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Introduccio

I. La diversitat gen¢tica humana.

Salta a la vista que els humans som diferents els uns dels altres. Si agafem
dos individus a Platzar d’una mateixa ciutat, o de la mateixa familia, trobarem
diferencies, que es poden atribuir, algunes, a fets biologics i, altres, a modificacions
voluntaries (colors de cabells, tatuatges, piercings, lents de colors...). Tot i aixo, és
facil veure quina és la part biologica d’aquestes diferéncies, és a dir, quines son
determinades pel nostre genoma. Sén els mecanismes de I’heréncia que creen les
diferéncies entre els individus i que determinen el grau de semblanca entre pares i
fills.

Pero, a més de les diferencies que trobem comparant els individus, també hi
ha diferencies a nivell de les poblacions. Per exemple, es pot predir a quin continent
pertanyen individus d’algunes poblacions només a partit de les seves
caracteristiques fisiques. Aquests canvis en 'aspecte fisic de les poblacions humanes
son el resultat de adaptacio a les condicions ambientals de Pentorn. Els humans
som una especie relativament jove i homogenia comparada amb altres especies,
amb una baixa diversitat nucleotidica: 0,1% (Chakravarti 1 col laboradors. 1999;
Jorde i col laboradors. 2001; Przewoski i col laboradors. 2000). Hom estima que el
85% de la diversitat genctica humana es trobat dins de les poblacions, i el 15%
entre les poblacions humanes, repartides en un 10% entre els grans grups
continentals, i en un 5% entre les poblacions d’un mateix continent (Lewontin
1972, Livshits 1 Nei 1990; Relethford i Harpending 1994; Batzer i col laboradors.
1994; Jorde i col laboradors. 1995; Barbujani i col 1laboradors. 1997; Stoneking i
col 1laboradors. 1997). El patré de variacié de les poblacions humanes depén de la
nostra historia demografica, pero també de les forces evolutives que han modulat el
nostre genoma. Aquests motors evolutius de canvi sén, basicament: la mutacio, la

seleccid, la migracio6 i la deriva gencética.



La diversitat genética humana

I.1. La mutacid.

La mutacié fa néixer la variacié. Lla mutacidé és un canvi casual, font
d’evolucié. La majoria dels estudis de seqlienciacié estimen que la diversitat
nucleotidica mitjana en humans és de ~ 1/1000 (Libert i col laboradors. 1998; Reich i
col laboradors. 2002). Aixo vol dir que si agafem dos individus a P'atzar trobarem poca
diferéncia: una de cada 1000 nucleotids. Les mutacions que afecten el nostre genoma
poden tenir diversos efectes: les mutacions desavantatjoses perjudiquen I'individu; les
neutres no tenen cap efecte sobre cap funcié; i les avantatjoses milloren el
funcionament de I'individu en les condicions particulars en les que viu.

Les mutacions desavantatjoses son prejudicials per I'individu que les du
ja que disminueixen les seves possibilitats de supervivencia i/o redueixen la seva
descendencia. Poc després de la seva aparicio, les mutacions desavantatjoses son
rapidament eliminades per la seleccié purificadora o seleccié negativa.

Les mutacions avantatjoses, al contrari, tenen un efecte positiu els individus que
les duen, ja que augmenten la probabilitat de supervivencia i/o la fertilitat, i per tant
tenen més probabilitat de passar a la generacié segiient. Aquestes mutacions sén
relativament rares ja que quan apareixen, son rapidament fixades en el nostre genoma
sota 'efecte de la seleccid positiva.

Les mutacions neutres no tenen cap efecte sobre la eficacia biologica de
Iindividu, 1 sén fixades en el genoma per deriva genctica. Les mutacions neutres soén
molt més freqients que les mutacions avantatjoses. La majoria de les diferencies
observades entre dues sequiencies entre dos especies o dintre de la mateixa especie son
el resultat de la fixacié6 de mutacions neutres per deriva genetica. Aixo implica que
I'evolucié esta condicionada per dos mecanismes principals: la seleccié natural i la
fixaci6 de mutacions neutres per deriva genctica. Degut a la dificultat de demostrar
Iempremta de la seleccié natural, Pestudi de les mutacions neutres fixades en el

genoma ¢és Ieina principal en el estudis d’evoluci6 i de genética de poblacions.
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I.2. La seleccid.

La seleccié natural modula la variacié. Es I’Gnica for¢a evolutiva que té
conseqliencies adaptatives, ja que és un fenomen que manté les mutacions favorables i
elimina aquelles que poden ser prejudicials per l'individu. Tant la seleccié com la
mutacio afecten el patré de variacié en punts (loci) precisos del genoma. La seleccid
natural garanteix la supervivencia dels individus més ben adaptats a les condicions
ambientals, com el clima, ’alimentacio, la resistencia a les malalties, entre d’altres. Es fa
referencia a la seleccid negativa quan disminueix la probabilitat de transmissié d’un gen
portador d’una mutacié a la generacié segient, i a seleccid positiva quan aquesta
probabilitat augmenta. Els humans moderns, a partir del seu origen africa, es van
establir en diferents regions del moén i van haver d’adaptar-se a condicions ambientals
diversese. La intervencié de la seleccié natural va accentuar les diferéncies entre grups
de poblacions, afavorint Pexpansié dels allels de manera diferencial. Un exemple
paradigmatic de seleccié natural en poblacions humanes és la resistencia a la malaria.
Els individus portadors de determinades mutacions en el gen responsable d’alguna
cadena de ’'hemoglobina tenen una viabilitat variable en funcié de 'ambient. Aquest és
el cas de la variant S de ’hemoglobina en front de la variant A que és I'estandard. En
absencia de malaria, els individus homozigots normals i els heterozigots tenen la
mateixa possibilitat de supervivencia, i els individus homozigots per la mutacié no
arriben a Pedat sense tractament. En presencia de malaria, els individus heterozigots
son seleccionats positivament 1 tenen més possibilitat de sobreviure que els individus
homozigots normals que sucumbeixen a la malaria. Fls individus homozigots per la
mutacié segueixen tenint una eficacia biologica reduida. S’han descrit altres mutacions 1
altres gens que també han estat relacionats amb la resisténcia a la malaria. I.’efecte de la

seleccid natural esta, en tot cas, restringit a alguns gens 1 algunes mutacions.



La diversitat genética humana

I.3. La migracio

LLa migracié6 modula la variaci6é. Al contrari que la seleccié, la migraci6
afecta a tot el genoma. Els intercanvis genetics entre poblacions o grups d’individus
contribueixen a reduir la divergencia entre elles i a deixar una empremta de les seves
histories respectives en el genoma. L’especie humana no és geneticament homogenia,
ja que com qualsevol altre especie esta subdividida en moltes poblacions que ocupen
territoris geografics diferents. Existeixen dos patrons de migracio: les migracions entre
pobles no gaire distants 'un de Ialtre, i les migracions que afecten un grup sencer, o a
vegades pocs individus que deixen el seu lloc d’origen per establir-se en un lloc molt
llunya. El primer tipus de migracié limita laillament entre grups i disminueix la
incidencia de la deriva. Quan una nova mutacié apareix en una comunitat d’individus,
si no es perd per deriva genctica, pot arribar a una freqiiéncia elevada en el lloc on s’ha
generat. D’aquesta manera, la migracié entre pobles veins, i la migracié associada amb
el matrimoni d’individus d’origen diferents expandeix la nova mutacié. L’altre tipus de
migraci6é implica el desplagament d’un grup sencer d’individus cap a nous territoris, 1
que amb el temps es diferencien gencticament de la poblacié original. Aquestes
migracions son freqiients en temps de caresties, de desastres naturals, de guerra, de
superpoblaci6. Sovint, les migracions en territoris inexplorats s’acompanyen d’una
expansio rapida de la poblacié. La sortida d’Africa de 'lhome modern, que va afectar el
patré de variacié genctica de la nostra especie, és 'exemple més significatiu d’aquest
tipus d’esdeveniment. En temps antics quan la distancia que separava la nova poblaci6
de la poblaci6 original era molt gran, els contactes entre les dues poblacions
s'interrompien, i la deriva genctica i Padaptacié a nous ambients creaven una
diferenciacié entre els dos grups que podia ser extrema amb el temps. Aquest tipus de

migracions augmenten la diferenciaci6 entre els grups.
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I.4. La deriva gencética

La deriva genctica constitueix amb la migracio, la mutacio, i la selecci6
natural una forca evolutiva que influencia el patré del nostre genoma. En cas de la
deriva genctica, es produeix una fluctuacié aleatoria de les frequencies al 1eliques d’una
generacié a laltra. Els efectes de la deriva genctica sén particularment patents en
poblacions amb un nombre reduit d’individus. Dins d’aquest fenomen de deriva tenen
especial importancia els processos de coll d’ampolla i els efectes fundadors. L’efecte
fundador és un cas extrem de variacié genetica aleatoria, on un grup petit d’individus
que forma part d’una poblacié més gran es separa per colonitzar noves terres. Aquest
grup reduit d’individus pot ser portador de wvariants alleliques que no sén
necessariament representatives de la poblacié d’origen. Per tant, un al lel que és comu
en la poblacié d’origen pot tenir una frequencia baixa o pot desaparcixer en la poblacié
fundadora. De la mateixa manera, un al lel poc frequent en la poblacié original pot
augmentar en frequencia en la poblacié fundadora. Els processos de coll d’ampolla
tindrien conseqiiencies similars: a partir d’una poblaci6 nombrosa, es redueix
drasticament el numero d’individus i posteriorment es recupera la mida poblacional.
Aquest periode de mida poblacional reduida pot fer que aleatoriament les freqiiencies

al leliques originals canviin drasticament en la poblaci6 resultant.



Els marcadors genétics emprats per I’analisi de les poblacions humanes

II. Els marcadors genétics emprats per P’analisi de les

poblacions humanes:

El patr6 de variacié de la poblacié6 humana depen tant de la nostra historia
demografica com dels factors especifics que afectin a la regié genomica sota estudi. A
partir de Pestudi d’aquests patrons de variacio en les regions codificants i no codificants
del genoma, es poden inferir els esdeveniments demografics i 'impacte de la seleccid
que han modulat la variacié en el nostre genoma. Amb la recent publicacié del genoma
huma 1 la seva anotaci6 s’esta desenvolupant una nova area, la genomica poblacional,
per tal d’entendre com la historia demografica de les poblacions i I'impacte de la
seleccié han modulat la variacié en el nostre genoma. Entendre aquesta variacio és

g q

important per entendre el que ens fa Gnics.

Existeix una gran varietat de marcadors genctics per tal de descriure la variacié a
nivell genomic i determinar quina part de la variacié genetica s’explica per la historia
demografica de les poblacions i quina esta associada amb la variacié fenotipica. Des
dels estudis sobre el polimorfisme dels grups sanguinis i de les proteines (Lewontin
1972; Livshits i Nei 1990; Relethford i Harpending 1994), el desenvolupament del
camp de la genctica de poblacions va integrar rapidament diversos sistemes genetics
com el mtDNA (Cann i collaboradors. 1987; Vigilant i col laboradors. 1991;
Stoneking 1 Soodyall 1996; Ingman i col 1aboradors. 2000; Bamshad i col laboradors.
2001), el cromosoma Y (Hammer i col laboradors. 1998; Seielstad i col laboradors.
1999; Forster i col laboradors. 2000; Bosch i col 1laboradors. 2001), els microsatel 1its
autosomics (Di Rienzo i col 1aboradors. 1994; Deka i col 1aboradors. 1995; Goldstein i

col laboradors. 1995; Jorde i collaboradors. 1997; Perez-Lezaun i col laboradors.
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1997; Calafell i col laboradors. 1998) i els SNPs (Stephens 1 col laboradors. 2001;
Gabriel i
col laboradors. 2002; Marth i col 1aboradors. 2003) per entendre la variacié genctica

humana a nivell de les poblacions.

I1.1. Els polimorfismes d’insercions Alu

Les insercions A/ sén elements d’aproximadament 300 parells de bases,
que es troben distribuides en el genoma de primats. Amb aproximadament un mili6 de
copies en el genoma huma (International Human Genome Consortium 2001; Batzer i
Deininger 2002), els elements A/ soén la classe més abundants de SINEs (Short
Interspersed Nuclear Elements) del nostre genoma. Dintre de la familia A4/, hom
estima que uns 5000 elements 4/# formen una subfamilia recent que es va integrar en
el genoma huma en el moment de la separaci6 entre la nostra especie 1 els grans simis
fa entre 4 i 6 milions d’anys. Un subgrup d’elements .4/ (~1200) es va integrar
recentment en el genoma huma per retransposicio, de tal manera que la seva inserci6
en lloc especific del genoma és polimorfica entre cromosomes (Batzer i Deininger
2002). Els elements .4/u es propaguen en els cromosomes també per retransposicié a
partir de una seqiiéncia diana (Weiner i col laboradors. 1986; Luan i col 1aboradors.
1993; Jurka i col laboradors. 1997; Esnault i col laboradors. 2000; Kajikawa i Okada
2002). El polimorfisme d’insercions A/ és un marcador molt util per reconstruir la
historia demografica de les poblacions humanes 1 per detectar processos de migracions
i de diferenciaci6 poblacional (Hammer 1 col 1laboradors. 1994; Batzer i col 1aboradors.
1994; Stoneking i col laboradors. 1997; Jorde i col laboradors. 2000; Bamshad i
col laboradors. 2001; Nasidze i col 1aboradors. 2001) degut a la seves propietats: és
selectivament neutre i el seu estat ancestral es conegut. De totes maneres, el baix grau

de polimorfisme degut a que unicament hi ha dos al lels (presencia - absencia de la
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insercio) i la impossibilitat de reconstruir filogenies, limiten el seu us en lanalisi de

poblacions humanes.

I1.2. Els microsatel lits o STRs (Short Tandem Repeat

polymorphisms)

Els STRs son sequencies repetides en tandem de 2 a 6 parells de bases

(figura 1)

*
2- 6 parell de bases
\ . _J
~

2-50 repeticions

Figura 1: Estructura basica d’un microsatel 1it.

Hom atribueix a un fenomen de skppage durant la replicacié6 del DNA l'augment i la
disminucié del nombre de repeticions en una o poques unitats de l'estructura basica
dels microsatel lits (Levinson i Gutman 1987; Weber 1990; Schlotterer i Tautz 1992).
Aquest patré de mutacié s’anomena model de mutaci6 stepwise generalitzat (Di Rienzo 1
col laboradors. 1994). La taxa de mutacié dels microsatel lits és intrinseca de locus i
depen de factors com el nombre de repeticions (Weber 1990; Goldstein i Clark 1995;
Brinkman i col 1aboradors. 1998), qualitat de la seqiiéncia repetida (Estoup 1995), sexe
i edat dels portadors (Henke i Henke 1999), i de la longitud de la unitat repetida
(Chakraborty i col laboradors. 1997). D’una manera general, hom estima la seva taxa
de mutacié6 de Tordre de 10-3-10* per locus, gameta i generacié. Els STRs son
selectivament neutres, altament variables i frequients en tot el genoma (cada 30-50 Kb).

