid 56S and 58A (Figure
13). Moreover, as reported above, the heteroplasmic position 7754 is

one of the most conserved and stable positions (Table 1.3.3 in Annex

).

57 Aspartic acid (7754 mtDNA position)

57 Asparagine Mut (7754 mtDNA position

Figure 13. Three-dimensional model of human COXII complex.
Implication of amino acid substitution Asp57Asn due to a point
heteroplasmic position 7754. Detailed view of wildtype (Asp) and mutated
(Asn) is also showed.
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3.3.3 Discussion
Frequency and type of heteroplasmy

The frequency of heteroplasmy at the population level has
been estimated for the hypervariable regions of mtDNA (De
Camargo et al. 2011; Irwin et al. 2009; Santos et al. 2008c) and at the
moment only exists one previous study that use deep sequencing of
the complete mitochondrial genomes to analyse mMDNA
heteroplasmy (Li et al. 2010).

In the present study, 62.37% of individuals are heteroplasmic
at the population level. The 48.51% of analysed individuals
presented length heteroplasmy and 24.75% of individuals carry out
point heteroplasmy. The frequency of length heteroplasmy obtained
in the control region [4.95% for HVRI (95% CI, 2.2-11.1%) and
38.61% for HVRII (95% CI, 29.7-48.4%)] was significantly lower
than that reported by Santos et al. (2008c) [17.145% for HVRI (95%
Cl, 12.3-22.93%) and 64.76% for HVRII (95% CI, 57.89-71.21%)].
These differences could not be due to methodological approaches
since both studies were performed using the same methodology and
analytic conditions. It is possible that the differences could be related

to the population origin of analysed samples since other authors
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reported differences in point heteroplasmy frequencies in different

populations (Irwin et al. 2009).

Concerning the frequency of individuals with point
heteroplasmy in the control region, our results [7.9% (95% CI, 4.1-
14.9%)] are slightly higher than those reported by Santos el at.
(2008c) [3.81% (95% CI, 1.66-7.37%)] however differences are not
significant. For the total mtDNA genome, comparing our results of
point heteroplasmy frequency [24.75% (95% ClI, 17.4-34%)] to those
reported by Li et al. (2010) [24.42% (95% CI, 17.9-32.5%)] no
differences were observed. Our results put in evidence the high
frequency of heteroplasmy at the population level. Taking into
account the high frequency of heteroplasmy and the high level of
individuals that present more than one heteroplasmy, it appears that
mitochondrial recombination could be a source of new mtDNA
variants, increasing thus the variability in the mitochondrial genome
at individual level and ultimately, at population level. On the other
hand, recombination could avoid the accumulation of deleterious
mutations along maternal lineages preventing their extinction as a
result of Muller’s ratchet (Wallace 2007).

Different technologies have been used for heteroplasmy
detection. The majority of work published so far used the automated
sequencing, the same method used in the present study. On the other
hand, next-generation sequencing has been used by Li et al. (2010).
Although the sequencing method is different, both studies report
similar point heteroplasmy frequencies and similar distribution of
point heteroplasmy across the mtDNA genome. In the present study,

special attention was taken to avoid co-amplification between
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mMtDNA and nDNA, as well as to use an efficient protocol to validate
point heteroplasmy. In spite of it, and in accordance with others
(Santos et al. 2008c), our study demonstrates that heteroplasmy
levels of 5% can be detected with confidence using the automated
sequencing system if a good sequencing strategy and an accurate
procedure of heteroplasmy validation are used. And comparing our
results to those reported by Li et al. (2010), the methodology used in
the present study could be as precise as massive sequencing.

No significant results have been found in the relation between
sex or haplogroup and the distribution of point heteroplasmy in
human populations, a result similar to that obtained by Camargo et
al. (2011). These results suggest that evolutionary forces that control
the levels of heteroplasmy act independently from sex and mtDNA
haplogroups.

Several investigations have noted an association between
increases in human mitochondrial heteroplasmy and aging. This
includes pathogenic heteroplasmies (Cortopassi et al. 1992) but also
seemingly benign deletions or polymorphic variants (Calloway et al.
2000; Da Costa et al. 2007; Michikawa et al. 1999; Wang et al.
2001). Some studies have suggested that some heteroplasmies may
play a role in longevity (Rose et al. 2007; Salvioli et al. 2008). In our
study a total of 30 point heteroplasmies have been detected in blood
samples of 101 individuals. The age of these individuals ranges
between 9 and 92 years, with an average age of 58.9 years. The
average age of heteroplasmic individuals (58.6 years) and non

heteroplasmic individuals (59 years) did not present significant

121



Capitol 3

differences. Thus, it seems that our data do not show any relation

between mitochondrial heteroplasmy and aging.

The heteroplasmic state of an individual could have arisen
either via transmission from the mother (i.e., through the germline)
or via a new somatic mutation occurring within the individual. In
order to know the origin of point heteroplasmies detected in present
study, further analyses were performed. Mouth scrap samples of the
detected heteroplasmic individuals were used as a reference of
another tissue with different embryonic origin (blood as a reference
tissue of mesodermic origin and mouth scrap of ectodermic origin).
From the 24 available epithelial samples, 21 presented once again the
point heteroplasmy, whereas only 3 did not show any signal of mix
variant. The presence of heteroplasmy in more than one tissue with
different blastodermic origin indicates that probably this
heteroplasmy is germinal. Thus, 87.5% of the point heteroplasmies
detected in the present study are germinal and only 12.5% are
somatic. Our data are in accordance with that reported by Santos et
al. (2005b). In that work, the authors confirmed the point
heteroplasmic origin by the analysis of the mother and other relatives
of the heteroplasmic individuals and a frequency of 61.6% germinal
heteroplasmies was reported. The low representation of somatic
point heteroplasmies in our data may have biased the detection of a
possible relation between heteroplasmy and aging previously
presented. In fact, the age average of individuals presenting somatic
heteroplasmy (72.2 years) is higher than the reported for the
individuals presenting germinal heteroplasmy (56.8 years). These
observations put forward that most of heteroplasmies are germinal

and only a small fraction are somatic. Notwithstanding, somatic
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heteroplasmies appear to be related to aging/longevity since these
heteroplasmies appear in older individuals. On the other hand, the
high levels of germinal point heteroplasmies would imply that
individuals carried out a mutational background that would increase
the risk or protect from mitochondrial related pathologies. Moreover,
this genetic variation would be selected for the sequence evolution,
implicating the final fixation or loss of a specific mtDNA variant.

Pattern and stability of point heteroplasmic positions along the

MtDNA genome

Concerning the kind of mutations detected, the 94% of point
heteroplasmies involved transitional variants, vyielding a
transition:transversion ratio of 15.75:1 (Table 11). This high
representation of transitions are in accordance to the mutational
spectrum at population level reported by Pereira et al. (2009) (ratio
7.5:1). However, in the present study there are twice more transitions
in heteroplasmy than at the population level, a similar result to that
obtained for D-loop in previous studies (Pereira et al. 2009). These
provide evidences of an excess of transitions (or deficit of

transversions) in the mutational spectrum in heteroplasmy.

A frequency of 64% of point mutations detected in
heteroplasmy in the whole mitochondrial genome involved purines,
representing a ratio purine:pyrimidine of 1.17:1, according well with
the ratio 1.28:1 at population level (Pereira et al. 2009). Classifying
the reported results by coding and non-coding region and according

with others (Irwin et al. 2009; Pereira et al. 2009; Santos et al.
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2008c¢), high proportion of mutations involving pyrimidines (76.2%)
was obtained for the control region, both considering mutations in
heteroplasmy and at the population level (Table 11). This differential
result between mitochondrial regions could not be due to a
differential base composition, since there is a similar ratio 1:1.31 of
purine:pyrimidine in both regions, and the causes of such difference

deserves further investigations.

As previously reported, mutations are the root cause of
heteroplasmy and also provide the basis for sequence evolution, so it
is reasonable to expect a correlation between sites that experience
high rates of heteroplasmy and those that evolve quickly within
populations (Irwin et al. 2009). However, it seems that a different
pattern is established for point heteroplasmy, since there is an excess

of point heteroplasmies located in positions that present 0 hits in the

phylogeny.

A total of 16 different point heteroplasmies has been detected
in nonsynonymous positions, representing a ratio
nonsynonymous:synonymous of 1:3. These results are in accordance
with values reported by others at the population level (ratio 1:1.97)
(Pereira et al. 2009). Pereira et al. (2009) found high levels of
nonsynonymous polymorphisms in ATP6 and ATP8 regions of
mtDNA and low levels in COXI, ND4 and ND5 regions. In the
present work, the distribution between regions is different, probably
due to the low number of nonsynonymous positions detected. The
same authors show that the group of neutral amino acid V, I, A, M, T
present the higher proportion of all possible changes observed in

human population. Our data show that from the 16 nonsynonymous
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heteroplasmic positions, 7 of these are located in amino acid of the
reported group, and also all of them imply an amino acid change
with the same polarity/acidity (neutral to neutral), suggesting that the
new residue could maintain the interactions with the other residues in

order to preserve the tertiary structure of the protein.

Concerning tRNAs, one of the most conserved positions
where heteroplasmy was found is the 15908. This change implies a
reduction in the stability of the molecule due to a length reduction of
one of the stems of the threonine tRNA. There has been reported that
some polymorphisms in the human population are located in
positions identified as 100% and >90% conserved in mammalian
tRNAs (Kivisild et al. 2006). Moreover, Pereira et al. (2009) and
according to Kivisild et al (2006), found the threonine as the tRNA
with the highest amount of polymorphisms. Along with the point
heteroplasmic position 15908 there are three more heteroplasmies
located in other tRNAs, all of them found in stem regions. These
results are in contrast with Pereira et al. (2009) that found a ratio of
stem:loop of 0.99, according to the principal function of stem regions

in the maintenance of the secondary structure.

Eleven point heteroplasmies detected in protein coding genes
are located in stable positions (3532, 6054, 7697, 7754, 8603, 9029,
11253, 13604, 14561, 14770 and 15046), presenting a representation
in mtDNA phylogeny near zero, low or null levels of minor variant
in population database and high levels of Cl. Moreover, from those
heteroplasmic positions located in complexes for which the
mitochondrial crystal structures are known, the 7754 position, which

implicates an amino acid substitution Asp70Asn, have a direct
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implication in the tertiary structure of COXII, implying the loss of

interactions with nearby amino acids.

In the present study, two heteroplasmies located in stable
positions (7679 and 11253) have been related to mitochondrial
pathologies. The point heteroplasmy located in 7697 position and its
amino acid change implication (valine to isoleucine) have been
reported as a genetic factor that indicate a susceptibility to
Hypertrophic cardiomyopathy (HCM) in Chinese Han ethnic
population (Wei et al. 2009). Moreover, the point heteroplasmy
located in 11253 position (amino acid change isoleucine to
threonine) has been related to have a direct implication on Leber’s
hereditary optic neuropathy (LHON) (Fauser et al. 2002; Leo-Kottler
et al. 2002). Although the mutant variant frequency of this individual
is relatively high (76%), in the majority of LHON patients and
family members, the pathogenic mtDNA mutation is homoplasmic;
thus, at this stage the mutation observed in this individuals does not

have phenotypic implications (Howell et al. 2000; Smith et al. 1993).

Taking up the previously mentioned about the excess of
transitions in the mutational spectrum in heteroplasmy, it seems that
some evolutionary force may be acting to lower these at population
level. Most probably these mutations will be finally eliminated by
genetic drift or by selection. In fact, all of the point heteroplasmies
located in stable positions could have a greater impact in the viability
of mitochondria survival, suggesting that purifying selection must be
operating on some heteroplasmies to prevent their fixation within
individuals. Although purifying selection has been proposed by
others (Elson et al. 2004; Rand 2001; Ruiz-Pesini and Wallace 2006;
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Santos et al. 2008c), no previous evidence involving heteroplasmy
has been found, but in accordance with Li et al (2010), actually there
are not enough heteroplasmic studies to reflect the purifying

selection actuation.

This is the first study that analyses the frequency of
heteroplasmy in healthy population, carrying out an evolutionary
evaluation of the detected changes. This work provides a new
perspective which would be important for medical, evolutionary, and

forensic proposes.
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Discussié general

Disseny i validacio de primers per a ’amplificacio i seqiienciacio

del DNAmMt

L’amplificaci6 1 seqiienciaci6 del DNAmt s’utilitza
rutinariament en una gran diversitat d’estudis. Tot i aixi, la
interpretacio dels resultats, sobretot pel que fa a I’estudi de
I’heteroplasmia mitocondrial, es pot complicar per la possibilitat de
co-amplificar DNAmt i DNAn (Parr et al. 2006b; Yao et al. 2008b).
Per aquest motiu, i donat que no existeixen a la bibliografia primers
que permetin amplificar la totalitat del genoma mitocondrial, evitant
alhora I’amplificaci6 de NUMTs, la primera tasca duta a terme va ser
dissenyar i validar uns primers que permetessin amplificar el genoma
mitocondrial, a la vegada que evitaven la possible co-amplificacié
amb NUMTSs.

El disseny de primers es va fer tenint en compte 1’esborrany
hg18 del genoma huma, el més actual en I’inici de la Tesi. Durant el
disseny de les parelles de primers es van detectar dues regions del
DNAnN de gran mida i altament similars amb el DNAmt. Aquestes
regions es localitzen al cromosoma 1 (regi6 3914-9074 del DNAmt)
i al cromosoma 5 (regi6 9582-14479 del DNAmt). La regi6 que se

situa al cromosoma 1 ja havia estat descrita anteriorment (Lascaro et
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al. 2008) com una regié nuclear altament similar al DNAmt. Pero
pel que fa a la regi6é que es localitza al cromosoma 5, aquesta no ha
estat reportada amb anterioritat, podent representar una insercid
nuclear d’origen mitocondrial no descrita en treballs anteriors sobre
NUMTs. De fet, aquesta seqiiéncia s’ha pogut identificar i
caracteritzar en el moment en que es va dur a terme la compilacié de
NUMTs.

La validacio dels primers d’amplificacié dibuixats, mitjancant
una mostra d’esperma sotmesa a una lisi preferencial, ha permes
demostrar que les nou parelles de primers dissenyades amplifiquen
especificament DNAmt i no permeten la co-amplificaci6 amb
DNAnN.

Donat que no hi havia primers descrits a la bibliografia que
permetessin una amplificacié selectiva del DNAmt, evitant alhora
possibles co-amplificacions entre el DNAmt i el DNAn, aquest
treball va publicar-se a inicis de 1’any 2009 (Ramos et al. 2009). Els
primers presentats poden ser una eina molt Gtil per a qualsevol
projecte on calgui realitzar una amplificacié i sequienciacié completa
del DNAmt, sent molt adient per al screening de I’heteroplasmia
mitocondrial tant en mostres d’individus sans com malalts, aixi com
en determinacions forenses. D’altra banda, ’estricta metodologia
emprada per dissenyar-los i validar-los pot ser utilitzada com a
referencia per a qualsevol estudi de DNAmt que requereixi un

disseny de primers.

Com s’ha dit anteriorment, aquests primers [capitol 1 de la

present Tesi i Ramos et al. (2009)] van ser validats in silico
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(mitjancant BLAST) utilitzant la sequéncia de referencia hgl8, pero
al febrer de 2009, va generar-se un nou esborrany del genoma huma
GRCh37. Com a conseqiiéncia, s’han hagut de validar, in silico,
novament els primers, utilitzant aquesta vegada la nova seqiiéncia

de referéncia del genoma huma GRCh37.

D’acord amb 1’actualitzacio de I’esborrany del genoma huma,
un dels NUMTs més problematics (situat al cromosoma 1) sembla
ser més gran del que s’havia descrit. Amb 1’antiga referéncia del
genoma huma aquest NUMT tenia un 98% de similitud amb la regi6
del DNAmt compresa entre les posicions 3914-9074, perd degut a
’actualitzacio, aquesta regio s’amplia en més de 700 pb (regi6é 3911-
9755 del DNAmt), conservant la mateixa similitud (Andrews et al.
1999). Aquesta modificacié provoca que un dels primers dissenyats
(situat entre les posicions 6511-9220 del DNAmt) perdi la capacitat
d’amplificacié exclusiva del DNAmt i per tant, possibiliti la co-

amplificacié amb el DNAn.

L’estudi d’aquest NUMT ha permeés identificar-lo com un
NUMT especific d’espécie, ja que no el comparteixen la resta de
primats. Malauradament perd, no es coneix encara la variabilitat
(presencia/abséncia) que pot tenir un NUMT a la poblacié humana i
per tant, no es pot descartar la possible co-amplificacié entre el
DNAmMt i DNAN. Per aquest motiu s’ha redissenyat una de les
parelles de primers. Degut a la gran mida del NUMT, aquesta parella
de primers s’ha hagut de localitzar en una zona de baixa similitud
entre el DNAmt i el DNAnN, col-locant I’extrem 3’ de cadascun dels

primers en una posicié no identica entre el DNAmt i el DNAn.
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Aquesta actualitzacio va publicar-se 1’any 2011 (Ramos et al.
2011b).

Actualitzacio de la base de dades de NUMTSs i aplicacié en estudis

de cancer

Els NUMTSs poden ser una eina molt Gtil en estudis evolutius i
de poblacions. D’altra banda, degut a I’elevada similitud amb el
DNAmt, els NUMTSs poden ser una font de contaminacio en estudis
basats en I’amplificaciéo per PCR del DNAmt. Per tant, concixer de
primera ma el nombre total d’aquestes insercions, la seva localitzacio
i variacio és important per a dur a terme un bon disseny de qualsevol
tipus d’estudi, ja sigui filogenétic, epidemiologic, evolutiu,
poblacional o clinic. Actualment per9, tot i existir una gran quantitat
de bases de dades que recullen aquesta informacié referent als
NUMTs, totes elles s’han realitzat mitjanant una versio
desactualitzada del genoma huma de referéncia. Per aquests motius,
un dels objectius de la present Tesi, ha estat realitzar una exhaustiva
compilacié de les insercions nuclears d'origen mitocondrial basada
en la darrera versio de I’esborrany del genoma huma (GRCh37). El

treball resultant s’ha publicat recentment a la revista Mitochondrion
(Ramos et al. 2011a).

En aquesta base de dades es presenten 755 insercions. Si
comparem el nimero total de NUMTs amb els reportats en estudis
publicats préviament, aquest nombre pot variar des de 190 (Lascaro
et al. 2008) a 1105 (Tourmen et al. 2002), amb publicacions que
reporten 206 insercions (Richly and Leister 2004), 211 (Ricchetti et
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al. 2004), 247 (Mishmar et al. 2004), 452 (Hazkani-Covo and Graur
2007), 585 (Simone et al. 2011), 612 (Woischnik and Moraes 2002) i
871 (Hazkani-Covo et al. 2010).

D’acord amb Lascaro et al. (2008), els motius principals
d’aquestes discrepancies son la disparitat que hi ha en els métodes
bioinformatics utilitzats, aixi com en els parametres tinguts o no en
compte i a I’aplicaci6 de genomes nuclears que encara no estan

acoblats correctament.

Un altre factor que por induir diferéncies en el nombre total de
NUMTSs és el fet de considerar, 0 no, els processos post-insercionals
que pot patir una insercid. Aquest factor pot servir per saber si un
NUMT representa una insercio original o si és el resultat d’un procés
que ha alterat la seqiiéncia inicial com ara la duplicacid. En la base
de dades que es presenta en aquesta Tesi, i a fi de poder obtenir una
base de dades que contingués totes les insercions nuclears, aixi com
la seva propia variabilitat relativa al DNAmt, els processos post-

insercionals no s’han tingut en compte.

La frequéncia de les insercions presentades, aixi com la seva
mida i distribucio al llarg del genoma, és variable, destacant el fet
que la majoria d’aquestes insercions sén menors de 500 pb. Aquests
resultats estan d’acord amb altres autors (Hazkani-Covo et al. 2010) i
amb D’explicacid més parsimoniosa sobre 1’origen del NUMTs, que
assumeix que el DNAmt podria ser utilitzat com a pegat en la
reparacio dels trencament de doble cadena (DSBR) pel mecanisme
d’unié d’extrems no homolegs (NHEJ) (Hazkani-Covo and Covo
2008).
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Dr’altra banda, i per primera vegada, juntament amb la base de
dades d’insercions nuclears, es presenten les posicions no idéentiques
entre NUMTs (mitjancant el darrer esborrany del genoma huma
GRCh37) i la sequéncia de referencia del DNAmt. Agquesta
informacié pot ser molt Gtil per autenticar mutacions del DNAmt que
han estat publicades en diferents arees d’estudi. Cal mencionar pero,
gue en aquest recull no s’ha tingut en compte la variacié de
preséncia/absencia que pot tenir un NUMT en la poblacié. A més,
pel que fa a la variaci6 del DNAmt, només s’ha tingut present a
nivell huma, perd una inserci6 original podria representar la

seqiiéncia d’'un DNAmt d’una espécie molt diferent.

Com un exemple d’aplicaciéo d’aquesta base de dades, s’ha
avaluat I’impacte de la contaminacid6 per NUMTs en estudis de
cancer. Aquest fet és degut a I’elevada similitud que tenen els
NUMTs amb el DNAmt, sent una font de contaminaci6 en els
treballs de DNAmt basats en la seva amplificacié per PCR (Parr et
al. 2006b; Yao et al. 2008b). De fet, actualment estan publicats un
seguit d’estudis que posen de manifest innumerables deficiéncies en
la literatura médica relacionada amb la interpretacio de les dades en
analisis del DNAmt [Salas et al. (2005), Yao et al. (2004), entre
d’altres]. Aquests treballs demostren les conseqiiéncies que pot tenir
un pobre disseny experimental i el desconeixement de 1’existéncia

dels NUMTSs com a possible font de contaminacio.

De les 256 posicions del DNAmt avaluades, que han estat
préviament reportades com a mutacions relacionades amb cancer i
que no apareixen com a polimorfiques a 1’espécie humana, 220

poden representar canvis en una 0 més insercions nuclears, ja que
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estan localitzades en posicions no idéentiques entre el DNAmMt i
DNAnN. Després de dur a terme la validacio in silico dels primers
utilitzats en els diferents estudis de cancer (primers disponibles en 16
estudis d’un total de 21 treballs analitzats), només en 6 treballs
(Habano et al. 1999; Jones et al. 2001; Kassauei et al. 2006; Nagy et
al. 2003; Parrella et al. 2001; Tzen et al. 2007) no es van observar
evidencies de possibles co-amplificacions. De tota manera, amb
I’excepcid de la posicid 11203 descrita per Allegra et al. (2006), la
resta de posicions no estan reportades com a posicions no idéntiques
entre el DNAmMt i el DNAn, en les insercions que podrien ser
potencialment co-amplificades.

Utilitzant els estudis de cancer com a exemple, s'ha evidenciat
I'aplicabilitat de la base de dades de NUMTSs com una nova eina per
validar in silico les mutacions de DNAmt descrites en diferents
contextos. D'altra banda, I'exemple posa de manifest la necessitat
d'estandarditzar protocols que evitin la co-amplificaci6 de DNAmt i
DNAnN.

Tenir a ’abast una base de dades de NUMTS, aixi com dur a
terme un correcte disseny de primers com el que s’ha descrit en
aquesta Tesi son dues eines a tenir en compte en el moment d’iniciar
un treball centrat en el DNAmMt, ja que proporcionen una font
d’informacio molt util. Existeix la possibilitat perd, que no es pugui
evitar la co-amplificacid, com és el cas dels estudis de DNA antic o
forenses on la mida dels fragments amplificats no permet situar els
primers fora de les regions conflictives entre DNAmt i DNAnN. En
aquests casos seria important tenir com a minim constancia de les

posicions no idéntiques que es presenten a la base de dades de
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NUMTs i aixi poder controlar la possible contaminacié en el

moment d’interpretar els resultats.

Freqiiéncia i patro de I’heteroplasmia mitocondrial humana

L’estudi de [I’heteroplasmia mitocondrial s’ha realitzat
utilitzant els primers dissenyats en la present Tesi per amplificar i
sequenciar el genoma mitocondrial de 101 individus. L’estudi
posterior de 1’heteroplasmia mitocondrial a permés reafirmar
I’amplificacio selectiva del DNAmt, ja que no s’ha detectat co-

amplificacié entre DNAmt i DNAnN en cap de les mostres.

La freqiliencia d’heteroplasmia a nivell poblacional ha estat
estimada en diverses ocasions pel que fa a la regi6 control del
DNAmt (De Camargo et al. 2011; Irwin et al. 2009; Santos et al.
2008c), actualment perd, només existeix un estudi que ho realitzi per

tot el genoma mitocondrial (Li et al. 2010).

La metodologia utilitzada per dur a terme I’estudi de
I’heteroplasmia mitocondrial humana ha estat la seqiienciacio
automatica, sent la técnica més utilitzada en la gran majoria de
treballs centrats aquest tema. En comparacié amb la tecnica de
seqlienciacié massiva aplicada per Li et al. (2010) i donat que tots
dos treballs reporten freqiiéncies similars d’heteroplasmia puntual,
s’ha fet palés que les dues metodologies presenten una sensibilitat
similar. Val a dir que aixo ha estat gracies a I’exhaustiu disseny de
primers aixi com a I’aplicacié d’un eficient protocol de validacio de

I’heteroplasmia puntual. Conforme aixo i d’acord amb Santos et al.
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(2008c), el present estudi demostra la possibilitat de detectar amb

seguretat les heteroplasmies puntuals amb un nivell d’un 5%.

En el present estudi s’ha determinat que un 62.37% de la
poblacié presenta heteroplasmia mitocondrial, concretament, s’han
detectat un 58.51% d’individus amb heteroplasmia de longitud i un
24.75% amb heteroplasmia puntual. Aquests resultats posen de
manifest I’elevada freqiiéncia d’heteroplasmia mitocondrial a nivell
poblacional. Tenint en compte aquesta elevada freqiiéncia i I’elevat
nombre d’individus que presenten més d’una heteroplasmia
mitocondrial, sembla ser que la recombinacié mitocondrial podria
actuar com a font generadora de noves variants de DNAmt,
augmentant aixi la variabilitat en el genoma mitocondrial a nivell
individual i en Gltima instancia, a nivell poblacional. D’altra banda,
la recombinacié podria impedir 1’acumulacié de mutacions
perjudicials al llarg dels Ilinatges materns, prevenint-ne 1’extinciéd

com a resultat del trinquet de Muller (Wallace 2007).

Pel que fa a la relacio entre el sexe o 1’haplogrup de I’individu
i I’heteroplasmia mitocondrial en poblacié humana, no s’han trobat
resultats significatius. Aquests resultats estan d’acord amb altres
autors (De Camargo et al. 2011), suggerint que les forces evolutives
que controlen els nivells d’heteroplasmia actuen independentment

del sexe i de I’haplogrup mitocondrial.

Un seguit de treballs han detectat una associacio entre
I’augment d’heteroplasmies mitocondrials i 1’edat (Calloway et al.
2000; Cortopassi et al. 1992; Da Costa et al. 2007; Michikawa et al.
1999; Wang et al. 2001). D’altres, han suggerit que certes

heteroplasmies podrien jugar un paper fonamental en la longevitat
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(Rose et al. 2007; Salvioli et al. 2008). L’edat dels individus
analitzats en el present estudi varia entre 9 i 92 anys, amb una
mitjana d’edat de 58.9 anys. La mitjana d’edat dels individus que
tenen heteroplasmia mitocondrial (58.6 anys) i dels que no en
presenten (59 anys) no té diferencies significatives. Per tant, els
nostres resultats no semblen mostrar cap relacié entre la preséncia

d’heteroplasmia i 1’edat.

L’heteroplasmia mitocondrial d’un individu pot tenir origen
matern (i per tant, venir a través de la linia germinal) o pot resultar
de I’aparici6 de mutacions somatiques que es donen en el si de
I’individu. Per conéixer quin és l’origen de les heteroplasmies
puntuals detectades en el present estudi, van realitzar-se analisis
posteriors dels individus que presentaven heteroplasmia
mitocondrial. Es van utilitzar mostres de raspat bucal d’aquests
individus com a referéncia d’un teixit amb diferent origen embrionari
(la sang seria el teixit de referéncia d’origen mesodérmic i I’epiteli
bucal seria el d’origen ectodérmic). De les 24 mostres de raspat
bucal disponible, 21 van presentar de nou I’heteroplasmia puntual
detectada préviament en sang, i només en 3 no hi va haver senyal
d’una mescla de variants. La preséncia d’una heteroplasmia
mitocondrial en més d’una fulla blastodérmica indicaria que I’origen
d’aquesta heteroplasmia ¢és probablement germinal. D’aquesta
manera, el 87.5% de les heteroplasmies puntuals analitzades tindrien
un origen germinal, mentre que només un 12.5% serien somatiques.
Aquesta elevada freqiiéncia d’heteroplasmies d’origen germinal ja ha
estat reportada per altres autors (Santos et al. 2005b), mitjancant

I’analisi de la mare i altres familiars de I’individu heteroplasmic.
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La baixa representacié d’heteroplasmies d’origen somatic,
podria esbiaixar la possible relacio entre 1’heteroplasmia i 1’edat. De
fet, la mitjana d’edat dels individus que presenten heteroplasmia
d’origen somatic (72.2 anys) és forca superior a la dels individus
amb heteroplasmia germinal (56.8 anys), la qual cosa podria
relacionar 1’heteroplasmia somatica amb processos d’envelliment i/o

longevitat.

Aqguestes observacions posen de manifest que la majoria de les
heteroplasmies mitocondrials sén germinals i només una petita
fraccio son somatiques. L’elevat nivell d’heteroplasmia germinal,
implica que els individus porten un background mutacional, que
podria augmentar el risc, o protegir-los, enfront a patologies

relacionades amb disfuncié mitocondrial.