Degut a les seves propietats, 'analisi de la variacié dels microsatel lits és apropiat per
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estudiar les relacions filogenetiques entre les poblacions humanes i inferir la historia de
les poblacions (Di Rienzo i col1aboradors. 1994; Deka i col laboradors. 1995;
Goldstein 1 col laboradors. 1995; Jorde 1 col laboradors. 1997; Perez-Lezaun i

col laboradors. 1997; Calafell i col laboradors. 1998). Els STRs també s’han revelat
com una eina molt atil en el camp de la genctica forense tant pels tests de paternitat
com per a la identificacié individual (Hammond i col laboradors. 1994; Urquhart i
col 1laboradors. 1994; Blouin i col laboradors. 1996). Finalment, també s’han utilitzat
ampliament en estudis de lligament per situar la posicié relativa de gens associats a

malalties (Edwards i col 1aboradors. 1991; Dib i col laboradors. 1996).
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I1.3. SNPs (Single Nucleotid Polymorphisms)

Un SNP es defineix com la preséncia de dues possibles bases en una posicié
particular en el DNA. Hom distingeix un SINP d’una variant al 1¢lica rara per la seva
freqiiencia d’aparicié: els SNPs estan estesos en tot el genoma huma amb una
freqiiencia superior al 1%. Des del projecte genoma huma, linteres pels SNPs va
augmentant i esta lligat a diverses arees de recerca com I’analisi del genoma a gran
escala, la bioinformatica i el biocomputing; I’analisi genetic de malalties complexes, i la
genctica de poblacions mundial humana. Els SNPs s’han revelat particularment
informatius quan s’analitzen com haplotips, és a dir, com una combinacié d’al lels
associats en una regié determinada d’un cromosoma, perque es poden caracteritzar tant
la diversitat haplotipica, com la recombinacié6 i el desequilibri de lligament. Per aquestes
raons s’estan desenvolupar grans projectes d’abast internacional com el projecte
HapMap per tal de definir al llarg del genoma huma haplotips de SNPs que agrupin

tota la informaci6 util del genoma.

I1.4. El mtDNA i el cromosoma Y

El mtDNA i el cromosoma Y sén dos marcadors complementaris ja que
el primer caracteritza els llinatges femenins i el segon els llinatges masculins de les
poblacions humanes. En aquest apartat, ens centrarem en les caracteristiques del
cromosoma Y, deixant de banda el mtDNA que sera I'objecte del capitol segiient.

El cromosoma Y amb ~ 60 Mb ¢és el cromosoma més petit del genoma huma.
Es caracteritza per una regié d’heterocromatina a la part distal del brac¢ llarg, de
longitud variable entre individus, i d’una part d’eucromatina de 30 Mb que conté les
regions de major interes genctic. El cromosoma Y conté el gen SRY (Sex determining

region) que determina la masculinitat, 1 t¢ un mode de transmissié uniparental, per via
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paterna. La major part del seu genoma és no recombinant, a ’excepcid de les regions
pseudoautosomiques, PAR1 i PAR2, situades a 'extrem de cada brag del cromosoma.
Les caracteristiques del cromosoma Y (transmissié per via paterna i absencia de
recombinacid) han permes identificar nombrosos polimorfismes (substitucions de
bases, indels, microsatel lits, minisatel lits) per tal de caracteritzar els llinatges
masculins en les poblacions i la seva distribucié geografica. Els llinatges del
cromosoma Y definits a partitr de SNPs (Hammer i1 col laboradors. 1998, 2001;
Underhill col laboradors. 2001; Bosch col 1aboradors. 2001), presenten una genealogia
molt ben definida i una distribucié geografica restringida. La nomenclatura utilitzada va
ser establerta pel Consorci del Cromosoma Y (The Y Chromosome Consortium 2002).
La regi6 no recombinant del cromosoma Y i el genoma mitocondrial es
comporten com a loci tnics. Lla mida efectiva del mtDNA i del cromosoma Y
correspon a un quart de la dels cromosomes nuclears, i fa que siguin més sensibles als
processos de deriva genctica i de selecci6 (si estan associats a malalties) que poden
alternar els patrons de variacié. La genealogia del mtDNA i del cromosoma Y son
basicament similars pero presenten diferencies notables degudes a diferéncies socials
que generen diferencies en els patrons de migracions (Seielstad i col laboradors. 1998).
Per exemple, el predomini de la societat patriarcal explicaria les diferencies que s’han
pogut trobar en nombroses poblacions (Salem i collaboradors. 1996; Oota i
col laboradors. 2001). La comparacié dels patrons de variacié entre aquests dos
marcadors és adequada per estudiar les diferencies en el patrons de migracid entre les
dones 1 els homes (Seielstad i col 1laboradors. 1998). Les divergencies entre les dades
del mtDNA i del cromosoma Y també s’expliquen per diferéncies demografiques, com
per exemple una mortalitat més gran en els homes que en les dones, 1 una freqiiéncia

més elevada de la poligamia que de la poliandria.
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III. EL MITOCONDRI

El mitocondri és un petit organ cellular (~1 um de diametre) present al
citoplasma. Es troba en totes les c¢llules dels organismes superiors que utilitzen
Poxigen com a font d’energia i sén lindret de nombrosos processos metabolics
crucials, com la fosforilacié oxidativa. Per aquesta rad, es refereix al mitocondri com a
la central electrica de la cel 1ula. La seva longitud i forma varien amb el tipus i Iactivitat
cel Jular. Hom estima que el nombre de mitocondris per cél Jula varia entre 200 1 1700

depenent del tipus de teixit (Bogenhagen i col 1aboradors. 1980; Robin i Wong 1988).

I11.1. Estructura:

L’ultraestructura dels mitocondris es revela per microscopia electronica
(0.5 um - 10 wm) (Figura 2a). Es compon de dues membranes: una externa llisa; i una
d’interna, formada de crestes que segmenten el contingut mitocondrial, o matriu
(Figura 2b). La composicié quimica de les dues membranes és molt diferent. La
membrana externa és molt semblant a la resta de les biomembranes, mentre que la
membrana interna es compon de tres grups de proteines: transportadors
transmembrana, els constituents de la cadena respiratoria, 1 un complex enzimatic,
PATP sintetasa mitocondrial. La matriu conté nombroses molecules ioniques i

enzimatiques, pero també ribosomes, molécules de RNA i de DNA.
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DNA
Matriu

Membrana interna

Membrana externa

Figura 2a: micrografia electronica d’un mitocondri Figura 2b: esquema d’un mitocondri. (figura
(tigura extreta de Fawcett A textbook of Histology, 1994) modificada a partir del llibre Lebninger: Principles
of Biochemistry 2000)

II1.2. Semi-autonomia genética

Segons la teoria endosimbiontica (Margulis, 1 col laboradors. 1990), el
mitocondri prové d’un bacteri que fa més de mil milions d’anys es va introduir a les
cel ules, com a simbiont. L’avantpassat bacterial va perdre la capacitat de funcionar
com un organisme independent, perdent la capacitat de créixer i duplicar-se tot sol, de
tal manera que la majoria de les proteines funcionals del mitocondri estan codificades
pels gens del nucli. La cél lula no pot prescindir dels mitocondris, i els mitocondris no
poden prescindir de la cel lula. El mitocondri conserva, pero, una certa independéncia
respecte a la cellula: és semi-autonom gencticament ja que esta proveit d’un
cromosoma de DNA. Un mitocondri conté de 2 a 10 molécules de DNA, i pot haver-
hi fins a 1000 mitocondris per cel lula somatica (Budowle i col laboradors. 2003).
S’estima, per exemple, que un oocit madur conté més de 100.000 molecules de
mtDNA. (Michaels i col 1aboradors. 1982; Piko i Matsumoto, 1976).El mitocondri
també es distingeix de la c¢l ula pel seu codi genctic diferent del que fa servir el nucli

cel lular. Per tant, el gens del mtDNA sén indesxifrables pel sistema nucleocitosolic
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(Wallace 1982). UGA es llegeix com triptofan en lloc de codd “stop”, AGA 1 AUU
com un codé “stop”, en lloc d’arginina, AUA com a metionina en lloc de isoleucina, i
AUA, AUU, i AUG es llegeixen com a cod6 d’iniciacié (Anderson col laboradors.
1981; Montoya col laboradors. 1981).

El genoma mitocondrial huma és circular, de doble cadena, sense proteines
associades. Esta format per 16569 parells de bases i conté 37 gens, dels quals 13 sén
gens polipeptidics que codifiquen algunes de les sub-unitats essencials dels enzims de la
fosforilacié oxidativa (OXPHOS) que generen l’energia mitocondrial; 2 codifiquen
RNA ribosomals (125 1 16S rRNA), 1 22 codifiquen per els RNA de transferéncia
(tRNA) necessaris per a la sintesis de proteines mitocondrials.

La majoria de les proteines OXPHOS 1 ribosomals, els DNA i RNA
polimerases, 1 els factors de transcripcié son tots codificats pels gens nuclears,
sintetitzats en el citoplasma cel 1ular, i, després, exportats dins del mitocondri (Shoffner
& Wallace 1995, Wallace i col 1aboradors. 1997a). La transcripcié iniciada a partir de
dos promotors(Py 1 Pr) crea un RNA policistronic: la majoria de les seqiiencies de
mRNAs estan flanquejades directament en la posicié terminal 5 per una seqiéncia de
tRNA (Montoya i col laboradors. 1981). Els RNA missatgers (mnRNA), ribosomal i de
transferencia sé6n modificats després de la transcripcié amb una cua de poliadenines
pels mRNAs i tRNAs, i amb un codé CCA terminal en 3’ de la seqiiencia dels tRNAs
(Attardi 1 col laboradors. 1982; Attardi i Montoya 1983, Clayton 1984, Wallace 1993,
Taanman 1999). La transferéncia de seqiiencies de mtDNA cap al nucli és un procés
continu (Wallace 1997, Hirano i collaboradors. 1997), pero no tots el gens
mitocondrials que passen al nucli sén funcionals. Hom estima que un centenar de
seqiiencies mitocondrials no funcionals o pseudogenes es troben integrades al genoma
nuclear huma (Tsuzuki i col laboradors. 1983, Shay & Werbin 1992; Zischler i
col 1aboradors. 1998; Zischler 2000).
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IV. El DNA mitocondrial (mtDNA)

Anderson i col laboradors (1981) van descriure la sequencia completa i
Porganitzaci6 dels gens del genoma mitocondrial huma al 1981 (figura 3). La seqii¢ncia
publicada es la sequiencia referencia estandard: #he Cambridge Reference Sequence (CRS). EL
DNA mitocondrial esta format per dues cadenes, la cadena pesada H (Heavy Strand),
rica en guanina, i la cadena lleugera L. (Light Strand), rica en citosina. El genoma
mitocondrial s’organitza en dues regions: la regi6é codificant i la regié no codificant, o
regi6 de control (CR). La numeracié de la sequencia estandard de referencia (CRS) es
va establir segons Anderson i col laboradors, a la qual es van afegir modificacions
menors aportades ulteriorment per Andrews i col laboradors (1999). La numeracio
comenca arbitrariament al voltant de la meitat de la regi6 de control, en el origen de
replicacié de la cadena pesada (On), de tal manera que la regié de control s’expandeix
des de la posicié 16024 fins a la posicid 16569, i segueix des de la posicié 1 fins a la

posicid 576.

IV.1. La regi6 codificant:

La regi6 codificant representa 90% del genoma mitocondrial i conté 37
gens, 28 dels quals estan codificats per la cadena pesada (H), 1 9 per la cadena lleugera
(L). Totes les sequencies codificants son continues al llarg del genoma mitocondrial i
no hi ha introns (Anderson i col laboradors. 1981, Wallace i col laboradors. 1992,

Zeviani i col laboradors. 1998).
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Figura 3: DNA mitocondrial huma. Regions codificants i no codificants,
1 organitzacio dels gens (gens OXPHOS i rRNAs). Els tRNA
es mostren amb una trama ratllada.

IV.2. La regio6 no codificant:

El DNA mitocondrial es caracteritza per una regié no codificant de 1121
parells de bases, la regi6é de control (CR). També s’anomena D-/kagp (desplagament del
bucle) per la estructura visible al microscopi electronic que es forma durant la
replicacié del mtDNA. La regié de control conté lorigen de replicacié (On) i les
seqiiencies conservades relacionades amb Iinici de la replicacié de la cadena H
(Walberg i Clayton 1981). També conté les seqiiéncies associades amb la finalitzacié del
desplagament del bucle o D-loop (Chang i Clayton 1984), les seqiiencies de control de
transcripcié (Cantatore 1 Attardi 1980), i els promotors de transcripcié (Pu i Pr)
(Hixson i Clayton 1985). Dins de la regié de control, també trobem porcions de
sequiencies altament variables entre individus i selectivament neutres. Van ser definides

per Vigilant i col laboradors (1989) com el segment hipervariable I (HVS-I), i el
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segment hipervariable II (HVS-II). E1 HVS-I s’expandeix des de la posicié 16024 fins a
la 16365, i el HVS-II des de la posicié 73 fins a la 340.

IV.3. Caracteristiques del mtDNA

Amb només 16569 parells de bases, el genoma mitocondrial representa
el 0.00006% del genoma nuclear huma, pero la seva contribucié a la comprensi6 de la
evolucié6 humana té un pes considerable que compensa amplament la seva petita (o
minuscula) contribuci6 al nostre genoma. El mtDNA és una eina genctica potent pels
estudis d’evolucié humana i de genctica de poblacions humanes degut a les seves

propietats.

1V.3.a. Heréncia materna

El mtDNA huma es transmet als descendents unicament per via
materna (Giles i col laboradors. 1980; Case 1 Wallace 1981) degut en gran part a una
diferencia numerica. I’oocit madur conté aproximadament unes 100.000 molecules de
mtDNA, mentre que Pespermatozoide conté només entre 100 1 1500 mtDNAs (Chen i
col laboradors. 1995, Manfredi i col laboradors. 1997). D’altra banda, els mtDNAs de
Pesperma arriben a introduir-se a 'ou en el transcurs de la fertilitzacié (figura 4), pero
son eliminats en un estadi preco¢ de 'embriogenesi, entre el segon 1 el quart estadi
cel lular (Manfredi 1 col 1laboradors. 1997). Tampoc es pot detectar el mtDNA patern

cn
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Figura 4: Heréncia mitocondrial

nounats nascuts després d’una fertilitzacié 7n vitro per injeccié intracitoplasmica
d’esperma (Danan i col laboradors. 1999). I’eliminacié de l'esperma en un estadi
preco¢ de I'embriogenesi s’explica per la intervencié d’un mecanisme molecular
especific. Es va observar que els mitocondris dels caps dels espermatozoides estan
marcats amb ubiquitines (Hopkin 1999), 1 per tant, son reconeguts i eliminats
immediatament quan s’introdueixen al citoplasma de I’0vul. No obstant, la presencia de
mtDNA patern s’ha pogut trobar en alguns embrions humans anormals (poliploides)
generats per fertilitzacié 7z vitro 1 a partir de tecniques d’injeccié intracitoplasmica

d’esperma (St John 2002).

El fet de presentar una heréncia estrictament materna vol dir que el mtDNA:

1. és un genoma haploide: totes les molécules de mtDNA en un individu

son les mateixes (homoplasmia), excepte en els casos anomals

d’heteroplasmia
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2. no recombina, de tal manera que les diferencies entre dues seqliencies
mitocondrials representen només les mutacions que es van acumular des
de la separacié amb la sequiencia ancestral.

3. de tots aquells individus que pertanyen a un mateix llinatge matern

presenten la mateixa seqiiencia.

IV.3b. Taxa de mutacio

La taxa d’aparici6 de noves mutacions en el mtDNA és de 10 a 17
vegades més elevada que en el genoma nuclear (Neckelmann i col laboradors. 1987,
Wallace col 1laboradors. 1997a). Els segments hipervariables de la regié de control
presenten una taxa de mutaci6 encara més elevada que la de la regié codificant (Howell
i col 1aboradors. 1996). L’acumulacié més rapida de polimorfismes en el mtDNA es

ot atribuir a algunes caracteristiques uniques d’aquest sistema genétic:
gu q q g

0 la mitocondria no disposa d’un sistema eficient de reparacié de DNA
(Bogenhagen 1999), la qual cosa permet que s’acumulin més canvis

introduits per error.

0 El mtDNA no esta associat a proteines protectores com les histones,
esta associat a la membrana interna on es generen els radicals lliures,

altament mutagenics (Richter i col laboradors. 1988).

0 Un metabolisme anormal de la mitocondria, com per exemple un
increment del metabolisme oxidatiu, pot accelerar la taxa de mutaci6

(Richter i col 1laboradors. 1988).
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1V.3.c. Homoplismia-Replicacio segragativa-Heteroplismia

Totes les molecules del mtDNA d’una mateixa c¢llula sén
identiques entre elles, és el que s’anomena /homoplasmia. En el transcurs de la divisié
cel Jular, les mitocondries son distribuides aleatoriament en les cél lules filles; és el
procés de la replicacio segregativa. Arran de I'aparicié d’una mutacio, es crea una barreja
intracel Jular de molécules normals i mutants, condicié6 coneguda com heteroplasmia.
Malgrat el nombre elevat de molecules de mtDNA en els oocits madurs i les poques
divisions cel lulars en la linia germinal materna, les variants de seqiiencies de mtDNA
segreguen rapidament entre generacions (Poulton i col laboradors. 1998). Aquest
fenomen s’atribueix a un coll d’ampolla genetic. La quantitat de molecules de DNA
es redueix a un nombre molt petit durant 'oogenesis. Aquesta sub-poblacid, que pot
tenir una proporcié de variants diferent de la de la poblacié original, és transmesa
després del coll d’ampolla i la poblacié fundadora es replica fins a produir ~ 100 000
copies de mtDNA en I'o6vul madur. Aquest fenomen permetria la fixacié d’una
mutacié en un llinatge Unic en un nombre reduit de generacions o en una unica
generacio.

Per tal de detectar variants de sequencies de mtDNA en un mateix
individu es va dur a terme un estudi de comparacié de sequéencies d’un centenar de
clons d’'un mateix individu (Monnat i col laboradors. 1986) que va concloure que
I’heteroplasmia era un fenomen poc freqient i que els individus es podien considerar
com homoplasmics. El primer cas descrit d’heteroplasmia de mutacié puntal en la
regi6 de control del mtDNA huma va ser en el cas d’identificacié de les restes del Tsar
Nicholas II (Gill i col 1laboradors. 1994). Posteriorment, van seguir diversos treballs
referint-se a l’heteroplasmia de la regié de control (Comas i col laboradors. 1995;
Bendall i col 1aboradors. 1996; Wilson i col 1aboradors. 1997; Parsons i col 1laboradors.
1997), pero la mida mostral era massa petita per poder determinar amb precisié la

freqiiencia d’heteroplasmia en les posicions nucleotidiques afectades. També es va
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descriure heteroplasmia de longitud en la regié de control en dos tractes de
policitosines: un al HVS-I (Bendall i Sykes 1995), i un altre al HVS-II (Marchington 1
col 1laboradors. 1998).

La detecci6 d’heteroplasmia de mutacié puntual depén basicament de la
sensibilitat del metode utilitzat. Es pot arribar a detectar una freqiiencia de 2 a 8%
d’heteroplasmia quan s’utilitza el metode de seqlienciacio, 1 fins a un 14% amb el
metode de gel d’electroforesi en gradient desnaturalitzant (DGGE). Una possible
explicacié per aquesta diferencia de sensibilitat és que, en dades de seqliencies, es fa
dificil distingir I’heteroplasmia del soroll de fons generat pels artefactes de la quimica
de sequenciaci6. Per aquesta rad, en molts estudis poblacionals humans basats en la
seqiienciaci6 de la regié de control s’assumeix ’homoplasmia, i en les posicions on es
pot haver produit ’heteroplasmia, es considera el nucleotid predominant per aquesta

posicié o bé es defineix aquesta posicié com ambigua per causa desconeguda.

1V.3.d. Alt nombre de copies per cél {ula

Les cel lules somatiques tenen dos copies de qualsevol gen nuclear
i de cent a mil copies de mtDNA. en el citoplasma cel lular (Robin i Wong 1988).
Degut a la seva abundancia, el mtDNA és més facil d’obtenir que el DNA nuclear.
Aquesta caracteristica converteix el mtDNA en marcador amb mdltiples aplicacions: la
genctica de poblacions, la medicina forense, i els analisis de DNA antic. En els casos
on els marcadors nuclears no poden ser utilitzats perque el material biologic és poc
abundant (pels sense bulb), o parcialment degradat (restes esqueletiques), el mtDNA és
un marcador d’una gran utilitat ja que és 1"anic marcador que es pot amplificar amb

exit.
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V. El DNA mitocondrial: una eina genética per aclarir la

historia de les poblacions humanes.

V.1. L’origen dels humans moderns

“Qui som? D’on venim?”, sén preguntes fonamentals que s’ha fet la
humanitat durant milers d’anys. La preocupacié dels humans pels seus origens es
reflecteix, per exemple, en la mitologia judeo-cristiana amb Adam, Eva, i el jardi d’Eva.
Les histories de la creacié i de I'evolucié de la nostra especie semblen ser una
caracteristica universal de les cultures humanes.

La prova més directa del nostre passat esta continguda en les restes fossils que
Pantropologia classica va explotar per tal d” aportar tota la informacié possible sobre
I'evolucié dels humans. Pero les dades extretes a partir de Pexplotacié dels fossils no
son del tot concloents per tal de resoldre la qliestié de l'origen 1 de 'evolucié dels
humans moderns. El registre fossil és incomplet, hi ha molts forats i molta
controversia. Al principi dels anys 80, 'antropologia molecular va ampliar el seu camp
de recerca al nivell del DNA. Les seqiiencies de DNA, mitocondrials i cromosomes del
nucli cel ular, guarden un record (polimorfisme) de la nostra experiéncia com a
especie. Desxifrar aquest record no és una tasca facil degut a nombrosos factors que
poden influenciar el patré de seqiiencies del nostre DNA. Pero, les variacions
genctiques o polimorfismes que existeixen entre els humans ens fan a tots unics i
Panalisi d’aquests polimorfismes ens permet resoldre la qiiestié de l'origen de I’home
modern 1 establir quines son les relacions genetiques entre nosaltres, o com som de
propers o de llunyans geneticament.

Dues hipotesis principals van ser proposades per explicar I'origen de ’home

modern. Totes dues estan d’acord amb la sortida de Africa d’individus pertanyents al
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génere Homo entre 0.8 i 1.8 milions d’anys cap a Europa i Asia pero discrepen en el

model de transici6 entre aquests primers Homo 1 Homo sapiens

V.1.a. La continuitat multiregional
Aquest model suggereix que no hi ha un origen geografic unic dels
humans moderns siné que van evolucionar a partir dels primers hominids (Hozzo erectus)
en diferents regions del mén de manera simultania (figura 5). Els partidaris del model
multiregional proposen una transicié continua entre les poblacions d’Howzo erectus i els

Homo sapiens de les diferents regions geografiques.

Africa Asia Proxim Europa
oriental Orient

Homo sapiens sapiens

150.000anys = = = = = = = = = = -

Homo sapiens arcaic

400.000anys = = = = = = = =~ = = e e -

Homo erectus

Figura 5: Hipotesi en canelobre; continuitat multiregional.
(Figura modificada a partir de Bertranpetit i Junyent 1998)

L’origen multiregional de ’home modern es va recolzar en les
observacions de continuitat regional d’alguns trets morfologics en restes fossils. Perque

hagi estat possible una evolucié paral lela entre H. erectus i H. sapiens s’hauria d’haver

produit un flux genic considerablement important entre les poblacions. Per tant, els

llinatges genctics presents en les poblacions de les diferents regions del moén haurien de
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tenir un temps de coalescencia molt antic 1 el flux genic hauria d’haver estat molt
important i molt intens durant un gran periode de temps i a través de grans regions
geografiques. Una evolucié multiregional implicaria una mida poblacional
suficientment gran com per sostenir un flux geénic entre les poblacions repartides a

través de les diferents regions del mon.

V.1.b. El model de I’Origen Recent Africa (ORA)

El model de I'Origen Recent Africa, més conegut com el model de
“Out of Africa” suggereix que els humans moderns van sortir de ’Africa fa entre cent i

dos-cents mil anys, i que es van expandir 1 van colonitzar la resta del mén sense (figura

0)

Figura 6: Hipotesi del “Ouxut of Africa”
(extreta de nature genetics volum 33; 2003)

que hi hagués una barreja genctica amb els humans arcaics presents fora de I’ Africa,
com els Neandertals (Stringer i Andrews 1988; Stringer 2002). Dades aportades per les

restes fossils i arqueologia donen suport a aquest model: restes fossils entre 90 i 120
q g p q
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milers d’anys d’humans anatdmicament modern van ser trobades a I’Africa i a I’Orient
Mitja (Lahr 1 col 1aboradors. 1996; Stringer i Andrews 1988; Hennessy 1 Stringer 2002),
i les dades arqueologiques van datar I'aparicié del comportament de ’'home modern
entre 70 1 90 milers d’anys (Henshilwoo 1 col 1laboradors. 2002)

Una versi6 modificada del model “Out of Africa” es el “Weak
Garden of Eden hypothesis (WGE)”. Aquest model proposa que després de la sortida
d’Africa, es va produir un coll d’ampolla reduint la mida de la poblacié, que es va
expandir posteriorment fa 50 000 anys (Harpending i col laboradors. 1993).

Aquests dos models, TORA i el WGE suggereixen que tots els
llinatges en les poblacions humanes provenen d’un avantpassat comu africa. Si lorigen
dels humans moderns es troba a ’Africa, i un subgrup d’aquesta poblacié va sortir
recentment de ’Africa, esperarfem trobar una part de la diversitat genética de les
poblacions africanes actuals en les poblacions no africanes. Els nivells de diversitat en
les poblacions no africanes depén de I’amplitud del coll d’ampolla a la sortida d’Africa.
El model WGE preveu alts nivells de subdivisions genetiques a través de diferents
regions del mén (Africa, Asia, Europa), perd no tan alts com aquells previstos pel
model de continuitat multiregional. En el model del “Oxz of Africa”, 'emergencia de
’home modern no esta necessariament vinculat a un flux genic a través de les regions
del mén. Models intermedis, com els models d’assimilacié o d’hibridacié, també han
estat proposats. Suggereixen que el flux genic entre les poblacions dels primers humans
no va ser constant ni en el temps ni en espai. Els models d’hibridacié assumeixen un
flux génic entre els humans moderns que van sortir de I’Africa i els primers hominids
fora de I’Africa. D’aquesta manera I’evolucié dels humans moderns és el resultat de la
barreja entre els caracters moderns de les poblacions africanes amb caracteristiques de
les poblacions arcaiques euroasiatiques, com els Neandertals. Aquest model preveu una
contribuci6 variable dels gens de les poblacions arcaiques africanes i no africanes al poo/

genctic de les poblacions modernes.
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La majoria de les dades genctiques donen suport al model del “Oxt of Africa”
(Stringer 1 col laboradors. 1988; Takahata i col laboradors. 2001; Satta i1 Takahata
2002), pero els models derivats del “Out of Africa” que preveuen un flux genic entre les
poblacions modernes que van sortir de PAfrica amb les poblacions d’humans arcaics

que ja estaven fora de Africa sén dificils de descartar basant-se en les dades disponibles

(Wall 2000; Nordborg 1998, 2001; Templeton 2002).

V.2 L’avantpassat mitocondrial

Un tipus de dada genctica que va donar suport a la teoria de l'origen
Africa recent de ’home modern i va fer trontollar ’hipotesi multiregional és el DNA
mitocondrial.

El primer treball sobre la variacié del genoma mitocondrial en les
poblacions humanes va ser dut a terme per Wesley Brown (1980). Esta basat en
Panalisi de polimorfisme de longitud de fragments de restricci6 (RFPLs: Restriction
Fragment Length Polimorphism), mitjancant 18 enzims de restriccié en 21 individus.
Brown va estimar que la diversitat del mtDNA present a les poblacions humanes
actuals va comencar a acumular-se fa 180.000 anys, ja que les variants detectades
diferien de la seqiiéncia ancestral en 0.18 per cent de les posicions i que la taxa de
substituci6 nucleotidica era de 1 per cent per mili6é d’anys.

La filogenia de la variacié global del mtDNA va ser establerta a partir
d’estudis posteriors, també basats en RFLPs de baixa resolucié (5 6 6 enzims de
restriccid) 1 una mida mostral gran. L’arbre obtingut presentava una forma en estrella
(“Starlike”): d’'un unic haplotip central comu a tots els individus d’on sorgeixen els altres
haplotips, dels quals alguns sén especifics d’'una poblacié. L’haplogroup central o
universal correspon a 'avantpassat comu més recent de tots els mtDNA del moén. Aixo

suggereix que totes les poblacions humanes comparteixen una historia evolutiva
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comuna des de fa molt de temps, 1 podria donar suport a I'idea que ’home va aparcixer
en diferents parts del moén a partir d’avantpassats arcaics (Excoffier & Langaney 1989;
Templeton 1992).