El 94% de les heteroplasmies mitocondrials detectades en el
genoma mitocondrial comprometen transicions, donant una rad
transicio:transversié de 15.75:1. Aquesta elevada representacio esta
en consonancia amb el que es presenta a nivell poblacional, reportat
per Pereira et al. (2009) (ratio7.5:1). Val a dir, que les freqiiencies en
heteroplasmia doblen a les que es presenten a nivell poblacional,
evidenciant un excés de transicions (o déficit de transversions) en

I’espectre mutacional de I’heteroplasmia.

D’altra banda, el 64% de les heteroplasmies detectades
impliquen canvis purinics, representant una raé purina:pirimidina de
1.17:1, molt en consonancia amb la ra6 de 1.28:1 reportada a nivell
poblacional (Pereira et al. 2009). Si només tenim en compte els
resultats obtinguts pel que fa la regi6é control, i d’acord amb altres
autors (Irwin et al. 2009; Pereira et al. 2009; Santos et al. 2008c), es
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detecten elevades frequéncies de pirimidines (76.2% present treball).
Cal destacar que la composicié nucleotidica és la mateixa en tot el
genoma mitocondrial (rad purina:pirimidina 1.31:1), per tant, la
diferent composicio de bases entre regions del DNAmt no podria ser
la causa d’aquesta inversid que es detecta tant en I’espectre
mutacional de I’heteroplasmia com a nivell poblacional, per tant, les
causes d’aquesta diferéncia haurien de ser investigades en futurs

estudis.

Les mutacions son la causa fonamental de I’heteroplasmia
alhora que proporcionen la base per I’evolucid del genoma, per tant
és raonable esperar una correlacié entre les posicions que
experimenten elevades taxes d’heteroplasmia amb aquelles que
evoluciones amb rapidesa dintre de les poblacions (Irwin et al.
2009). De tota manera, sembla que hi ha un patr6 diferencial per a
I’heteroplasmia puntual, ja que s’ha detectat un excés d’aquestes en

posicions que presenten zero hits a la filogenia.

S’han detectat un total de 16 heteroplasmies puntuals en
posicions no sindnimes, representant una rad no-sindnim:sindnim de
1:2.2. Aquests resultats estan d’acord amb altres descrits a nivell
poblacional (rad de 1:1.97) (Pereira et al. 2009). Pereira et al. (2009),
reporta que els nivells més elevats de mutacions no sinonimes es
troben en les regions ATP6 i ATP8 del DNAmt i els més baixos en
les regions del COXI, ND4 i ND5. Respecte aix0, en el present
treball no es detecta la mateixa distribucio, probablement degut al
baix nombre de posicions no sindnimes analitzades. Aixi, caldria
ampliar el nombre d’estudis d’heteroplasmia de tot el genoma.

Aquests mateixos autors mostren que els aminoacids neutres V, I, A,
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M i T manifesten les proporcions més elevades pel que fa les
mutacions no sinonimes. En els nostres resultats, de les 16 posicions
heteroplasmiques no sinonimes que s’han detectat, 7 d’elles estan
localitzades en el grup d’aquests aminoacids; a més, totes impliquen
un canvi aminoacidic amb una polaritat similar (neutre a neutre),
suggerint que el nou residu aminoacidic podria seguir mantenint les
interaccions amb els aminoacids veins per preservar |’estructura

terciaria de la proteina.

Respecte dels tRNAs, una de les posicions més conservades
on s’ha detectat heteroplasmia, és a la posicid 15908. Aquest canvi
provoca una reducci6 en I’estabilitat de 1’estructura secundaria del
tRNA de la treonina degut a una disminucié en la mida d’un dels
bragos. Alguns estudis han descrit que certs polimorfismes de la
poblaci6 humana es localitzen en posicions altament conservades
dels tRNAs (Kivisild et al. 2006). Tanmateix, Periera et al. (2009) i
d’acord amb Kivisild et al. (2006), troben que el tRNA de la treonina
és un dels que conté major nombre de polimorfismes. A més de
I’heteroplasmia puntal 15908, s’han detectat 3 posicions
heteroplasmiques més situades en altres tRNAs, totes ells
localitzades en les bragos dels tRNAs. Aquests resultats difereixen
dels detectats a nivell poblacional, on es troba una rao, pel que faa la
localitzacio en el tRNA, brac-bucle de 0.99 (Pereira et al. 2009),
alhora que contrasta amb la funcié principal dels bragos dels tRNAs

de mantenir I’estructura secundaria.

S’han detectat un total d’onze heteroplasmies puntuals
localitzades en posicions estables de gens que codifiquen per
proteines (3532, 6054, 7697, 7754, 8603, 9029, 11253, 13604,
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14561, 14770 i 15046). Aquestes posicions tenen entre dos i zero hits
a la filogenia, presenten freqiiencies nul-les o quasi nul-les a la
poblacié pel que fa a la variant minoritaria, aixi com uns index de
conservaci6 molt elevats. A més, d’aquelles posicions
heteroplasmiques localitzades en complexos mitocondrials pels quals
ha estat descrita la seva estructura cristal-lina, la posicié 7754, que
implica una substituci6 Asp70Asn, té una implicacid directa en
I’estructura terciaria del complex COXII, provocant la pérdua de les

interaccions amb els aminoacids propers.

Dues d’aquestes posicions heteroplasmiques estables (7679 i
11253) estan relacionades amb patologies mitocondrials. La posicio
heteroplasmica 7697 i el conseqlient canvi aminoacidic (valina a
isoleucina) ha estat reportat com un factor genétic indicatiu de
successibilitat a cardiomiopatia hipertrofica (HCM) (Wei et al.
2009). Pel que fa a I’heteroplasmia puntual localitzada a la posicio
11253 (canvi aminoacidic isoleucina a treonina), s’ha relacionat
directament amb neuropatia Optica hereditaria de Leber (LHON)
(Fauser et al. 2002; Leo-Kaottler et al. 2002).

Recuperant I’anteriorment exposat pel que fa a I’excés de
transicions en 1’espectre mutacional de 1’heteroplasmia, sembla ser
que les forces evolutives podrien estar actuant per disminuir agquests
nivells a nivell poblacional. EI més probable és que aquestes
mutacions siguin finalment eliminades per deriva genetica o per
seleccio. De fet, les heteroplasmies puntuals detectades en aquest
treball en posicions estables, podrien tenir un gran impacte en la

supervivencia de la mitocondria, suggerint que la seleccio
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purificadora deu estar actuant per prevenir la fixacié de mutacions

perjudicials en els individus.

Aquest és el primer estudi on s’analitza la freqiliéncia i el patro
de I’heteroplasmia mitocondrial humana en individus sans. Tenint en
compte l'elevada quantitat de dades que es presenta, unit a la poca
informacid prévia disponible, aquest treball proporciona una nova
perspectiva per a I'estudi de les malalties associades al DNAmt, aixi

com en treballs a nivell poblacional, evolutiu i forense.
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Conclusions

CONCLUSIONS DE LA TESI

1. S'han dissenyat, validat i descrit per primera vegada un
conjunt de primers que permeten amplificar i seqlienciar
selectivament la totalitat del genoma mitocondrial. Aquesta
metodologia pot ser utilitzada com a referéncia per al

correcte disseny de primers.

2. La publicacié del nou genoma huma de referéncia GRCh37
ha provocat el redisseny i validacio d’una de les parelles de
primers per poder seguir garantint 1’amplificacié selectiva
de DNAmt; posant de manifest la necessitat de realitzar
una actualitzacid tant de les bases de dades de NUMTs com
dels primers dissenyats per amplificar selectivament
DNAmt.

3. S’ha generat, per primera vegada, una base de dades
d’insercions nuclears d’origen mitocondrial basada en el
nou eshorrany del genoma huma GRCh37. Tenint en

compte la quantitat d'informacié aportada per a cada
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insercid nuclear, la base de dades pot ser usada per al

disseny d'estudis evolutius, filogenetics i epidemiolagics.

4. Es el primer treball en que es reporten les posicions no-
idéntiques entre el DNAmMt i els NUMTSs. El coneixement
de la distribuci6 d'aquestes posicions és una eina util per
autenticar mutacions del DNAmt presentades en diferents
tipus destudis, sobretot aquelles detectades en
heteroplasmia.

5. Utilitzant els estudis de cancer com a exemple, s’ha
evidenciat I'aplicabilitat de la base de dades de NUMTSs
com una nova eina per validar in silico les mutacions de
DNAmt descrites en diferents contextos. També es posa de
manifest la necessitat d'estandarditzar protocols que evitin
la co-amplificacié entre DNAmt i DNAnN, com per exemple

el disseny de primers que es presenta en aguesta Tesi.

6. L’estudi de I’heteroplasmia mitocondrial realitzat revela
gue un 62.37% de la poblaci6 presenta heteroplasmia
mitocondrial (de longitud i/o puntual) i un 24.75%
d’individus presenta heteroplasmia puntual, posant de
manifest I’elevada freqiiéncia d’heteroplasmia mitocondrial

a nivell poblacional.

7. La comparacio dels resultats obtinguts amb els descrits per
Li et. al (2010) apunta que les dues metodologies

utilitzades en la sequenciacié completa del DNAmt,
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presenten una sensibilitat similar. A més, el present estudi
demostra la possibilitat de detectar amb seguretat les

heteroplasmies puntuals amb un nivell d’un 5%.

8. La gran majoria de les heteroplasmies puntuals tenen un
origen germinal i només una petita fraccio té un origen
somatic. Les heteroplasmies d’origen somatic semblen
tenir una certa relacio amb 1’envelliment i/o la longevitat,

ja que les presenten els individus d’edat avangada.

9. L’elevada freqiiéncia d’heteroplasmies d’origen germinal
implica que els individus porten un background mutacional
gue augmentaria el risc o protegiria enfront a patologies

relacionades amb disfuncié mitocondrial.

10. La distribuci6 de I’heteroplasmia mitocondrial comprén tot
el genoma mitocondrial, localitzant-se tant en posicions
definides com a hotspot com en posicions altament estables
i conservades. Comparant el patrd6 mutacional de
I’heteroplasmia amb el descrit a nivell poblacional, sembla
haver-hi un excés d’heteroplasmia puntual localitzada en

posicions que presenten zero hits en la filogénia.

11. L’excés de transicions detectat en I’espectre mutacional de
I’heteroplasmia, en comparacio amb el descrit a nivell
poblacional, implica que determinades forces evolutives,
com la deriva o la seleccid, han hagut d’actuar perqué

finalment siguin eliminades. En aquest context, les
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heteroplasmies puntuals localitzades en posicions estables
podrien tenir un gran impacte en la supervivéncia de la
propia mitocondria, suggerint que la seleccié purificadora
hauria d’estar actuant per prevenir la seva fixacio en els

individus.

12. Aquest és el primer treball on s’analitza la freqiiéncia i el
patrd de I’heteroplasmia mitocondrial humana en individus
sans. Tenint en compte I'elevada quantitat de dades que es
presenta, unit a la poca informacié prévia disponible,
aquest treball proporciona una nova perspectiva per a
I'estudi de les malalties associades al DNAmt, aixi com en

treballs a nivell poblacional, evolutiu i forense.
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7. ANNEX .






7.1 Annex 1 .






Els annexos d’aquesta Tesi estan organitzats segons el capitol

on es citen, i es presenten de la segiient manera:

Capitol 1: Disseny i validacio de primers per a ’amplificacié i

sequenciacio del DNAmt

Taula 1.1.1. Resultat del BLAST de les regions del DNAmt: 1)
3914-9074; i 2) 9582-14479.

Table 1.1.2 Descripci6 detallada del NUMT actualitzat.

Table 1.1.3 Alineament de la seqiiéncia d’Homo sapiens amb cinc

primats i el cavall.

Capitol 2: Actualitzacié de la base de dades de NUMTSs i

aplicacié en estudis de cancer

Taula 1.2.1 Base de dades de NUMTSs basada en el genoma huma de
referencia GRCh37.



Taula 1.2.2 Posicions compilades de Santos et al. (2008) que
segueixen tenint O hits a la filogénia actual (Van Oven et al. 2009)
(mit. Tree build 8).

Taula 1.2.3 Posicions amb zero hits en la filogenia del DNAmt que
coincideixen amb posicions no identiques entre el DNAmt i les

insercions nuclears.

Aquesta informacio6 es troba disponible en el CD adjunt dins de la
carpeta anomenda “Annex I Capitol 2” i1 dins D’arxiu Excel

anomenat “Annex_Capitol 2”.

Capitol 3: Freqiiéncia i patré de I’heteroplasmia mitocondrial

humana

Figura 1.3.1 Implicacié de I’heteroplasmia puntual del DNAmt en
I’estructura secundaria dels tRNAs, rRNAs 1 en I’estructura terciaria

dels complexos COXI, COXIl i CitB.

Taula 1.3.1 Llistat dels numeros d’accés i les espécies utilitzades per
calcular els index de conservacié a nivell nucleotidic i a nivell

aminoacidic.

Aquesta informacio6 es troba disponible en el CD adjunt dins de la
carpeta anomenada “Annex I Capitol 3” i dins I’arxiu Excel

anomenat “Annex_Capitol 3”.



Taula 1.3.2 Compilacié de les mutacions presents en el genoma
mitocondrial de 101 individus. Les heteroplasmies puntuals i de
longitud estan representades en negreta. El sexe i 1‘haplogrup de

cada individu també es troba representat.

Taula 1.3.3 Compilacié dels resultats per a cada posicid
heteroplasmica analitzada (localitzacié, nom de la mostra, tipus
d’heteroplasmia, origen de I’heteroplasmia, mitjana de 1’algada dels
pics, distribucié en la base de dades, nimero de hits en la filogénia
del DNAmt (PhyloTree.org) i la reportada per Soares et al. (2009),
probabilitat de mutacio i index de conservacio a nivell de nucleotid i

d’aminoacid).



Table 1.1.1
1) Blast result for 3914-9074 mtDNA region.

ref|AC 000133.1]AC 000133[] Homo sapiens chromosome 1, alternate assembly (based on HuRef),
whole genome shotgun sequence
Length=219475005

Max score: 9118

Total score: 1.475e+04
Query coverage: 68%

E value 0.00

Max ident 100%

Score = 9118 bits (4937), Expect = 0.0
Identities = 5087/5161 (98%), Gaps = 3/5161 (0%)
Strand=Plus/Plus

Query 3914 GGGAGTCCGAACTAGTCTCAGGCTTCAACATCGAATACGCCGCAGGCCCCTTCGCCCTAT 3973

PEErrrrrrrrrrrrrrrrrrrrrrrrerrrrrrrrrrrrrrrrrrrrrrrrrrrrrrnd
Sbjct 719 GGGAGTCCGAACTAGTCTCAGGCTTCAACATCGAATACGCCGCAGGCCCCTTCGCCCTAT 778

Query 3974 TCTTCATAGCCGAATACACAAACATTATTATAATAAACACCCTCACCACTACAATCTTCC 4033

PErrrrrrrrrrrrrrrrrrr e rrrr bt e e ettt e e e e
Sbjct 779  TCTTCATAGCCGAATACACAAACATTATTATAATAAACACCCTCACCACTACAATCTTCC 838


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=157704448&dopt=GenBank&RID=7R4VGA8Z01R&log$=nuclalign&blast_rank=4
http://blast.ncbi.nlm.nih.gov/Blast.cgi#157704448
http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&ENTREZ_QUERY=txid9606%20%5bORGN%5d&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=true&PAGE=MegaBlast&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=7R4VGA8Z01R&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&DISPLAY_SORT=4&HSP_SORT=0#sort_mark
http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&ENTREZ_QUERY=txid9606%20%5bORGN%5d&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=true&PAGE=MegaBlast&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=7R4VGA8Z01R&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&DISPLAY_SORT=3&HSP_SORT=3#sort_mark
http://blast.ncbi.nlm.nih.gov/blast/dumpgnl.cgi?db=refseq_genomic&na=1&gnl=ref|AC_000133.1|AC_000133&gi=157704448&term=157704448[gi]&RID=7R4VGA8Z01R&QUERY_NUMBER=1&segs=718-5875,208561565-208566138,206152114-206155484,5058949-5059158,48601306-48601719,152623819-152624212,8785091-8785288,140666327-140666422,36194643-36194716,186347374-186347412

Query
Sbijct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbijct
Query
Sbjct
Query

Sbijct

4034

839

4094

899

4154

959

4214

1019

4274

1079

4334

1139

4394

1199

TAGGAACAACATATGACGCACTCTCCCCTGAACTCTACACAACATATTTTGTCACCAAGA

PErrrrrrrerrrr rerrrrrrrrr e et r e et r e e
TAGGAACAACATATAACGCACTCTCCCCTGAACTCTACACAACATATTTTGTCACCAAGA

CCCTACTTCTAACCTCCCTGTTCTTATGAATTCGAACAGCATACCCCCGATTCCGCTACG

PEErrrrrrr rrrrrrrrrrrrerrrrr e e et et e e
CCCTACTTCTGACCTCCCTGTTCITATGAATTCGAACAGCATACCCCCGATTCCGCTACG

ACCAACTCATACACCTCCTATGAAAAAACTTCCTACCACTCACCCTAGCATTACTTATAT

PErrrrrrrrrrrrrrrrrrrrrerrrr e e et e e e e
ACCAACTCATACACCTCCTATGAAAAAACTTCCTACCACTCACCCTAGCATTACTTATAT

GATATGTCTCCATACCCATTACAATCTCCAGCATTCCCCCTCAAACCTAAGAAATATGTC

PErrrrrrrrrrrrrrrrrrrrrrrrerr e e et e et
GATATGTCTCCATACCCATTACAATCTCCAGCATTCCCCCTCAAACCTAAGAAATATGTC

TGATAAAAGAGTTACTTTGATAGAGTAAATAATAGGAGCTTAAACCCCCTTATTTCTAGG

PErrrrrrrrrrrrrrrerrrrrrrrerrrrrrrrerr rrrrr rrrrrrrrrrr e
TGATAAAAGAGTTACTTTGATAGAGTAAATAATAGGAGTTTAAATCCCCTTATTTCTAGG

ACTATGAGAATCGAACCCATCCCTGAGAATCCAAAATTCTCCGTGCCACCTATCACACCC

PErrrrrrrrrrrrrrrrrrr e rrrr bt e e ettt e e e e
ACTATGAGAATCGAACCCATCCCTGAGAATCCAARAATTCTCCGTGCCACCTATCACACCC

CATCCTAAAGTAAGGTCAGCTAAATAAGCTATCGGGCCCATACCCCGAAAATGTTGGTTA

PErrrrrrrrrrrrrrrrrrr e rrrr bt e e ettt e e e e
CATCCTAAAGTAAGGTCAGCTAAATAAGCTATCGGGCCCATACCCCGAAAATGTTGGTTA

4093

898

4153

958

4213

1018

4273

1078

4333

1138

4393

1198

4453

1258



Query
Sbijct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbijct
Query
Sbjct
Query

Sbijct

4454

1259

4514

1319

4574

1379

4634

1439

4694

1499

4754

1559

4814

1619

TACCCTTCCCGTACTAATTAATCCCCTGGCCCAACCCGTCATCTACTCTACCATCTTTGC

LEorrrrrrerrrrrrrrerr e rrrr e e ettt e e et
TATCCTTCCCGTACTAATTAATCCCCTGGCCCAACCCGTCATCTACTCTACCATCTTIGC

AGGCACACTCATCACAGCGCTAAGCTCGCACTGATTTTTTACCTGAGTAGGCCTAGAAAT

PErrrrrrrerrrrrrrrrrr e rrrr e e et r e et
AGGCACACTCATCACAGCGCTAAGCTCGCACTGATTTTTTACCTGAGTAGGCCTAGAAAT

AAACATGCTAGCTTTTATTCCAGTTCTAACCaaaaaaaTAAACCCTCGTTCCACAGAAGC

PErrrrrrrerrrrrrrrrrr e rrrr e e et r e et
AAACATGCTAGCTTTTATTCCAGTTCTAACCAAAAAAATAAACCCTCGTTCCACAGAAGC

TGCCATCAAGTATTTCCTCACGCAAGCAACCGCATCCATAATCCTTCTAATAGCTATCCT

PErrrrrrrrrrrrrrrrrrrrrrrrerr e e et e et
TGCCATCAAGTATTTCCTCACGCAAGCAACCGCATCCATAATCCTTCTAATAGCTATCCT

CTTCAACAATATACTCTCCGGACAATGAACCATAACCAATACTACCAATCAATACTCATC

PErrrrrrrrrrrrrrrrrrrrrrrrerrr e rrrr e e e
CTTCAACAATATACTCTCCGGACAATGAACCATAACCAATACCACCAATCAATACTCATC

ATTAATAATCATAATAGCTATAGCAATAAAACTAGGAATAGCCCCCTTTCACTTCTGAGT

PErrrrrrrrrrr et rerrrrrrrrrrr e e et e e e
ATTAATAATCATAATGGCTATAGCAATAAAACTAGGAATAGCCCCCTTTCACTTCTGAGT

CCCAGAGGTTACCCAAGGCACCCCTCTGACATCCGGCCTGCTTCTTCTCACATGACAAAA

PErrrrrrrrrrrrrrrrrrrrrrrrrererrrrrrrrrrrr rerrrrrrrrrrrrrnd
CCCAGAGGTTACCCAAGGCACCCCTCTGACATCCGGCCTGCTCCTTCTCACATGACAAAA

4513

1318

4573

1378

4633

1438

4693

1498

4753

1558

4813

1618

4873

1678



Query
Sbijct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbijct
Query
Sbjct
Query

Sbijct

4874

1679

4934

1739

4994

1799

5054

1859

5114

1919

5174

1979

5234

2039

ACTAGCCCCCATCTCAATCATATACCAAATCTCTCCCTCACTAAACGTAAGCCTTCTCCT

PErrrrrrrerrrrrrrrerrrrrrrerrr rerrrrr et rerrr e e
ACTAGCCCCCATCTCAATCATATACCAAATTTCTCCCTCATTAAACGTAAGCCTTCTCCT

CACTCTCTCAATCTTATCCATCATAGCAGGCAGTTGAGGTGGATTAAACCAAACCCAGCT

PEErrr rrerrrrrrrrrrr e rerrrrrrrrrrr e e et e e v
CACTCTTITCAATCTTATCCATCATGGCAGGCAGTTGAGGTGGATTAAACCAAACCCAACT

ACGCAAAATCTTAGCATACTCCTCAATTACCCACATAGGATGAATAATAGCAGTTCTACC

PErrrrrrrerrrrrrrrrrrrrrrrrrr e rrrr e e et trrrrrr e
ACGCAAAATCTTAGCATACTCCTCAATTACCCACATAGGATGAATAACAGCAGTTCTACC

GTACAACCCTAACATAACCATTCTTAATTTAACTATTTATATTATCCTAACTACTACCGC

PErrrrrrrrrrrrrrrrrrrrrrrrerr e e et e et
GTACAACCCTAACATAACCATTCTTAATTTAACTATTTATATTATCCTAACTACTACCGC

ATTCCTACTACTCAACTTAAACTCCAGCACCACGACCCTACTACTATCTCGCACCTGAAA

PErrrrrrrerrrrrrrerrrrrrrrrrr e rrrr e e et e
ATTCCTACTACTCAACTTAAACTCCAGCACCACAACCCTACTACTATCTCGCACCTGAAA

CAAGCTAACATGACTAACACCCTTAATTCCATCCACCCTCCTCTCCCTAGGAGGCCTGCC

PEErrrrrrrrrrrrrrrrrrrrrrrrerrrrrrrrrrrrrrrrrrrrrrrrrrrrrrnd
CAAGCTAACATGACTAACACCCTTAATTCCATCCACCCTCCTCTCCCTAGGAGGCCTGCC

CCCGCTAACCGGCTTTTTGCCCAAATGGGCCATTATCGAAGAATTCACAAAAAACAATAG

PErrrrrrrrrrrrrrrrrr e rrrr e e et et e
CCCGCTAACCGGCTTTTTGCCCAAATGGGCCATTATCGAAGAATTCACAAAAAACAATAG

4933

1738

4993

1798

5053

1858

5113

1918

5173

1978

5233

2038

5293

2098



Query
Sbijct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbijct
Query
Sbjct
Query

Sbijct

5294

2099

5354

2159

5414

2219

5474

2279

5534

2339

5594

2399

5654

2459

CCTCATCATCCCCACCATCATAGCCACCATCACCCTCCTTAACCTCTACTTCTACCTACG

PErrrrrrrrrrrrrrrrrrrrrrrr reerrrrrrrrrrrrrrrrrrrrrrrrrrr n
CCTCATCATCCCCACCATCATAGCCATCATCACCCTCCTTAACCTCTACTTCTACCTGCG

CCTAATCTACTCCACCTCAATCACACTACTCCCCATATCTAACAACGTAAAAATAAAATG

PErrrrrrrerrrrrrrrrrrrrrrrerr e crrr e et e
CCTAATCTACTCCACCTCAATCACACTACTCCCTATATCTAACAACGTAAAAATAARAATG

ACAGTTTGAACATACAAAACCCACCCCATTCCTCCCCACACTCATCGCCCTTACCACGCT

PEErrrrrrerr rrerrrrrrrrrrerr e e et e e et e e
ACAGTTTGAACACACAAAACCCACCCCATTCCTCCCCACACTCATCGCCCTTACCACACT

ACTCCTACCTATCTCCCCTTTTATACTAATAATCTTATAGAAATTTAGGTTAAATACAGA

PErrrrrrrerrrrrrrerrr et rrrrr e rer e et e
GCTCCTACCTATCTCCCCTTTTATGCTAATAATCTTATAGAAATTTAGGTTAAATACAGA

CCAAGAGCCTTCAAAGCCCTCAGTAAGTTGCAATACTTAATTTCTGTAACAGCTAAGGAC

PErrrrrrrrrrrrrrrrrrrrrrrrerrrrrrrrrrrrrrrrrer rrrrrrrrr e
CCAAGAGCCTTCAAAGCCCTCAGTAAGTTGCAATACTTAATTTCTGCAACAGCTAAGGAC

TGCAAAACCCCACTCTGCATCAACTGAACGCAAATCAGCCACTTTAATTAAGCTAAGCCC

PErrrrrrrrrrrrrrrrrrr e rrrr bt e e ettt e e e e
TGCAAAACCCCACTCTGCATCAACTGAACGCAAATCAGCCACTTTAATTAAGCTAAGCCC

TTACTAGACCAATGGGACTTAAACCCACAAACACTTAGTTAACAGCTAAGCACCCTAATC

PErrrrrrrrrrrrrrrrrrr e rrrr bt e e ettt e e e e
TTACTAGACCAATGGGACTTAAACCCACAAACACTTAGTTAACAGCTAAGCACCCTAATC

5353

2158

5413

2218

5473

2278

5533

2338

5593

2398

5653

2458

5713

2518



Query
Sbijct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbijct
Query
Sbjct
Query

Sbijct

5714

2519

5774

2579

5834

2639

5894

2699

5954

2759

6014

2819

6074

2879

AACTGGCTTCAATCTACTTCTCCCGCCGCCGGGAAAAAAGGCGGGAGAAGCCCCGGCAGG

PErrrrrrrrrrrrrrrrrrrrrrrrrrerrrrrrrrrrrrrrrrrrrrrrrrrrrrrd
AACTGGCTTCAATCTACTTCTCCCGCCGCCGGGAAAAAAGGCGGGAGAAGCCCCGGCAGG

TTTGAAGCTGCTTCTTCGAATTTGCAATTCAATATGAAAATCACCTCGGAGCTGGTAAAA

PErrrrrrrerrrrrrrrrrrrrrrrrrr e rrrr e e et trrrrrr e
TTTGAAGCTGCTTCTTCGAATTTGCAATTCAATATGAAAATCACCTCAGAGCTGGTAAAA

AGAGGCCTAACCCCTGTCTTTAGATTTACAGTCCAATGCTTCACTCAGCCATTTTACCTC

PEErrr rrrrrrrrrrrrrr e rrrr e e et e e
AGAGGCTTAACCCCTGTCTTITAGATTTACAGTCCAATGCTTCACTCAGCCATTTITACCTC

ACCCCCACTGATGTTCGCCGACCGTTGACTATTCTCTACAAACCACAAAGACATTGGAAC

Lrerrrrrrrrrrrrrerrrrrrrrerrrrrrrer et e et
ACCCCCACTGATGTTCGCCGACCGTTGACTATTCTCTACAAACCACAAAGACATTGGAAC

ACTATACCTATTATTCGGCGCATGAGCTGGAGTCCTAGGCACAGCTCTAAGCCTCCTTAT

PErrrrrrrrrrrrrrrrrrrrrrrrerr e e et e et
ACTATACCTATTATTCGGCGCATGAGCTGGAGTCCTAGGCACAGCTCTAAGCCTCCTTAT

TCGAGCCGAGCTGGGCCAGCCAGGCAACCTTCTAGGTAACGACCACATCTACAACGTTAT

PEErrrrrr rrrrrrrrrrrrrrrrerr e ettt e e e
TCGAGCCGAACTGGGCCAGCCAGGCAACCTTCTAGGTAACGACCACATCTACAACGTTAT

CGTCACAGCCCATGCATTTGTAATAATCTTCTTCATAGTAATACCCATCATAATCGGAGG

PErrrrrrrrrrrrrrrrrrr e rrrr bt e e ettt e e e e
CGTCACAGCCCATGCATTTGTAATAATCTTCTTCATAGTAATACCCATCATAATCGGAGG

5773

2578

5833

2638

5893

2698

5953

2758

6013

2818

6073

2878

6133

2938



Query
Sbijct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbijct
Query
Sbjct
Query