El mtDNA va coneixer el gran exit amb un treball publicat al 1987 per
Iequip d’Allan Wilson, que va tenir un gran impacte en el moén cientific amb
repercussions a nivell popular arrel del debat sobre Porigen de '’home modern i de
I’Eva mitocondrial africana. Rebecca Cann, Mark Stoneking i Allan Wilson van
analitzar 147 individus de cinc poblacions (africans, asiatics, australians, caucasoides,
nou guineans) mitjancant RFLPs d’alta resolucié (12 enzims de restriccid), per tal
d’obtenir una filogénia del mtDNA més precisa. Els resultats obtinguts van ser

representats en un arbre de maxima parsimonia (figura 7).

Figura 7: Arbre genealogic de 134 tipus de
DNA huma; (Cann i col laboradors 1987).

L’arbre del mtDNA proposat per Cann i els seus col laboradors consisteix en dues
branques: la més profunda presenta exclusivament mtDNA africans i altra mtDNA de

les cinc poblacions. Els autors van concloure que tota la diversitat del mtDNA prové
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d’una sola dona que va viure a I’Africa fa uns ~200.000 anys, amb un marge d’error tan
elevat que la data estava compresa entre 140.000 1 290.000 anys. Aquest resultat va ser
interpretat com 'evidencia de lorigen recent africa (Out of Africa) de 'home modern.
Cann i col laboradors van designar el nostre avantpassat mitocondrial africa com
I'Eva mitocondrial”. Va ser un nom molt sensacionalista per la premsa escrita i
televisiva que va fer una amplia difusié d’aquesta metafora. Pero el nom d’Eva va crear
molta confusio i va ser mal interpretat, ja que evocava la falsa imatge de 'Homo sapiens
provenint d’'una mare unica, la mare de tots nosaltres, i que no n’hi havia hagut cap
altra abans.

La hipotesi proposada per Cann i collaboradors (1987) i defensada
posteriorment per altres autors (Vigilant i col laboradors. 1991; Chen i col 1laboradors.
1995) es basa en el principi de coalescencia (figura 8). La coalescéncia assumeix
Pexistencia d’un origen comu a tots els organismes. A partir d’aquesta base, es dedueix
que tota la variacié d’un segment de DNA (mitocondrial o nuclear) en les generacions
actuals prové d’un avantpassat unic. El cas del mtDNA, la reconstrucci6 dels llinatges
en els temps és més facil ja que té una herencia estrictament materna. Les dades de

Iarticle publicat per Cann i els seus col 1aboradors indiquen que:

a) L’avantpassat mitocondrial no era I"anic individu viu, siné que formava
part d’una poblacié on la resta dels llinatges mitocondrials es van perdre

amb el temps.
b) Aquest avantpassat no correspon a la primera dona apareguda de la

nostra especie, pero si al punt de partida de tots el llinatges mitocondrials

actuals.
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Generacions

Present

Figura 8:1l lustraci6é del principi de coalescencia. Per tots els membres
d’una poblacié es pot trobar I'avantpassat matern. L’exemple
mostra els llinatges mitocondrials de 7 dones d’una poblacié
estable. A cada generacio, alguns llinatges proliferen i altres
s’extingeixen. Per atzar, un dels llinatges materns substitueix tot
els altres.

Aquest treball va ser 'objecte de nombroses critiques: Primer, es va
estimar que el nombre de llocs testats per I'analisi de RFLPs no era suficient per a
aportar una informacié genealogica robusta. Segon, el métode utilitzat per designar
'arrel de Parbre, agafant el punt mig del la branca més llarga, no era fiable. El tercer
punt, és que van utilitzar individus afro-americans en representacié de natius africans.
A més, 'arbre presentat en aquest estudi no era el més parsimonids, 1 entre els més
parsimoniosos alguns no exhibien una clara separaci6 entre les poblacions africanes i la
resta dels individus (Templeton 1992). Finalment, Perror estandard de Pestima de la
divergencia entre els africans i no africans era tan gran que el temps de divergencia
podria ser de fins a 800.000 anys. L’estudi de Vigilant i col laboradors (1991) basat en
les seqtiencies de 189 individus de tot el mén dels quals 121 eren natius africans va
confirmar lorigen africa del mtDNA (figura 9). A més, la utilitzacié de sequencies de la
regi6 de control de ximpanzé (Kocher 1 Wilson 1991; Foran i col laboradors. 1988) per
calibrar la taxa d’evoluci6 del mtDNA va donar suport al treball de Cann i

col 1aboradors (1987).
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AFRICAN BASIAN A AUSTRALIAN & NEW GUINEAN W CAUCASIAN

(i

)

B 02 04 0B 06 04 9z 0
DAVERGENCE [N DNA DIVERGENGE IN DA
SEQUENCE (FERCENT) SEQUENCE (PERCENT)

Figura 9: Arbre genealogic de 182 tipus de mtDNA huma que
dona suport a Porigen africa de 'avantpassat mitocondrial
dels humans moderns (figura basada en el treball de
Vigilant i col laboradors 1991 i modificada a partir de
Particle
The recent African genesis of Human; Scientific American 1992)

Estudis posteriors (taula 1) es van basar en la seqiiénciacié de la regié de control, o
d’alguns gens del mtDNA per tal de reduir 'error en I'estima del temps de divergencia

entre els africans i no africans.
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Autors Percentatge de TMRA
Segment del mtDNA d

divergencia (anys)
Cann et al., 1987 Molecula sencera 0.57 15.0 190.000

Kocher and Wilson ND4-5
0.33 9.6 172.000

1991

Vigilant et al., 1991 Regi6 de Control 2.90 69.2  210.000
Ruvolo et al., 1993 COIIL 0.58 10.4 278.000
Chen et al., 1995 Molecula sencera 0.29 13.0 112.000
Horai et al., 1995 Molécula sencera 1.10 39.0 143.000
Horai et al., 1995 Regi6 de control 2.10 70.0 143.000
Watson et al., 1997 Regi6 de control 1.10 495.0 111.000
Chen et al., 2000 Molécula sencera 0.36 13.0 138.000
Ingman et al., 2000 Molecula sencera 0.58 17.0 171.500

Taula 1: Percentatge de divergencia de sequéncia entre dues sequencies humanes de
mtDNA, diversitat de sequencia (d) estimada a partir dels mtDNA d’huma 1
ximpanzé , 1 temps de I'avantpassat comu mes recent (IMRA) han estat
obtinguts a partir de les dades dels diferents autors. Per ’homogeneitat de les
dades, s’assumeix un temps de divergeéncia entre els llinatges d’humans i
ximpanzés de 5 milions d’anys. (Taula extreta de Klein i Takahata 2001)

A més, Panalisi de sequencies del mtDNA de tres especimens fossils de Neandertal

(Krings i col 1aboradors. 1997, 1999, 2000; Ovchinnikov i col 1laboradors. 2000) déna

suport al model del “Owt of Africa”, ja que les dades indiquen una clara diferenciacié

entre el mtDNA neandertal 1 d’huma modern i el temps de divergeéncia entre els dos

tipus de llinatges s’estima entre ~ 300 i 850 milers d’anys.
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V.3 Distribucié dels llinatges mitocondrials i de les poblacions

humanes.

El genoma mitocondrial ha servit no només per elucidar el origen de la
nostra especie, siné que també s’ha utilitzat conjuntament amb al altres marcadors
genctics per seguir el rastre de les migracions de les poblacions humanes. El grup
d’humans que va sortir d’Africa per ocupar nous territoris es va confrontar a
condicions geografiques i climatiques molt diferents. I.’adaptacié a un nou ambient i
'acci6 de la seleccié natural van provocar canvis en el nostre genoma que van conduir
a la diferenciacié dels grups humans. Les mutacions es van acumular de manera
seqiiencial en els llinatges del mtDNA a mesura que els grups de poblacions van
ocupar els diferents continents (figura.6), de tal manera que els llinatges del mtDNA
tenen una distribucié geografica que correspon a la de les poblacions humanes. La
caracteritzacio dels llinatges mitocondrials dels diferents continents permet entendre la
variacié genctica entre poblacions, i la diversitat genctica dintre de les poblacions. La
genealogia del mtDNA va ser construida a partir de la definicié d’haplogrups, és a dir
un grup de sequiencies que comparteixen un mateix patré de mutacié (figuralO) i que

son especifics de continents (Wallace 1 col laboradors. 1999).

V.3a. Els llinatges mitocondrials a Africa
A PAfrica, els tres haplogrups LO, L1, 1 L2 constitueixen el
macrohaplogrup L, i sén especifics de I’Africa sub-sahariana (Chen i col laboradors.
1995; Graven i col 1aboradors. 1995). A partir del macrohaplogrup L es van formar el
haplogrup africa 1.3, i els macrohaplogrup euroasiatics M i N. Aquests dos haplogrups
van aparéixer al nord est de ’Africa i es van expandir a Furopa i Asia quan els

individus portadors d’aquests dos haplogrups van sortir d’Africa per colonitzar la resta
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dels continents (Wallace i. col laboradors. 1999; Quintana-Murci i col laboradors.
1999). 1’analisi del mtDNA també ha revelat una gran heterogeneitat dins d’Africa: per
exemple, I’haplogrup M1 té el seu origen a I’Africa de P’Est (Quintana-Murci i
col 1aboradors. 1999), i I’haplogrup U6 és especific de I’Africa del Nord (Rando i
col laboradors. 1998, 1999). A més, les expansions Bantu i els flux genics posteriors
van contribuir a la formacié de poo/ genétic diferents a les grans regions d’Africa
(Bandelt i col 1laboradors. 2001; Pereira i col laboradors. 2001; Salas i col 1laboradors.

2002).

V.3b. Els llinatges mitocondrials a Europa

Europa es caracteritza per la seva gran homogeneitat genctica
(Simoni 1 col 1laboradors. 2000a; 2000b; Helgason i col laboradors. 2000; Richards i
col 1laboradors. 2002), ja que els haplogrups H, 1, J, N1b, T, U, V, W i X, tots derivats
del macrohaplogrup N, constitueixen més del 98% dels llinatges mitocondrials
europeus (Mishmar i col laboradors, 2003). Els Samis i els Islandesos, a diferéencia del
grup homogeni format per la resta d’europeus (Simoni i1 col laboradors. 2000a),
apareixen com poblacions aillades. Aquestes poblacions presenten haplogrups que sén
comuns a la resta d’Europa (Finnila i col laboradors. 2001; Wittig i col laboradors.
2003), pero la seva posicio d’ouliers en el paisatge europeu és conseqiiencia de

aillament geografic i de la deriva genetica.

V.3c. Els llinatges mitocondrials a Asia
Els llinatges mitocondrials coneguts com especifics de ’Asia que
deriven del macrohaplogrup M soén els haplogrups C, D, E, G, Z, i els que deriven del
macrohaplogrup N son A, B, F, Y (Kivisild i col laboradors., 2002). Degut a la
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grandaria del seu territori i a la complexitat del seu poblament, I’Asia presenta una gran
diversitat de freqiiencies haplotipiques. Podem destacar per exemple el cas de Siberia
(Derbeneva i col laboradors. 2002) on els haplogrups A, C, D, G, Z1Y formen > 75%
del poo/ genctic mitocondrial, 1 del Tibet (Torroni i col laboradors. 1994) on aquests
haplogrups representen només 14% dels llinatges mitocondrials. També podem
destacar el cas de 'India que també presenta un gran diversitat en la composicié del
seus llinatges mitocondrials. El seu poo/ genctic esta format per haplogrups de I'oest
euroasiatic (HV, U, JT, R1; Macaulay col laboradors, 1999), llinatges especifics de I'est
euroasiatic (B, R9; Kivisild i col 1laboradors, 2002), i per llinatges propis, com per
exemple U2i i grups de llinatges dins el super-haplogrup M (Kivisild i col 1laboradors,
1999; Bamshad i col laboradors. 2001).

V.3d. Els llinatges mitocondrials a les Amériques

En les poblacions de natius americans, el cinc haplogrups A, B, C,
D, i X engloben el 100% de la variaci6 del mtDNA. Els haplogrups A, C, D
representen 58% dels llinatges del Nord de Sibéria i la seva preséncia a les Ameriques
seria la conseqiiencia de la travessia de Pestret de Bering des de Sibéria pels individus
portadors d’aquests haplogrups. L’haplogrup B és present basicament a la costa asiatica
i en el Pacific pero practicament absent a Sibéria 1 poc freqiient a America del Nord.
L’haplogrup X especific d’America es distribueix basicament a America del Nord,

encara que la seva distribucié no esta ben establerta (Brown i col laboradors, 1998).
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V4. Altres aplicacions del mtDNA

Com acabem de veure, el mtDNA ha permes entendre la diversitat
genctica de les poblacions humanes generada per la colonitzacié de les diferents
regions geografiques. Pero, el mtDNA també es fa servir en el camp de la genctica
forense per els casos d’identificacié de persones, com per exemple en el cas de la
identificaci6 de les restes del Tsar Nicolau II (Zhivotovsky, 1 col laboradors. 1999) 1 de
la identificacié del presumpte cor de Lluis XVI, fill de Llufs XVI i de Marie-Antoinette

(Jehaes i col 1laboradors. 2001), entre molts d’altres.
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VI. Genealogia del gen

Existeixen dues fonts d’error a I’hora de fer inferéncies sobre la genealogia a
partir de seqiiencies. Una fa referéncia al nombre de posicions variables i I'altra al
nombre de loci variables. En un genoma no recombinant, com més llarg és el segment
seqiienciat, més precisa és ’estima de la distancia evolutiva entre dues seqiiéncies, i més
robusta ¢és la genealogia. Els resultats observats quan s’analitza un sol gen (o locus)
poden ser atribuits, o bé a la propia natura del locus (mutacid, seleccid, migracio,
deriva, mida poblacional, ...), o bé, reflecteixen els fenomens demografics de la
poblacié estudiada. L’altra dificultat a tenir en compte és la taxa de mutacié de les
posicions variables estudiades. En el cas de el mtDNA, la taxa de mutaci6 elevada de la
regi6 de control ( ~10 vegades més que la regié codificant; Vigilant i1 col laboradors.
1991) conjuntament amb la variacié de la taxa de mutacié per cada posicié variable,
significa que algunes posicions muten molt rapid i que muten més d’una vegada en el
transcurs de la genealogia. Aquesta situacié provoca la possibilitat d’obtenir nombroses
topologies d’arbres igualment plausibles. Per aquesta rad, moltes topologies d’arbres
poden ser equivalents 1 no hi ha cap fonament per decidir entre elles. El model de
“I'Out of Africa” va ser defensat principalment per I'arrel africana de arbre del mtDNA
(Vigilant i col 1aboradors. 1991). Pero esta clar que existeixen milers d’arbres possibles,
molts dels quals no presenten una arrel africana (Hedges i col laboradors. 1992;
Templeton 1992). Per intentar resoldre aquest dilema es van desenvolupar noves eines
per analitzar dades basades en el genoma mitocondrial. Una d’elles es el network
filogenetic que intenta resumir tots els arbres possibles en un grafic (Excoffier i
Smouse 1994; Bandelt 1 col laboradors. 1995).

Watson i col 1aboradors. (1997) van aplicar el metode de network al mtDNA en

diverses poblacions africanes. Fls resultats obtinguts concorden i donen suport a
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Pestructura general de l'arbre del mtDNA presentat per Vigilant i col laboradors
(1991), 1 també va aportar informacié complementaria: tots els mtDNA eurasiatics
pertanyien a un sol grup, Iorigen del qual es troba a I’Africa. A partir d’aquest
argument es va proposar, seguint el model de “'Ox# of Africa”, que la poblacié que va
sortir de I’Africa per formar la poblaci6 eurasiatica va ser suficientment petita com per
eliminar tots els tipus de mtDNA excepte un durant un periode de temps. Quintana-
Murci i col 1aboradors (1999) suggereixen més aviat que els avantpassats de dos tipus
principals de mtDNA van sobreviure a esdeveniment fundador del “Owt of Africa”.

A principis dels anys 90, I'aplicacié de I'analisi de restriccié d’alta resolucié (amb
14 enzims de restriccid) a la molecula de mtDNA va permetre cobrir del 15 al 20% de
la seqiiencia del mtDNA. Aquesta técnica esta basada en la digestié de la molécula de
mtDNA mitjancant enzims de restricci6 amb una separacié a posteriori per
clectroforesi (RFLPs). Els estudis de RFLPs van revelar posicions polimorfiques
estables 1 antigues de la regi6 no codificant que defineixen grups monofilétics o
haplogrups (Torroni i col laboradors. 1996). Els haplogrups es defineixen com grup de
seqliencies que comparteixen un mateix patré de mutacions; mutacions que es van
acumulant de manera seqiiencial al llarg de la molécula 1 que sén especifiques de
determinades regions geografiques. Aixi doncs, la caracteritzacié dels haplogrups
aporta la informacié suficient per tal de poder definir les relacions interpoblacionals i
inferir la historia evolutiva de les poblacions. La tecnica de RFLPs requereix grans
quantitats de DNA, una gran bateria d’enzims per obtenir una bona discriminacié, un
gran nombre de tampons donat que es necessita un tampé especific per cada enzim, i
temps ja que és una técnica no automatitzada. D’altra banda, la majoria de les analisis
de la variabilitat del mtDNA s’han dut a terme mitjancant una altra estratégia: el
metode de seqlienciacié aplicat al segment hipervariable I (HVS-I) de la regié de
control. La tecnica de sequienciacié és adequada per detectar qualsevol tipus de mutacié

(mutacié puntual i indels) en el mtDNA, 1 és una tasca rapida amb la utilitzacié de
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seqiienciadors automatics, 1 facil ja que la regié analitzada és una sequencia curta
d’aproximadament uns 400 parells de bases.

La regié de control és una eina de doble tall degut a la alta taxa de mutacié que
exhibeix. Aquesta caracteristica és forca util a I'hora de resoldre diferencies entre
seqiiencies relativament properes i de definir haplogrups, pero, una alta taxa de
mutacié també implica la presencia de mutacions recurrents i de substitucions
paral leles que poden ser la causa d’'una manca de resolucié a I’hora de construir i de
resoldre filogenies. L’analisi conjunta de la informaci6é aportada tant per la regié de
control (variacié de seqiiencies dels segments hipervariables I 1 II), com per la regi6
codificant (RFLPs d’alta resolucié) va ser decisiu per definir amb precisié els
haplogrups i establir una filogenia robusta del genoma mitocondrial (Figura 10;
Macaulay i col laboradors. 1999). Per una banda, la identificacié d’haplogrups amb una
genealogia robusta 1 una distribucié geografica ben definida ha permes el
desenvolupament d’una nova disciplina, la filogeografia. Aquesta esta basada en I'estudi
de la distribucié geografica dels llinatges en un arbre genealogic per tal de resoldre
questions sobre migracions, dispersions, colonitzacions, i per tant, inferir la historia de
les poblacions humanes. Per una altra banda, la comparacié dels polimorfismes de
seqiiencies de la regié de control amb els polimorfismes de longitud de fragments de
restriccié va complir dos objectius. El primer, va ser comprovar que hi havia una bona
concordanca entre els dos tipus de polimorfismes, 1 el segon, distingir entre les
mutacions de la regié de control antigues i estables en la genealogia del mitocondrial, i
per tant filogeneticament associades a un haplotip concret, de les mutacions recurrents
(Bandelt 1 col laboradors. 1995). Els estudis on es combinen els dos tipus de dades
(sequencies de la regié de control 1 variants de la regié codificant) van tenir molt d’exit i
van proporcionar zetworks filogenctics acurats de les poblacions de T'oest d’Eurasia

(Richards i col 1aboradors. 1998; Macaulay i col laboradors. 1999; Helgason i
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col laboradors. 2000), i de I’Africa sub-sahariana (Macaulay i col laboradors. 1999;
Quintana-Murci i col laboradors. 1999).

Encara que el genoma mitocondrial va ser un dels primers genomes en ser
seqiienciat en la seva totalitat, és a partir de 'any 2000, que es va comengar a procedir a
'analisi de sequiencies completes del mtDNA (Ingman i col 1aboradors. 2000; Finnila i
col laboradors. 2001; Maca-Meyer i col laboradors. 2001; Herrnstadt i col laboradors.
2002). Seqiienciar tot el genoma mitocondrial representa una gran quantitat de treball i
esfor¢ que els progressos tecnics han convertit en una tasca relativament facil de dur a
terme. Els primers en iniciar de nou Pestudi de sequencies completes de mtDNA van
ser Ingman i col 1aboradors, que van analitzar 53 seqiiencies completes d’individus de
diferents regions del moén (Africa, Asia, Europa). Aquest estudi va confirmar larrel
africana de la filogenia del mtDNA 1 els networks filogenétics obtinguts a partir de les
analisis de la regi6 de control/RFLPs conjunts (Macaulay i col laboradors. 1999;
Quintana-Murci i col laboradors. 1999). L’estudi dut a terme per Finnild i
col laboradors (2001) presenta una genealogia completa dels mtDNA europeus amb un
network fillogenetic representant la variacié de la regié de control i un altre de la regi6
codificant. Aixi, Finnild i col 1laboradors van proporcionar nombrosos marcadors per
distingir els diferents haplogrups europeus i els diferents llinatges dintre d’un mateix
haplogrup. Aquest treball també va confirmar la informacié dels resultats obtinguts
pels mtDNA europeus a partir de les dades combinades de la regié de control i de
variacions en la regié codificant, ja que totes les seqiiencies de Finnili i col laboradors
van poder ser classificades en haplogrups préviament definits a partir de les analisis de
restriccié d’alta resolucié de la regié codificant Els estudis duts a terme a partir de
I'analisi de seqiiencies completes han proporcionat un gran nombre de posicions
polimorfiques que han permes resoldre sense ambigtitats la filogenia del mtDNA 1
obtenir una clara distribucié geografica dels llinatges mitocondrials en el context de la

filogeografia. Uns dels aspectes rellevants d’aquest tipus d’analisi és que van permetre
geog p q p q p
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detectar els errors de topologia generats en les filogenies obtingudes a partir de les
sequencies del HVS-1, i de les variants de RFLPs de la regié codificant, i l'altre és que
van confirmar les relacions filogenetiques entre els haplogrups inferits préviament amb

les dades de les vatiants de la regié de control i/o de la regi6 codificant.
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Figura 10: Filogenia del mtDNA construit a partir de dades RFLPs de la
regi6 codificant i de dades de seqiiencies de la regié de control.
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Material 1 Métodes

I. Polimorfismes del mtDNA

En la present tesi s’han analitzat diversos polimorfismes que caracteritzen el

DNA mitocondrial:

I.1. SNPs (Single Nucleotide polimorfisms)

1.1.a. Regio de control
Els SNPs de la regi6 de control s’han analitzat mitjancant
seqiienciacié directa, ja que en aquesta regié s’acumulen gran quantitat de SNPs
(Greenberg i col laboradors. 1983) degut a I'alta taxa de mutaci6 de la regié de control
respecte la regié codificant del mtDNA. El tipus de substitucié més freqiient son les
transicions, de tota manera, a part dels SNPs, també es poden detectar a la regi6 de
control  mitjancant  sequenciacié  directa  polimorfismes del tipus indel

(insersions/delecions) d’un nucleotid.

1.1.b Regio codificant

Aquests SNPs definits a partir de RFLPs i de sequencies de la
regi6 de control per Macaulay i col 1aboradors. (1999) 1 recentment pels estudis basats
en analisi de sequencies completes del genoma mitocondrial (Ingman i col laboradors.
2000; Finnild i col 1aboradors. 2001; Maca-Meyer i col laboradors. 2001; Herrnstadt 1
col laboradors. 2002), han permes definir una filogeénia precisa i acurada dels llinatges
mitocondrials. La determinacié d’aquests SNPs és molt util per poder definir a quins
grans haplogroups pertanyen les mostres analitzades quan la regié de control no és

prou informativa
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I1.2. Microsatel 1lit del mtDNA

Bodenteich i col laboradors (1992) van descriure un microsatel lit entre
les posicions 514 i 523 de la regié codificant. Es un microsatél lit curt format per
repeticions de dinucleotids CA. La sequencia de referencia del mtDNA presenta cinc

repeticions CA (Anderson i col laboradors. 1981).

I.3. Delecio de 9 parells de bases

En la sequencia de referencia (Anderson i col laboradors. 1981) s’ha
descrit dos copies de una sequencia de 9 parell de bases (CCCCCTCTA) situada en la
regi6 intergenica de la sub-unitat de la citocrom oxidasa i del RNA de transferencia de
la lisina. Aquesta seqiiéncia es va utilitzar com marcador especific de les poblacions
d’origen asiatic (Wrischnik i col 1aboradors. 1987; Hertzberg i col laboradors. 1989;
Shields i col laboradors. 1992) on s’havia descrit la delecié d’una de les dues copies de
la seqiiencia. S’havia postulat un origen unic asiatic de la delecié, pero es va trobar
també en Pigmeus (Vigilant i col laboradors. 1991; Watson i col laboradors. 1990), aixi
com en les poblacions sub-saharianes Kikuyu, Turkana, i Yoruba (Watson i
col 1laboradors. 1996). També es va descriure una triplicacié de la sequiencia de 9 parells
de bases en algunes poblacions africanes Fulbe 1 Hausa (Watson i col laboradors.
1996). Les delecions i les triplicacions de les seqiiéncies es van identificar en individus
pertanyien a diferents haplogroups. Per tant, la informacié aportada per aquest
polimorfisme s’ha de considerar conjuntament amb la informacié proporcionada amb
les sequencies de regié de control i/o els SNPs de la regi6 codificant, ja que I'analisi
d’aquest marcador en solitari no aporta gaire informacié degut al seu origen recurrent

en diferents llinatges mitocondrials.
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II. Técniques utilitzades

Per cadascun d’aquests polimorfismes es va utilitzar la tecnica més adequada en
el moment de I'analisi. En aquest apartat, es comentaran els diferents metodes utilitzats

per el tractament de la mostra un cop extret el DNA.

IL.1.Amplificaci6 per seqiienciaci6 directa

En el primer estudi realitzat, es va aplicar 'amplificacié directa del
segment hipervariable I amb els primers 1.15997 1 H16401 (Vigilant i col laboradors.
1989). Pero per la resta dels treballs, es va amplificar tota la regié de control mitjancant
els primers 115997 1 H408 per tal de tenir I'opcié de seqienciar també la regi6
hipervariable II. Els primers utilitzats per "amplificacié i la seqiienciacié estan descrits
en la Taula 2. Les condicions d’amplificacié descrites en la Taula 2 es van aplicar als
dos tipus d’amplificaci6 (regié hipervariable I i II). Es va comprovar cada amplificaci6

mitjan¢ant un gel d’agarosa al 2%.

Primers Sequencia
HVS.I 1.15997 5-CAC CAT TAG CAC CCA AAG CT-3

H16401 5-TGATTT CAC GGA GGA TGG TG-3’

1.29 5-GGT CTATCA CCCTATTAACCAC-3
HVS-II HA408 5-CTG TTA AAA GGTG CAT ACC GCC A-3’
Condicions 94°C 2
d’amplificacié 30 cicles: 94°C 17; 58°C 1’; 72°C 1°

72°C 5’

Taula 2: Conjunt de primers (nom i sequéncia) utilitzats per 'amplificacié i la reaccié de
sequenciacié de la regié de control, i descripcié de les condicions de PCR per
Pamplificacié de la regié de control.
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I1.2.Purificacio de les mostres

L’etapa de purificaci6 abans de procedir a la seqiienciaci6 és essencial per
tal d’eliminar els dideoxinucleotids no incorporats, els primers restants de
Pamplificacio, els productes de PCR parcialment amplificats, 1 tots aquells elements
susceptibles d’interferir en la reaccié de seqiienciacié. Es van utilitzar dos metodes per
purificar les mostres depenent de la seva disponibilitat en el moment de la purificacio:

» La purificaci6 per precipitacié quimica via I’as del kit Gene
Clean (BIO101)
» La purificaci6 amb columnes GFX (Amersham

Bioscience)

I1.3 Seqiienciacié automatica

Les reaccions de seqlienciacié es van fer sistematicament a partir de la
cadena lleugera mitjancant els primers 115997 i 129 (Taula 2) per la seqienciacié
respectiva dels segments hipervariables I 1 II. Es van executar amb el kit de de
seqiienciaci6é Big Dye Terminator (versi6 3.0; Applied Biosystems) que utilitza ddNTPs
marcats amb fluorocroms de diferents absorbancia, i els productes de la reaccié de
seqiiencia van ser carregats en el seqienciador A.B.I PRISM 3100 (Applied
Biosystems).

El problema més frequent és la heteroplasmia de longitud. En la regi6 de
control existeixen tractes de policitosines (poli Cs) que presenten una taxa de mutacié
elevada i s6n més propenses a presentar heteroplasmia. Trobem tractes de poli Cs en el
HVS-I entre les posicions 16184 1 16193, interromputs per una T en la posicié 16189, i
en el HVS-II, entre les posicions 303 i 315, interromputs per una T en la posicié 310.

Quan apateix una substitucié en la posicié 16189 i/o 310, s’obté una serie de 10 a 15
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citosines, 1 la sequéncia que segueix a continuaci® no es pot caracteritzar per
sequienciaci6 directa degut a un solapament de diversos patrons de lectures. En casos
com aquest es va sequenciar l'altra cadena per tal de caracteritzar el segment de

seqiiéncia que mancava.