Sbijct

6134

2939

6194

2999

6254

3059

6314

3119

6374

3179

6434

3239

6494

3299

CTTTGGCAACTGACTAGTTCCCCTAATAATCGGTGCCCCCGATATGGCGTTTCCCCGCAT

PErrrrrrrrrrrrrrrrrrrrrrrrrrerrrrrrrrrrrrrrrrrrrrrrrrrrrrrd
CTTTGGCAACTGACTAGTTCCCCTAATAATCGGTGCCCCCGATATGGCGTTTCCCCGCAT

AAACAACATAAGCTTCTGACTCTTACCTCCCTCTCTCCTACTCCTGCTCGCATCTGCTAT

PErrrrrrrerrrrrrrrerr e et rerrrrrrrr e e et trrrrrr
AAACAACATAAGCTTCTGACTCTTACCCCCCTCTCTCCTACTCCTGCTTGCATCTGCTAT

AGTGGAGGCCGGAGCAGGAACAGGTTGAACAGTCTACCCTCCCTTAGCAGGGAACTACTC

PErrrrrrrrrr rrererrrrrerrrrr e e e e e e trrrrrr e
AGTGGAGGCCGGCGCAGGAACAGGTTGAACAGTCTACCCTCCCTTGGCAGGGAACTACTC

CCACCCTGGAGCCTCCGTAGACCTAACCATCTTCTCCTTACACCTAGCAGGTGTCTCCTC

Lrrrrrrrrrrrrrrrrrrrrrrrrrrrrerrrrrrrrrrrrrrrrrrrrrr rrrrrnd
CCACCCTGGAGCCTCCGTAGACCTAACCATCTTCTCCTTACACCTAGCAGGTATCTCCTC

TATCTTAGGGGCCATCAATTTCATCACAACAATTATCAATATAAAACCCCCTGCCATAAC

PEErrrrrr rrrrrrrrrrrrrrrrerrr e et e e et r e
TATCTTAGGAGCCATCAATTTCATCACAACAATTATTAATATAAAACCCCCTGCCATAAC

CCAATACCAAACGCCCCTCTTCGTCTGATCCGTCCTAATCACAGCAGTCCTACTTCTCCT

PErrrrrrrrrrrrrrrr rerrrrrrrrr e rrr e e et rerrr e
CCAATACCAAACGCCCCTTTTCGTCTGATCCGTCCTAATCACAGCAGTCTTACTTCTICCT

ATCTCTCCCAGTCCTAGCTGCTGGCATCACTATACTACTAACAGACCGCAACCTCAACAC

PErrrrrrrrrrrrrrer rerrerrrrrrrrer et re et rerrr e
ATCTCTCCCAGTCCTAGCCGCTGGCATCACTATACTACTAACAGACCGTAACCTCAACAC

6193

2998

6253

3058

6313

3118

6373

3178

6433

3238

6493

3298

6553

3358



Query
Sbijct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbijct
Query
Sbjct
Query

Sbijct

6554

3359

6614

3419

6674

3479

6734

3539

6794

3599

6854

3659

6914

3719

CACCTTCTTCGACCCCGCCGGAGGAGGAGACCCCATTCTATACCAACACCTATTCTGATT

PErrrrrrrrrrrrr rerrrrrrrrrrr e e et r et e e
CACCTTCTTCGACCCAGCCGGAGGAGGAGACCCCATTCTATACCAACACCTATTCTGATT

TTTCGGTCACCCTGAAGTTTATATTCTTATCCTACCAGGCTTCGGAATAATCTCCCATAT

PErrrrrrrerrrrrrrrerrtrrrrt rrrrrrrrr e et
TTTCGGTCACCCTGAAGTTTATATTCTCATCCTACCAGGCTTCGGAATAATCTCCCATAT

TGTAACTTACTACTCCGGaaaaaaaGAACCATTTGGATACATAGGTATGGTCTGAGCTAT

PErrrrrrrerrrrrrrrrrr e rrrr e e et r e et
TGTAACTTACTACTCCGGAARAAARAGAACCATTTGGATACATAGGTATGGTCTGAGCTAT

GATATCAATTGGCTTCCTAGGGTTTATCGTGTGAGCACACCATATATTTACAGTAGGAAT

PErrrrrrrrrrrrrrrrrrrrrrrrerr e e et e et
GATATCAATTGGCTTCCTAGGGTTTATCGTGTGAGCACACCATATATTTACAGTAGGAAT

AGACGTAGACACACGAGCATATTTCACCTCCGCTACCATAATCATCGCTATCCCCACCGG

PErrrrrrrrrrrrrrrrrrrrrrrrerr e e et e et
AGACGTAGACACACGAGCATATTTCACCTCCGCTACCATAATCATCGCTATCCCCACCGG

CGTCAAAGTATTTAGCTGACTCGCCACACTCCACGGAAGCAATATGAAATGATCTGCTGC

PErrrrrrrrrrrrrrrrrrr e rrrr bt e e ettt e e e e
CGTCAAAGTATTTAGCTGACTCGCCACACTCCACGGAAGCAATATGAAATGATCTGCTGC

AGTGCTCTGAGCCCTAGGATTCATCTTTCTTTTCACCGTAGGTGGCCTGACTGGCATTGT

PErrrrrrrrrrrrrrrrerr e rerrr e rr e e e
AGTGCTCTGAGCCCTAGGATTTATTTTTCTTTTCACCGTAGGTGGCCTGACTGGCATTGT

6613

3418

6673

3478

6733

3538

6793

3598

6853

3658

6913

3718

6973

3778



Query
Sbijct
Query
Sbjct
Query

Sbjct
Query

Sbjct
Query
Sbijct
Query
Sbijct
Query

Sbijct

6974

3779

7034

3839

7094

3899
7154

3959

7214

4019

7274

4079

7334

4139

ATTAGCAAACTCATCACTAGACATCGTACTACACGACACGTACTACGTTGTAGCCCACTT

PErrrrrrrerrrrrrrrrrrtrrrrrrr e e ettt e et
ATTAGCAAACTCATCACTAGACATCGTACTACACGACACGTACTACGTTGTAGCCCACTT

CCACTATGTCCTATCAATAGGAGCTGTATTTGCCATCATAGGAGGCTTCATTCACTGATT

PErrrrrrrerrrrrrrrrrr e rrrr e e et r e et
CCACTATGTCCTATCAATAGGAGCTGTATTTGCCATCATAGGAGGCTTCATTCACTGATT

TCCCCTATTCTCAGGCTACACCCTAGACCAAACCTACGCCAAAATCCATTTCACTATCAT
PErrrrrrrerrrrrerrrrrtrrrrrrr e e et e e e et
TCCCCTATTCTCAGGCTACACCCTAGACCAAACCTACGCCAAAATCCATTTCGCTATCAT
ATTCATCGGCGTAAATCTAACTTTCTTCCCACAACACTTTCTCGGCCTATCCGGAATGCC
PEEErrrrrrrrrrrrrr e e e e e et
ATTCATCGGCGTAAATCTAACTTTCTTCCCACAACACTTTCTCGGCCTATCCGGAATGCC

CCGACGTTACTCGGACTACCCCGATGCATACACCACATGAAACATCCTATCATCTGTAGG

PErrrrrrrrrrrrrrrr reeeererererrrrrrrrrrrr rerrrrrrrrrrrrrd
CCGACGTTACTCGGACTATCCCGATGCATACACCACATGAAATATCCTATCATCTGTAGG

CTCATTCATTTCTCTAACAGCAGTAATATTAATAATTTTCATGATTTGAGAAGCCTTCGC

PErrrrrrrrrrrrrrrrrrr e rrrr e e et e
CTCATTCATTTCTCTAACAGCAGTAATATTAATAATTTTCATAATTTGAGAAGCCTTCGC

TTCGAAGCGAAAAGTCCTAATAGTAGAAGAACCCTCCATAAACCTGGAGTGACTATATGG

PErrrrrrrrrrrrrrrrrrr e rrrr bt e e ettt e e e e
TTCGAAGCGAAAAGTCCTAATAGTAGAAGAACCCTCCATAAACCTGGAGTGACTATATGG

7033

3838

7093

3898

7153

3958
7213

4018

7273

4078

7333

4138

7393

4198



Query
Sbijct
Query
Sbjct
Query

Sbjct
Query

Sbjct
Query
Sbijct
Query
Sbijct
Query

Sbijct

7394

4199

7454

4259

7514

4319
7574

4379

7634

4439

7694

4499

7754

4559

ATGCCCCCCACCCTACCACACATTCGAAGAACCCGTATACATAAAATCTAGACAAAAAAG

PErrrrrrrrrrrrrrrerrrrrrrrerr e e et et e
ATGCCCCCCACCCTACCACACATTCGAAGAACCCGTATACATAAAATCTAGACAAAAAAG

GAAGGAATCGAACCCCCCAAAGCTGGTTTCAAGCCAACCCCATGGCCTCCATGACTTTTT

PErrrrrrrerrrrrrrrrrr e rrrr e e et r e et
GAAGGAATCGAACCCCCCAAAGCTGGTTTCAAGCCAACCCCATGGCCTCCATGACTTITTT

CAAAAAGGTATTAGAAAAACCATTTCATAACTTTGTCAAAGTTAAATTATAGGCTAAATC
PEEErrr rerrrrrrrrrrrrrrrr et e e et e et e

CAAAAAGATATTAGAAAAACCATTITCATAACTTTGTCAAAGTTAAATTATAGGCTAAATC
CTATATATCTTAATGGCACATGCAGCGCAAGTAGGTCTACAAGACGCTACTTCCCCTATC
PEEErrrrrrrr e et err e et et
CTATATATCTTAATGGCACATGCAGCGCAAGTAGGTCTACAAGACGCTACTTCCCCTATC

ATAGAAGAGCTTATCACCTTTCATGATCACGCCCTCATAATCATTTTCCTTATCTGCTTC

PErrrrrrrrrrrrrr rrrrrrrrrrr e rrrr et r et r e
ATAGAAGAGCTTATCATCTTTCATGATCACGCCCTCATAATCATTTTCCTTATCTGCTTC

CTAGTCCTGTATGCCCTTTTCCTAACACTCACAACAAAACTAACTAATACTAACATCTCA

PEErrrrrrer trrrrrrrrrrrrr et r e e et r e
CTAGTCCTGTACGCCCTTTTCCTAACACTCACAACAAAACTAACTAATACTAACATCTCA

GACGCTCAGGAAATAGAAACCGTCTGAACTATCCTGCCCGCCATCATCCTAGTCCTCATC

PErrrrrrrrrrrrrrrrrrr e rrrr e e et e e e et
GACGCTCAGGAAATAGAAACCGTCTGAACTATCCTGCCCGCCATCATCCTAGTCCTTATC

7453

4258

7513

4318

7573

4378
7633

4438

7693

4498

7753

4558

7813

4618



Query
Sbijct
Query
Sbjct
Query

Sbjct
Query

Sbjct
Query
Sbijct
Query
Sbijct
Query

Sbijct

7814

4619

7874

4679

7934

4739
7994

4799

8054

4859

8114

4919

8174

4979

GCCCTCCCATCCCTACGCATCCTTTACATAACAGACGAGGTCAACGATCCCTCCCTTACC

PErrrrrrrrrrrrrrrrrrrrrrrrrrerrrrrrrrrrrrrrrrrrrrrrrrr rerd
GCCCTCCCATCCCTACGCATCCTTTACATAACAGACGAGGTCAACGATCCCTCCTTTACC

ATCAAATCAATTGGCCACCAATGGTACTGAACCTACGAGTACACCGACTACGGCGGACTA

PErrrrrrrerrrrrer rerrrrrrrrrrrrrrrert rrrrrrr e e
ATCAAATCAATTGGCCATCAATGGTACTGAACCTACGAATACACCGACTACGGCGGACTA

ATCTTCAACTCCTACATACTTCCCCCATTATTCCTAGAACCAGGCGACCTGCGACTCCTT
PErrrrrrrerrrrrrrrrrr e rrrr e e et r e et
ATCTTCAACTCCTACATACTTCCCCCATTATTCCTAGAACCAGGCGACCTGCGACTCCTT
GACGTTGACAATCGAGTAGTACTCCCGATTGAAGCCCCCATTCGTATAATAATTACATCA

Lrrrrrrrrrrrrrrrrrrrrrrrrrr reeerrrrrrrrrrrrrrrrrrrrrrrrrrrd
GACGTTGACAATCGAGTAGTACTCCCGGTTGAAGCCCCCATTCGTATAATAATTACATCA

CAAGACGTCTTGCACTCATGAGCTGTCCCCACATTAGGCTTAAAAACAGATGCAATTCCC

PEErrrrrrer trrrrrrrrrrrrrerr e e et r et e
CAAGACGTCTTACACTCATGAGCTGTCCCCACATTAGGCTTAAAAACAGATGCAATTCCC

GGACGTCTAAACCAAACCACTTTCACCGCTACACGACCGGGGGTATACTACGGTCAATGC

PErrrrrrrrrrrrrrrrrrrrrrrr reeeerrrrrr reerrrrrrrrrrr rrrrnd
GGACGTCTAAACCAAACCACTTTCACTGCTACACGACCAGGGGTATACTACGGCCAATGC

TCTGAAATCTGTGGAGCAAACCACAGTTTCATGCCCATCGTCCTAGAATTAATTCCCCTA

Prrrrrrrrerrrrrrreerrtt rerr trrrrrrr e e
TCTGAAATCTGTGGAGCAAACCA--GTTTTATGCCCATCGTCCTAGAATTAATTCCCCTA

7873

4678

7933

4738

7993

4798
8053

4858

8113

4918

8173

4978

8233

5036



Query
Sbijct
Query
Sbjct
Query

Sbjct
Query

Sbjct
Query
Sbijct
Query
Sbijct
Query

Sbijct

8234

5037

8294

5097

8354

5157
8414

5217

8474

5277

8534

5337

8594

5397

AAAATCTTTGAAATAGGGCCCGTATTTACCCTATAGCACCCCCTCTACCCCCTCTAGAGC

PErrrrrrrerrrrrrrrer trrrrrrr e rr e e et e
AAAATCTTTGAAATAGGGCCTGTATTTACCCTATAGCACCCCCTCTACCCCCTCTAGAGC

CCACTGTAAAGCTAACTTAGCATTAACCTTTTAAGTTAAAGATTAAGAGAACCAACACCT

PErrrrrrrerrrrrrrrrrr e rrrr e e et r e et
CCACTGTAAAGCTAACTTAGCATTAACCTTTTAAGTTAAAGATTAAGAGAACCAACACCT

CTTTACAGTGAAATGCCCCAACTAAATACTACCGTATGGCCCACCATAATTACCCCCATA
PErrrrrrrerrrrrrrrerrrrrrrrrrr e rrrt rrrrrrr e
CTTTACAGTGAAATGCCCCAACTAAATACTACCGTATGACCCACCATAATTACCCCCATA
CTCCTTACACTATTCCTCATCACCCAACTAAAAATATTAAACACAAACTACCACCTACCT
PEErrrrrrrrrrrrrrrrrr e e rrr e rrr et et trrrrrr e
CTCCTTACACTATTCCTCATCACCCAACTAAAAATATTAAATACAAATTACCACCTACCT

CCCTCACCAAAGCCCATaaaaataaaaaaTTATAACAAACCCTGAGAACCAAAATGAACG

PErrrrrrrerrrrrrrrerrrrrererr trrrrrr e e et
CCCTCACCAAAGCCCATAAAAATAAAAAACTATAACAAACCCTGAGAACCAAAATGAACG

AAAATCTGTTCGCTTCATTCATTGCCCCCACAATCCTAGGCCTACCCGCCGCAGTACTGA

PEErrrrrrer trrrrrrrrrrrrr et r e e et r e
AAAATCTGTTCACTTCATTCATTGCCCCCACAATCCTAGGCCTACCCGCCGCAGTACTGA

TCATTCTATTTCCCCCTCTATTGATCCCCACCTCCAAATATCTCATCAACAACCGACTAA

PErrrrrrrrrrrrrrrrrrrrrrreerr e e et e et r e
TCATTCTATTTCCCCCTCTATTGATCCCCACCTCCAARATATCTCATCAACAACCGACTAA

8293

5096

8353

5156

8413

5216
8473

5276

8533

5336

8593

5396

8653

5456



Query
Sbijct
Query
Sbjct
Query

Sbjct
Query

Sbjct
Query
Sbijct
Query
Sbijct
Query

Sbijct

8654

5457

8714

5517

8774

5577
8834

5637

8894

5697

8954

5757

9014

5817

TCACCACCCAACAATGACTAATCAAACTAACCTCAAAACAAATGATAACCATACACAACA

Lorrrrrrrerrrrrrrrerrrr rerrrrrrrrrrrrrrrrrr et rrrrrrr e
TTACCACCCAACAATGACTAATCCAACTAACCTCAAAACAAATGATAGCCATACACAACA

CTAAAGGACGAACCTGATCTCTTATACTAGTATCCTTAATCATTTTTATTGCCACAACTA

PEEr trrrrrrrrrrrrrrr e rrrr e e et r e et
CTAAGGGACGAACCTGATCTCTTATACTAGTATCCTTAATCATTTTTATTGCCACAACTA

ACCTCCTCGGACTCCTGCCTCACTCATTTACACCAACCACCCAACTATCTATAAACCTAG
PErrrrrrrrrrrrrrrerrrrrerrrr e e et e et e
ACCTCCTCGGACTCCTGCCTCACTCATTTACACCAACCACCCAACTATCTATAAACCTAG
CCATGGCCATCCCCTITATGAGCGGGCACAGTGATTATAGGCTTTCGCTCTAAGATTARAAA

Frrrerrrrrrrrrrrrrrrerrr et rerrr et ettt
CCATGGCCATCCCCTTATGAGCGGGCGCAGTGATTATAGGCTTTCGCTCTAAGATTAAAA

ATGCCCTAGCCCACTTCTTACCACAAGGCACACCTACACCCCTTATCCCCATACTAGTTA

PErrrrrrrerrrrrrrrerrtrrrrerr e rrrr e e et rerrr e
ATGCCCTAGCCCACTTCTTACCACAAGGCACACCTACACCCCTTATCCCTATACTAGTTA

TTATCGAAACCATCAGCCTACTCATTCAACCAATAGCCCTGGCCGTACGCCTAACCGCTA

PErrrrrrrrrrrrrrrrrrr e rrrr bt e e ettt e e e e
TTATCGAAACCATCAGCCTACTCATTCAACCAATAGCCCTGGCCGTACGCCTAACCGCTA

ACATTACTGCAGGCCACCTACTCATGCACCTAATTGGAAGCGCCACCCTAGCAATATCAA

PEErrrrrrerr rrerrrrrrrrrrerr e e e et e et rrrrrrr e
ACATTACTGCAG-CCACCTACTCATGCACCTAATTGGAAGCGCCACACTAGCAATATCAA

8713

5516

8773

5576

8833

5636
8893

5696

8953

5756

9013

5816

9073

5875



Query 9074 C 9074

\
Sbjct 5876 C 5876



2) Blast result for 9582-14479 mtDNA region.

Max score: 1.082e+04
Total score: 3.019e+04
Query coverage: 79%

E value 0.00

Max ident 100%

ref |AC 000137.1]AC 000137 [] Homo sapiens chromosome 5, alternate assembly (based on
HuRef),

whole genome shotgun sequence

Length=175444460

Score = 5954 bits (3224), Expect = 0.
Identities = 4360/4918 (88%), Gaps =
Strand=Plus/Minus

0
39/4918 (0%)

Query 9582 CCCCTAGAAGTCCCACTCCTAAACACATCCGTATTACTCGCATCAGGAGTATCAATCACC 9641

PEErrrrrerrrrrer trrrrrrrrr e rrrr e e rrr e
Sbjct 94573924 CCCCCAGAAGTCCCACTTCTGAACACATCCGTACTACTCGCATCAGGAGTCTCAATCACT 94573865

Query 9642 TGAGCTCACCATAGTCTAATAGAAAACAACCGAAACCAAATAATTCAAGCACTGCTTATT 9701

R R e
Sbjct 94573864 TGAGCCCACCACAGCCTAATAGAAAATAATCGAAACCAAATAATTCAAGCGTTACTTATT 94573805


http://blast.ncbi.nlm.nih.gov/Blast.cgi#51511721
http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&ENTREZ_QUERY=txid9606%20%5bORGN%5d&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=true&PAGE=MegaBlast&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=7R4VGA8Z01R&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&DISPLAY_SORT=4&HSP_SORT=0#sort_mark
http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&ENTREZ_QUERY=txid9606%20%5bORGN%5d&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=true&PAGE=MegaBlast&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=7R4VGA8Z01R&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&DISPLAY_SORT=3&HSP_SORT=3#sort_mark
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=157734151&dopt=GenBank&RID=6M6NTECU014&log$=nuclalign&blast_rank=7
http://blast.ncbi.nlm.nih.gov/blast/dumpgnl.cgi?db=refseq_genomic&na=1&gnl=ref|AC_000137.1|AC_000137&gi=157734151&term=157734151[gi]&RID=6M6NTECU014&QUERY_NUMBER=1&segs=94569025-94573923,129448994-129451656,94575625-94577487,75155914-75157069,92938694-92940678,129445040-129445723,118284655-118285619,75154783-75155133,129451762-129452093,57015410-57015895,8604118-8604602,94577509-94577795,101065167-101065333,8602892-8603048,161058024-161058063,68277203-68277243

Query
Sbijct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbijct
Query
Sbjct
Query

Sbijct

9702

94573804

9762

94573744

9819

94573684

9879

94573624

9939

94573564

9999

94573504

10059

94573444

ACAATTTTACTGGGTCTCTATTTTACCCTCCTACAAGCCTCAGAGTACTTCGAGTCTCCC

LErrrrerrer e e rrrrrrrrrrrrrrrrrrrrrrrerr rrrrr o
ACAATTTTACTAGGTGTTTACTTTACCCTCCTACAAGCCTCAGAGTATTTCGAAACGCCC

TTCACCAT-T-T-CCGACGGCATCTACGGCTCAACATTTTTTGTAGCCACAGGCTTCCAC

POt rerrrrrrrrrr rerrrrrrrr e et e e e
TTTACCATCTCTGACGACGGCATCTATGGCTCAACATTTTTTGTAGCCACAGGCTTTICAC

GGACTTCACGTCATTATTGGCTCAACTTTCCTCACTATCTGCTTCATCCGCCAACTAATA

PEEEr rrrrrrrr reeer trrrrrrrrrrrrrrrt e rerr e rrrrr e
GGACTCCACGTCATCATTGGATCAACTTTCCTCACTATTTGCCTCATCCGCCAACTAACA

TTTCACTTTACATCCAAACATCACTTTGGCTTCGAAGCCGCCGCCTGATACTGGCATTTT

PErrrrrrrerrrr reerrrrrrer rerrr rerrrrrrrrrrrr rerrr e
TTTCACTTTACATCTAAACATCACTTCGGCTTTGAAGCCGCCGCCTGGTACTGACACTTC

GTAGATGTGGTTTGACTATTTCTGTATGTCTCCATCTATTGATGAGGGTCTTACTCTTTT

PEErrrr rerrrrerrrrrt e vt reerr rrrrrrrr e rrrrr
ATAGATGTAGTCTGACTATTTCTATACGTCTCAATCTACTGATGAGGATCCTACTCTTTT

AGTATAAATAGTACCGTTAACTTCCAATTAACTAGTTTTGACAACATTCAAAAAAGAGTA

PErrrrrr rrrrrrrrrrrrrrrrrrrrrrrrrrrrr et bt rrrrr e
AGTATAAACAGTACCGTTAACTTCCAATTAACTAGTTTTGATGATATTCAAAAAAGAGTA

ATAAACTTCGCCTTAATTTTAATAATCAACACCCTCCTAGCCTTACTACTAATAATTATT

PErrrrrrrerr reeer rerrr reer rrrrrrrr e rerrt rrrrr rrrr
ATAAACTTCGCCCTAATTCTAATAGTCAATACCCTCCTAGCCCTACTATTAATAGTTATT

9761

94573745

9818

94573685

9878

94573625

9938

94573565

9998

94573505

10058

94573445

10118

94573385



Query
Sbijct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbijct
Query
Sbjct
Query

Sbijct

10119

94573384

10179

94573324

10239

94573264

10298

94573205

10358

94573145

10417

94573086

10477

94573026

ACATTTTGACTACCACAACTCAACGGCTACATAGAAAAATCCACCCCTTACGAGTGCGGC

PEErr rer rrrrrerrerr et rrrrrrrrrrr e rrrr e e e
ACATTCTGATTACCACAACTCAACAGTTACATAGAAAAATCCAACCCTTACGAATGTGGC

TTCGACCCTATATCCCCCGCCCGCGTCCCTTTCTCCATAAAATTCTTCTTAGTAGCTATT

R N e R R R R R R
TTCGACCCCCTATTCCCCACCCGCATTCCTTTICTCCATGARATTCTTCTTAGTAGCCATC

ACC-TTCTTATTATTTGATCTAGAAATTGCCCTCCTTTTACCCCTACCATGAGCCCTACA

R R R R R R R
ACCTTTC-TATTATTTGACCTAGAAATTGCTCTCCTACTGCCCTTACCATGAGCCCTACA

AACAACTAACCTGCCACTAATAGTTATGTCATCCCTCTTATTAATCATCATCCTAGCCCT

PEErrr ree o rrerrer e rerrrrrrrrrr e rrrrrr rrrrrr rrr
AACAACCAACTTACCACTAACAGTCATATCATCCCTCTTATTAATCATTATCCTAACCCT

AAGTCTGGCCTATGAGTGACT-ACAAAAAGGATTAGACTGAACCGAATTGGTATATAGTT

A e R R R R
AAGCCTAGCCTACGAATGA-TCACAAAAGGGATTAGACTGAGCCGAATTGGTACATAGTT

TAAACAAAACGAATGATTTCGACTCATTAAATTATGATAATCATATTTACCAAATGCCCC

PErr trrrrrrrrrrrrrrr e rerrrrrrrrrr et trrrrr e
TAAATAAAACGAATGATTTCGACTGATTAAATTATGATAGTCATATTTACCAAATGCCCC

TCATTTACATAAATATTATACTAGCATTTACCATCTCACTTCTAGGAATACTAGTATATC

Lorrrrr rerrrrrrrrrrrrrrrrrrrrr rerrrr e rrrr et et
TTATTTATATAAATATTATACTAGCATTTACTATCTCACTTCTAGGAATATTAGTATACC

10178

94573325

10238

94573265

10297

94573206

10357

94573146

10416

94573087

10476

94573027

10536

94572967



Query
Sbijct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbijct
Query
Sbjct
Query

Sbijct

10537

94572966

10597

94572906

10657

94572846

10717

94572786

10777

94572726

10836

94572667

10896

94572607

GCTCACACCTCATATCCTCCCTACTATGCCTAGAAGGAATAATACTATCGCTGTTCATTA

R R R R R R e N R
GCTTACACCTGATATCCTCCCTACTATGTCTAGAAGGAATAATATTGTCATTATTTATTA

TAGCTACTCTCATAACCCTCAACACCCACTCCCTCTTAGCCAATATTGTGCCTATTGCCA

Lorrrrrrrrrrrrrerer rrrrrrrrrrrrrrrrrrrrrer rr rrrrrrrr
TGGCTACTCTCATAACCCTTAACACCCACTCCCTCTTAGCCAACATCGTGCCTATCACCA

TACTAGTCTTTGCCGCCTGCGAAGCAGCGGTGGGCCTAGCCCTACTAGTCTCAATCTCCA

PEorrrrrrerrr reerrrrt reeer b rerrrr et rrrer et rerrr e
TATTAGICTTTGCTGCCTGCGAGGCAGCAGTAGGCCTAGCCCTACTAGTTTCAATCTICCA

ACACATATGGCCTAGACTACGTACATAACCTAAACCTACTCCAATGCTAAAACTAATCGT

PErrrrr rer o rererrr o rrrrrrrrrrrrrrrrrrrrrrrr e rrrre
ACACATACGGCTTGGACTACGCCCATAACCTAAACCTACTCCAATGCTAAAACTAATTAT

CCCAACAATTATATTACTACCACTGACATGACTT-TCCAAAAAACACATAATTTGAATCA

PEErrrrr cerrrrrrerrrrr reerrr trrrrrrrrrrer rrrrrrrrr
TCCAACAATCATATTACTACCACTAACATGA-TTCTCCAAAAAACATATAATTTGAATCA

ACACAACCACCCACAGCCTAATTATTAGCATCATCCCTCTACTATTTTTTAACCAAATCA

PErrrrrrrrrrrrrrrrrrr e reerr reeer rrrrrrrrrrt rerrr rrr
ACACAACCACCCACAGCCTAATTATCAGCATTATCCCCCTACTATTTTTCAACCAGATCA

ACAACAACCTATTTAGCTGTTCCCCAACCTTTTCCTCCGACCCCCTAACAACCCCCCTCC

PErrrrrreerr reeer ret bt rerrrr e et rerrrr e
ACAACAACCTATATAGCTATTCTCTATCCTTCTCCTCCGACCCCCTAACGACCCCCCTTC

10596

94572907

10656

94572847

10716

94572787

10776

94572727

10835

94572668

10895

94572608

10955

94572548



Query
Sbijct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbijct
Query
Sbjct
Query

Sbijct

10956

94572547

11016

94572487

11076

94572427

11136

94572367

11196

94572307

11256

94572247

11316

94572187

TAATACTAACTACCTGACTCCTACCCCTCACAATCATGGCAAGCCAACGCCACTTATCCA

PEErrr rerrrrrrrrrrrrrrrrrrr reerrr rrrrrrrrr e et et
TAATACGGACAACCTGACTCCTACCCCTCATAATCATAGCAAGCCAACGCCACCTATTCA