I1.4. SNaPShot

El SNaPshot és una de les nombroses estrategies disponibles per tipar
SNPs, pero particularment adequada en el cas del mtDNA on es poden multiplexar el
SNPs a partir d’una tnica reaccié de PCR, ja que en un fragment relativament curt de
DNA s’acumulen gran quantitat de SNPs. Es una técnica automatitzada, rapida i facil
d’aplicar, basada en la extensié de primer en una sola base, que permet, a partir del
producte de DNA amplificat, de caracteritzar de manera individual els SNPs d’interes

(figura 11).
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1) Preparaci6 de la mostra 2) Reacci6 d’extensi6

Doble cadena de DNA amb els SNPs d’interes
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Figura 11: Descripci6 del protocol de SNaPshot amb tres SNPs qualsevol del mtDNA.
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En el present treball, es van tipar quatre SNPs situats fora de la regié de control, que
ens van permetre classificar sense cap ambigtitat les seqiiéncies en haplogrups. Aquests
SNPs s’han tipat només en els casos on la informacié proporcionada per la regié de
control no era suficient per caracteritzar el haplogrup de la seqtiencia. En una sola PCR
es va amplificar la regié que contenia els quatre SNPs mitjancant els primers i les
condicions de PCR descrits en la Taula 3, seguit de l'aplicacié de la tecnica de
SNaPshot per tipar els SNPs d’interes. El locus, la seqiiencia i longitud dels primers, el

polimorfisme i ’haplogroup associat sén descrits a la Taula 3.

Primers Seqiiéncia

110373 5-CCCTAAGTCTGGCCTATGAG-3

H12744 5-CGATGAACAGTTGGAATAGG-3
94°C: 5

Condicions de PCR | 35 cicles: 94°C 30’; 55°C 30”; 72°C 30”
72°C 5’

Taula 3: Primers (noms i seqliencies) i condicié de PCR utilitzats
per 'amplificaci6 prévia a I’aplicacié de la teécnica SNaPshot.

Locus Seqiiéncia (5’-3%) Longitud |Aliels | Al iel>Haplogroup
H10400X |TGTTTAAACTATATACCAATTC 22 G/A A—>M

110873X | TTTTTTTTICCACAGCCTAATTATTAGCATCATCCC |36 C/T |CoLiM

L12308X | CAGCTATCCATTGGTCTTAGGCCCCAA 27 A/G G->U

1.12705X |AACATTAATCAGTTCTTCAAATATCTACTCAT 32 C/T |ToIL,MiN

Taula 4: Locus i primers utilitzats en el protocol de SNaPshot.

Els productes amplificats van ser correguts en el seqienciador automatic 3100™

(Applied Biosystems). L.a combinacié de primers de diferents grandaries permet la
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deteccié de més d'un SNP en cada carril del seqlienciador automatic.

L’assignaci6 dels al lels es va fer mitjangant el software GeneScan (Figura 11).

I1.5. Microsatel it i deleci6 de 9 parell de bases:

El microsatel 1it i la sequencia amb les dues repeticions de 9 parell de
bases (CCCCCTCTA) van ser amplificats conjuntament amb els primers i les

condicions de PCR descrits a la Taula 5:

Polimotrfisme Primer | Seqiiéncia

1.8196 |5’-ACAGTTTCATGCCCATGGTC-3
Delecié de 9 parell de bases

H8297 | ’ATGCTAAGTTAGCCTTACAG-3

1483 |5-ACTCCCATACTACTAATCTC-3
Microsatel it

H575 |GAGGTAAGCTACATAAACTG-3

94°C: 5
Condicions de PCR 35 cicles: 94°C 307; 55°C 307; 72°C 30”
72°C'5’

Taula 5: Noms i seqiiéncia dels primers i condicions de PCR per amplificacié
conjunta del marcador de 9 parell de bases i del microsatel 1it del mtDNA.

Els primers 1.8196 1 1.483 van ser marcats respectivament amb els
fluorocroms JOE i FAM que donen una fluorescéncia verda i blava 1 permeten detectar
els dos marcadors en un mateix carril. Els estandards ABI GS350 Rox o ABI GS500
TAMRA van ser utilitzats com marcadors interns de carril. Els productes amplificats es
van fer correr en el seqiienciador automatic 377 i el analisis es va dur a terme amb el

software GeneScan.
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IT1. Poblacions estudiades

En la present tesi s’han estudiat 22 poblacions de diferents continents: vuit de
’Africa del nord oest (Algerians, Arabs del Marroc, Berbers del Marroc i de Tunisia,
Saharauis, Tunisians), dos de la Peninsula Ibérica (Andalusos i Catalans), un de I’Africa
sub-sahariana (Angola), una de I’ocea Indic (Illa de la Reunid), i dotze de I’Asia Central
(Bukharan Arabs, Crimean Tatars, Iranians, Dungans, Karakalpaks, Kazaks,
Khoremian Uzbeks, Kyrgyz, Tajiks, Turkmen, Uighurs 1 Uzbeks). L’entorn geografic i
els esdeveniments historics han condicionat els fenomens demografics (expansio,
migraci6, barreja, aillament, deriva) que han patit aquestes poblacions 1 que es
reflecteixen en la seva composicié genctica. L’analisi de la diversitat genetica d’aquestes
poblacions mitjancant el mtDNA ens permet resoldre la seva historia demografica i
contrastar hipotesis proporcionades per altres marcadors 1 altres disciplines (lingtistica,
arqueologia).

El DNA de les poblacions estudiades va ser extret a partir de mostres
sanguinies. Totes les mostres de DNA ja estaven disponibles al laboratori quan es va
iniciar la present tesi. Per les poblacions del Nord d’Africa (menys els Berber de
Tunisia) I'extracci6 de DNA es va fer en el laboratori mitjancant el metode estandard
d’extracci6 amb fenol i cloroform. L’obtencié de la resta de les mostres va ser el
resultat de col 1aboracions amb diferents laboratoris. També es van extreure a partir de
la literatura o bé a través de comunicacions personals sequéncies de la regié de control
del mtDNA de poblacions que es van revelar uatils o essencials per dur a terme una
analisi completa. A partir de les 22 poblacions citades anteriorment, es van dur a terme

cinc estudis en quatre grans arees geografiques de diferent interes.
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ITI.1.Les poblacions de ’oest del Mediterrani

Aquesta analisi inclou onze poblacions de I’Africa del Notd oest, deu
poblacions de la Peninsula Iberica i cinc d’Italia (figura 12). Per la seva posicid
geografica a cada banda del Mediterrani i per el seu passat historic, les poblacions
africanes 1 europees de l'oest del Mediterrani presenten caracteristiques uniques,
afinitats 1 diferencies que han contribuit a modelar la seva composicié genctica actual.
Les poblacions del Nord i del Sud del Mediterrani tenen un ambit geografic diferent
que ha influenciat de manera diferent la seva estructura poblacional, pero estan unides
per la historia ja que comparteixen esdeveniments historics que van implicar

moviments de poblacions humanes a través de les dues bandes del Mediterrani.
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Figura 12: Localitzaci6 g‘eogrﬁffc-a de les pob'f;cions de Toest del Mediterrani
estudiades. Les rodones representes les mostres sequénciades; els
quadrats, les mostres seqiénciades i agafades de la literatura; i els
triangles, les mostres agafades de la literatura.
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La poblacié autoctona del Nord d’Africa, els berbers, (Camps 1998) va
experimentar onades successives d’invasions a partir del segon mil leni aC. En la
antiguitat, hom els coneix sota la denominacié de nmidas, mauros, getulos, libios (Camps
1998). Els primers contactes nord-sud a través del Mediterrani es van establir primer
amb l’arribada dels fenicis, fundadors de Cartago (814 aC) que van establir una ruta
mercantil al llarg de la costa Nord africana pel trafic de plata i d’estany amb la
Peninsula Ibérica (Newman 1995). Al voltant del segle VI aC, Cartago es va convertir
en el centre economic i politic més important de 'antiguitat. El segon gran moviment
poblacional a traves del Mediterrani va ser amb els romans a partir de 146 aC amb la
caiguda de Cartago. I'imperi roma, que s’estenia des d’Egipte fins al Marroc, va portar
el seu interes sobretot a la part oriental del Mediterrani (Egipte, Libia, Tunisia). El
tercer gran contacte nord-sud del mar Mediterrani va ser protagonitzat pels Vandals,
una tribu alemanya que va arribar al Nord d’Africa a través de Iestret de Gibraltar. El
seu domini va durar fins a 'any 534 dC quan els bizantins va restaurar I’administracié
romana. Al final del segle VII, 'arribada dels Arabs a ’Africa del Nord va provocar
profunds canvis culturals. Es va assistir a una rapida assimilacié de la religié islamica a
tota la costa de I’Africa del Nord. Perd Pimpacte cultural no va ser acompanyat per un
impacte demografic ja que les tropes arabs eren un quants milers en front a milions de
berbers autoctons (Camps, 1998). Els berbers convertits a I'Islam, s’incorporaven a les
tropes arabs i sota la direcci6 dels Arabs van arribar a la Peninsula Tbérica al segle VIII,
on van imposar la seva cultura. I arabitzacio 1 islamitzacié de gran part dels berbers es
va completar i confirmar al segle XI amb la invasié dels Beduins. Els arabs beduins,
que eren més nombrosos que els primers invasors, es van expandir demograficament
provocant la fugida dels berberofons cap a les regions muntanyoses. En pocs segles,
PAfrica del Nord poblada pels berbers en part romanitzats i cristianitzats es va
transformar en un conjunt de paisos completament arabitzats 1 musulmans (Camps,

1998). La diversitat ¢tnica africana es va ampliar amb la preséncia de turcs otomans
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durant els segles XVI-XIX (Newman, 1995). A partir del segle XV fins al segle XX, els
invasors del Nord-oest d’Africa tenen el seu origen a Europa: portuguesos i espanyols
al Marroc, francesos al Marroc, Algeria 1 Tunisia, 1 Italians a Libia.

Historicament, la Peninsula Ibeérica també va coneixer la influencia de diferents
cultures europees i africanes. Fsta vinculada a I’Africa del Nord des del segle VII dC
amb la invasi6 islamica que va aportar innovacions tecnologiques i que va tenir una
predominant influéncia al sud de la Peninsula. També s’ha proposat un origen comu
entre els bascos i els Berbers en base als estudis del sistema HLA (Arnaiz-Villena i
col 1laboradors. 1995; 1997); que no van ser replicats amb la publicacié noves dades i el
reanalisi de les anteriors (Comas i col laboradors. 1998). Els estudis de marcadors
classics van descriure els bascos com una poblacié aillada geneticament del conjunt
gencticament homogeni format pels europeus (Calafell i Bertranpetit 1994).

L’ambit geografic també va tenir un paper important en lestructura de la
poblacié nord africana ja que va limitar els moviments de poblacions humanes. Malgrat
la seva afiliaci6 al continent africa, les poblacions del Nord d’Africa formen un conjunt
totalment diferent de les poblacions sub-saharianes. El poblament del Nord oest
d’Africa ha estat condicionat per diferents barreres geografiques: el gran desert del
Sahara al Sud, les muntanyes del Rif i de ’Atlas al Marroc, i el mar Mediterrani al Nord.

L’interés per saber com de permeables han estat aquestes barreres
geografiques als moviments poblacionals i quin va ser 'impacte demografic de les
diferents influéncies culturals, ha generat una serie d’estudis amb diversos marcadors
genctics: marcadors classics, microsatel lits autosomics, polimorfismes d’insercions
Alu, polimorfismes del cromosoma Y, i llinatges del DNA mitocondrial. Molts dels
estudis basats en I'analisi del mtDNA s’han centrat en la Peninsula Ibérica (Bertranpetit
i col laboradors. 1995; Corte-Real i col 1laboradors. 1996; Salas i col laboradors. 1998;
Pereira i col laboradors. 2000) o bé sobre ’Africa del Nord (Rando i col aboradors.

1998; Brakez i col 1laboradors. 2001), pero fins a la present tesi no s’havia analitzat com
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un conjunt les poblacions de 'oest del Mediterrani mitjangant les seqiiencies de

mtDNA.

II1.1.a. Els berbers de Tunisia

Un cas particular ha estat I'analisi dels berbers de Tunisia. A
Tunisia, com a la resta del Nord d’Africa, la poblaci6 autoctona eren els berbers que
basicament es podien dividir entre els sedentaris i els nomades. Els natius van patir
onades successives d’invasions que es van iniciar amb els fenicis a I'antiguitat. Els
regnes berbers que es van succeir al Nord d’Africa van anar canviant amb Parribada i
I’establiment de cada nou invasotr. Fins a la invasié en massa dels Beduins, els berbers
no formaven una estructura social unida siné que hi havia molts regnes berbers
dispersos a tot el Nord d’Africa. Tot i aix0, els berbers conservaven un substrat
cultural comu. Amb la conquesta arab al segle VII, pero sobretot amb l'arribada dels
beduins, la situacié cultural i demografica dels berbers va canviar. La majoria dels
berbers van assimilar la llengua arab 1 a la religi6 islamica. A partir d’aquesta reforma
religiosa es va crear els dos regnes berbers islamics més importants: el dels Almoravids
(1056-1147) que s’estenia en tota ’Africa del Nord i en 'Espanya musulmana (al-
Andalus); i el dels Almohades (1121-1269) que va unificar tota ’Africa del Nord en un
sol domini. La transformaci6 etnosociologica dels Berbers va ser rapida i efectiva. En
dos segles es va imposar la llengua arab 1 la religié musulmana, pero algunes tribus
berbers es va resistir a abandonar la seva llengua materna i la seva cultura. I.’expansio
demografica dels arabs beduins posterior a la colonitzacié va forcar els berberofons a
fugir a les zones muntanyoses de la regié del pafs. L arribada per I'est i la penetraci6 a
Pinterior de Tunisia dels arabs va provocar el desplacament de les tribus berbers al sud
del pais que van trobar refugi en pobles de muntanya aillats de les ciutats, per poder

escapar de la dominacié arab, i de les posteriors invasions. Els turcs otomans, els
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espanyols i els francesos van ocupar el territori tunisia entre els segles XVI 1 XX, i van
contribuir al substrat genetic de la poblacié tunisiana. Els berbers de Tunisia es
distingeixen de la resta de la poblacié tnicament per la seva llengua, el Chelcha. Els
berbers representen 1% de la poblacié de Tunisia i estan repartits basicament en quatre
pobles del Sud de Tunisia: Sened, Matmata, Chenini i Douiret; i en lllla de Jerba.
L’objectiu de I'analisi de les poblacions berbers del Sud de Tunisia era determinar el
grau de heterogeneitat entre aquests grups de berbers, comparar la seva composicid
genética amb poblacions arabs i berbers del Nord d’Africa, i determinar la contribucié

de les poblacions veines al substrat genctic dels berbers de Tunisia.
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II1.2. La poblaci6é d’Angola

Amb aquesta poblacié canviem de context per situar-nos a I’Africa sub-

sahariana (figura 13).

Fioura 13: Localitzacié geografica d’Angola.

Angola entra a la historia occidental a partir de 1400 amb la colonitzaci6
europea. La historia de la majoria dels paisos africans després del contacte europeu va
ser forga estudiada i documentada pero no existeix cap document escrit de la historia
pre-colonial d’Angola. Els primers habitants d’Angola sén els pobles Khoisanids. El
terme Khoisan designa tant el poble com la seva llengua. El Khoisan es caracteritza per
sons secs 1 es troba a la part sud i est de I’Africa: Botswana, Namibia, Africa del Sud, el
sud d’Angola, i el nord de Tanzania. Segons la classificacié lingiifstica de Ruhlen (1987)
basada en el treball de Greenberg (1963), el Khoisan és la més antiga de les families
lingiifstiques presents a I’Africa. Segon Rhulen (1987), les llengiies africanes es
classifiquen en quatre gran families: ’Afroasiatica que es parla al Nord d’Africa i a

I’Orient Mitja, la Nilo-sahariana que és la segona més antiga, la Niger-Kordofanian que
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sestén a Poest, centre i sud de I’Africa, i la Khoisan que té una distribucié basicament
sud-africana. Dins la familia Niger-Kordofanian es classifiquen les llengties Bantu que
van tenir un paper major en la transformacié lingtistica, cultural i demografica de
I’Africa sub-sahariana. El cor de les llengties Bantu es troba a P'est del Niger i a Poest
del Camerun. Al final del Neolitic (= 5000 aC) comenga 'expansié Bantu, una de les
migracions més importants que es va experimentar a I’Africa. Es va produir cap al sud
del continent en dues direccions, ’est i 'oest (Newman 1995). Al voltants de I'any 3000
aC, els Bantu que havien agafat la direcci6 est van arribar a Uganda on van formar un
nou nucli poblacional. A partir d’aquest segon nucli, els Bantu de P'est van tornar a
iniciar el desplagament cap al sud. A la mateixa ¢poca (3500-3000aC), la migraci6é oest
es va dividir en dos grups: un va vorejar la costa atlantica, i I'altre va penetrar dins la
selva equatorial on es va trobar amb la poblacié autoctona, els Khoisan. El domini de
Pagricultura i de les tecnologies basades en el ferro (cap a 'any 2000 aC) van conferir
un avantatge decisiu als Bantu respecte les poblacions autoctones, de tal manera que
van ocupar progressivament tota I’Africa central fins les sabanes del Sud (~1700 aC).
Les dues expansions Bantu, est i oest, van coincidir probablement varies vegades en el
temps, pero els punts de trobada no estan ben caracteritzats. No es sap amb certesa si
les dues expansions van convergir al sud de la selva tropical o bé si els contactes es van
establir més tard en les zones de sabanes de més facil accés, o bé si es van produir
ambdés esdeveniments. Les poblacions autoctones Khoisan eren cagadores-
recol lectores i van ser o bé assimilades per els Bantu o bé es van desplacar fins al sud
del continent africa. A partir de 'any 1400, els portuguesos van desenvolupar el trafic
d’esclaus a la costa atlantica africana. Compraven esclaus als caps de les tribus africanes
1 posteriorment eren enviats a Sdo Tomé 1 Brasil per treballar en les plantacions de
canyes de sucre. Angola va proporcionar aproximadament quatre milions de persones

(Thomas 1 col laboradors. 1997) per al trafic d’esclaus. D’aquests quatre milions, dos
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milions d’esclaus van ser destinats a les Ameriques, i Brasil va rebre més del 50% dels
esclaus angolesos.

Angola es una peca essencial en el paisatge genctic africa tant en temps pre-
colonials, ja que representa la punta final de 'expansié6 Bantu de 'oest, com en la
historia moderna per haver proporcionat la major quantitat d’esclaus a Brasil 1 haver
contribuit d’aquesta manera a la formacié de la seva poblacié. Sent el bressol de la
humanitat, Africa va ser la diana, des del principi dels anys 90 fins a Pactualitat, dels
estudis genetics mitjancant el cromosoma Y 1 del mtDNA. Moltes poblacions africanes
van ser caracteritzades gencticament i es va poder definir marcadors Khoisan i Bantu
tant per el cromosoma Y (Scozzari i col laboradors. 1999; Underhill i col laboradors.
2000; 2001; Thomas i col laboradors. 2000) com pel mtDNA (Bandelt i col 1aboradors.
1995; Bandelt and Foster 1999; Chen i col 1laboradors. 1995; Salas i col laboradors.
2002; Soodayll i col 1aboradors. 1996; Watson i col laboradors. 1997). L’estudi de Salas
1 col laboradors aclareix el complex paisatge genctic africa descrivint quins sén els
llinatges mitocondrials que componen les grans regions africanes (Nord, Oest, Est,
Centre, Sud-est i sud Africa) i com es relacionen genéticament mitjancant networks
filogenctics. La unica regi6 geografica mancant en aquest estudi és el Sud-oest de
P’Aftica representada per Angola. Amb Pestudi de la poblacié angolesa en la present
tesi es pot des d’ara completar el paisatge genctic africa revelat a partir de sequiencies
del mtDNA 1 aportar més informaci6 sobre la contribucié dels esclau angolesos a la

composici6 genctica de la poblacié brasilera.
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I11.3. Les poblacions d’Asia Central.

I.’Asia Central és un ampli territori geograficament definit per les grans
estepes asiatiques al Nord, la serralada de 'Hindu Kush al Sud, la Xina a Pest i el Caspi
a Poest. Es una regié que ofereix una gran varietat de paisatges amb zones d’alta
muntanya, extens deserts, desfavorables a la colonitzacié i als desplacaments de
poblacions humanes, que contrasten amb rius i estepes favorables a la vida pastoral i a
la cria de bestiar. El poblament de ’Asia Central ha estat condicionat pel rigor de
Pentorn geografic desfavorable a P'establiment i el desenvolupament de les poblacions

BN

humanes. Pero la presencia de vestigis del Paleolitic mitja (una resta Neandertal
trobada a l'actual Uzbekistan, delimita 'extrem oriental de la distribucié d’aquesta
especie) 1 superior, i del Mesolitic, son prova de I'assentament antic 1 constant de les
poblacions humanes en aquesta regié. El Neolitic va arribar primer al Sud-oest de
IAsia Central, relacionat amb les civilitzacions Mesopotamiques i Iranianes, 1 un
mil leni més tard al Nord-est associat amb els moviments poblacionals a les gran
estepes asiatiques. Pero aquesta diferencia cultural es va esborrar durant Pedat de
Bronze.(Bowles, 1977). Els records historics deixats pels grecs i els xinesos descriuen
els primers habitants de ’Asia Central, els Scythians (VII aC) i els Sarmatians, de
llengua indo-europea, amb trets morfologics europeus. L’absencia de fronteres amb
POest ha facilitat i consolidat els moviments de poblacions de I"Oest cap a I’Asia
Central i inversament. L’exemple més rellevant es 'exemple de la Ruta de la Seda que

va connectar ’'Est 1 ’Oest del continent durant diversos segles. Als pobles indo-

europeus els van succeir els pobles tirquics, els xinesos, i els russos.
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Els estudis d’antropologia classica
mostren que les poblacions de I'Asia
Central presenten trets morfologics que
son  una barreja entre els de les
poblacions de I'Est i de 'Oest (Bowles,

1977). Les dades genectiques classiques

indiquen una posici6 intermédia de ’Asia Central entre 'Orient Mitja i I’Asia de I’Est
(Cavalli-Sforza i col laboradors. 1994). Les dades proporcionades pel mtDNA (Comas
1 col laboradors. 1998), i els microsatel 1its del cromosoma Y mostren que els habitants
d’aquesta regié son el resultat d’una barreja genctica molt antiga que va produir una
gran diversitat genetica. Els llinatges del cromosoma Y apunten a lexistencia d’un
gradient est-oest interromput per esdeveniments poblacionals especifics, i a una
diversitat genctica heterogenia (Zerjal i col laboradors. 2002).

I’objectiu de P’analisi de 12 poblacions de ’Asia Central a partir
de seqtiencies de la regié de control 1 de SNPs de la regié codificant del mtDNA era
aportar una millor resolucié als llinatges mitocondrials definits previament (Comas i
col 1laboradors. 1998), per tal d’obtenir una descripcié completa de la diversitat a I’Asia
Central i determinar si I’Asia Central ha estat una zona de contacte entre les poblacions
de ’Est i de ’'Oest o bé si es una zona de barreja genctica, on les poblacions de I'est

van reemplagar parcialment les poblacions de I’Oest.
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I11.4. La poblacié de P’illa de 1a Reuni6

La poblacié humana actual de I'illa de la Reunié, situada a 'ocea Indic a
200 Km a Pest de Madagascar i departament frances d’ultramar des de 1940, és el
resultat d’'una barreja de pobles deguda a les successives onades migratories que ha
rebut: europeus, malgaixos, africans, indis, xinesos formen part de la poblacié barrejada
actual de l'illa (figura 14). L’illa va estar deshabitada fins a mitjans del segle XVI quan
navegants portuguesos 1 arabs va fer estades temporals. Cap a mitjans del segle XVII
els francesos prenen possessio de Iilla i s’hi instal len els primers colons europeus,
malgaixos 1 indis de la colonia portuguesa de Goa Posteriorment l'illa incrementara el
nombre d’habitants gracies a 'esclavatge originari de Madagascar i també de I’Africa
continental. Un cop abolit esclavatge, multitud de treballadors d’origen indi i xines

s’instal 1en a I'illa per tal de treballar a les plantacions.
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Figura 14: Origen de la poblacié de I'llla de la Reunié (Figura extreta de Césari
1999).
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L’objectiu de 'analisi genetica d’aquesta poblacié és el d’intentar quantificar,
mitjan¢ant estudi del mtDNA i el cromosoma Y, 'aportacié genctica de cadascun del
pobles que van poblar I'illa i que es van barrejar per donar lloc a I'actual poblacid
reunionesa. Aquesta analisi té 'interées afegit de que part de la seva poblacié prové de la
veina illa de Madagascar, els origens de la qual sén especialment interessants. Es
postula que els pobladors inicials de Madagascar eren originaris d’Indonesia i van
arribar-hi mitjancant navegaci6 a través de 'ocea Indic. Si aquesta hipotesi fos certa, no
seria estrany trobar llinatges mitocondrials del sud-est asiatic a I'illa de la Reuni6

provinents de la veina Madagascar.
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IV. Tractament estadistic

Deixant de banda els parametres estadistics de diversitat genctica intra-
poblacional, com la diversitat nucleotidica, la diversitat de sequiéncies, i la mitjana de
pairwise differences, que s’han calculat en la present tesi amb el programa Arlequin 2000
(Schneider i col laboradors. 1996), descriurem en aquest apartat els diferents metodes
estadistics utilitzats a partit de dades genetiques del mtDNA (matriu de distancies
genctiques 1 frequencies absolutes o relatives dels haplogroups) per establir les

relacions filogenctiques entre les poblacions a partir de les dades .

IV.1. Analisi molecular de la variancia: AMOVA

L’analisi molecular de la variancia (AMOVA) permet estimar la
diferenciacié genctica dintre de poblacions, entre poblacions d’un mateix grup i entre
grups, 1 testar les hipotesis de la diferenciacié (Excoffier i col 1laboradors. 1992). La
significacié dels components de la variancia s’obté a partir de tests de permutacié no
parametrics. Aquest metode s’aplica directament sobre diferents tipus de dades
moleculars, com les frequencies al Ieliques, el contingut al lelic dels haplotips, i les

seqiiencies de DNA., oferint d’aquesta manera un gran flexibilitat.

IV.2. Analisi espacial de la variancia molecular: SAMOVA

El principi del SAMOVA consisteix en definir grups de poblacions
geograficament adjacents i gencticament homogenies, és a dir grups de poblacions que
maximitzen la part de la variancia genctica total explicada (Dupanloup i col laboradors.
2002). El metode es basa en un procediment de permutacié d’agrupacio.

Indirectament, el SAMOVA permet identificar les barreres genetiques de la regi6
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estudiada. L’aplicaci6 d’aquest metode es fa a partir de dades haplotipiques i
genotipiques i no fa cap assumpci6 sobre el equilibri Hardy-Weinberg dintre de les

poblacions, ni sobre el desequilibri de lligament entre loci.

IV.3. Analisi de components principals

L’analisi de components principals és un metode purament estadistic que
pot aplicar-se a dades genctiques. Aquest mectode consisteix en simplificar la
complexitat de les dades reduint el nombre de dimensions de P'espai en que es treballa,
perd amb una minima perdua de la informacié. En el cas d’aquest estudi, el metode de
components principals s’aplica sobre les freqiiencies relatives dels haplogrups del
mtDNA trobats per cada poblacié. Els components principals obtinguts no estan
correlacionats i, per tant, es poden analitzar per separat. L.a quantitat de variabilitat
explicada per cada component principal disminueix a mesura que s’avan¢a en els
diferents components: la primera component acumula el maxim de variacid, el segon
explica una quantitat de variacié6 menor, etc... Els valors de components principals es
poden representar en mapes sintetics on els principals patrons espacials estan resumits.
Es dona una idea relativa de quins haplogrups provoquen les principals diferencies

entre les poblacions.

IV.4. Analisi de coordenades principals

L’analisi de coordenades principals es basa en el mateix principi que es
va explicar en el analisi de components principals, pero amb la diferencia que s’aplica
sobre la matriu de distancies genctiques. La realitzacié dels dos tipus d’analisi permet
contrastar la informacié aportada pels dos tipus de dades (matriu de distancies

genctiques i frequencies haplotipiques) a nivell poblacional.
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IV.5. Analisi de correspondéncies.

I’analisi de correspondéncies és un metode qualitatiu basat en el mateix
principi que el analisi de components principals amb la diferencia que s’aplica sobre les
freqiiencies absolutes dels haplogrups i que permet identificar directament en el mapa

sintetic Phaplogrup responsable de la distribucié en el espai de les poblacions.

IV.6. Analisi de multidimensional scaling o MDS:

En el nostre cas, el multidimensional scaling (MDS) s’aplica sobre la matriu
de distancies genetiques perod es pot utilitzar qualsevol tipus de distancia o de matriu
similar. E1 MDS no és un meétode exacte sind una manera de reorganitzar les
poblacions en 'espai per obtenir la configuracié que millor s’aproximi a la matriu de
distancies genctiques. Per un procés de permutacions, el programa canvia la
configuraci6 de les poblacions en I’espai per definir el nombre adequat de dimensions i
identificar la configuracié que millor reprodueixi la matriu de distancies genetiques. La
mesura de estres avalua com de bé la nova configuracié reprodueix la matriu de

distancies genctiques.