GTGAACCACTATCACGaaaaaaaCTCTACCTCTCTATACTAATCTCCCTACAAATCTCCT

PEErr rrrrrrrrrrrrrrrrrerer rerrrrerr e rr rer rerr rrr
ACGAACCCCTATCACGAAAAAAACTCTACGTCTCTATACTAATCTTICCTCCAAAACTCCT

TAATTATAACATTCACAGCCACAGAACTAATCATATTTTATATCTTCTTCGAAACCACAC

PErrrrrrrerrrrrerrerrrrrrrerrer reeer e rrrrrr e e e
TAATTATAACATTCACAGCCACAGAACTAATTATATTCTACATCTTCTTCGAAGCCACAC

TTATCCCCACCTTGGCTATCATCACCCGATGAGGCAACCAGCCAGAACGCCTGAACGCAG

Lrrrrrrrrer coreerrreereereeerrrrrerrrr o rrrrrr rr rrrrrnd
TTATCCCCACCCTAGCTATTATCACCCGATGAGGCAACCAAACGGAACGTCTAAACGCAG

GCACATACTTCCTATTCTACACCCTAGTAGGCTCCCTTCCCCTACTCATCGCACTAATTT

PEErrrr rerrrrrr v rrrrrerr rrrrrerr rrrrrrrrrrrrrrr rr
GCACATATTTCCTATTTTATACCCTAGTGGGCTCCCTCCCCCTACTCATCGCATTAATCC

ACACTCACAACACCCTAGGCTCACTAAACATTCTACTACTCACTCTCACTGCCCAAGAAC

PEEr trrrerrrrrr eerrrrrerer et re rrrrrrr rr rrrrrrrrr e
ACACACACAACACCCTGGGCTCACTAAATATTTTATTACTCACCCTTACTGCCCAAGAGC

TATCAAACTCCTGAGCCAACAACTTAATATGACTAGCTTACACAATAGCTTTTATAGTAA

PErrrrrrrerrrrrr o rrrrrrrrrrrrrrrrr rrrrrrrr e rrr
TATCAAACTCCTGAGCTAGTAACTTAATATGACTAGCATACACAATAGCTTTCATAGTAA

11015

94572488

11075

94572428

11135

94572368

11195

94572308

11255

94572248

11315

94572188

11375

94572128



Query
Sbijct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbijct
Query
Sbjct
Query

Sbijct

11376

94572127

11436

94572067

11496

94572007

11556

94571947

11616

94571887

11676

94571827

11736

94571767

AGATACCTCTTTACGGACTCCACTTATGACTCCCTAAAGCCCATGTCGAAGCCCCCATCG

Forrrrrererrrerrrrrrereeerrrrrrrrrrrrrrrr rrrrrrrrren
AAATGCCCCTCTACAGACTCCACCTATGACTCCCTAAAGCCCATGTTGAAGCCCCCATTG

CTGGGTCAATAGTACTTGCCGCAGTACTCTTAAAACTAGGCGGCTATGGTATAATACGCC

PEEr trrrerrrrrr ee e rerrrrrrr rert rerrrr e rrrrr rrr
CTGGCTCAATAGTACTCGCTGCAGTGCTCTTAAAATTAGGTGGCTATGGCATAATGCGCC

TCACACTCATTCTCAACCCCCTGACAAAACACATAGCCTACCCCTTCCTTGTACTATCCC

PEEr trrrerrrrrerrerrrrrrrerrrrrrrerr e rererr et rrrrrrr |
TCACCCTCATTCTCAACCCCCTGACAAAACACATAGCTTATCCCTTCCTCATACTATCTC

TATGAGGCATAATTATAACAAGCTCCATCTGCCTACGACAAACAGACCTAAAATCGCTCA

PErrrrrrrerrr rererrrrrrrrerrrrrrrrrrrrrrrrreer e reer rr
TATGAGGCATAATCATAACAAGCTCCATCTGCCTACGACAAACAGACTTAGAATCACTCA

TTGCATACTCTTCAATCAGCCACATAGCCCTCGTAGTAACAGCCATTCTCATCCAAACCC

PEErrr rrerrrrrr rerrrrrrrerrr e rerrr et e
TTGCATGCTCTTCAATTAGCCACATAGCCCTCATAGTAACAGCTATTCTCATCCARACCC

CCTGAAGCTTCACCGGCGCAGTCATTCTCATAATCGCCCACGGGCTTACATCCTCATTAC

PErrrrrrrrrrrrrrrrrrrrrrrrerr et rerrrrrr terrrrrrrrr
CCTGAAGCTTCACCGGCGCAGTCATTCTCATAATTGCCCACGGACTTACATCCTCCTTAT

TATTCTGCCTAGCAAACTCAAACTACGAACGCACTCACAGTCGCATCATAATCCTCTCTC

Lorrrrrrrrrrrrrrrrrrrrrrerer e et rerrrr et
TTTTCTGCCTAGCAAACTCAAACTACGAGCGAACCCACAGCCGCATCATAATTCTCTICTC

11435

94572068

11495

94572008

11555

94571948

11615

94571888

11675

94571828

11735

94571768

11795

94571708



Query
Sbijct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbijct
Query
Sbjct
Query

Sbijct

11796

94571707

11856

94571647

11915

94571588

11975

94571528

12035

94571468

12094

94571409

12153

94571350

AAGGACTTCAAACTCTACTCCCACTAATAGCTTTTTGATGACTTCTAGCAAGCCTCGCTA

PEErrrrrrerrr reerrrrrrrrrerrrr rerrrrrrrrrrer rrrrrrrrrrr |
AAGGACTTCAAACCCTACTCCCACTAATAGCCTTTTGATGACTTCTGGCAAGCCTCGCCA

ACCTCGCCTTACCCCCCACTATTAACCTACTGGGAGAACTC-TCTGTGCTAGTAACCACG

R R R R R R N R N N R
ACCTCGCTTTGCCCCCCACCATTAACCTACTAGGAGAACTCTTC-GTACTAGTGACCTCA

TTCTCCTGATCAAATATCACTCTCCTACTTACAGGACTCAACATACTAGTCACAGCCCTA

PEErrrrrrerrrr eeeer teereerr rrrrrrrr rrrrrerrt rrrrrrr e
TTCTCCTGATCAAACATCACCCTCCTACTCACAGGACTTAACATACTAATCACAGCCCTA

TACTCCCTCTACATATTTACCACAACACAATGGGGCTCACTCACCCACCACATTAACAAC

PErrrrrrrer rrrrrrrrrrrrrrerr e rerrr rrrrr rrrrrrr e
TACTCCCTCTATATATTTACCACAACACAATGAGGCTCGCTCACACACCACATTAACAAC

ATAAAACCCTCA-TTCACACGAGAAAACACCCTCATGTTCATACACCTATCCCCCATTCT

PErrrrrrrerr e rerrrrrrrrerrr rrrrr rrrrrrrrrr e e e
ATAAAACCCTCACTT-ACACGAGAAAACACTCTCATATTCATACACCTATCCCCCATCCT

CCTCCTATCCCTCAACCCCGACATCATTACCGGGTTTT-CCTCTTGTAAATATAGTTTAA

PErrrrrrrerr reeer rrrrrerrrrr reerrt et rrrrr e
CCTCCTATCCCTTAACCCTGATATCATTACC-GGTTTTACCTCCTGTAAATATAGTTTAA

CCAAAACATCAGATTGTGAATCTGACAACAGAGGCTTACGA-CCCCTTATTTACCGAGAA

PErrrrrrrrrrrrrrrrerrr e rrrrrrrrer et rrrrr e e
CCAAAACATCAGATTGTGAATCTGATAACAGAGGCTCAC-AGCCCCTTATTTACCGAGAA

11855

94571648

11914

94571589

11974

94571529

12034

94571469

12093

94571410

12152

94571351

12211

94571292



Query
Sbijct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbijct
Query
Sbjct
Query

Sbijct

12212

94571291

12272

94571231

12332

94571171

12392

94571111

12452

94571051

12512

94570991

12572

94570931

AGCTCACAAGAACTGCTAACTCATGCCCCCATGTCTAACAACATGGCTTTCTCAACTTTT

LErrrr rrerrrrrrrrrrr e o rrrrrrrrrrr e e e e e e
AGCTCATAAGAACTGCTAACTCATACTCCCATGTCTAACAACATGGCTTTCTCGACTTTT

AAAGGATAACAGCTATCCATTGGTCTTAGGCCCCAAAAATTTTGGTGCAACTCCAAATAA

PErrrrrrrerer reer rerrrrrrrr e e et r et e
AAAGGATAACAGCCATCCGITGGTCTTAGGCCCCAAAAATTTTGGTGCAACTCCARATAA

AAGTAATAACCATGCACACTACTATAACCACCCTAACCCTGACTTCCCTAATTCCCCCCA

R e R R N R R R R
AAGTAATAACCATGTATGCCACCATAACCATCCTAGCCCTAACTTCCTTAATTCCCCCGA

TCCTTACCACCCTCGTTAACCCTAACaaaaaaaaCTCATACCCCCATTATGTAAAATCCA

Lot rrrer e rrrrrrrrrerrr ot rrrr rrrrrrrrr e
TCATTGCCACCTTCATCAACCCTAACAAAAAGAGTTCATACCCCCACTATGTAAAATCAA

TTGTCGCATCCACCTTTATTATCAGTCTCTTCCCCACAACAATATTCATGTGCCTAGACC

Lot rrrrrr rrrrrerrrt e v rrrrrrrr e e e rerrr e
TTATTGCATCCGCCTTTATTATTAGCCTCCTCCCCACAACAATATTCATATGCCTAGACC

AAGAAGTTATTATCTCGAACTGACACTGAGCCACAACCCAAACAACCCAGCTCTCCCTAA

PErrrrrrrrrrrrrr rerrrrrrrrrrrr rerrrrrrrrrer e rrrrr rrr
AAGAAGTTATTATCTCAAACTGACACTGAGCAACAACCCAAACAATACAACTCTCGCTAA

GCTTCAAACTAGACTACTTCTCCATAATATTCATCCCTGTAGCATTGTTCGTTACATGGT

PEEE trrrrrrr e rerrrrrrrrrrrr rerrrrrrrrer et
GCTTTAAACTAGACTATTTCTCCATAATATTAATCCCTGTAGCACTATTCGTCACATGAT

12271

94571232

12331

94571172

12391

94571112

12451

94571052

12511

94570992

12571

94570932

12631

94570872



Query
Sbijct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbijct
Query
Sbjct
Query

Sbijct

12632

94570871

12692

94570811

12752

94570751

12812

94570691

12872

94570631

12932

94570571

12990

94570513

CCATCATAGAATTCTCACTGTGATATATAAACTCAGACCCAAACATTAATCAGTTCTTCA

PErrrrrrrerrrrrerrr e reerrrr rrrrrrrrrrrrrerr et rr
CCATCATAGAATTCTCACTATGGTATATAAGCTCAGACCCAAACATTAATCAATTTTITCA

AATATCTACTCATCTTCCTAATTACCATACTAATCTTAGTTACCGCTAACAACCTATTCC

Lorrrrr re et rerrrrrt rerrrrr e et rrrrrrr trr e
AGTATCTGCTTATTTTCCTAATCACCATACTAATCCTAGTTACAGCTAACAACCTATTCC

AACTGTTCATCGGCTGAGAGGGCGTAGGAATTATATCCTTCTTGCTCATCAGTTGATGAT

T e 1 B I A O O
AACTCTTCATCGGCTGAGAGGGCGTAGGGATTATATCCTTCTTACTCATTAGCTGGTGGT

ACGCCCGAGCAGATGCCAACACAGCAGCCATTCAAGCAATCCTATACAACCGTATCGGCG

Lorrrrrreeerrrrrrrrrrrrrrer rorreerrrrrrrrrrrrrrr o rer el
ATGCTCGAACAGATGCCAACACAGCAGCCGTCCAAGCAATCCTATACAACCATATTGGTG

ATATCGGTTTCATCCTCGCCTTAGCATGATTTATCCTACACTCCAACTCATGAGACCCAC

Lot rrrrrrrr ver rrrrrrrr et rerrr e e e e e e
ACATCAGCTTCATCCTAGCCCTAGCATGATTTTTCCTACACTCCAACTCATGAGAACCAC

AACAAATAGCCCTTC-TAAACGCTAA-TCCAAGCCTCACCCCACTACTAGGCCTCCTCCT

R e N e R R
AACAAATATTCC-TCTTAAGTGCTAACCCCAA-CCTTATCCCACTACTAGGTTTCCTCCT

AGCAGCAGCAGGCAAATCAGCCCAATTAGGTCTCCACCCCTGACTCCCCTCAGCCATAGA

PErrrrrrrrrr reeerrrr reereerrererrrrrrrrrrrrrrrrrrrrr
AGCAGCAGCAGGAAAATCAGCTCAACTAGGCCTTCACCCCTGACTCCCCTCAGCCATGGA

12691

94570812

12751

94570752

12811

94570692

12871

94570632

12931

94570572

12989

94570514

13049

94570454



Query
Sbijct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbijct
Query
Sbjct
Query

Sbijct

13050

94570453

13109

94570393

13169

94570334

13229

94570274

13289

94570214

13349

94570154

13409

94570094

AGGCCCCACCCCAGTCTCAGCCCTACTCCACTCAAGCACTATAGTTGTAGCAGGAATC-T

PEErrr reeer reeeerrrrrrrrrrrerrrrrerrr o reeeerrrrrr e
AGGCCCTACCCCTGTCTCAGCCCTACTCCACTCAAGCACCATAGTTGTAGCTGGGGTCTT

TCTTACTCATCCGCTTCCACCCCCTAGCAGAAAATAGCCCACTAATCCAAACTCTAACAC

LEorrrrrrrrrrrrerrrrrrrrrrrrrrrrrrrrrr et rr et rr
TC-TACTCATCCGCTTCCACCCCCTAGCAGAARATAGCCCGCCAACCCAAACCCTCACAC

TATGCTTAGGCGCTATCACCACTCTGTTCGCAGCAGTCTGCGCCCTTACACAAAATGACA

AR e R R R R R R R
TATGTTTAGGCGCTATAACTACCCTACTCGCAGCAGTCTGCGCCCTCACACAARAATGATA

TCaaaaaaaTCGTAGCCTTCTCCACTTCAAGTCAACTAGGACTCATAATAGTTACAATCG

PErrrrrrrerrr reeerrrt rererrrt rertrrrrrrrrr et
TCAAAAAAATCGTGGCCTTCTCTACTTCAAGCCAATTGGGACTCATAATAGTCACAATCG

GCATCAACCAACCACACCTAGCATTCCTGCACATCTGTACCCACGCCTTCTTCAAAGCCA

PEErrrrrrr e reerrrrrrrrer rrrrrrrr e e e
GCATCAACCAGCCATACCTAGCATTCCTACACATCTGTACCCACGCCTTCTTCAAAGCCA

TACTATTTATGTGCTCCGGGTCCATCATCCACAACCTTAACAATGAACAAGATATTCGAA

N N e R R R R R
TGCTATTTGTATGCTCCGGATCCATTATCCATAACCTCAACAATGAACAAGACATTCGAA

AAATAGGAGGACTACTCAAAACCATACCTCTCACTTCAACCTCCCTCACCATTGGCAGCC

PErrrrrrrerrrrrrreerr reeer rrrrrrrrr e e e e
AAATAGGAGGACTACTCAAAATTATACCCCTCACTTCAACCTCCCTCACCATTGGCAGCC

13108

94570394

13168

94570335

13228

94570275

13288

94570215

13348

94570155

13408

94570095

13468

94570035



Query
Sbijct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbijct
Query
Sbjct
Query

Sbijct

13469

94570034

13528

94569975

13588

94569915

13648

94569855

13708

94569795

13766

94569735

13824

94569679

TAGCA-TTAGCAGGAATACCTTTCCTCACAGGTTTCTACTCCAAAGACCACATCATCGAA

R e e R R R R R R R R
TGGCACTT-GCAGGAATGCCCTTCCTCACGGGCTTCTATTCCATAGACCTCATCATCAAA

ACCGCAAACATATCATACACAAACGCCTGAGCCCTATCTATTACTCTCATCGCTACCTCC

PEErrrer trrrrrrrrrr trerrrrrrrrrrrrrrr e rerr e e et
ACCGCAAATATATCATACACCAACGCCTGAGCCCTATCTATTACTCTCATCGCCACTTCC

CTGACAAGCGCCTATAGCACTCGAATAATTCTTCTCACCCTAACAGGTCAACCTCGCTTC

LEorrrrrrerr rrerrrrrrrrrrerr et rerrrrrrrrrrer rerrrrrr e
CTAACAAGCGCCAATAGCACTCGAATAATTCTCCTCACCCTAACAGGCCAACCTCGTITTC

CCCACCCTTACTAACATTAACGAAAATAACCCCACCCTACTAAACCCCATTAAACGCCTG

LEorrrrr rereerrrererrrrreerrreerrrrrr rrrrrr rrrrrnd
CCAACCCTAACCAACATCAACGAAAACAACCCTACCCTGCTAAGCCCCATCAAACGCCTA

GCAGCCGGAAGCCTATTCGCAGGATTTCTCATTACTAACAACATTTCCCCCGCATCC--C

LEorrrrrrrrrrrrrerrrrrrrrerr e eerrrrrrrrr e rrrn
ACAATCGGAAGCCTATTCGCAGGATTTCTCATCACCAGCAACATTTTCCCCACATCCATC

CCTTCCAAACAACAATCCCCCT-CTACCTAAAACTCACAGCCCTCG-CTGTCACTTTCCT

N e R R e N R
CC--CCAAATGACAATCCCACTTC-ACTTAAAACTCACAGCCCTAGGCA-TCACCTTCCT

AGGACTTCTAACAGCCCTAGACCTCAACTACCTAACCAACAAACTTAAAATAAAATCCCC

PEErrrrrr rerrrrrrrrrrrrrrerrrr rerrrrrrrrrrr rrrrrrrrr
AGGACTTCTGACAGCCCTAGACCTCAACTACTTAACCAACAAACTCAAAATAAAAAACCC

13527

94569976

13587

94569916

13647

94569856

13707

94569796

13765

94569736

13823

94569680

13883

94569620



Query
Sbijct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbijct
Query
Sbjct
Query

Sbijct

13884

94569619

13942

94569561

14002

94569501

14062

94569441

14122

94569383

14182

94569323

14242

94569263

ACTATGCACATTTTA-TTTCTCCAACATACTCGGATTCTA-CCCTAGCATCACACACCGC

R R R R R R N N N R
ACTGTGTACATTTCACTTT-TCCAACATACTCGGATTCTATCCCT-GTATTATTCACCGC

ACAATCCCCTATCTAGGCCTTCTTACGAGCCAAAACCTGCCCCTACTCCTCCTAGACCTA

R R R e R R e R R
ACAATCCCCCACCTAAGCCTITCCCATAAGCCAAAATTTATCCCTACTTTTATTAGACCTA

ACCTGACTAGAAAAGCTATTACCTAAAACAATTTCACAGCACCAAATCTCCACCTCCATC

LEorrrrrrrrrrr eer rerrrrrrrrrt rrrrrt rrrrer e rrrr e
ACTTGACTAGAAAAACTAATACCTAAAACAACCTCACAGTACCAAACCTCCGCCTCCATC

ATCACCTCAACCCAAAAAGGCATAATTAAACTTTACTTCCTCTCTTTCTTCTTCCCACTC

PErrrrrrrer rrrrrerrrrrrrr rrrrrrrrrrrr et rrrrrrrrr
ATCACCTCAACTCAAAAAGGCATAATCAAACTTTACTTCCTCT-TT-CTTCTTCCCACTC

ATCCTAACCCTACTCCTAATCACATAACCTATTCCCCCGAGCAATCTCAATTACAATATA

PErrrrrrrr rrrrerrrrrrrerrerr e rerrr et rrr e
CTCCTAACCCTCCTCCTAATCACATAACCTGTTACCCCGAGCACTCTCAATTACAATATA

TACACCAACAAACAATGTTCAACCAGTAACTACTACTAATCAACGCCCATAATCATACAA

PEErrrrrrerr e rerrrrrrrrerrr e er rrrrrr reet rerrr b
TACACCAACAAACAAGGTTCAACCAGTAACTACCACCAATCAATGCCCGTAATCGTATAA

AGCCCCCGCACCAATAGGATCCTCCCGAATCAACCCTGACCCCTCTCCTTCATAAATTAT

PErrrrrrrrrrrrrerrrrrrrrrrerrr et terrrr rrrrrrrr e
AGCCCCCGCACCAATAGGATCCTCCCGAATCAATGCTGGCCCCTCCCCTTCATAAATTAT

13941

94569562

14001

94569502

14061

94569442

14121

94569384

14181

94569324

14241

94569264

14301

94569204



Query
Sbijct
Query
Sbjct
Query

Sbjct

14302

94569203

14362

94569143

14422

94569083

TCAGCTTCCTACACTATTAAAGTTTACCACAACCACCACCCCATCATACTCTTTCACCCA

LEErrrrrrrrrrrerrerr e rerrr et rrrrrrrrrrrerrt o rrr rrr
TCAACTTCCTACACTATTAAAATTCACCACAATCACCACCCCATCATATTTTTTTACCCA

CAGCACCAATCCTACCTCCATCGCTAACCCCACTAAAACACTCACCAAGACCTCAACCCC

N e R R R R
TAACACTAACCCCACTTCTATTGCTAATCCCACTAAAACACTTACCAAGACCTCAATCCC

TGACCCCCATGCCTCAGGATACTCCTCAATAGCCATCGCTGTAGTATATCCAAAGACA

LErrrrrrrerrrrrrrrrrrrrrrrerrrrrr ee rrrrrrrr b rrrer 1
TGACCCCCATGCCTCAGGATACTCCTCAATAGCTATTGCTGTAGTGTACCCAARAACA

14361

94569144

14421

94569084

14479

94569026



Table 1.1.2 Detailed description of the updated NUMT.

Database information

Homo sapiens chromosome 1, GRCh37
primary reference assembly/
ref[NC_000001.10}// NC_000001

MtDNA homology region

3911-9755

Chr. 1 region (NUMT)

564461-570304

% homology 98,52890866
Score 11122
;I'I(i);ilr;eezgt)th (mtDNA /NUMT 5846

NDNA length (Chr. 1) 5844
mMtDNA length 5845

Total of conserved positions 5760

Total of identical positions 5760

Not conserved positions (NUMT)

564463, 564598, 564654, 564862,
564868, 565006, 565286, 565319,
565406, 565454, 565464, 565490,
565508, 565541, 565591, 565697,
565870, 565901, 565937, 565976,
566021, 566024, 566048, 566130,
566371, 566390, 566573, 566771,
566792, 566816, 566849, 566916,
566933, 566960, 567002, 567033,
567062, 567092, 567119, 567191,
567240, 567486, 567489, 567697,
567783, 567807, 567867, 568072,
568201, 568256, 568361, 568419,
568442, 568463, 568572, 568616,
568691, 568703, 568718, 568752,
568941, 569004, 569010, 569052,
569094, 569204, 569226, 569250,
569267, 569409, 569492, 569609,
569624, 569717, 569803, 569874,
569878, 569983, 570076, 570079,
570089, 570094, 570097, 570178.

Not conserved positions (MtDNA)

3913, 4048, 4104, 4312, 4318, 4456,
4736, 4769, 4856, 4904, 4914, 4940,
4958, 4991, 5041, 5147, 5320, 5351,
5387, 5426, 5471, 5474, 5498, 5580,
5821, 5840, 6023, 6221, 6242, 6266,
6299, 6366, 6383, 6410, 6452, 6483,
6512, 6542, 6569, 6641, 6935, 6938,




7146, 7232, 7256, 7316, 7521, 7650,
7705, 7810, 7868, 7891, 7912, 8021,
8065, 8140, 8152, 8167, 8195, 8196,
8203, 8392, 8455, 8461, 8503, 8545,
8655, 8677, 8701, 8718, 8860, 8943,
9060, 9075, 9168, 9254, 9325, 9329,
9434, 9527, 9530, 9540, 9545, 9548,
9629.

Not identical positions (NUMT)

564463, 564598, 564654, 564862,
564868, 565006, 565286, 565319,
565406, 565454, 565464, 565490,
565508, 565541, 565591, 565697,
565870, 565901, 565937, 565976,
566021, 566024, 566048, 566130,
566371, 566390, 566573, 566771,
566792, 566816, 566849, 566916,
566933, 566960, 567002, 567033,
567062, 567092, 567119, 567191,
567240, 567486, 567489, 567697,
567783, 567807, 567867, 568072,
568201, 568256, 568361, 568419,
568442, 568463, 568572, 568616,
568691, 568703, 568718, 568752,
568941, 569004, 569010, 569052,
569094, 569204, 569226, 569250,
569267, 569409, 569492, 5696009,
569624, 569717, 569803, 569874,
569878, 569983, 570076, 570079,
570089, 570094, 570097, 570178.

Not identical positions (MtDNA)

3913, 4048, 4104, 4312, 4318, 4456,
4736, 4769, 4856, 4904, 4914, 4940,
4958, 4991, 5041, 5147, 5320, 5351,
5387, 5426, 5471, 5474, 5498, 5580,
5821, 5840, 6023, 6221, 6242, 6266,
6299, 6366, 6383, 6410, 6452, 6483,
6512, 6542, 6569, 6641, 6935, 6938,
7146, 7232, 7256, 7316, 7521, 7650,
7705, 7810, 7868, 7891, 7912, 8021,
8065, 8140, 8152, 8167, 8195, 8196,
8203, 8392, 8455, 8461, 8503, 8545,
8655, 8677, 8701, 8718, 8860, 8943,
9060, 9075, 9168, 9254, 9325, 9329,
9434, 9527, 9530, 9540, 9545, 9548,
9629.

Identical positions (NUMT)

564461, 564462, 564464-564597,
564599-564653, 564655-564861,




564863-564867, 564869-565005,
565007-565285, 565287-565318,
565320-565405, 565407-565453,
565455-565463, 565465-565489,
565491-565507, 565509-565540,
565542-565590, 565592-565696,
565698-565869, 565871-565900,
565902-565936, 565938-565975,
565977-566020, 566022, 566023,
566025-566047, 566049-566129,
566131-566370, 566372-566389,
566391-566572, 566574-566770,
566772-566791, 566793-566815,
566817-566848, 566850-566915,
566917-566932, 566934-566959,
566961-567001, 567003-567032,
567034-567061, 567063-567091,
567093-567118, 567120-567190,
567192-567239, 567241-567485,
567487, 567488, 567490-567696,
567698-567782, 567784-567806,
567808-567866, 567868-568071,
568073-568200, 568202-568255,
568257-568360, 568362-568418,
568420-568441, 568443-568462,
568464-568571, 568573-568615,
568617-568690, 568692-568702,
568704-568717, 568719-568751,
568753-568940, 568942-569003,
569005-569009, 569011-569051,
569053-569093, 569095-569203,
569205-569225, 569227-569249,
569251-569266, 569268-569408,
569410-569491, 569493-569608,
569610-569623, 569625-569716,
569718-569802, 569804-569873,
569875-569877, 569879-569982,
569984-570075, 570077, 570078,
570080-570088, 570090-570093,
570095, 570096, 570098-570177,
570179-570304

Identical positions (MtDNA)

3911, 3912, 3914-4047, 4049-4103,
4105-4311, 4313-4317, 4319-4455,
4457-4735, 4737-4768, 4770-4855,
4857-4903, 4905-4913, 4915-49309,
4941-4957, 4959-4990, 4992-5040,




5042-5146, 5148-5319, 5321-5350,
5352-5386, 5388-5425, 5427-5470,
5472, 5473, 5475-5497, 5499-5579,
5581-5820, 5822-5839, 5841-6022,
6024-6220, 6222-6241, 6243-6265,
6267-6298, 6300-6365, 6367-6382,
6384-6409, 6411-6451, 6453-6482,
6484-6511, 6513-6541, 6543-6568,
6570-6640, 6642-6934, 6936, 6937,
6939-7145, 7147-7231, 7233-7255,
7257-7315, 7317-7520, 7522-7649,
7651-7704, 7706-7809, 7811-7867,
7869-7890, 7892-7911, 7913-8020,
8022-8064, 8066-8139, 8141-8151,
8153-8166, 8168-8194, 8197-8202,
8204-8391, 8393-8454, 8456-8460,
8462-8502, 8504-8544, 8546-8654,
8656-8676, 8678-8700, 8702-8717,
8719-8859, 8861-8942, 8944-9059,
9061-9074, 9076-9167, 9169-9253,
9255-9324, 9326-9328, 9330-9433,
9435-9526, 9528, 9529, 9531-9539,
9541-9544, 9546, 9547, 9549-9628,
9630-9755

Conserved positions (NUMT)

564461, 564462, 564464-564597,
564599-564653, 564655-564861,
564863-564867, 564869-565005,
565007-565285, 565287-565318,
565320-565405, 565407-565453,
565455-565463, 565465-565489,
565491-565507, 565509-565540,
565542-565590, 565592-565696,
565698-565869, 565871-565900,
565902-565936, 565938-565975,
565977-566020, 566022, 566023,
566025-566047, 566049-566129,
566131-566370, 566372-566389,
566391-566572, 566574-566770,
566772-566791, 566793-566815,
566817-566848, 566850-566915,
566917-566932, 566934-566959,
566961-567001, 567003-567032,
567034-567061, 567063-567091,
567093-567118, 567120-567190,
567192-567239, 567241-567485,
567487, 567488, 567490-567696,




567698-567782, 567784-567806,
567808-567866, 567868-568071,
568073-568200, 568202-568255,
568257-568360, 568362-568418,
568420-568441, 568443-568462,
568464-568571, 568573-568615,
568617-568690, 568692-568702,
568704-568717, 568719-568751,
568753-568940, 568942-569003,
569005-569009, 569011-569051,
569053-569093, 569095-569203,
569205-569225, 569227-569249,
569251-569266, 569268-569408,
569410-569491, 569493-569608,
569610-569623, 569625-569716,
569718-569802, 569804-569873,
569875-569877, 569879-569982,
569984-570075, 570077, 570078,
570080-570088, 570090-570093,
570095, 570096, 570098-570177,
570179-570304

Conserved positions (MtDNA)

3911, 3912, 3914-4047, 4049-4103,
4105-4311, 4313-4317, 4319-4455,
4457-4735, 4737-4768, 4770-4855,
4857-4903, 4905-4913, 4915-4939,
4941-4957, 4959-4990, 4992-5040,
5042-5146, 5148-5319, 5321-5350,
5352-5386, 5388-5425, 5427-5470,
5472, 5473, 5475-5497, 5499-5579,
5581-5820, 5822-5839, 5841-6022,
6024-6220, 6222-6241, 6243-6265,
6267-6298, 6300-6365, 6367-6382,
6384-6409, 6411-6451, 6453-6482,
6484-6511, 6513-6541, 6543-6568,
6570-6640, 6642-6934, 6936, 6937,
6939-7145, 7147-7231, 7233-7255,
7257-7315, 7317-7520, 7522-7649,
7651-7704, 7706-7809, 7811-7867,
7869-7890, 7892-7911, 7913-8020,
8022-8064, 8066-8139, 8141-8151,
8153-8166, 8168-8194, 8197-8202,
8204-8391, 8393-8454, 8456-8460,
8462-8502, 8504-8544, 8546-8654,
8656-8676, 8678-8700, 8702-8717,
8719-8859, 8861-8942, 8944-9059,
9061-9074, 9076-9167, 9169-9253,




9255-9324, 9326-9328, 9330-9433,
9435-9526, 9528, 9529, 9531-9539,
9541-9544, 9546, 9547, 9549-9628,
9630-9755




Table 1.1.3 Alignment of Homo sapiens, five primates and the

horse sequences.

BLAST (cutoff E-value of 1e-10) was used to search in GenBank for
the 400bp sequences flanking the region Human Chrl:564461-
570304 (accession number CM000663). We obtained a common set
of sequences from five species, belonging to the same accession
numbers in relative close range, no farther apart than 900bp (e.g.
Human Chr1:564161-564561 best hit Chimp NC_006468.2 Chr 1:
223983932-223984210; Human Chr1:570204-570604 best hit Chimp
NC_006468.2 Chr: 223984204-223984501). We retrieved the
sequences corresponding to the combined hit intervals (e.g. Chimp
NC_006468.2 Chr 1: 223983932-223984501) and we aligned the
human region Chrl:564161-570604 to them using DIALIGN2
(default setting) (Morgenstern 1999). The alignment was further used
to infer a maximum likelihood tree of the 5 primates and the horse
sequences with PAML (Yang 2007) (baseml, GTR substitution

model, 8 Gamma categories for site-specific rates).



Human564350-570450
Pan_troglodytes
Pongo_abelii
Callithrix_jacchus
Macaca_mulatta
Equus_caballus

Human564350-570450
Pan_troglodytes
Pongo_abelii
Callithrix_jacchus
Macaca_mulatta
Equus_caballus

Human564350-570450
Pan_troglodytes
Pongo_abelii
Callithrix_jacchus
Macaca_mulatta
Equus_caballus

Human564350-570450
Pan_troglodytes
Pongo_abelii
Callithrix_jacchus
Macaca_mulatta
Equus_caballus

Human564350-570450
Pan_troglodytes
Pongo_abelii
Callithrix_jacchus
Macaca_mulatta
Equus_caballus

Human564350-570450
Pan_troglodytes
Pongo_abelii
Callithrix_jacchus
Macaca_mulatta
Equus_caballus

Human564350-570450
Pan_troglodytes
Pongo_abelii
Callithrix_jacchus
Macaca_mulatta
Equus_caballus

Human564350-570450
Pan_troglodytes
Pongo_abelii
Callithrix_jacchus
Macaca_mulatta
Equus_caballus

Human564350-570450
Pan_troglodytes
Pongo_abelii
Callithrix_jacchus
Macaca_mulatta
Equus_caballus

Human564350-570450
Pan_troglodytes
Pongo_abelii
Callithrix_jacchus
Macaca_mulatta
Equus_caballus

Human564350-570450
Pan_troglodytes
Pongo_abelii
Callithrix_jacchus
Macaca_mulatta
Equus_caballus

GTCATCCATCCTTTGGCCCCAATACCTAAACTAAGGTCTATGAACAATAAGATGATTTTC

ccgaactagtctcaggcttcaacatcgaatacgecgecaggececttegeectattettea

tagccgaatacacaaacattattataataaacaccctcaccactacaatcttcctaggaa

caacatataacgcactctccectgaactctacacaacatattttgtcaccaagaccctac

ttctgacctecetgttettatgaattcgaacagecataceccecegattecgetacgaccaac

tcatacacctcctatgaaaaaacttectaccactcaccctagecattacttatatgatatg

tctccatacccattacaatctccagcattcccectcaaacctaagaaatatgtctgataa

aagagttactttgatagagtaaataataggagtttaaatccccttatttctaggactatg

agaatcgaacccatccctgagaatccaaaattctecgtgecacctatecacacceccatect

aaagtaaggtcagctaaataagctatcgggcccatacceccgaaaatgttggttatateet
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tcccgtactaattaatccecctggeccaaccegtecatetactetaccatetttgeaggeac

actcatcacagcgctaagctegecactgattttttacctgagtaggectagaaataaacat

gctagcttttattccagttctaaccaaaaaaataaaccctcgttccacagaagctgecat

caagtatttcctcacgcaagcaaccgcatccataatccttctaatagectatectettcaa

caatatactctceggacaatgaaccataaccaataccaccaatcaatactcatcattaat

aatcataatggctatagcaataaaactaggaatagccccctttecacttetgagtceccaga

ggttacccaaggcacccctctgacatceggectgetecttectcacatgacaaaaactage

ccccatctcaatcatataccaaatttctecectcattaaacgtaagecttetectecactet

ttcaatcttatccatcatggecaggcagttgaggtggattaaaccaaacccaactacgeaa

aatcttagcatactcctcaattacccacataggatgaataacagcagttctaccgtacaa

ccctaacataaccattcttaatttaactatttatattatcctaactactacegecattect
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actactcaacttaaactccagcaccacaaccctactactatctegcacctgaaacaaget

aacatgactaacacccttaattccatccaccctectetecctaggaggectgecceeget

aaccggctttttgcccaaatgggccattatcgaagaattcacaaaaaacaatagectcat

catccccaccatcatagccatcatcaccctecttaacctetacttctacctgegectaat

ctactccacctcaatcacactactcecctatatctaacaacgtaaaaataaaatgacagtt

tgaacacacaaaacccaccccattecctecccacactecategeccttaccacactgetect

acctatctccecttttatgctaataatcttatagaaatttaggttaaatacagaccaaga

gccttcaaagccctcagtaagttgcaatacttaatttectgcaacagectaaggactgecaaa

accccactctgcatcaactgaacgcaaatcagccactttaattaagctaageecttacta

gaccaatgggacttaaacccacaaacacttagttaacagctaagcaccctaatcaactgg

cttcaatctacttctecccgecgecgggaaaaaaggecgggagaageccecggecaggtttgaa
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gctgecttettegaatttgecaattcaatatgaaaatcacctcagagetggtaaaaagagge

ttaacccctgtctttagatttacagtccaatgettecactecagecattttacectecaceceece

actgatgttcgccgaccgttgactattctctacaaaccacaaagacattggaacactata

cctattattcggcgcatgagctggagtcctaggcacagetctaagectecttattegage

cgaactgggccagccaggcaaccttectaggtaacgaccacatctacaacgttategteac

agcccatgecatttgtaataatcttettcatagtaatacccatcataatecggaggetttgg

caactgactagttcccctaataatcggtgccccecgatatggegtttccececgecataaacaa

cataagcttctgactcttacceccectetectectactectgettgecatectgetatagtgga

ggccggcgeaggaacaggttgaacagtcetacecteccttggecagggaactacteccacee

tggagcctccgtagacctaaccatcttctecttacacctagcaggtatctectctatett

aggagccatcaatttcatcacaacaattattaatataaaaccccctgeccataacccaata
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ccaaacgcccecttttegtetgatecgtectaatcacagecagtettacttetectatetet

cccagtcctagecegetggeatcactatactactaacagaccgtaacctcaacaccacctt

cttcgacccagccggaggaggagaccccattctataccaacacctattetgatttttegg

tcaccctgaagtttatattctcatcctaccaggecttecggaataatcteccatattgtaac

ttactactccgggaaaaaaagaaccatttggatacataggtatggtctgagetatgatat

caattggcttectagggtttategtgtgagcacaccatatatttacagtaggaatagacg

tagacacacgagcatatttcacctccgectaccataatcatcgetatececccaceggegtea

aagtatttagctgactcgccacactccacggaagcaatatgaaatgatctgetgecagtge

tctgageccctaggatttatttttettttcacecgtaggtggectgactggeattgtattag

caaactcatcactagacatcgtactacacgacacgtactacgttgtagcccacttccact

atgtcctatcaataggagctgtatttgceccatcataggaggcttcattcactgattteecee



Human564350-570450
Pan_troglodytes
Pongo_abelii
Callithrix_ jacchus
Macaca mulatta
Equus_caballus

Human564350-570450
Pan_troglodytes
Pongo_abelii
Callithrix jacchus
Macaca mulatta
Equus_caballus

Human564350-570450
Pan_troglodytes
Pongo_abelii
Callithrix jacchus
Macaca_mulatta
Equus_caballus

Human564350-570450
Pan_troglodytes
Pongo_abelii
Callithrix jacchus
Macaca_mulatta
Equus_caballus

Human564350-570450
Pan_troglodytes
Pongo_abelii
Callithrix jacchus
Macaca _mulatta
Equus_caballus

Human564350-570450
Pan_troglodytes
Pongo_abelii
Callithrix_ jacchus
Macaca _mulatta
Equus_caballus

Human564350-570450
Pan_troglodytes
Pongo_abelii
Callithrix_jacchus
Macaca _mulatta
Equus_caballus

Human564350-570450
Pan_troglodytes
Pongo_abelii
Callithrix_jacchus
Macaca_mulatta
Equus_caballus

Human564350-570450
Pan_troglodytes
Pongo_abelii
Callithrix_ jacchus
Macaca_mulatta
Equus_caballus

Human564350-570450
Pan_troglodytes
Pongo_abelii
Callithrix_ jacchus
Macaca_mulatta
Equus_caballus

Human564350-570450
Pan_troglodytes
Pongo_abelii
Callithrix jacchus
Macaca_mulatta
Equus_caballus

tattctcaggctacaccctagaccaaacctacgccaaaatccatttegectatecatattea

tcggegtaaatctaactttetteccacaacacttteteggectateceggaatgeccegac

gttactcggactatcccgatgcatacaccacatgaaatatcctatcatctgtaggectecat

tcatttctctaacagcagtaatattaataattttcataatttgagaagecttcegettega

agcgaaaagtcctaatagtagaagaaccctccataaacctggagtgactatatggatgec

ccccaccctaccacacattcgaagaaccegtatacataaaatctagacaaaaaaggaagg

aatcgaaccccccaaagectggtttcaageccaaccccatggectecatgactttttcaaaa

agatattagaaaaaccatttcataactttgtcaaagttaaattataggctaaatcctata

tatcttaatggcacatgcagegcaagtaggtctacaagacgetacttecectatecataga

agagcttatcatctttcatgatcacgccctcataatcattttecttatctgettectagt

cctgtacgcccttttectaacactcacaacaaaactaactaatactaacatctcagacge
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tcaggaaatagaaaccgtctgaactatcctgccegecatcatectagtecttategeect

cccatccctacgeatectttacataacagacgaggtcaacgatcecctectttaccatcaa

atcaattggccatcaatggtactgaacctacgaatacaccgactacggcggactaatctt

caactcctacatacttccceccattattcctagaaccaggegacctgegactecttgacgt
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aatctgtggagcaaaccagttttatgcccatcgtectagaattaattccectaaaaatet

ttgaaatagggcccgtatttacectatagcacececcectectacecectetagageccactgt

aaagctaacttagcattaaccttttaagttaaagattaagagaaccaacacctctttaca

gtgaaatgccccaactaaatactaccgtatgacccaccataattaccecccatactectta
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ataattcaagcactgcttattacaattttactgggtctctattttacecctectacaagee
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Figure 1.3.1. Implication of mtDNA point heteroplasmies in the
secondary structure of tRNAs, rRNAs and tertiary structure of COXI,
COXIlI and CytB
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Table 1.3.2 Mutation report of complete mitochondrial DNA of 101 individuals. Point and length heteroplasmy are
showed in bold. Sex and haplogroup is also reported.

Sample name | Sex Haplogroup Haplotype
73, 185, 228, 263, 295, 310, 310.1C, 462, 482, 489, Het Poly-C 568-573, 750, 1438,
Z19 male J 2706, 3010, 3107d, 3394, 4216, 4769, 7028, 8860, 10398, 11251, 11719, 12612, 13708
14766, 14798, 15326, 15452A, 16069, 16126
2237 female K 73, 263, Het Poly-C 303-309, 750, 761, 1438, 3107d, 4769, 6776, 8860, 15326, 16519
Snb85 male H1 263, 315.1C, 750, 1438, 3010, 3107d, 4769, 6497, 7202, 8860, 15326, 16519
73,94, 150, 263, 315.1C, 750, 1438, 1721, 2706, 3107d, 3197, 3221, 4639, 4769, Het
7225 female U 5306Y, 8860, 9097, 9477, 11467, 11653, 11719, 12308, 12372, 12634, 13617, 13630,
13637, 14182, 14766, 15326, 16148, 16261, 16390
7153 female re*\/ 72,195, 263, Het Poly-C 303-309, 750, 1438, 2706, 3107d, 4769, 7028, 8860, 15110,
P 15326, 16298, 16301
73, 263, 295, 315.1C, 462, 489, 750, 1438, 1733, 2706, 3010, 3107d, 4216, 4769, 6719,
Z8 male Jib 7028, 8269, 8860, 10398, 11251, 11719, 12612, 13708, 14766, 14927, 15326, 15452A,
16069, 16126, 16145, 16222, 16261
146, 263, 315.1C, 572.2C, 750, 1438, 3107d, 4769, 6776, 8860, 12957, 13359, 15326
2326 male H3
16519
152, 195, 263, 315.1C, 750, 1438, 3010, 3107d, 4769, 4820, 8596, 8860, 9986, 11002,
2349 male us

12061, 15326, 16519




Sample name

Sex

Haplogroup

Haplotype

Z115

male

H*

263, 292, Het Poly-C 303-309, 750, 1438, 3107d, 4769, 8860, 15326, 16218, 16328A,
16362

Z218

female

T2

73, 207, 263, Het Poly-C 303-309, 709, 750, 930, 1438, 1888, 2706, 3107d, 3398, 4216,
4769, 4917, 5147, 7028, 8697, 8860, 9181, 10463, 11251, 11719, 11812, 13368, 14766,
14905, 15326, 15452A, 15607, 15928, 16126, 16294, 16296, 16304, 16519

7265

female

Jla

73, 150, 152, 195, 215, 263, 295, 310.1C, 315.1C, 319, 489, 513, 750, 1438, 2706,

3107d, 4216, 4769, 5899.1C, 7028, 7476, 7768, 7789, 8860, 10398, 10499, 11251,

11377, 11719, 12612, 13708, 13722, 14133, 14766, 15257, 15326, 15452A, 15596,
16069, 16126, 16145, 16231, 16261

2249

male

73, 199, 204, 250, 263, 315.1C, Het Poly-C 568-573, 750, 1438, 1719, 2706, 3107d,
4529T, 4769, 7028, 8251, 8519, 8860, 9090, 10034, 10238, 10398, 10819, 11719,
12501, 12705, 13780, 14766, 15043, 15326, 15924, 16129, 16223, 16304, 16391,
16519

7269

female

Jibl

73, Het 152Y, 242, 263, 295, 315.1C, 462, 489, 524.1AC, 750, 1438, 2158, 2706, 3010,
3107d, 4216, 4769, 5460, 7028, 8269, 8557, 8860, 10398, 11251, 11719, 12007, 12612,
13708, 13879, 14766, 15326, 15452A, 16069, 16126, 16145, 16172, 16222, 16261

2120

female

U5a

73, 150, 263, 315.1C, 750, 1438, 1721, 2706, 3107d, 3197, 4491, 4639, 4732, 4769,
6329, 6366, 7028, 7768, 8838, 8860, 9477, 11467, 11719, 12308, 12372, 12957, 13617,
13637, 13677, 14182, 14305, 14766, 15326, 16114A, 16192, 16270




Sample name | Sex Haplogroup Haplotype
7993 female H1 195, 263, Het Poly-C 303-309, 523-524d, 750, 1438, 3010, 3107d, 3745, 4769, 5584C,
Het 8603Y, 8860, 15326, 16519
146, 263, 315.1C, 750, 1438, 3107d, 4769, 4793, 7028, 7768, 8860, 15326, 15409,
Z138 female H*
16519
73,217, 228, 263, 315.1C, 340, 508, 750, 1438, 1811, 2706, 3107d, 3720, 4769, 5390,
262 male U2 5426, 6045, 6152, 7028, 8860, 10876, 11467, 11719, 12308, 12372, 13020, 13734,
14766, 15326, 15907, 16051, 16129C, 16183C, 16193.1C, 16291, 16362, 16519
73, 263, 310.1C, 315.1C, 497, Length Het Poly AC 514-525, 750, 1189, 1438, 1811,
7144 female K 2706, 3107d, 3480, 4769, 6260, 7028, 8860, 9055, 9698, 10398, 10550, 11467, 11719,
11840, 11944, 12308, 12372, 13740, 14167, 14766, 14798, 15326, 16224, 16311,
16519
73, Het 152Y, 263, Het Poly-C 303-309, 750, 1438, 2706, 3107d, 3197, 4769, 7028,
2217 female UbSal 8860, 9477, 9667, 11467, 11719, 12308, 12372, 13617, 14766, 14793, 15218, 15326,
16172, 16192, 16256, 16270, 16362, 16399
290 female H1 185, 263, Het Poly-C 303-309, 750, 1438, Het 2887Y, 3010, 3107d, 4659, 4769,
Length het 8289-8290CCCCCTCTA, 8860, 11215, 12810, 15326, 16209, 16519
763 female H* 64, 263, 315.1C, 750, 1438, 3107d, 4769, 5237, 8860, 15326, 16145, 16519




Sample name

Sex

Haplogroup

Haplotype

2248

male

Ub5ala

73, 150, 263, 315.1C, 750, 1303, 1438, 3107d, 3192, 3197, 3591, 4592, 4769, Het
6054R, 7028, 8860, 9477, 11296, 11467, 11719, 11938, 12308, 12372, 12618, 13617,
14766, 14793, 15218, 15326, 16192, 16239, 16256, 16270, 16399

Z80

female

L1b

73,152, 182, 185T, 189, 195, 247, 263, 315.1C, 357, 523d, 709, 710, 750, 769, 825A,
1018, 1738, 2352, 2706, 2758, 2768, 2885, 3107d, 3308, 3594, 3666, 3693, 4104, 4769,
5036, 5046, 5393, 5655, 6548, 6827, 6989, 7028, 7055, 7146, 7256, 7389, 7521, 7867,
8248, 8468, 8655, 8701, 8860, 9476, 9540, 10398, 10688, 10810, 10873, 11719, 12519,
12705, 13105, 13506, 13650, 13789, 13880A, 14178, 14203, 14560, 14766, 14769,
15115, 15326, 15479, 16126, 16187, 16189, 16223, 16264, 16270, 16278, 16293,
16311, 16362, 16400, 16519

Snb33

female

72, 263, Het Poly-C 303-309, 750, 1438, 2706, 3107d, 4580, 4769, 7028, 8860, 12810,
12840, 15326, 15431, 15904, 16240, 16298

7213

male

N1b

73,152, 204, 263, 310.1C, 315.1C, 750, 1438, 1598, 2639, 2706, 3107d, 3921A, 4769,
4904, 4960, 5471, 7028, 8251, 8472, 8836, 8860, 9335, 9947, 10238, 10948G, 11362,
11719, 12501, 12705, 12822, 14766, 15326, 16145, 16176G, 16223, 16390, 16519

2272

male

73, 185, 228, 263, 295, Het Poly-C 303-309, 462, 482, 489, Het Poly-C 568-573, 750,
1438, 2706, 3010, 3107d, 3394, 4216, 4769, 7028, 8860, 10398, 11251, 11719, 12612,
13708, 14766, 14798, 15326, 15452A, 16069, 16126

Z64

female

H3

263, 293, Het Poly-C 303-309, 709, 750, 1438, 3107d, 4769, 6776, 8860, 9521, 12346,
15326, 15530, 16519




Sample name

Sex

Haplogroup

Haplotype

2156

male

H1

263, 315.1C, 750, 1438, 3010, 3107d, 4769, 5100, 5460, 5746, 8860, 15326, 15928,
16166C, 16519

2163

female

M1

73, 195, 263, Het Poly-C 303-309, 489, 524.1AC, 709, 750, 813, 1438, 2706, 3107d,
4769, 6446, 6671, 6680, 7028, 8701, 8860, 9540, 10398, 10400, 10873, 11719, 12403,
12414, 12705, 12950C, 13637, 14110, 14766, 14783, 15043, 15301, 15326, 16093,
16129, 16148, 16183C, Het Poly-C 16184-16193, 16249, 16311, 16519

2172

female

pre*V

72, 195, 263, Het Poly-C 303-309, 750, 1438, 2706, 3107d, 3263, 4769, 5567, 7028,
8860, 10410, 12662, 15326, 16298, 16519

7188

female

73, 185, 188, 228, 263, 295, 315.1C, 462, 489, 750, 1438, 1555, 2706, 2963, 3010,
3107d, 4216, 4769, 7028, 8860, 10398, 11251, 11719, 12612, 13708, 14766, 14798,
15326, 15452A, 16069, 16126, 16519

Z340

male

H3

263, 315.1C, 750, 1438, 3107d, 4769, 6776, 8860, Het 9029R, 10754, 12308, 12372,
15326, 16519

Z71

male

Ub5ala, U5b

73, 195, 263, 310.1C, Het Poly-C 568-573, 750, 1438, 2706, 3027, 3107d, 3197, 3552,
4769, 4823, 5583, 7028, 8860, 9477, 11467, 11719, 12308, 12372, 13135, 13617,
14766, 14793, 15218, 15326, 15496, 16145, Het Poly-C 16184-16193, 16311, 16399

7141

male

H*

73, Het 189R, 195, 198, 204, 207, 263, Het Poly-C 303-309, 709, 750, 1243, 1438,
2706, 3107d, 3505, 4659, 4769, 5046, 5460, 7028, 7864, 8251, 8860, 8994, 11674,
11719, 11947, 12414, 12705, 14766, 15326, Het 15496R, 15884C, 15930, 16223,

16292, 16346, 16519




Sample name | Sex Haplogroup Haplotype

41, 73, 150, 263, 310.1C, 315.1C, Length Het 514-525, 709, 750, 1438, 1888, 2706,
3107d, 4216, 4769, 4917, 7028, 8697, 8860, 10463, 11251, 11719, 11812, 13368,
14178, 14203, 14766, 14905, 15326, 15452A, 15607, 15928, 16126, 16153, 16294,
16519

266 female T5

73, 242, 263, 295, 315.1C, 462, 489, 524.1AC, 750, 1438, 2158, 2706, 3010, 3107d,
7125 female Jibl 4216, 4769, 5460, 7028, 8269, 8557, 8860, 10398, 11251, 11719, 12007, 12612, 13708,
13879, 14766, 15326, 15452A, 16069, 16126, 16145, 16172, 16222, 16261

73, 263, Het Poly-C 303-309, 709, 750, 1438, 1888, 2706, 3107d, 3867, 4216, 4769,
Z99 male T1 4917, 7028, 8697, 8860, 10376, 10463, 11251, 11719, 12633A, 13368, 14766, 14905,
15326, 15452A, 15607, 15928, 16126, 16163, 16186, 16189d, 16294, 16519

73, 263, Het Poly-C 303-309, 497, 524.1AC, 750, 1189, 1438, 2706, 3107d, 3480,
4769, 6260, 7028, 8860, 9055, 9698, 10398, 10550, 11299, 11467, 11485, 11719,

SnbS male K 11840, 11944, 12308, 12372, 13740, 14167, 14766, 14798, 15326, 16224, 16311,
16519
73, 150, 152, 263, 315.1C, Het Poly-C 568-573, 750, 1438, 2706, 3107d, 3197, 4769,

2187 female USa 5004, 5656, 7028, 7768, 8860, 9477, 11467, 11719, 12308, 12372, 13617, 14182,
14766, 15326, 16192, 16270, 16519

7953 female H1 73, 263, 315.1C, 750, 1438, 3010, 3107d, 4769, 5039, 6365, 8860, 15326, 16162, Het
16189Y, 16209, 16519

7201 female H 263, Het Poly-C 303-309, 750, 1438, 2259, 3107d, 4745, 4769, 7337, 8860, 13326,

13680, 14872, 15326, 16365




Sample name | Sex Haplogroup Haplotype
73, 150, 263, 310.1C, 315.1C, 456, 517T, 750, 1438, 1721, 2706, 2755, 3107d, 3197,
7298 male us 4769, 6242A, 7028, 7768, 8860, 11467, 11653, 11719, 12308, 12372, 12634, 13630,
13637, 14182, 14766, 15068, 15326, 15905, 16224, 16270, 16311, 16519
73, 263, 310.1C, 315.1C, 497, 524.1AC, 750, 1189, 1438, 1811, 2706, 3107d, 3480,
7973 female K Het 3729R, 4769, 6260, 7028, 8860, 9055, 9698, 10398, 10463, 10550, 11299, 11467,
11485, 11719, 11840, 11944, 12308, 12372, 13740, 14167, 14766, 14798, 15326,
16224, 16311, 16519
Snb37 female Ubal 263, Het Poly-C 303-309, 750, 1438, 3010, 3107d, 4769, 5665, 8860, 15326, 16519
Snb78 female H3 263, Het Poly-C 303-309, 750, 1438, 3107d, 4769, 5498, 6293, 6776, 8860, Het
13812Y, 15326, 16519
7167 male (pre-HV)1 60.1T, 64, 263, 315.1C, 451, 750, 1438, 2442, 2706, 3107d, 3275A, 3847, 4769, 7028,
P 8860, 9620, 11969, 13188, 14668, 14766, 14905, 15326, 16126, 16362
73,152, 182, 185T, 189, 195, 247, 263, 315.1C, 357, 471, 524.1AC, 709, 750, Het
748 male USala 772R, 930, 1438, 1700, 1811, 2706, 3107d, 4025, 4164, 4769, 6503, 7028, 8860, 8938,

10343, 11467, 11719, 11812C, 11893, 12127, 12308, 12372, 14766, 14926, 15326,
16051, 16183C, Het Poly-C 16184-16193, 16234, 16266, 16294, 16519, 16525




Sample name

Sex

Haplogroup

Haplotype

Z18

female

L2b

73, 146, 150, 152, 182, 183, 195, 198, 204, 263, Het Poly-C 303-309, 750, 769, 1018,
1438, 1442, 1706, 2332, 2358, 2416, 2706, 3107d, 3594, 4104, 4158, 4370, 4767, 4769,
5027, 5331A, 5814, 6614, 6713, 6806, 7028, 7256, 7521, 7624A, 7670C, 8080, 8206,
8387, 8503, 8701, 8860, 9221, 9540, 10115, 10398, 10873, 11719, 11944, 12236,
12373, 12705, 12948, 13590, 13650, 14016, 14059, 14766, 15110, 15217, 15326,
16114A, 16129, 16213, 16223, 16278, 16390

Z87

male

U5b

73, 150, 152, 195, 263, 310, 310.1C, 315.1C, 750, 1438, 2234, 2706, 3107d, 3197,
4769, 5656, 7028, 7768, 8860, 9477, 11467, 11719, 12308, 12372, 13617, 14182,
14766, 15122, 15326, 16172, 16183C, Het Poly-C 16184-16193, 16270, 16274, 16311,
16325, 16357, 16465, 16519

Snb22

male

pre*V

195, 263, 315.1C, 750, 1438, 2706, 3107d, 4769, 7028, 8860, 9180, 15326, 16153, Het
16293R, 16298

2362

male

73, 185, 188, 228, 263, 295, 310.1C, 315.1C, 462, 489, 523d, 524d, 750, 1438, 2706,
3010, 3107d, 4216, 4769, 7028, 8860, 10398, 11251, 11719, 12612, 13708, 14766,
14798, 15326, 15452A, 16069, 16126, 16366, 16390, 16519

7241

male

H3

Het 93R, 263, 315.1C, 750, 930, 1438, 2581, 3107d, 4769, 5471, 6776, 8860, 15326,
16129, 16519

Z176

male

H1

263, 310.1C, 315.1C, 750, 1438, 3010, 3107d, 4769, 4859, Het 8307R, 8860, 15326,
Het 15908Y, 16188A, 16519




Sample name | Sex Haplogroup Haplotype

73, 217, 228, 263, 315.1C, 340, 750, 1438, 1811, 2706, 3107d, 3720, 4769, 5390, 5426,
Z83 female uz2 5510T, 6045, 6152, 7028, 8860, 10876, 11467, 11719, 12308, 12372, 13020, 13734,
14766, 15326, 15907, 16051, 16129C, 16183C, 16193.1C, 16291, 16362, 16519

73, 146, 263, 315.1C, 750, 1438, 1811, 2217, 2706, 3107d, 3480, 4769, 5231, 7028,
8860, 9055, 9698, 9716, 10550, 11299, 11467, 11719, 11869A, 12308, 12372, 13135,
Het 13590R, 14037, 14167, 14766, 14798, 15326, 16129, Het 16189Y, 16222, 16224,
16270, 16311, 16519

Snb48 male preHV

73, 150, 152, 263, Het Poly-C 303-309, 489, 750, 1438, 2101A, 2706, 3107d, 4216,
7256 female J2 4769, 5633, 6216, 6893, 7028, 7476, 7859, 8860, 10172, 10398, 11251, 11719, 13708,
14766, 15257, 15326, 15452A, 15812, 16069, 16126, 16193, 16218, 16278, 16290

204, 263, Het Poly-C 303-309, Het 593Y, 750, 1438, 3107d, 4769, 6776, 8541, 8860,

238 male H3 15326, 16286, 16519

104 omale " 150, 263, 315.1C, 750, 1438, 3010, 3107d. 4769, 5460, 7715, 8512, 8860, 14902,
15326, 16519

. . Us 263, 315.1C, 523d, 524d, 750, 1438, 3107d, 3992, 4024, 4769, 5004, 5514, 8360,
9011.1CA. 9123, 14365, 14582, 15326, 16311, 16319
263, 315.1C, 523d, 524d, 750, 1438, 3107d, 3992, 4024, 4769, 5004, 7581, 8860,

7131 male T

9011.1A, 9123, 12308, 12372, 12618, 14365, 14582, 15326, 15497, 15930




Sample name

Sex

Haplogroup

Haplotype

Z5

male

H*

152, 207, 263, 315.1C, 750, 1438, 2259, 3107d, 4745, 4769, 6221, 8860, 12501, 13680,
14872, 15326

Snb63

male

T3

73, 146, 152, 263, 279, Het Poly-C 303-309, 709, 750, 1438, 1888, 2706, 3107d, 4216,
4769, 4917, 5187, 6261, 7028, 7873, 8652, 8697, 8860, 10822, 10999, 11251, 11719,
11812, 12952, 13368, 14233, 14766, 14905, 15119, 15326, 15452A, 15607, 15928,
16111, 16126, 16292, 16294, 16519

Z195

male

73, 152, 263, 310.1C, 315.1C, Length Het Poly AC 514-525, 750, 1189, 1438, 1811,
2706, 3107d, 3480, 4769, 5913, 7028, 8860, 9055, 9698, 9962, 10196G, 10289, 10398,
10550, 11299, 11467, 11719, 11923, 12308, 12372, 13967, 14167, 14766, 14798,
15257, 15326, 15946, 16093, 16224, 16311, 16319, 16463

Z3

female

U5a

73, 150, 263, 310.1C, 315.1C, 750, 1438, 2706, 3105, 3107d, 3197, 3498, 4769, 5656,
6674, 7028, 7768, 8860, 8944, 9477, 11467, 11719, 12308, 12372, 13617, 14182,
14766, 15326, 15777, 16167, 16192, 16270, 16311, 16356

Z30

female

H1

263, 315.1C, 750, 1438, 3010, 3107d, 3394, 4769, 8512, 8860, 14458, 14902, 15326,
16519

2229

female

H*

95C, 195, 263, Het Poly-C 303-309, 750, 961G, 1438, 2626, 3107d, 4769, 8448, Het
8577R, 8860, 11179, 13759, 15326, 16311, 16320




Sample name | Sex Haplogroup Haplotype
73, 150, 263, 310.1C, 315.1C, 750, 1438, 1721, 2231, 2706, 3107d, 3197, 3861, 4769
Z59 male us 7028, 7768, 8860, 9477, 11467, 11653, 11719, 12308, 12372, 12634, 13617, 13630
13637, 14182, 14766, 15326, 15497, 15778, 16270, 16292, 16362
73, 146, 263, Het Poly-C 303-309, 750, 1438, 1811, 2217, 2706, 3107d, 3480, 4769,
Snb6 female K 5231, 7028, 8860, 9055, 9698, 9716, 10550, 11299, 11467, 11719, 11869A, 13135,
14037, 14167, 14766, 14798, 15326, 16129, 16222, 16224, 16270, 16311, 16519
7128 male v 72, 263, Het Poly-C 303-309, 460, 750, 1438, 2706, 3107d, 4580, 4769, 7028, 8860,
15326, 15904, 16172, 16298, 16519
152, 263, 315.1C, 750, 1438, 3107d, 4769, 6776, 8860, 9011.1A, 14350, 15326, 15885
Z137 female H3
16299
Snbi3 male H1 263, Het Poly-C 303-309, 750, 1438, 3010, 3107d, 4769, 6497, 7202, 8860, 15326,
15452A, 16519
73, 150, 195, 263, 315.1C, 750, 1438, 1822, 2706, 3107d, 3197, 3316, 4769, 5656
Z49 male U5a, U5b 5788, 7028, 7385, 7768, 8860, 9477, 10301, 10927, 11467, 11719, 13818, 14182,
14470, 14766, 15326, 16129, 16223, 16304, 16391, 16519
73, 263, 315.1C, 523d, 524d, 750, 1438, 3010, 3107d, 4769, 6647, 8844, 8860, 9746
Snb74 male H1

11827, 11863, 12591, 15326, 16519




Sample name | Sex Haplogroup Haplotype
73, 150, 263, Het Poly-C 303-309, 750, 896, 1438, 2706, 3107d, 3197, 4732, 4769
Snb61 female U 7028, 7768, 8860, Het 9449Y, 9477, Het 11016R, 11467, 11719, 12308, 12372,
12972C, 13617, 13637, 14182, 14766, Het 15244R, 15326, 15511, 16192, 16311
712 male re*\/ 72,195, 263, Het Poly-C 303-309, 750, 1438, 2706, 3107d, 4769, 7028, 8860, 12618
P 14179, 14766, 15110, 15326, 16298, 16301
73, 146, 263, 295, Het Poly-C 303-309, 462, 489, 750, 1438, 2706, 3010, 3107d, 4216
775 male n 4769, 5501, 7028, 8269, 8277, Lenght Het 8272-8278, 8990, 10398, 11251, 11719,
12519, 12612, 13708, 14766, 15326, 15452A, 16069, 16126, 16145, 16162, Het Poly-C
16184-16193, 16261, 16286
7952 male H3 263, Het Poly-C 303-309, 709, 750, 1438, 3107d, 4769, 5585, 6776, 8854, 8360, 9287
10535, 15326, 16209, 16519
263, 315.1C, 750, 1438, 3010, 3107d, 4769, 6497, 7202, 8860, 9986, 15326, 16468,
Z2?2 male H1
16519
Snb38 male H* 63, 315.1C, 750, 1438, 3107d, 3915, 4769, 8860, 8895A, 12811, 15326, 16129, 16519
146, 263, Het Poly-C 303-309, 750, 1438, 2706, 3107d, 4769, 5471, 7028, Het 7912R,
724 male R1

8380, 8860, 14560, 15326, 16256, 16278, 16311, 16519




Sample name | Sex Haplogroup Haplotype

73, 146, 189, Het 234R, 242, 263, 295, 315.1C, 462, 489, 750, 1438, 2158, 2706, 3010,

7247 female i1 3107d, 4216, 4769, 5460, 7028, 8269, 8557, 8860, 10398, 11251, 11719, 12007, 12612,
13708, 13879, 14470, 14766, 15326, 15452A, 16069, 16093, 16126, 16145, 16172,
16184, 16261

Snb3 female Y 153, 263, 315.1C, 523d, 524d, 750, 1438, 2158, 2706, 3107d, 4231, 4745, 4769, 7903,
8860, 14470, 14872, 15326, 16519

2108 female H1 263, Het Poly-C 303-309, 750, 1438, 3010, 3107d, 3951, 4769, 8860, 12341, 15323,
15326, 16519

2330 male i+ 263, Het Poly-C 303-309, 750, 1438, 3107d, 3915, 4769, 8860, 8895A, 15326, 15924,
16129, 16519

7203 female 1 185, 263, 315.1C, 750, 1438, 3010, 3107d, 4659, 4769, 8860, 11215, 12810, 15326,
16209, 16311, 16519

Snb27 female H3 152, 263, 315.1C, 338, 383, 750, 1438, 3107d, 4769, 6776, 8860, 15326, 16259, 16274,
16292, 16294G, 16519
73, 146, 263, 310.1C, 315.1C, 750, 1438, 2706, 3107d, 3348, 4769, 5471, 7028, 7391,

Z168 male U 7805, 8860, 11467, 11719, 11914, 12308, 12372, 12501, 12618, 13440, 15326, 15941,

16129, 16172, 16278




Sample name | Sex Haplogroup Haplotype

73, 195, 263, 315.1C, 497, 524.1AC, 750, 1189, 1438, 1811, 2706, 3107d, 3480, 4769,
Z34 male K 5460, 5655, 7028, 7521, 8860, 9055, 9698, 10398, 10550, 11299, 11467, 11719, 11914,
12308, 12372, 14167, 14766, 14798, 15326, 16093, 16189, 16224, 16311, 16519

73, 263, 310.1C, 315.1C, 750, 1438, 2706, 3107d, 3197, 4655, 4769, 7028, 8697, 8860,
2234 female USal 9477, 11467, 11719, 12308, 12372, 13617, 13827, 13928C, 14766, 14793, 15326,
16114A, 16192, 16256, 16270, 16294, 16526

263, Het Poly-C 303-309, 750, 1438, 3010, 3107d, 4769, 6719, 8860, 11016, 15326,

Z53 female H1 16519

152, 263, 315.1C, 750, 1438, 3107d, 4769, 4793, 5348, Het 7697R, 8860, 12702,

*
Z251 female H 15326, 16519

73,152, 182, 185T, 189, 195, 247, 263, 315.1C, 357, 523d, 524d, 709, 710, 750, 769,
825A, 1018, 1738, 2706, 2758, 2768, 2885, 3107d, 3308, 3594, 3666, 3693, 4104,
4769, 5036, 5046, 5393, 5655, 6548, 6827, 6989, 7028, 7055, 7146, 7256, 7389, 7521,
Snb28 male L1b 7867, 8248, 8468, 8655, 8701, 8860, 9476, 9540, 10398, 10688, 10810, 10873, 11719,
12519, 12705, 13105, 13506, 13650, 13789, 13880A, 14178, 14203, 14560, 14766,
14769, 15115, 15326, 15479, 16126, 16187, 16189, 16223, 16264, 16270, 16278,
16293, 16311, 16362, 16400, 16519

72, 263, Het Poly-C 303-309, 750, 1438, 2352, 2706, 3107d, 4580, 4769, 7028, 8860,

2287 male v 11151, 14988, 15326, 15904, 16298, 16399




Sample name | Sex Haplogroup Haplotype

Z161 female H3 263, 293, 315.1C, 750, 1438, 3107d, 4769, 6776, 8860, 12346, 15326, 15530, 16519

Snb19 male H1 263, 315.1C, 750, 1438, 3010, 3107d, 4769, 6497, 7202, 8764, 8860, 15326, Het
15986R, 16468, 16519

2190 female H1 152, 263, 315.1C, 750, Het Poly-C 956-965, 1438, 3010, 3107d, 4769, 6237A, 8860,
15326, 16519

7224 female H3 263, Het Poly-C 303-309, 750, 1438, 3107d, 4769, 6776, 8860, 15326, 16519
73, 185, 188, 263, 295, 315.1C, 482, 489, 750, 1438, 2706, 3010, 3107d, 3394, 42186,

Snb5 male J 4769, 7028, 7184, 8860, 9180, 10398, 11251, 11719, 12612, 13708, 14766, 14798,
15326, 15452A, 16069, 16126, 16291

731 female v 72, 263, Het Poly-C 303-309, 750, 1438, 2706, 3107d, Het 4055Y, 4580, 4769, 6773,
7028, 8860, 15326, 15904, 15927, 16254, 16298
73,189, 194, 195, 204, 207, 263, Het Poly-C 303-309, 709, 750, 1243, 1406, 1438,

7226 female W 2706, 3107d, 3505, 4769, 5046, 5460, 7028, 8251, 8860, 8994, 11674, 11719, 11947,
12414, 12705, Het 12948R, 13263, 14766, 15326, 15784, 15883, 15884C, 16223,
16292, 16519
73, 150, 185, 188, 228, 263, 295, Het Poly-C 303-309, 462, 489, 523d, 524d, 750, 1438,

2222 male X 2706, 3010, 3107d, 4216, 4769, 7028, 8860, 10398, 10463, 11251, 11719, 12612,

13708, 14766, 14798, 15326, 15452A, 16069, 16126, 16366, 16519




Table 1.3.2. Complete results of each heteroplasmic position analyzed (map locus, position, sample name, heteroplasmy type,

heteroplasmy origin, mean proportion of height peaks, distribution in population database, number of hits in mtDNA phylogeny
(PhyloTree.org) and by Soares et al. (2009), probability of mutation and nucleotide and amino acid Conservation Index).

. Sample - Mean proportion T . No. Hits No. Hits

Map Locus | Position name Het | CRS | Origin heigth peaks Distribution in population database phylogeny Soares et

(PhyloTree.org) | al. (2009)
CR? 93 7241 |Gla| A | Germinal | 84.51G 15.49A GAP:0.1, A:96.3, G:3.6 11 19
CR® 64 Ir28 |Tic| C n.a. 87T 13C C:96.8, T:3.1, GAP:0.1 10 22
CR® 146 Irl7 |(Tlc| T n.a. 90T 10C T:81.4, C:18.4, A:0.2, GAP:0.1 66 109
CR® 146 G65 |Tic| T n.a. 80T 20C T:81.4, C:18.4, A:0.2, GAP:0.1 66 109
CR® 150 Arml7 | C/it| C n.a. 88C 12T C:88.2, T:11.7, G:0.1, GAP:0.1 41 63
CR® 152 Irll |Tic| T n.a. 89T 11C T:70.3, C:29.6, GAP:0.1 117 157
CR? 152 Z217 |Tle| T | Germinal 66.74T 33.26C GAP:0.1, C:29.6, T:70.3 117 157
CR? 152 Z269 |Tlc| T | Germinal 87T 13C GAP:0.1, C:29.6, T:70.3 117 157
CR® 195 G67 |Tlc| T n.a. 90T 10C GAP:0.1, T:73.7; C:25.8, A:0.4 71 98

CR® 203 Az5 |Alg| G n.a. 66A 34G G:99.7, A:0.3, GAP:0.1 2 6

CR® 204 Arml7 (Tlc| T n.a. 89T 11C T:934, C:6.5, A:0.1, GAP:0.1 23 43
CR? 234 Z247 | Gl/a| A | Somatic 83.45G 16.55A GAP:0.1, A:99.4, G:0.5 8 43
CR? 189 Z141 |Alg| A | Somatic | 85.145T 14.855C GAP:0.1, A:91,C:1.8,G:7.1 19 31




- Sample - Mean proportion T . No. Hits No. Hits

Map Locus | Position name Het | CRS | Origin heigth peaks Distribution in population database phylogeny Soares et

(PhyloTree.org) | al. (2009)
tRNA phe? 593 Z38 |T/lc| T | Germinal 91.77T 8.23C C:0.6, T:99.4 4 11
128 772 Z48 |Alg| A | Germinal | 85.83A 14.17G A:100 0 0
125" 1552 Ir54 |Gla| G n.a. 87G 13A G:100 0 0
16S* 2887 Z90 |T/c| T | Germinal 91.95T 8.05C T:99.8, C:0.2 2 2
16S" 3014 Az10 |G/t| G n.a. 86G 14T G:100 0 0
ND1° 3492 | Arm25 [Alc| A n.a. 65A 35C A:100 0 1
ND1° 3492 G20 |Alc| A n.a. 78A 22C A:100 0 1
ND1° 3532 | Azl4 |Alg| A n.a. 82A 18G A:100 0 0
ND1? 3729 Z273 |Alg| A | Germinal | 88.68A 11.32G A:99.9,G:0.1 1 1
ND1* 4055 Z31 |(Tle| T Somatic 90.38T 9.62C T:100 0 0
ND2° 4991 Az4 |Gla| G n.a. 65G 35A G:99.3, A:0.7 4 6
ND2* 5306 Z225 | C/t| C | Germinal | 54.42C 45.58T C:100 0 0
ND2° 5460 Az7 |Alg| G n.a. 68A 32G G:92.8, A:7.2 22 36
COX1* 6054 Z248 |G/a| G | Germinal | 78.75G 21.25A G:100 0 0
Ccox2? 7697 Z251 |Alg| G | Germinal | 75.55A 24.45G G:99.8, A:0.2 2 1




. Sample - Mean proportion T . No. Hits No. Hits

Map Locus | Position name Het | CRS | Origin heigth peaks Distribution in population database phylogeny Soares et

(PhyloTree.org) | al. (2009)
Cox2° 7754 T186 |Alg| G n.a. 89A 11G G:100 0 1
cox2? 7912 Z24 | Alg| G | Germinal 75.64A 24.36G G:99.9, A:0.1 3 4
ATP6/ATPS" 8551 Ir30 |Cit| T n.a. 54C 46T T:99.9, C.0.1 0 4
ATP6? 8603 Z223 |Tlc| T | Germinal 87.95T 12.05C T:99.9, C.0.1 1 1
ATP6? 8577 Z229 |G/a| A | Germinal 59.51G 40.49A A:99.8, G:0.2 0 3
ATP6" 8743 Ir29 |Gla| G n.a. 68G 32A G:99.9, A:0.1 0 1
ATP6? 9029 Z340 |Gla| A n.a. 84.6G 15.4A A:100 0 0
COXx3? 9449 Snb6l | T/c| C | Germinal 16.26T 83.73C C:98.6, T:1.4 4 6
ND3° 10208 Irto (Cit| T n.a. 89C 11T T:99.9, C:0.1 1 2
tRNA arg® 10427 Az39 [Gla| G n.a. 85G 15A G:99.8, A:0.2 1 2
ND4* 11016 | Snb6l |G/a| G | Germinal | 82.82G 17.18A G:99.3, A:0.7 8 9
ND4® 11253 Gl Ci| T n.a. 76C 24T T:99.6, C:0.4 2 5




. Sample - Mean proportion T . No. Hits No. Hits

Map Locus | Position name Het | CRS | Origin heigth peaks Distribution in population database phylogeny Soares et

(PhyloTree.org) | al. (2009)
ND4" 11692 G38 |Alc| C n.a. T6A 24C C:100 0 1
ND4" 11809 G82 |Tlc| T n.a. 78T 22C T:99.8, C:0.2 1 0
ND5" 12654 | Arm37 |Alg| A n.a. 86A 14G A:99.7, G:0.3 4 3
ND5" 13368 | Arm19 |G/a| G n.a. 54G 45A G:96.5, A:3.5 8 8
ND5* 13590 | Snb48 |G/a| G | Germinal | 62.11G 37.89A G:93.6, A:6.4 6 6
ND5" 13604 Ird3 |Gla| G n.a. 90G 10A G:100 0 0
ND5* 13812 | Snb78 |T/c| T | Germinal 76.63T 23.37C T:99.9, C:0.1 1 2
ND6" 14527 G25 |Alg| A n.a. 89A 11G A:99.9, G:0.1 1 3
ND6" 14561 T9 |Alg| A n.a. 78A 22G A:100 0 0
CytB" 14770 | Azl4 |Tic| C n.a. 55T 45C C:99.9, T:0.1 1 1
CytB" 15046 T186 |Gla| A n.a. 74G 26A A:99.9, G:0.1 0 1
CytB? 15244 | Snb6l |G/a| A | Germinal | 71.74G 28.26A A:98.5 G:1.5 7 16




. Sample - Mean proportion T . No. Hits No. Hits

Map Locus | Position name Het | CRS | Origin heigth peaks Distribution in population database phylogeny Soares et

(PhyloTree.org) | al. (2009)
Cthb 15314 | Arm20 |G/a| G n.a. 84G 14A G:99.3, A:0.7 6 12
CytB? 15496 Z141 |Gla| A Somatic 86.21G 17.79A A:99.9 G:0.1 1 2

tRNA thr? 15908 Z176 |Tlc| T | Germinal 73T 27C T:99.9, C.0.1 1

tRNA pro® 15986 | Snbl19 |G/a| G | Germinal 58.5G 41.5A G:100 0 0
CR® 16093 | Az49 |Cit| T n.a. 91C 8T T:98.8, C:1.2 36 79
CR® 16189 | Snb4g | T/c| T | Germinal | 9131Tgeoc | CAPOLADLLSIE T 66 90
CR® 16189 | 2253 |T/c| T |Germinal | gg7sTiLzsc | CAPOLATLLSN6TA0 66 90
CR® 16217 T30 |[Ch| T n.a. 91CaT T:96.5, C:3.4, GAP:0.1 1 6
CR® 16223 G73 |Tic| C n.a. 89T 11C T:51.9, C:48, GAP:0.1 22* 37
CR® 16223 | Arm20 [ T/lc| C n.a. 89T 11C T:51.9, C:48, GAP:0.1 22 37
CR? 16293 | Snb22 |A/g| A | Germinal 79A 21G A:96.5,C:0.2, T:3,G:0.3 8 17
CR® 16362 G67 |Tlic| T n.a. 87T 13C T:77.6, C:22.3, A:0.1 48 67

#Heteroplasmic positions detected in present study
®Heteroplasmic positions reported by Li et al. (2010)




Position Probabil_ity of Nucleotide Conservation Index (%) Amino acid Aa Conservation Index (%)
mutation change
93 1,78E-03 A:34.04, C:6.38, G:29.79, T:29.79 - -
64 2,06E-03 C:12.77, G:8.51, T:78.72 - -
146 1,02E-02 A:27.66, C:42.55, T:29.79 - -
146 1,02E-02 A:27.66, C:42.55, T:29.79 - -
150 5,90E-03 A:19.15, C:42.55, G:27.66, T:10.64 - -
152 1,47E-02 A:17.03, C:48.93, T:34.04 - -
152 1,47E-02 A:17.03, C:48.93, T:34.04 - -
152 1,47E-02 A:17.03, C:48.93, T:34.04 - -
195 9,17E-03 A:31.91, C:38.30, G:8.51, T:21.28 - -
203 5,62E-04 A:53.19, C:2.13, G:34.04, T:10.64 - -
204 4,03E-03 A:8.51, C:17.02, G:53.19, T:21.28 - -
234 4,03E-03 GAP:8.51, A:76.60, C:2.13, G:6.38, T:6.38 - -
189 2,90E-03 GAP:2.13, A:57.44, C:10.64, G:29.79 - -




Position Probabll_lty of Nucleotide Conservation Index (%) Amino acid Aa Conservation Index (%)
mutation change
593 1,03E-03 GAP:85.57, A:4.43, C:3.29, G:0.87, T:5.84 - -
772 0,00E+00 GAP:58.46, A:17.79, C:9.8, G:4.83, T:9.13 - -
1552 0,00E+00 | GAP:0.47, A:11.88, C:3.09, G:73.29, T:11.28 - -
. . . . A:0.1, F0.3,G:0.1, H:1.2, 1:0.1, K:6.2, L:1.5, P:0.1,
3492 9,36E-05 A:44.77, C:40.13, G:5.97, T:9.13 NS (Lys->Asn) Q:2.1, R:85.2, 5:0.3, W:0.3, Y:2.7
3532 | 0,00E+00 A:85.23, C:1.01, G:13.42, T:0.34 NS (Thr->Alg) | A°L FOL GOLISLS, La1, M3, 5:01, T:205,
3729 9,36E-05 A:47.99, C:33.76, G:4.23, T:14.03 S (Ser) S:100
GAP:0.3, A:7.7, C:0.5, D:0.8, E:0.3, F:2.7, G:1.1, H:7.5,
4055 0,00E+00 | GAP:1.07, A:27.52, C:42.42, G:2.82, T:26.17 | NS (Leu->Pro) | 1:2.7,K:0.2, L:16.4, M:4.4, N:9.5, P:5.1, Q:1.8, R:0.1,
S:11.5,T:17.9, V:0.6, W:0.1, Y:8.8
4991 5,62E-04 A:78.86, C:1.74, G:18.86, T:0.54 S (GIn) E:0.1, H:2.5,L:0.2, N:0.1, Q:97.2
5306 | 0,00E+00 A:31.61, C:51.68, G:1.54, T:15.17 S (Pro) A79,F0.1,G:04,1:02 L:0.2, M0.1, P:15.9, §:2.2,
T:1.8,V:0.3
. . . . A:5.5, C:0.3, F:0.1, 1:122.8, L:1.8, M:11, N:0.2, P:2.7,
5460 3,37E-03 A:62.08, C:3.62, G:21.88, T:12.42 NS (Ala->Thr) $:10.8 T-27.1, V'17.6, Y:0.2
6054 0,00E+00 GAP:0.2, A:0.07, G:99.66, T:0.07 NS (Asp->Asn) D:99.8, G:0.1, N:0.1, Y:0.1
7697 9,36E-05 GAP:0.07, A:5.3, C:1.81, G:92.48, T:0.34 NS (Val->lle) GAP:0.1, G:0.1, I:4.3, V:95.6




Position Probabll_lty of Nucleotide Conservation Index (%) Amino acid Aa Conservation Index (%)
mutation change
7754 9,36E-05 GAP:0.07, A:5.97, C:0.13, G:93.83 NS(Asp->Asn) GAP:0.1, D:92.9, E:2.8, G:0.1, N:3.9, Q:0.1, S:0.1
7912 3,74E-04 GAP:0.07, A:65.91, C:1.34, G:32.08, T:0.6 S (Glu) GAP:0.1, D:0.1, E:99.7, K:0.1, Q:0.1, V:0.1
8152 | 4,68E-04 | GAP:0.07, A:52.15, C:20.27, G:4.83, T:22.68 S(Pro) | CAPOL AD4 H:0.1,T|T:10é1,le_1ioéz, P:95.1,Q:0.1,5:0.9,
8307 0,00E+00 GAP:22.89, A:63.29, C:0.47,G:1.95, T:11.41 - -
A:0.1, F:0.1, H:21.3, I:115.7, L:53.6, M:4.3, N:0.1, Q:0.1
GAP:0.13, A:2.95, C:35.84, G:0.2, . A TeAA N N A " . N R
8551 3,74E-04 T:60.87/A:2.01, C:84.77, G:0.54 T:12.68 S (His) S:0.2, T:04, V.4.2/(.5AP.7.7.P418,. H:4.2, L:15.9, N:0.8,
P:0.7, S:0.5, Y:0.2
_ _ , ) GAP:0.1, A:1.6, C:0.1, D:0.1, F:28.7, I:5.0, L:55.8,
8603 9,36E-05 A:0.4, C:3.89, G:0.2, T:95.5 NS (Phe->Ser) M:4.2 P:0.1, S:0.5. T-1.6, V:1.6, W:0.1, Y-0.4
. . . . . GAP:0.4, A:0.3, F:0.8, 1:64.4, L:17.4, M:2.8, N:0.1,
8577 2,81E-04 GAP:0.4, A:11.28, C:44.97, G:3.69, T:39.66 S (Leu) Q:0.6, T:1.0, V:12.2
8743 | 9,36E-05 A:67.05, C:1.74, G:27.72, T:3.49 NS (Val->Met) | GAPO-L AZLS, €06 PO FE.7, 128, M:16., 2.3,
9029 0,00E+00 A:100 NS (His->Arg) D:0.1, H:99.8, Q:0.1, Y:0.1
9449 5,62E-04 A:0.2, C:56.85, T:42.95 S (Tyr) C:0.2,F:1.8,H:0.1, I:0.1, L:0.3, M:0.1, W:0.5, Y:97
10208 1,87E-04 A:39.06, C:34.03, G:2.48, T:24.43 S (Pro) 1:0.1, P:99.7, Q:0.1, T:0.1
10427 1,87E-04 A:59.87, C:26.04, G:1.95, T:12.15 - -
A:1.8,C:0.1, D:0.3, E:1.1, F:0.2, G:0.3, H:10.6, 1:0.2,
11016 8,42E-04 A:47.79, C:40.2, G:0.74, T:11.28 NS (Ser->Asn) | K:20.2, L:8.3, M:1.7, N:7.8, P:19.5, Q:6.5, R:0.3, S:10.6,
T:8.8, V:0.6, Y:1
11253 4,68E-04 GAP:0.07, C:5.03, G:0.07, T:94.83 NS(lle->Thr)) A:0.1, F:0.2,1:7.8,L:80.4, M:3, S:2.1, T:3, V:3.4




Position Probabll_lty of Nucleotide Conservation Index (%) Amino acid Aa Conservation Index (%)
mutation change
11692 | 9,36E-05 CAPO.0T, 4845, 1691, 62356, S (Gly) A0.3, G:99.5, S:0.3
. . . . . A:3.9,C:0.1, F:0.1, G:0.2, 1:8.8, K:0.3, L:6.9, M:36.8,
11809 0,00E+00 | GAP:0.07, A:48.46, C:21.81, G:14.16, T:15.5 S (Thr) N:2.6, P-9.1 S:2, T:21.8, V-7.4, W-0.1
12654 2,81E-04 A:80.87, C:0.54, G:18.39, T:0.2 S (Trp) A:0.1, H:0.1, K:0.1, L:0.1, Q:0.8, S:0.6, W:97.9, Y:0.4
GAP:1.6, A:9.4,C:0.8, D:0.1, E:1.1, F:0.4, G:0.1, H:1.3,
12948 9,36E-05 | GAP:0.81, A:17.38, C:44.56, G:3.22, T:34.03 S( Leu) 1:4.6, L:35.5, M:2.5, N:3, P:6.8, Q:3.5, S:9.4, T:17.9,
V:1.4,Y:0.6
13368 7,49E-04 A:30.27, C:42.42, G:17.65, T:9.66 S (Gly) A:0.1, G:99.9
13590 5,62E-04 A:16.24, C:52.95, G:1.14, T:29.66 S (Leu) A:0.1,C:0.2, F.73.6, 1:0.1, L:17.1, M:8.9, T:0.1, V:0.1
13604 0,00E+00 A:0.54, C:6.04, G:93.42 NS (Ser->Asn) G:0.1, N:0.5, S:95.3, T:4.1
. . . . A:19, C:0.7, F:1.4,G:0.8, 1:22.8, L:23.8, M:10.3, N:0.1,
13812 1,87E-04 A:44.03, C:30.4, G:6.58, T:18.99 S (Ala) Q:0.1, $:2.2, T13.8, V:4.7, Y:0.3
. . . . A:3.1, C:0.6, F:0.2, G:2.1, H:0.4, 1:0.3, L:0.4, M:0.1,
14527 2,81E-04 A:65.5, C:13.15, G:10, T:11.34 S (Gly) N:0.1, P:9.5, Q:0.1. S:72.7, T-8.7, V:1.3, Y:0.3
. . . . A:10.2,C:3.3, D:0.1, F:8.2,G:4.1, 1:3.9, L:12.3, M:11.6,
14561 0,00E+00 A:77.25,C:8.79, G:13.76, T:0.2 NS (Asp->Gly) $:3.9, T:0.7, V:41.6
. . . . GAP:0.2, E:0.1, H:93.2, 1:0.1, K:0.1, L:0.1, M:0.3, N:3.2,
14770 9,36E-05 A:0.27, C:83.42, G:2.95, T:13.36 S (Asn) P:0.1, 021, R:0.1, S:0.1, T:0.1, V:0.1, X:0.1, Y:0.2
15046 9,36E-05 A:77.11, C:8.12, G:8.05, T:6.71 S (Arg) A:0.1, L:0.1, R:99.7, W:0.1
15244 1,50E-03 A:27.72, C:24.77, G:31.74, T:15.77 S (Gly) G:99.9, R:0.1




Position Prﬁ?ﬁg tlii(t% of Nucleotide Conservation Index (%) AT:;ﬁ;:id Aa Conservation Index (%)

15314 1,12E-03 A:18.66, C:4.56, G:71.07, T:5.7 NS (Ala->Thr) A:61.4,F:0.2, 1:5.3, L:7.7, M:4, S:3.7, T:9.9, V:7.9
15496 1,87E-04 A:66.98, C:10, G:9.66, T:13.36 S (Leu) GAP:0.1, F:2.6, L:96.7, M:0.4, P:0.1, V:0.1, Y:0.1
15908 1,87E-04 GAP:1.81, A:80.94, C:0.2, G:0.27, T:16.78 - -

15986 0,00E+00 GAP:0.13, A:50.34, C:0.13, G:49.4 - -

16093 7,39E-03 GAP:4.3, A:21.3,C:4.3,G:6.4, T:63.8 - -

16189 8,42E-03 | GAP:2.13, A:19.15, C:40.42, G:8.51, T:29.79 - -

16189 8,42E-03 | GAP:2.13, A:19.15, C:40.42, G:8.51, T:29.79 - -

16217 5,62E-04 GAP:14.89, A.}r():f23l,5(5:.25.53, G:6.38, ) i

16223 3,46E-03 GAP:8.51, A:23.40, C:44.68, T:23.41 - -

16223 3,46E-03 GAP:8.51, A:23.40, C:44.68, T:23.41 - -

16293 1,59E-03 A:51.06, C:19.15, G:4.26, T:25.53 - -

16362 6,27E-03 A:25.53, C:19.15, T:55.32 - -




7.2 Annex 2 .
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1 Introduction

It is now accepted that mitochondria descend from
prokaryotic endosymbionts and that inter-organelle DNA
transfer has been rearranging genetic material between the
nucleus and mitochondria. Moreover, it seems that the
transfer of DNA from mitochondria to the nucleus has
contributed significantly to the evolution and function of
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Human mitochondrial DNA complete
amplification and sequencing: A new
validated primer set that prevents nuclear
DNA sequences of mitochondrial origin
co-amplification

To date, there are no published primers to amplify the entire mitochondrial DNA
(mtDNA) that completely prevent the amplification of nuclear DNA (nDNA) sequences
of mitochondrial origin. The main goal of this work was to design, validate and describe a
set of primers, to specifically amplify and sequence the complete human mtDNA,
allowing the correct interpretation of mtDNA heteroplasmy in healthy and pathological
samples. Validation was performed using two different approaches: (i) Basic Local
Alignment Search Tool and (ii) amplification using isolated nDNA obtained from sperm
cells by differential lyses. During the validation process, two mtDNA regions, with high
similarity with nDNA, represent the major problematic areas for primer design. One of
these could represent a non-published nuclear DNA sequence of mitochondrial origin.
For two of the initially designed fragments, the amplification results reveal PCR artifacts
that can be attributed to the poor quality of the DNA. After the validation, nine over-
lapping primer pairs to perform mtDNA amplification and 22 additional internal primers
for mtDNA sequencing were obtained. These primers could be a useful tool in future
projects that deal with mtDNA complete sequencing and heteroplasmy detection, since
they represent a set of primers that have been tested for the non-amplification of nDNA.

Keywords:
Mitochondrial DNA / Nuclear DNA sequences of mitochondrial origin / Primer
design DOI 10.1002/elps.200800601

2

eukaryotic genomes (for a review see Leister [1]). Almost all
the present-day mitochondrial DNA (mtDNA) transfers to the
nucleus give rise to non-coding sequences, the so-called
nuclear DNA sequences of mitochondrial origin (NUMTs).
Human NUMT loci are evenly distributed within and among
chromosomes [2—4], and up to 9857 bp of the human mtDNA
can be found at a single nuclear locus [5]. However, only
about a third of all NUMTs present in the human nuclear
genome are due to insertions of mitochondrial sequences, the
rest being originated as duplications of pre-existing NUMTs
[6]. Moreover, a subset of human NUMTs is highly
rearranged, comprising sequences derived from different
regions of the organellar chromosome that have undergone
inversions, deletions and duplications [3-5, 7].

A comparison of published compilations of NUMTs
clearly shows significant discrepancies among data [8]. For
example, in relatively recent studies, Ricchetti et al. [9],
Mishmar et al. [10] and Hazkani-Covo and Dan Graur [11]
identify 211, 247 and 452 NUMTS, respectively. According to
Lascaro et al. [8] these discrepancies are due both to an unwise
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application of Bioinformatic methods and to the use of a not
yet correctly assembled nuclear genome. Thus, to optimize the
quantification and location of NUMTS, the authors produced a
consensus compilation of Human NUMTs - Reference
Human Numt Sequences (RHNumtS)- by applying various
bioinformatics and experimental approaches. This allows the
identification of 190 human NUMTs that could constitute a
valuable tool in the implementation of experimental designs of
mtDNA amplification and sequencing.

The human mtDNA has been widely used in population
genetics, phylogeographic and phylogenetic studies, because
it presents a high copy number per cell, a compact organi-
zation, is maternally transmitted and provides an easy
access to an orthologous set of genes with little or no
recombination, with rapid evolution and that are selectively
neutral [12, 13]. However, this traditional view has been
challenged. Many works have been published pointing out:
(i) the possibility of recombination of the mtDNA [14, 15];
(ii) the hypothesis that mtDNA frequency variation is due to
natural selection [16-18] and (iii) that mitochondrial DNA
heteroplasmy is not an exceptional condition related to
mitochondrial disease [19-27].

The majority of population studies based on the mtDNA
sequencing have focused on the control region, which
constitutes less than 7% of the mitochondrial genome.
However, the routinary study of the coding region has been
performed for a long time to study the implication of
mtDNA in diseases such as cancer [28]. Moreover, in the last
years, the rapid development of automated DNA sequencing
technology has permitted to study the complete mtDNA
genome in a large number of healthy individuals [29-35].
Many of these studies, particularly those that deal with the
study of mtDNA in pathological samples, have been severely
criticized and a large number of manuscripts addressing
errors related to the interpretation of mtDNA results
(particularly mtDNA heteroplasmy) have been published
[21, 36-42]. One of the critiques reported is that NUMTSs are
a potential source of contamination when PCR is used to
study mtDNA [42]. Although this problem has previously
been considered to be muted because of the high copy
number of mtDNA over the corresponding nuclear loci,
caution is warranted [42-44] since amplification of over-
lapping NUMTs paralogous to the mitochondrial genome
indicates that co-amplification of nuclear mitochondrial
pseudogenes is a real problem for accurate sequence inter-
pretation, and particularly for the interpretation of mtDNA
heteroplasmy [42, 44]. Parr et al. [44], in a study performed
with p0 cells, suggested that among the factors that deter-
mine whether an NUMT will or not co-amplify with
mtDNA, there are the region of the mtDNA targeted by the
PCR and the number of copies of the NUMT. Moreover,
samples of ancient DNA or a tissue with a reduced quantity
of mtDNA copy number, in both physiological (sperm) and
pathological states, also seem to be important factors that
could determine the amplification of NUMTs [44, 45].
Although, Goios and co-workers [44, 45] stated that, in
standard sequencing of samples used in a population

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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characterization [29, 30], the amplification of NUMTs does
not constitute a real problem (since the mtDNA content of
samples is much higher than the content of nuclear DNA
(nDNA) and the detection of mtDNA heteroplasmy is not a
priority), Yao et al. demonstrate that it can occur even when
standard samples are used [42].

To date, primers to amplify the entire mtDNA have
already been published [31, 34, 46], however, none of the
published sets completely prevents the amplification of
NUMTSs. The main goal of this work was to design, validate
and describe a set of primers to specifically amplify and
sequence the complete human mtDNA, allowing the correct
interpretation of mtDNA heteroplasmy in healthy and
pathological samples.

2 Materials and methods
2.1 Primer design and validation

In order to analyze the whole mitochondrial genome,
primers previously published [34] were tested and new ones
were designed. The primer design was performed using the
Lasergene 7.2 software, from the DNASTAR package,
following the general criteria of primers design [47].
Particular attention was devoted to adjust, as much as
possible, the melting temperatures (T,,) of all the primer
pairs.

To discard co-amplifications of nDNA and mtDNA, PCR
primers were submitted to the Basic Local Alignment
Search Tool (BLAST) available in the National Center for
Biotechnology Information (http://www.ncbi.nlm.nih.gov/
BLAST/) [48]. BLAST finds regions of local similarity
between sequences comparing nucleotide sequences with
sequence databases and calculating the statistical signifi-
cance of matches. In this work, the specific tool Basic
BLAST, optimized for highly similar sequences (Megablast),
was performed using the Reference genomic sequence database
for Homo sapiens (refseq_genomic: Genomic sequences
from National Center for Biotechnology Information
Reference Sequence Project). A primer pair was discarded if
both primers showed homology (expected number of chance
matches in a random model — E-value — lower than 1) inside
the same chromosome region.

After BLAST validation, primers were further tested in
PCR experiments employing total DNA standard samples
(see Section 2.2) and nDNA obtained from sperm cells. The
nDNA isolation was performed by sperm differential lyses
using the QIAmp DNA Investigator Kit (Qiagen) according
to the manufacturer’s specifications. To guarantee the
complete mtDNA elimination, the initial washing step
mentioned in QIAmp DNA Investigator Kit manual was
repeated at least four times. Moreover, to ensure the integ-
rity of nDNA, Y-chromosome STRs were amplified using
AmpFISTR® Y-filer " PCR kit (Applied Biosystems), under
conditions recommended by the manufacturer and all the
markers were correctly amplified.
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Table 1. Validated primers to amplify the complete mtDNA in nine overlapping fragments. Melting temperatures (T,,,) and annealing

temperature (T,) for each pair of primers are also presented

Fragment Fragment length Name Sequence (5-3') Primers pair length (bp) T, Tm

1 1822 14898for tagccatgcactactcaccaga 22 60 60.3
151rev ggatgaggcaggaatcaaagac

2 1758 16488for® ctgtatccgacatctggttcct 22 60 60.3
1677rev® gtttagctcagagcggtcaagt

3 2543 1404for® acttaagggtcgaaggtggatt 22 57 58.4
3947rev tcgatgttgaagcctgagacta

4 3005 3734for aagtcaccctagccatcattcta 23 61 58.9
6739rev gatatcatagctcagaccatacc

5 2709 6511for ctgctggcatcactatactacta 23 58 58.9
9220rev gattggtgggtcattatgtgttg

6 1738 8910for® cttaccacaaggcacacctaca 22 61 60.3
10648rev ggcacaatattggctaagaggg

7 1866 10360for gtctggcctatgagtgactaca 22 61 60.3
12226rev cagttcttgtgagctttctcgg

8 1853 11977for ctccctetacatatttaccacaac 24 63 59.3
13830rev aagtcctaggaaagtgacagcga 23 60.6

9 1872 13477f0r?) gcaggaatacctttcctcacag 22 63 60.3
15349rev? gtgcaagaataggaggtggagt

a) Oligonucleotides are from Torroni et al., [34].

2.2 Total DNA extraction, amplification and
sequencing of the entire mtDNA

Total DNA from blood samples was extracted using
JETQUICK Blood DNA Spin Kit (Genomed) and isoamilic
phenol-chloroform [49].

Optimized primers and PCR conditions for the mtDNA
amplification are reported in Table 1. The PCR mix for each
sample consisted of 50 pmol of each primer, 200 pM of each
dNTP, 2 mM of MgCl,, 10 x NHy-based reaction buffer, 1 U
of Tag DNA polymerase, and 30 ng of DNA in a final volume
of 50 uL. The PCRs were performed in a G-Storm GS1
thermocycler and the amplification program consisted of an
initial denaturation step of 5 min, followed by 35 cycles of
PCR (1 min at 94°C, 40 s at annealing temperature (T,) and
2.5 min at 72°C), and a final extension step of 5 min at 72°C.
The PCR amplification results were visualized by electro-
phoresis in agarose gels (2%).

PCR products were purified using the JETQUICK PCR
Purification Spin Kit (Genomed) and the mtDNA was fully
sequenced in both strands using 62 primers (Table 2).
Sequence reactions were carried out using the sequencing
kit BigDye Terminator v.3 (Applied Biosystems) according
to the manufacturer’s specifications and were run in an ABI
3130XL sequencer (Servei de Genomica, Universitat
Autonoma de Barcelona).

2.3 Cloning
PCR products that, in the optimization process, show

consistently more than a one size product, were cloned into
the pCR®4-TOPO™ vector, using the TOPO TA Cloning®

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Kit for Sequencing (Invitrogen). Ten clones were sequenced
using the previously explained methodology.

3 Results
3.1 Primer design and validation

From the primers reported in the literature for the complete
mtDNA amplification, we evaluated the 11 primer pairs
published by Torroni et al. [34] since, compared with other
works, the authors define a small number of fragments (see
Table 2 in Torroni et al. [34]). These primers were tested
using BLAST. After this analysis, four pairs of primers that
show high similarity with nuclear regions were rejected.
The BLAST analysis allows detecting two major
problematic regions for primer design. The first one, located
between 3914 and 9074 mtDNA positions, presents a 98%
similarity with a region within chromosome 1 (see BLAST
results as online Supporting Information data); the second
one encompasses the region located between 9582 and
14479 mtDNA positions and it shows a 88% similarity with
a region within chromosome 5 (see BLAST results as online
Supporting Information data). For these regions new
primers were designed and verified until the selective
amplification of mtDNA was obtained. The 3914-9074
region (Fig. 1) was split into two fragments (fragments 4
and 5 in Fig. 1); For each primer pair, one of the primers
was designed outside the 3914-9074 region, preventing the
amplification of the homologue region of chromosome 1.
For the 9582-14479 region (Fig. 1), minimum of four
fragments with ~2000bp were necessary to completely
amplify it. Thus, the previous strategy could only be applied
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Table 2. Primers designed to sequencing the whole mtDNA after PCR amplification in nine overlapping fragments

Fragment Name/sequence (5'-3')
1 14898for 15416for 15966for
tagccatgcactact ] t gacgccecte agtctttaactccaccattag
151rev 16281rev 15825rev
ggatgaggcaggaatcaaagac gttggtatcctagtgggtgag gtgaagtatagtacggatgct
2 16488for 41for 909for
ctgtatccgacatctggttcct cggtatgcacttttaacagtc gattaacccaagtcaatagaa
1677rev 1159rev 638rev
gtttagctcagagcggtcaagt taagctgtggctegtagtgt ggtgatgtgagcccgtctaaa
3 1404for 2028for 2646for 3239for
acttaagggtcgaaggtggatt gatagaatcttagttcaactt ggttcagetgtctettacttt gcagagcccggtaatcg
3947rev 3382rev 2801rev 2263rev
tcgatgttgaagcctgagacta ttegttcggtaagcattagga taatgcaggtttggtagttta gggtgtgaggagttcagttat
4 3734for 4346for 4896for 5468for 5995for
aagtcaccctagccatcattcta gaacccatccctgagaatcca taccaaatctctccctcacta cacgctactcctacctatcte cagctctaagcctecttatte
6739rev 6154rev 5571rev 5017rev 4421rev
gatatcat: g t ag t g actgagg gaggagtatgctaagattttg cttatttagctgaccttactt
5 6511for 7111for T713for 8311for
ctgctggcatcactatactacta acaccctagaccaaacctacg tcctaacactcacaacaaaac tagcattaaccttttaagtta
9220rev 8600rev 8000rev 7359rev
gattggtgggtcattatgtgttg agaatgatcagtactgcggeg caacgtcaaggagtcgcaggt ctactattaggacttttcgct
6 8910for 9393for 9874for
ctta ag taca cgaga t ggc taatatttcactttacatcca
10648rev 10154rev 9647rev
ggcacaatattggctaagaggg ttetatgtagecgttgagttg agctcaggtgattgatactcc
7 10360for 10892for 11461for
gtctgg t tatttagc actcttaaaactaggcggcta
12226re 11673rev 11163rev
cagttcttgtgagctttctcgg gtttggatgagaatggctgtt cgggtgatgatagccaaggtg
8 11977for 12500for 12988for
ctccctetacatattt tgtgcct ctagcagcageag
13830rev 13297rev 12763rev
aagtcctaggaaagtgacagcga ggttgatgccgattgtaacta cgatgaacagttggaataggt
9 13477for 13950for 14440for
gcaggaatacctttcctcacag ctatctaggccttcttacgag atactcctcaatagccatcege
15349rev 14838rev 14325rev
gtc agg gcggagatgttggat aactttaatagtgtaggaagc

for flanking fragments (fragments 6 and 9 in Fig. 1),
and the primers used to amplify the two fragments that
were placed completely within the region (fragments 7 and 8
in Fig. 1) were designed in low-sequence similarity
regions.

After BLAST validation, PCR optimization was per-
formed using three samples of total DNA extracted using
JETQUICK Blood DNA Spin Kit (Genomed). Surprisingly,
the outcome of the amplifications of fragments between
positions 12012-13828 and 3798-6739 resulted in more
than one PCR product. However, a new amplification with a
different sample isolated with isoamilic phenol-chloroform
[49] was carried out and only one PCR fragment (with the
expected size) was obtained (Fig. 2). These results allow to
hypothesize that: (i) the observed additional bands corre-
spond to deletions in mtDNA; (ii) the amplification of an
NUMT not detected by BLAST analysis; (iii) the extraction
method influences the DNA quality and by consequence the

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

PCR performance and specificity, resulting in unspecific
amplification of nuclear or mtDNA. To test these hypoth-
eses the fragment 12012-13828 was cloned into the pCR"™4-
TOPO™ vector, using the TOPO TA Cloning® Kit for
Sequencing (Invitrogen) and ten clones were sequenced.
The resulting sequences were tested with BLAST showing a
complete homology with mtDNA. A careful analysis reveals
that the PCR forward primer hybridized with two close
regions of mtDNA: the target region and another one that
present several differences with the primer. Therefore, the
amplification result is an artifact that can be attributed to the
poor quality of DNA. For this reason, the forward primer
was redesigned and tested again as previously described.

Finally, to discard co-amplifications of nDNA and
mtDNA, which could not be deduced by BLAST analysis,
PCR amplifications were performed using isolated nDNA
obtained from sperm cells. The PCR primers were tested
and no positive amplifications were observed.

www.electrophoresis-journal.com
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Figure 1. Schematic representation of mtDNA. The nine overlapping fragments defined to PCR amplify the complete mtDNA genome
are represented as well as the two nuclear regions with high homology with mtDNA.

3.2 PCR and sequencing primers to mtDNA analysis

For these primers, validated as previously explained,
melting temperatures were adjusted as much as possible
and the annealing temperatures were obtained by a PCR
gradient being selected the highest temperature that shows
positive amplification. In Table 1 PCR primers and
annealing and melting temperatures to amplify the nine
overlapping fragments that cover the entire mtDNA (Fig. 1)
are reported. Some of the primers were previously published
by Torroni et al. [34] and the remaining ones were designed
for this study.

Since the size of fragments is of ~2000Dbp, internal
primers were designed to fully sequence both strands of
each fragment. In Table 2 the sequence of the primers to
sequence each fragment in both stands are shown. All the
primers were tested to sequence three samples and a good
efficiency of sequencing was obtained.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

4 Discussion

The PCR amplification and sequencing of mtDNA is
routinely used in many research fields; however, the
interpretation of results, particularly of mtDNA heteroplas-
my, could be complicated by the co-amplification of NUMTs
[42, 44]. Therefore, an effort to design PCR primers that
selectively amplify mtDNA must be performed. In this work
we report a set of primers to amplify the whole mtDNA that
were validated using the BLAST analysis and by the
performance of PCR amplifications using nDNA isolated
from sperm cells.

The BLAST search allowed the identification of two
problematic regions in primer design (region 3914-9074
of the mtDNA present in chromosome 1 and region
9582-14479 present in chromosome 5). Region 3914-9074
was previously reported [8] as presenting a high sequence
similarity with a region within chromosome 1, a result

www.electrophoresis-journal.com
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Figure 2. Gel electrophoresis showing amplification results
between positions 12012 and 13828 using blood samples
extracted with different methods. (a) JETQUICK Blood DNA
Spin Kit (Genomed); (b) isoamilic phenol-chloroform.

that is in accordance with our results. However, the
presence of an NUMT in chromosome 5, which shows a
high identity with the 9582-14479 region of the mtDNA,
was not reported in previous studies; accordingly, this
region could represent a non-reported NUMT and this
deserves further investigation.

According to Goios et al. [45] the amplification of
NUMTs can only be obtained when mtDNA is almost
completely removed from the samples, such as those
resulting from preferential semen lyses. Thus, to test the
proposed set of primers for the selective amplification of
mtDNA, we used a sperm sample that was submitted to
DNA extraction using four steps of preferential lyses and for
which Y-STRs were successfully amplified and no signs of
amplification with the designed primers were detected. This
result indicates that the proposed primers specifically
amplify mtDNA and we can ensure that no NUMTs will be
amplified if this set of nine pair primers is used.

The primers proposed amplification regions of about
2000 bp of mtDNA. As a consequence, in some samples
(such as ancient and forensic ones) it would be almost
impossible to obtain PCR amplifications with this set of
primers. To overcome this problem, we suggest that addi-
tional primers within each fragment could be designed
using a similar strategy to that applied for fragment
958214479, that is, locating primers in regions that show
low homology with nDNA.

5 Concluding remarks
In conclusion, we report a set of primers that permit the
selective amplification and sequencing of the whole mtDNA

in nine overlapping fragments. These primers could be a
useful tool in future projects that deal with mtDNA

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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complete sequencing since they represent the first
published set of primers tested for the non-amplification
of nDNA and therefore suitable for the screening of
mtDNA heteroplasmy in both standard and pathological
samples.

This work was supported by MEC (project: CGL2006 —
07374) and by the Instituto de estudios zamoranos Floridn de
Ocampo. We are indebted to all the sample donors and with the
personal of the Provincial Hospital of Zamora ‘“Rodriguez
Chamorro”.
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Electrophoresis 2011, 32, 782-783
Short Communication

Validated primer set that prevents nuclear
DNA sequences of mitochondrial origin co-
amplification: A revision based on the New
Human Genome Reference Sequence
(GRCh37)

A new human genome reference sequence — GRCh37 — was recently generated and
made available by the Genome Reference Consortium. Since the prior disposable human
reference sequence — hgl8 — was previously used for the mitochondrial DNA primer
BLAST validation, a revision of those previously published primer pairs is required.
Thus, the aim of this Short Communication is to perform an in silico BLAST test of the
published disposable nine primer pairs using the new human reference sequence and to
report the pertinent modifications. The new analysis showed that one of the tested
primer pairs requires a revision. Therefore, a new validated primer pair, which specifi-
cally amplifies the mitochondrial region located between positions 6520 and 9184, is
presented.

Keywords:
Mitochondrial DNA / Nuclear sequences of mitochondrial origin / Primer design

Recently, a paper that deals with the complete amplification
of Human mitochondrial DNA (mtDNA) was published in
this journal [1]. The main goal of the mentioned work was to
design, validate and describe a set of primers, to specifically
amplify and sequence the complete human mtDNA,
allowing the correct interpretation of mtDNA heteroplasmy
in healthy and pathological samples. According to the
authors, the interpretation of mtDNA data, particularly
the presence of heteroplasmy, could be complicated due to
the co-amplification of mtDNA and nuclear sequences of
mitochondrial origin (NUMTS) [2, 3]. Therefore, an effort to
design PCR primers that selectively amplify mtDNA was
necessary. In accordance, Ramos et al. [1] proposed a set of
nine primer pairs to amplify the whole mtDNA. Primers
were validated, through the Basic Local Alignment Search
Tool (BLAST) available in NCBI (National Center for
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BLAST/) [4], and subsequently tested using a nuclear DNA
(nDNA) sample.

In Ramos et al. [1], the human reference sequence hgl8
was used in the in silico primer validation. However, a new
human reference sequence — GRCh37 — was recently (February
2009) generated by the Genome Reference Consortium. Thus,
the aim of this work is to test again with BLAST the previously
published primers using the new human reference sequence
and to report the pertinent modifications.

Accordingly to the latest human reference sequence
update, one of the most problematic NUMTs for the primer
design appears to be larger than earlier reported. This nuclear
sequence is located in chromosome 1 and presents a 98% of
homology with one-third of the mtDNA. This redefined
NUMT (detailed and described as online Supporting Infor-
mation S1) lays between positions 564461 and 570 304 (in
relation to the Homo sapiens chromosome 1, GRCh37 primary
reference assembly — NC_000001), and presents a 98%
homology with the region 3911-9755 of human mtDNA [5].

The new in silico analysis revealed that one of
the nine previously described primer pairs, specifically
the one designed to amplify the 2709-bp region of the
mtDNA, located between positions 6511 and 9220 (fragment
5 in Table 1 of Ramos et al. [1]), lies on the redefined
homologous region. Thus, an accidental co-amplification of
mtDNA and nDNA could occur. The described NUMT
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Table 1. New validated primer pair to amplify the mtDNA region affected by the new updated NUMT is reported. Melting temperatures

(T) are also presented

Fragment Fragment length Name Sequence (5-3') Primers pair length (bp) Tn
5 2664 6520for tcactatactactaacagaccge 23 58.9
9184rev gtagaggcttactagaagtgtg 22 58.4

The primer base located in position 3’ that differs from the sequence of chromosome 1 is shown in bold.

appears to be Human specific since it is present in Homo
sapiens but it is not present in other primates (see alignment
results as online Supporting Information S2). To date, its
variability (presence/absence) in Human population is
unknown, and we cannot discard the possibility of nDNA
co-amplification at least in some individuals. For this
reason, a new design, description and in silico validation
(according to the methods presented in [1]) of the fragment
5 primer pair is presented.

The size of the redefined chromosome 1 NUMT does not
allow locating a primer out of this region following a normal
PCR amplification strategy. Consequently, a new approach to
primer design was undertaken: (i) primers were relocated to
areas with low degree of homology with chromosome 1 and
(ii) the 3’-end of each primer were located in mismatch
positions relatively to chromosome 1 sequence. Therefore,
the possibility of co-amplification of nDNA and mtDNA is
reduced. Optimized primer pair and PCR conditions for this
concrete region of mtDNA are reported in Table 1. Internal
sequence primers previously reported [1] are not affected and
can still be used to sequence this region.

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Nuclear insertions of mitochondrial origin (NUMTs) can be useful tools in evolution and population studies.
However, due to their similarity to mitochondrial DNA (mtDNA), NUMTs may also be a source of contamina-
tion in mtDNA studies. The main goal of this work is to present a database of NUMTSs, based on the latest ver-
sion of the human genome—GRCh37 draft. A total of 755 insertions were identified. There are 33 paralogous
sequences with over 80% sequence similarity and of a greater length than 500 bp. The non-identical positions
between paralogous sequences are listed for the first time. As an application example, the described database

ﬁ%;gd& is used to evaluate the impact of NUMT contamination in cancer studies. The evaluation reveals that 220 po-
Insertions sitions from 256 with zero hits in the current mtDNA phylogeny could in fact be traced to one or more nucle-
Heteroplasmy ar insertions of mtDNA. This is due to they are located in non-identical positions between mtDNA and nuclear
Cancer DNA (nDNA). After in silico primer validation of each revised cancer study, risk of co-amplification between

mtDNA and nDNA was detected in some cases, whereas in others no risk of amplification was identified. This
approach to cancer studies clearly proves the potential of our NUMT database as a valuable new tool to val-
idate mtDNA mutations described in different contexts. Moreover, due to the amount of information provided
for each nuclear insertion, this database should play an important role in designing evolutionary, phylogenetic
and epidemiological studies.

© 2011 Elsevier B.V. and Mitochondria Research Society. All rights reserved.

1. Introduction

The evolution of eukaryotic cells is linked to the phenomena of en-
dosymbiosis and it is widely accepted that DNA transfer occurs be-
tween the cellular organelles (mitochondria and chloroplasts) and
the nucleus. The general evolutionary tendency is a reduction in the
gene content of cellular organelles to avoid genetic redundancy
(Kleine et al., 2009). Although the origin of this transfer is unknown
(Blanchard and Lynch, 2000), it is accepted that it was an important
evolutionary mechanism in the prokaryotic-eukaryotic transition
and it appears that it was in the early endosymbiosis when this trans-
fer was the most significant. DNA transfer from cellular organelle to
the nucleus is a process that remains active (Hazkani-Covo et al.,
2010; Hazkani-Covo and Graur, 2007; Ricchetti et al., 2004) and has

* Corresponding author at: Unitat d'Antropologia Biologica, Departament Biologia Ani-
mal, Biologia Vegetal i Ecologia, Universitat Autobnoma de Barcelona, 08193 Cerdanyola del
Vallés, Barcelona, Spain. Tel.: +34 935811503; fax: +34 935811321.

E-mail address: cristina.santos@uab.cat (C. Santos).

resulted in the formation of pseudogenes, known as NUMTs (nuclear
insertions of mitochondrial origin) or NUPTs (nuclear insertions of
chloroplast origin) depending on whether they are of mitochondrial
or chloroplast origin (Leister, 2005). These insertions are non-
uniformly distributed throughout the genomes and the patterns that
enable prediction of the insertion position are currently unknown
(Bensasson et al., 2001).

The most parsimonious explanation for the origin of specific NUMT
integration is the non-homologous end joining (NHEJ) repair mecha-
nism. NHE] is the major mechanism of double-strand break repair
(DSBR) in mammalian cells and during this process, NUMTs appear to
prevent chromosomal deletions primarily through blunt-end repair
(Hazkani-Covo and Covo, 2008).

De novo NUMT insertions have been described as being associated
to diseases and to the aging process (Caro et al., 2010; Goldin et al.,
2004; Turner et al., 2003). However, most reported NUMTs are poly-
morphic or fixed into the species.

Since the mutation rate is higher in mitochondrial DNA (mtDNA)
than in nuclear DNA (nDNA), once an insertion is fixed, it undergoes a
different evolutionary process to that of the original mtDNA sequence.

1567-7249/$ - see front matter © 2011 Elsevier B.V. and Mitochondria Research Society. All rights reserved.

doi:10.1016/j.mito.2011.08.009
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Thus, NUMTSs are considered molecular fossils that provide information
about the mtDNA ancestral state, allowing to root intra-specific mtDNA
phylogenetic trees without needing an outgroup species. Moreover,
they can be used as tools in the study of the evolutionary history of
populations (Ricchetti et al., 2004; Thalmann et al., 2005; Turner et al.,
2003) and in the establishment of molecular phylogenies (Hazkani-
Covo, 2009; Hazkani-Covo and Graur, 2007; Jensen-Seaman et al.,
2009).

Due to the similarity with mtDNA, NUMTs are a potential source of
contamination in mtDNA studies based on PCR amplification (Parr et
al., 2006b; Yao et al., 2008). Although this problem has previously
been considered to be muted in consequence of the high copy number
of mtDNA compared with the corresponding nuclear loci, caution is
mandatory (Parfait et al,, 1998) since amplification of NUMTSs is a real
problem for accurate sequence interpretation, and particularly for the
interpretation of mtDNA heteroplasmy (Parr et al., 2006a, 2006b). Parr
et al. (2006b), in a study performed with rhoO cells, suggested that
one of the most important factors that determine whether a NUMT
will or will not co-amplify with mtDNA are the region of the mtDNA tar-
geted by the PCR and the number of NUMT copies. Moreover, samples of
ancient DNA or any tissue with a low mtDNA copy number, in both nor-
mal and pathological states (such as, for example, tumor samples), also
seem to be important factors that could determine the co-amplification
of NUMTSs (Goios et al., 2008; Parr et al., 2006b). Goios et al. (2008) stat-
ed that, in standard sequencing of samples used for population charac-
terization, the amplification of NUMTs does not constitute a real
problem, since the mtDNA content in samples is much higher than the
nDNA content and the detection of mtDNA heteroplasmy is not a prior-
ity. Yao et al. (2008) demonstrated, nevertheless, that co-amplification
of NUMTs can occur even when samples of a standard quality and
amount are used.

From the analysis of several studies concerning the prevalence of
NUMTs, a very different number of nuclear insertions of mitochondrial
origin are reported. This discordance can be attributed to different fac-
tors: 1) after insertion of a NUMT, it becomes susceptible to suffering
post-insertional processes, such as duplications, translocations, dele-
tions, etc., that alter the initially inserted sequence (Hazkani-Covo et
al., 2003, 2010); these post-insertional processes have not been equally
considered in different studies; and 2) there are no unified criteria for
the in silico detection of NUMTSs. This lack of standardization affects
both the selection of bioinformatic tools as well as the criteria for accep-
tance or not of the NUMT paralogous sequences (Lascaro et al., 2008).
On the other hand, the existing NUMT compilations were based on a
previous version of the Human Genome Reference Sequence, instead
of the current version (GRCh37) and an update is required. This update
would be useful for population and phylogenetic studies and the pre-
vention of mtDNA and nDNA co-amplification.

The main goal of this study is to present a comprehensive database of
NUMTs, based on the latest version of the human genome — GRCh37
draft. Moreover, as an application example, the described database is
used to assess the impact of NUMT contamination on cancer studies.

2. Materials and methods
2.1. Updating of insertions of mitochondrial origin database

NUMT detection was performed in silico; the new version of the
human genome draft (GRCh37) and the criteria for NUMTs detection
proposed by Hazkani-Covo and Graur (2007) were used. The Basic
Local Alignment Search Tool (BLAST), available from the NCBI (National
Center for Biotechnology Information: http://www.ncbi.nlm.nih.gov/
BLAST/) (Altschul et al., 1990), was used to identify regions of similarity
between mitochondrial and nuclear genomes. The Human mtDNA Ref-
erence Sequence (NC_012920) was compared against the human
RefSeq Genomic database at NCBI. The similar nucleotide sequences
were found using the RemoteBlast package in Bioperl bundle (Stajich

et al., 2002) with the parameters set to restrict the search to human or-
ganism and the E-value of 10> (Hazkani-Covo and Graur, 2007).
Moreover, regions with less than 20 bp were excluded. The BLAST re-
port contains the basic information for each hit and the lists of the iden-
tical positions in the high scoring alignment pairs, both in the query and
in the hit sequence. An in-house Perl script was written to further pro-
cess this information. For each alignment pair, the array of sites listed
in the query range was compared against the identical sites found.
The same was carried out for positions in the hit range, and finally the
sites of interest, namely the non-identical nucleotides, were extracted.

BLAST results were manually inspected to select only the hits obtained
for the GRCh37 primary reference assembly and no post-insertional pro-
cesses were taken into account.

2.2. Applications to cancer

MtDNA mutations previously described in cancer samples, and clas-
sified as having zero hits in the mtDNA phylogeny (that are therefore
not polymorphic in human populations) by Santos et al. (2008) were
used to evaluate the impact of NUMT contamination in cancer studies.
First, mutations compiled by Santos et al. (2008) were re-evaluated
using the updated mtDNA phylogeny - mit. Tree build 8 - (Van Oven
and Kayser, 2009) and mutations that had one or more hits in the
new phylogeny were not considered for subsequent analysis.

Mutations detected in cancer, with no hits in the mtDNA phylogeny,
were then searched in the database of non-identical positions between
the paralogous sequences. Furthermore, for those studies in which mu-
tations coincided with non-identical positions between the paralogous
sequences, an in silico validation of primers used in each study was per-
formed. In brief, the PCR primers were submitted to BLAST. The specific
Basic BLAST tool, optimized for highly similar sequences (Megablast),
was performed using the Reference Genomic Sequence database for
Homo sapiens (refseq_genomic: Genomic sequences from National
Center for Biotechnology Information Reference Sequence Project).
If both primers showed homology (expected number of chance matches
in a random model - E-value - lower than 1) inside the same chromo-
some region they were selected as being susceptible to co-amplify
mtDNA and nDNA.

3. Results

3.1. Database of nDNA sequences of mitochondrial origin based on the
GRCh37 Human Genome Reference Sequence

The NUMT database based on the GRCh37 Human Genome Refer-
ence Sequence is reported in reported in Table I (Online Supplementary
Material I). Additionally, a BLAST-searchable database of all NUMTSs is
also reported in Online Supplementary Material II.

Seven hundred and fifty-five insertions were found to be spread
throughout the entire genome. For each insertion the following informa-
tion is reported: location at the chromosome; length of the chromosome;
access number; score and the E-value of the match; fraction and the per-
centage identity; number of gaps; total length of match (alignment
mtDNA/nDNA); the effective length in nDNA and in the mtDNA; the
number of identical positions; the region in the mtDNA and nDNA; and
finally, matrix of the identical and non-identical positions in mtDNA
and nDNA (Fig. 1).

The 755 insertions are distributed throughout the genome with var-
iable frequencies and sizes for each chromosome (Table 1 and Fig. 2). A
large number of insertions are observed in most chromosomes. There
are only six chromosomes (14, 15, 16, 18, 20 and Y) that accumulate
15 or fewer insertions, representing less than 2% of the total insertions
present in each.

There is a positive correlation between the number of insertions and
chromosome size (Spearman correlation: 0.822 p<0.001) (Fig. 3a).
Chromosome 2, the second largest chromosome in relation to the entire
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(164), Expect = 6e-33
(72%), Gaps = 17/311 (5%)

Strand=Plus/Minus

Query 12032 ARCATARRAC CCTCATTCACACGAGMAH?IACCCTCﬁTGTTChThChCCThTCCCCCATT 12091
FEEEE TEEEE PR e 30000 1 I
Sbjct 943897832 AACATTARACCATCATTCACACGAGAARRN:-- ATATTCTAATACTTATATAT--TT 94387782
Query 12092 CTCCTCCTATCCCTCAACCCCGACATCATTACCGGGTTTTCCTCT--TGTAAATATAGTT 12149
[ R e A N e e AR | e
Sbjet 94387781 CTTCTCCTATCAC--AACCCCCAAACTATT--CTAGTACCCATATATTATAAATATTGTT 94387726
Query 12150 TAACCAARACATCAGATTGTGAATCTGACAACAGAGGCTTACGACCCCTTATTTACCGAG 12209
FEETREREEr v rerrren PEEErerr e e et 1l
Sbjet 94387725 AAAC-AARACATTATATTGTGACTAAAACAACAGAAGCCTAAAACTCCTTATTTACTGAG 94387667
Query 12210 ARRCTCA AAGAACTGC'I‘RACT':ATGCCCCCATGTCTMCMCETGGCTTTCTCMCTT 12269
(RN FETEEE DI rrimrree veeeer v ve v e reeeetd
Sbjct 94387666 AAAGTAAG MCTACTthCTFATGCCTCCATGTI\GMTMTATTG TTTTTCAACTT 94387608
Query 12270 TTAAAGGATAACAGCTATCCATTGCTCTTAGGCCCCARAAAATTTTGCGTGCARCTCCARAT 12329
FEEeer e 1 A A A e N e A N AR NN AR
Sbhjct 94387607 TTAAAGCATAGAAATAATCCGCTGGAGTTAGGAGCTAAAAAAATGAGTGTAACTCCAAAT 94387548
Query 12330 ARAAGTAATAR 12340
FEEEE LRLE
Sbjct 94387547 AAAAGCAATAA 94387537

Fig. 1. Alignment between mtDNA (region 12,032-12,340) and a NUMT located in chromosome 1 (region 94,387,537-94,387,832). Examples of identical positions (box _
) and gap region (box ...... ) are shown. Length in nDNA: 296 bp; length in mtDNA: 309 bp; total length of match: 311 bp.

non-identical position (box

genome (7.86%), appears as an outlier. It encompasses 106 insertions
(representing 14.04% of total number of insertions), nearly double the
number of insertions that would be expected (Fig. 3a).

The correlation between the size of insertions and their representa-
tion on each chromosome is also positive and significant (Spearman
correlation: 0.587 p=0.003). However, two outliers, chromosomes 2
and 3, were identified (Fig. 3b). As before, chromosome 2 is an outlier
containing the highest number of insertions. But the length of insertions
is quite short, covering only 0.96% of the total length of insertions
(Table 1). On the contrary, chromosome 3, which is also one of the larg-
est (6.40% in relation to the entire genome) with a relatively high

Table 1

——h

frequency of insertion (representing 5.83% of total number of insertion),
presents the highest total length of insertions (17.78%). In both ana-
lyses, chromosome 2 appears as an outlier. This would suggest a differ-
ential evolution of this chromosome, a hypothesis that deserves further
investigation (Fig. 3b).

The mean percentage of identity between nuclear insertions and
mtDNA sequence is 79.2%, ranging from 63.5% to 100%. When the analy-
sis of identity is performed for each chromosome (Table 2), the similarity
between inserted mitochondrial sequences and the original mitochon-
drial sequences presents almost the same pattern in all chromosomes,
with a mean percentage of identity of ~80% along the chromosomes.

Number and length of insertions and their percentages for each chromosome. Length of each chromosome and their percentage are also reported.

Chromosome Length chromosome Number of insertions Length of insertions
(% in relation to the entire genome) (% in relation to the total number of insertions) (% in relation to the total length of insertions)

1 249,250,621 (8.05%) 51 (6.75%) 44,798 (8.17%)
2 243,199,373 (7.86%) 106 (14.04%) 5268 (0.96%)
3 198,022,430 (6.40%) 44 (5.83%) 97,489 (17.78%)
4 191,154,276 (6.17%) 41 (5.43%) 35,103 (6.40%)
5 180,915,260 (5.84%) 35 (4.64%) 33,053 (6.03%)
6 171,115,067 (5.53%) 31 (4.11%) 11,738 (2.14%)
7 159,138,663 (5.14%) 43 (5.70%) 36,328 (6.63%)
8 146,364,022 (4.73%) 47 (6.23%) 36,917 (6.73%)
9 141,213,431 (4.56%) 34 (4.50%) 28,498 (5.20%)
10 135,534,747 (4.38%) 35 (4.64%) 20,926 (3.82%)
11 135,006,516 (4.36%) 31 (4.10%) 26,640 (4.86%)
12 133,851,895 (4.32%) 42 (5.56%) 8264 (1.51%)
13 115,169,878 (3.72%) 22 (2.91%) 10,691 (1.95%)
14 107,349,540 (3.47%) 9 (1.19%) 8899 (1.62%)
15 102,531,392 (3.31%) 4 (1.85%) 9395 (1.71%)
16 90,354,753 (2.92%) 5(1.99%) 15,965 (2.91%)
17 81,195,210 (2.62%) 23 (3.05%) 21,990 (4.01%)
18 78,077,248 (2.52%) 6(0.79%) 1334 (0.24%)
19 59,128,983 (1.91%) 20 (2.65%) 9318 (1.70%)
20 63,025,520 (2.04%) 9 (1.19%) 7471 (1.36%)
21 48,129,895 (1.55%) 8(2.38%) 6753 (1.23%)
22 51,304,566 (1.66%) 17 (2.25%) 23,544 (4.29%)
X 155,270,560 (5.02%) 50 (6.62%) 38,843 (7.08%)
Y 59,373,566 (1.92%) 12 (1.59%) 9025 (1.65%)
Total 3,095,677,412 (100%) 755 (100%) 548,250 (100%)
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Fig. 2. Frequency and size (bp) of insertions for each chromosome.

The relationship between the size of the insertion and the percent-
age identity is shown in Table 3. Concerning the size of insertions, it ap-
pears that most refer to small insertions (Table 3 and Fig. 2) of less than
500 bp. Only 12.85% of the insertions have more than 1500 bp. The
smallest insertions found are 39 bp long and are located on chromo-
somes 1 and 3. On the other hand, the largest insertion (14,836 bp) is
located on chromosome 4 (Table I, Online Supplementary Material I).

About half of the small insertions have a percentage identity higher
than 80% of the mitochondrial sequence (Table 3). As the size of the in-
sertion increases, however, the proportion of insertions with a percent-
age identity equal to or higher than 80% decreases. There are 33
paralogous sequences with more than 500 bp, which present a similar-
ity equal to or higher than 80% (Table 4). These sequences would repre-
sent the most problematic, in terms of mtDNA/nDNA co-amplification.

3.2. Applications to cancer

From the 271 mtDNA mutations previously described in cancer sam-
ples, and classified as having zero hits in the mtDNA phylogeny by Santos
et al. (2008), 15 have one or more hits in the current phylogeny by van
Oven and Kayser (2009) (mit. Tree build 8). From the 256 positions
with zero hits in the current mtDNA phylogeny (Table II, Online Supple-
mentary Material I), 220 could represent changes in one or more nuclear
insertions of mtDNA (Table Il of Online Supplementary Material I in-
cludes the 220 positions and their matches in non-identical positions
in the insertions and the paralogous mtDNA sequences), since they are
non-identical between mtDNA and nDNA. Accordingly at that point,
only 36 positions can be considered as authentic mtDNA mutations,
since they were not found as non-identical in any of the nuclear inser-
tions reported in our study (positions signaled with * in Table Il of Online
Supplementary Material I).

The 220 positions that can represent false mtDNA mutations corre-
spond to a total of 592 mutations described in the cancer studies, revised

in Santos et al. (2008). Of these, 186 mutations were once observed in dif-
ferent types of cancer and/or studies (Table II of Online Supplementary
Material I and references therein). The mutations that occur more than
once are mostly reported in the study of ovarian cancer by Aikhionbare
et al. (2007). In this work, the D-loop and part of the coding region of
mtDNA were characterized in 102 samples. The PCR reactions were per-
formed with two primer pairs; after primer BLAST validation, the primer
pair that amplifies the region located between positions 16,453-16,569
and 1-1693 reveals no risk of co-amplification. The in silico validation of
the other primer pair, located between positions 7392 and 8921, reveals
arisk of co-amplification between mtDNA and the region of chromosome
1 located between positions 46,578 and 48,102. However, in the NUMTs
that can potentially be amplified by this primer set, the mtDNA mutations
described by Aikhionbare et al. (2007) were not reported as non-identical
positions in our NUMT database (Table IIl of Online Supplementary Mate-
rial I).

With regard the remaining studies, in five we were unable to assess
their primers (Liu et al., 2001; Lorenc et al., 2003; Parr et al., 2006a; Petros
etal, 2005; Zhou et al., 2007), since PCR primers were not reported in the
original manuscripts, and after requesting them from the authors no re-
sponse was obtained.

In the study by Allegra et al. (2006), the primer pair which amplifies
the 10,688-11,500 mtDNA region also co-amplifies nDNA; specifically, it
amplifies the region 99,385,306-99,386,137 on chromosome 5. More-
over, position 11,203, reported as a mitochondrial mutation by Allegra
et al. (2006), was reported as a non-identical position between mtDNA
and the NUMT located on chromosome 5 in the region 99,381,642-
99,390,749 (position signaled with f in Table III of Online Supplementa-
ry Material I).

In ten different studies (Aikhionbare et al., 2007; Allegra et al., 2006;
Fliss et al., 2000; Hervouet and Godinot, 2006; Jin et al., 2007; Lievre et
al., 2005; Mithani et al., 2007; Polyak et al., 1998; Tan et al., 2006) the
primer in silico validation also revealed a risk of co-amplification
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Fig. 3. Correlation between chromosome length and number of insertions (a), and correlation between chromosome and insertion length (b). Coefficient of determination (Sq r

linear) for the two correlations is shown.

between mtDNA and nDNA. The twenty-seven positions described by
the authors as mtDNA mutations, however, are not reported as non-
identical position between mtDNA and the nuclear regions that might
potentially be co-amplified.

Finally, 123 positions described in 15 studies (Aikhionbare et al., 2007;
Fliss et al., 2000; Gasparre et al., 2007; Habano et al., 1999; Hervouet and
Godinot, 2006; Jin et al., 2007; Jones et al., 2001; Kassauei et al., 2006;
Lievre et al., 2005; Mithani et al,, 2007; Nagy et al., 2003; Parrella et al.,
2001; Polyak et al., 1998; Tan et al., 2006; Tzen et al., 2007) are more likely

to be authentic, since the primers used to amplify the regions that encom-
pass such mutations did not suggest the possibility of nDNA co-
amplification (positions signaled with ** in Table II of Online Supplemen-
tary Material I).

4. Discussion

In population and clinical genetics, as well as in the design of evolu-
tionary, phylogenetic and epidemiological studies, it is important to
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Table 3

Frequency and identity of insertions in relation to the size of insertion (bp).
Size (bp) Identity Total Percentage

>80% <80%

<500 276 245 521 69.00
[500-1500] 21 116 137 18.15
[1500-2500] 5 43 48 6.36
[2500-4000] 3 21 24 3.18
>4000 4 21 25 331
Total 309 446 755 100

have a complete overview of the total number of NUMTs, their location
and variation. In this study, a NUMT database obtained using the latest
version of the Human Genome — GRCh37 draft is reported. This is, to
our knowledge, the first database that is based on this latest version of
the human genome. Moreover, it is also the first where the non-
identical positions between mtDNA and nDNA are listed for each NUMT.

In this study, 755 nuclear insertions of mtDNA origin were reported.
A comparison of the total number of NUMTs in previously published
works clearly shows significant discrepancies. The number of reported
NUMTSs ranges from 190 (Lascaro et al.,, 2008) to 1105 (Tourmen et
al., 2002), with reports of 206 (Richly and Leister, 2004), 211 (Ricchetti
et al., 2004), 247 (Mishmar et al., 2004), 452 (Hazkani-Covo and Graur,
2007), 612 (Woischnik and Moraes, 2002) and 871 (Hazkani-Covo et
al., 2010) insertions. The reasons for such discrepancies have been dis-
cussed by others previously (Lascaro et al., 2008). According to Lascaro
et al. (2008), the incautious usage of bioinformatics methods and the
application of methods to an as yet not correctly assembled nuclear ge-
nome, are the main factors underlying the disagreement observed be-
tween studies. In this sense, the Human mtDNA Reference Sequence
(NC_012920) was compared against the human RefSeq Genomic data-
base at NCBI, using the RemoteBlast package in Bioperl bundle (Stajich
et al., 2002) with the parameters set to restrict the search to the human
organism and the E-value of 10~ >, Moreover, regions with less than
20 bp were excluded and only hits in the most recent version of the
Human genome draft — GRCh37 primary reference assembly were
considered.

Another factor that can induce differences in the number of reported
insertions is whether or not the post-insertional processes were evalu-
ated in order to differentiate original insertions from those that result
from processes that alter the initially inserted sequence. In this study,
post-insertional processes were not considered, since we aimed to ob-
tain an accurate database with all the nuclear insertions and their spe-
cific variation (relatively to human mtDNA).

In accordance to other authors [for a review see Hazkani-Covo et al.
(2010)], the reported frequency of insertions, as well as their length and
distribution along the genome is variable. Most insertions have less
than 500 bp. This agrees with the most parsimonious explanation for
the origin of NUMT which assumes that mtDNA would be used as a
“patch” in the double-strand break repair from non-homologous end
joining repair mechanism (Hazkani-Covo et al., 2010; Hazkani-Covo
and Covo, 2008; Leister, 2005).

As previously mentioned, due to the similarity with mtDNA, NUMTs
are a potential source of contamination in mtDNA studies based on PCR
amplification (Parr et al., 2006b; Yao et al., 2008). In this context, large
insertions with a high percentage of identity with mtDNA would be par-
ticularly problematic. In fact, one of these insertions, located on chro-
mosome 1, was previously reported to be a source of several errors
and misinterpretations (Yao et al, 2008). We characterized the 33
large insertions (with more than 500 bp) that present a percentage
identity greater than 80%. Its size makes it difficult to perform primer
designs to prevent co-amplification between nuclear insertions and
mtDNA (Ramos et al., 2009; Ramos et al., 2011).

This study reports for the first time all identical and non-identical
positions between the NUMTs and the GRCh37 version of the nuclear
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Table 4

Paralogous sequences with more than 500 bp and that present a similarity equal or higher than 80%.
Chromosome % Identity nDNA length mtDNA length mtDNA region nDNA region
1 98.53 5844 5845 3911-9755 564,461-570,304
1 84.03 517 521 987-1507 142,792,601-142,793,117
1 83.87 518 521 987-1507 143,243,224-143,243,741
1 83.78 515 519 987-1505 143,344,679-143,345,193
2 84.03 516 521 987-1507 95,564,754-95,565,269
2 83.95 728 729 6270-6998 50,815,826-50,816,553
2 81.78 1350 1349 4854-6202 156,119,971-156,121,320
3 95.39 1323 1323 1396-2718 96,336,032-96,337,354
3 83.31 623 623 7151-7773 120,440,870-120,441,492
3 80.38 1621 1622 1418-3039 40,293,638-40,295,258
5 95.05 2114 2121 577-2697 79,945,841-79,947,954
5 94.06 5219 5219 10,269-15,487 134,258,999-134,264,217
5 88.36 9108 9067 6117-15,183 99,381,642-99,390,749
5 87.24 3463 3463 12,662-16,124 93,903,161-93,906,623
5 84.54 962 961 577-1537 123,096,499-123,097,460
6 90.70 527 527 2408-2934 62,284,008-62,284,534
7 83.66 2514 2517 577-3093 142,373,012-142,375,525
7 81.27 562 561 2740-3300 141,504,769-141,505,330
9 83.85 2517 2517 577-3093 33,656,612-33,659,128
10 84.62 533 533 8281-8813 101,817,140-101,817,672
11 94.24 2394 2396 577-2972 10,529,434-10,531,827
11 81.68 560 568 596-1163 87,524,440-87,524,999
14 93.07 1021 1024 5583-6606 32,953,304-32,954,324
17 96.17 653 653 6818-7470 51,183,094-51,183,746
17 83.42 10,477 10,536 577-11,112 22,021,365-22,031,841
17 81.73 621 619 2656-3274 19,504,577-19,505,197
17 80.57 1514 1521 577-2097 19,501,874-19,503,387
17 80.41 2206 2205 14,365-16,569 22,018,521-22,020,726
17 80.24 575 582 2084-2665 19,503,699-19,504,273
21 83.78 515 519 987-1505 9,735,524-9,736,038
X 93.68 554 554 10,606-11,159 125,606,714-125,607,267
X 93.07 749 750 6553-7302 125,605,687-125,606,435
Y 83.08 517 521 987-1507 13,290,151-13,290,667

genome and the mtDNA Reference Sequence. This information can be
used as a tool in the authentication of mtDNA mutations reported in dif-
ferent fields. Notwithstanding, it is worth mentioning that, in this com-
pilation, the variation of NUMTSs was not considered since no studies of
NUMT sequence variation had yet been performed to date. Moreover,
the mtDNA variation was only taken into account for human mtDNA, al-
though the original insertion could in fact represent mtDNA sequence
from very different species.

The described NUMT database was used as a tool to assess the impact
of NUMT contamination on cancer studies. Several authors detected in-
numerable deficiencies in the medical literature related to the analysis
and interpretation of mtDNA data [Salas et al. (2005), Yao et al. (2004)
among others]. Concerning cancer studies, Salas et al. (2005) showed
the consequences of poor experimental design, both in the misinterpre-
tation of the role of mtDNA in the complex tumoral process, as well as in
the comparison of results. Also, Yao et al. (2004) showed that re-
searchers may still ignore the possibility of a NUMT contribution when
a seemingly novel mtDNA sequence is encountered. Using the NUMT da-
tabase, we evaluated 256 mtDNA positions that were previously
reported to be mutated in cancer samples and that present zero hits in
the updated mtDNA phylogeny (Van Oven and Kayser, 2009). From
those positions, 220 (identified in 21 studies) could represent changes
in one or more nuclear insertions of mtDNA since they are non-
identical between mtDNA and nDNA. Thus, we raise the hypothesis
that these changes could represent nuclear variations instead of mtDNA
variation. To test this hypothesis, we further validated in silico the primer
pairs used in several original studies if they were accessible in the publi-
cation or if they were provided by the authors after request. After primer
in silico validation, from a total of 16 works for which primers were avail-
able, only six studies (Habano et al., 1999; Jones et al., 2001; Kassauei et
al,, 2006; Nagy et al., 2003; Parrella et al., 2001; Tzen et al., 2007) did
not evidence the possibility of nDNA co-amplification. In the remaining
studies (Table IIl of Online Supplementary Material I and references

therein), some of the positions reported are located in regions that
could be the result of co-amplification. However, with the exception of
position 11,203 reported by Allegra et al. (2006), these positions are not
reported as non-identical between the potentially co-amplified mtDNA
and nDNA regions. Even so, we must take into account the fact that the
variability of NUMTSs is unknown, and that the non-identical position da-
tabase was generated using the mtDNA and nDNA Reference Sequences.
Thus, the differences between mtDNA and nDNA reported in our data-
base are surely underestimated and the above mentioned positions
could be non-authentic mtDNA mutations. On the other hand, it is possi-
ble that these changes actually represent authentic mtDNA mutations;
however, this hypothesis seems extremely difficult to test.

Using cancer studies as an example application, we aimed to high-
light the applicability of the described NUMT database as a new tool
to validate in silico mtDNA mutations described in different contexts;
it is clear that there is a need to follow standardized protocols that
avoid co-amplification between mitochondrial and nuclear paralogous
sequences. Moreover, and due to the amount of information provided
for each nuclear insertion, this database could be applied as a tool to de-
sign evolutionary, phylogenetic and epidemiological studies.

To our knowledge, this is the first work to report the non-identical
positions between the mtDNA and nDNA. These positions are the basis
for the application to cancer studies reported in this work, and knowl-
edge of their distribution is useful for the authentication of mtDNA mu-
tations reported in different kinds of study, especially those occurring in
heteroplasmy.

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.mit0.2011.08.009.
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