IV.7. Els networks filogenétics

La construccié de networks filogenctics en el cas del mtDNA es fa a partir
de les dades dels polimorfismes de restriccié de longitud de fragments (RFLPs) o bé a
partir de la variacié de seqiiencia de la regié de control mitjancant el “reduced-median
algorithns” (Bandelt i col laboradors. 1995), desenvolupat en el programa network versio
3.0. El network representa la variabilitat genctica d’un haplogrup present en una o

diverses poblacions. Fs un diagrama filogenétic representat per un grafic format de
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cercles (o nusos) connectats per linies. Les linies estan associades amb les posicions
nucleotidiques on s’ha produit un canvi. La llargada de les linies és proporcional al
nombre de canvis produits. Cada cercle esta associat amb un haplotip i per inferencia
els individus portadors d’aquest haplogrup. La mida del cercle es proporcional al
nombre d’individus. A partir del nemwork filogenétic, es pot estimar ’edat del haplogrup
representat (Morral i1 col laboradors. 1994; Saillard i col laboradors. 2000). El metode
de dataci6 es basa en considerar el nombre de mutacions acumulades des de la

seqliencia ancestral com una funcié linear de la taxa de mutacio i del temps.

IV.8. Analisi d’admixture

En el cas de la formacié d’una poblacié hibrida a partir de dues o més
poblacions parentals gencticament diferenciades per aillament geografic o ecologic, es
pot distingir Paportacié genetica de cadascuna de les poblacions parentals al poo/ genetic
de la poblaci6 hibrid. L’analisi d’admixture mitjangant el program admix 2.0 (Dupanloup
1 Bertorelle 2001) permet estimar la proporci6 de variabilitat genética aportada per
cadascuna de les poblacions parentals tenint en compte les diferéncies de frequencies
al leliques i la quantitat de diferenciacié molecular entre els al lels. Aquest metode

s’aplica sobre les freqiiencies dels haplogrups del mtDNA.
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El analisis genético ha revelado que los amplios intercambios culturales
producidos entre el Magreb y la peninsula Ibérica
no conllevaron grandes intercambios de poblaciones

E. Bosch, F. Calafell, S. Plaza, A. Pérez-Lezaun, D. Comas, J. B\ertranpetit

as poblaciones humanas

se componen de indivi-

duos genéticamente dis-

tintos entre si. Del es-

tudio de la variabilidad
de nuestra especie se ocupa la gené-
tica de poblaciones aplicada a es-
cala mundial. A dicha disciplina le
corresponde exponer la magnitud y
distribucién de la variabilidad gené-
tica humana.

Dos personas cualesquiera, to-
madas al azar, se distinguen, en pro-
medio, en un 0,1 % de las bases
nucleotidicas que conforman su
ADN. Expresado de otro modo, dis-
crepan en seis millones de pares de
bases. (El ADN humano consta de
unos 3000 millones de pares de ba-
ses en cada una de las dos dota-
ciones haploides, una procedente del
padre y otra de la madre.)

Si del individuo pasamos a las po-
blaciones, las diferencias observa-
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das explican, a lo sumo, un 15%
de la disparidad genética total; un
10% se debe a las diferencias en-
tre grandes grupos continentales y
el 5 % restante a las diferencias en-
tre poblaciones de un mismo con-
tinente. Aun siendo pequefias, es-
tas dltimas diferencias tienen que
ver con la historia de cada pobla-
cién. Podemos apoyarnos en la di-
versidad genética entre poblacio-
nes para reconstruir la historia
demogrifica.

El acervo genético de las pobla-
ciones actuales es el resultado de
la interaccién entre diversas fuer-
zas evolutivas. Dependen éstas, a
su vez, de la historia demogréfica
de las poblaciones, de las carac-
teristicas intrinsecas de las regio-
nes gen6micas estudiadas y de la
interaccién entre genoma y facto-
res ambientales.

Las caracterfsticas intrinsecas de
cada regién del genoma remiten a
sus tasas y patrones de mutacién y
recombinacién, asi como a su modo
de herencia. Se trata de pardmetros
que la ciencia conoce con razona-
ble precision.

La interaccién entre la variabili-
dad de cada gen y el ambiente (to-
mado en sentido amplio, incluida,
pues, la interaccién con otros ge-
nes) puede promover la seleccién
natural. Es decir, unas variantes pue-
den mostrarse més eficientes y verse

privilegiadas por la seleccién, ttn
tanto que otras pueden ser des
vorables, Lo observamos en la hg-
moglobina. Algunas variantes de esta
proteina |confieren resistencia a [la
malaria; lla seleccién prima su pre-
sencia en zonas palidicas. En con-
sonancia|con ello, el estudio de la
variabilidad de 1a hemoglobina nos
informari sobre la distribucién de
la malaria con mayor rigor que la
historia de las poblaciones.
Conviene saber que sélo un 1,5%
de la secuencia de ADN humano
llega a expresarse, es decir, deter-
mina pratefnas que se sintetizan|y
son objeto de seleccién natural. Ppr
lo tanto, la mejor estrategia para c
nocer la historia de las poblaciones
serd la qpe se centre en la variabi
lidad presente en el 98,5% res
tante, cuyas probabilidades de verse
afectada |por la seleccién son mp-
cho menores.
A partir de esta premisa podemps
analizar dicha variaci6n, explicar la
diferencias genéticas neutras (poli
morfismgs) que encontramos entfe
los individuos de una poblacién|e
interpretarlas en términos de histp
ria de las poblaciones. ‘
Disponemos de un amplio bagaje
teérico, desarrollado desde los afips
cuarenta,| gracias al cual, dada una
historia demografica, podemos pre-
decir sus efectos sobre la diversi-
dad genética. Podemos reconstruir

L=
1

w
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1. EMBARQUE DE LOS MORISCOS en el puerto de Vinaroz.

la historia demografica a partir de
la diversidad genética investigada
en diversas regiones del genoma,
que difieren en su velocidad de cam-
bio y que permiten reconocer hue-
Has genéticas a distintas profundi-
dades de un tiempo pasado.

Deriva genética

. omo influye la historia en la

diversidad de las poblacio-
nes? A través de dos mecanismos
bésicos: la deriva genética y el flujo
génico. En la deriva se engloban
todos los fenémenos de cambio gené-
tico aleatorio que se dan cuando una
generacién transmite sus genes a la
siguiente. Asf como hay apellidos
que prosperan y otros que se pier-
den en razén del nimero de hijos
varones procreados en cada genera-
cién, las variantes genéticas (o ale-
los) pueden también cambiar de fre-
cuencia; en ambos casos se trata de
fenémenos aleatorios. Tales oscila-
ciones serdn tanto mds intensas
cuanto menor sea la poblacién, por
un simple efecto de muestreo. Las
desviaciones respecto a la probabi-
lidad teérica son mayores si reali-
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zamos un nimero pequefio de en-
sayos, de la misma forma que al ti-
rar una moneda al aire repetidas
veces s6lo se alcanza con seguri-
dad la frecuencia esperada de 1/2
si se lanza muchisimas veces.

Se presenta un caso extremo de
grandes cambios genéticos aleato-
rios, conocido por efecto funda-
dor, cuando un grupo reducido de
individuos establece una nueva po-
blacién y se lleva consigo una mues-
tra no necesariamente representa-
tiva de los genes de la poblacién
de origen. En la colonizacién su-
cesiva de las islas de la Polinesia,
por ejemplo, se dio una secuencia
clara de efectos fundadores; en el
curso de la misma, un grupo limi-
tado de individuos partia de una isla
y se asentaba en la siguiente.

Las oscilaciones aleatorias de las
frecuencias alélicas pueden llegar
a la extincion de algunas de estas
variantes. Puesto que dichas oscila-
ciones son més intensas en pobla-
ciones pequefias, se pierde varia-
bilidad méis ficilmente en éstas.
A no ser que se dé una tasa de
mutacién extraordinaria, resulta
muy poco probable que en las po-

blaciones pequeiias se regenere la
variacién perdida. Por lo tanto, al
detectar una menor variabilidad
genética en una poblacién actual,
podemos reconocer episodios de
reduccién de la poblacién en el pa-
sado (los llamados cuellos de bo-
tella), aunque la poblacién actual
se haya recuperado.

Ademis, habida cuenta de la na-
turaleza aleatoria de la deriva gené-
tica, las poblaciones pequeiias con-
tiguas tenderdn a diferir més entre
s que las mayores. Esta misma na-
turaleza aleatoria puede manifestarse
de manera|ligeramente diversa en
regiones gendémicas distintas. En
consecuencia, los anilisis basados
en una sola regién gendmica pue-
den resultar poco fiables. Conviene
siempre considerar la informacién
procedente| de un ndmero razona-
ble de regiones genémicas y ex-
traer las tendencias medias.

|

Flujo génico
os poblaciones que se hayan di-
ferenciado, por deriva, en su
composicidn genética y entren en
contacto, pueden mezclarse y dar
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Patrones de herencia:

autosomas, cromosoma Y, ADN mitocondrial

Nuestro ADN se dispone en 23 pares de cromoso-
mas. Cada miembro de un par es casi idético

al otro en longitud y en la informacié que contiene;
se trata de dos rasgos distintivos de cada par. Cada
miembro de cada par de cromosomas nos viene de
un progenitor; a cada uno de nuestros hijos le legare-
mos un solo miembro de cada pareja. Pero no es una
transmisid fidedigna; en virtud del proceso de recom-
binacié del material gendico no heredamos el cro-
mosoma original, sino una mezcla que contiene partes
de cada miembro del par, tomadas al azar. Para ilus-
trarlo, la figura muestra un par de cromosomas que
contiene fragmentos de distinta longitud de los cromo-
somas de los bisabuelos. Por eso resulta imposible
predecir a priori de qué antepasado proviene un de-
terminado fragmento de ADN autosdnico.

Hay en el genoma dos regiones que presentan un
patrén de herencia distinto. Nos referimos a los cro-
mosomas sexuales y el ADN mitocondrial. A diferen-
cia de los autosomas, los cromosomas sexuales (X e
Y) son muy diferentes entre si. El cromosoma Y de-
termina la masculinidad a través de la acci de un
tnico gen, SRY ( sex-determining region); los cigotos
con un cromosoma X y un cromosoma Y generan
embriones masculinos, en tanto que los portadores
de dos cromosomas X generan embriones femeninos.
Por lo tanto, los varones heredan el cromosoma Y de
su padre, que a su vez lo recibié del abuelo paterno,
de la misma forma que se hereda el primer apellido.
Lo vemos reflejado en la figura: de los cuatro bisa-
buelos varones, sdo el abuelo paterno del padre lega
su cromosoma Y (azul liso) a su bisnieto.

Ademd de los cromosomas, que residen en el ni
cleo de las cdulas, otros org&wulos contienen ADN.
Se trata de las mitocondrias, que alojan decenas de
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copias de una pequefa moléula circular de ADN.
Este ADN mitocondrial (ADNmt) se hereda por via
materna: el ADNmt del embrigh procede sdo del
ulo, porque el ADNmt del espermatozoide no llega
a penetrar en el &ulo. Asi, en la genealogia del
ejemplo, el ADN mitocondrial del individuo (magenta)
proviene de su madre, de su [abuela materna, de la
madre de ésta, y asi sucesivamente.

Para entender esta figura sgbre cromosomas y he-
rencia, advigtase que las barrgs grandes representan
autosomas (cromosomas no ligados al sexo), las
pequefas representan el cromdgsoma Y (cuya presencia
denota un vard) y los circulos| el ADN mitocondrial.
De abajo arriba se esquematiza un individuo, su madre
y su padre, sus cuatro abuelog y sus ocho bisabuelos.

TiT. {Adaptada de Jobling and Tyfer-Smi

PLAZA, A. PEREZ-LEZAUN,
., pAgS. 449-456; 1995.)

en Trends in Genetics,

E. BOSCH, F. CALAFE
0. COMAS Y J. BERT 7.

lugar a una poblacién con carac-
teristicas genéticas de las dos de
partida. Este fenémeno de flujo gé-
nico, asi se le llama, se debe a la
migracién. La propia migracién en
distancias cortas, habitual a través
del matrimonio, puede promover, a
largo plazo, el intercambio de genes
a grandes distancias. Lo observamos,
por ejemplo, en las poblaciones de
Asia Central, que poseen caracteris-
ticas genéticas intermedias entre las
de Europa y las de Asia Oriental; su
peculiar constitucién genética podria
explicarse por su posicién central y
milenios de migraciones individua-
les de corto alcance.

La diferenciacién entre poblacio-
nes resultante de la deriva genética
se acentdia con el paso del tiempo.
Para medirla disponemos de un para-
metro, la distancia genética, que in-
dica el grado de diferenciacién en-

tre pares de poblaciones para mul-
tiples regiones del genoma. Si se trata
de un conjunto de poblaciones, po-
demos representar su matriz de dis-
tancias genéticas mediante algorit-
mos; ofrecen €stos un paisaje genético
que refleja las afinidades y diferen-
cias dentro del conjunto poblacional.
El paisaje compendia la historia de
las poblaciones en términos de de-
riva genética y flujo génico.

Para trazar y cuantificar con ra-
zonable precisién los flujos génicos,
disponemos de una nueva herramienta
de andlisis. Se trata de la filogeo-
graffa. Estudia ésta la genealogia
del gen que ha dado origen a la va-
riacién existente dentro de una re-
gién del genoma y la distribucién
geogréfica de dicha variabilidad.

Ante una diversidad genética dada,
pensemos en una secuencia de ADN
o en un conjunto de polimorfis-

mos, la herramienta mencionada se
propone feconstruir el proceso evo-
lutivo o|filogenético que ha de-
sembocado en la diferenciacién ob-
servada a partir de un antepasado
comin. Al plasmar conjuntamente
la diversjficacién del gen y la de
las poblaciones, podemos anclar cier-
tas variaptes genéticas (secuencias
o haplotipos) en una rama del ar-
bol evolutivo y en un origen geo-
grifico. Aplicando ese método se
ha cuantjficado la aportacién por
via paterha y materna de africanos,
europeos| y amerindios al acervo
genético |de la poblacién brasilefia
contemparinea.

Para d4tar puntos concretos de la
evolucién humana se puede recurrir
a los mi¢rosatélites, segmentos de
ADN que contienen repeticiones de
breves secuencias de dos a seis nu-
cleétidos| Son marcadores de evo-
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lucién rdpida. A partir de un deter-
minado acontecimiento fundador, la
cantidad de variaci6n acumulada y
medible es una funcién de la tasa
de mutacién (que podemos estimar)
y del tiempo transcurrido, que es la
incégnita que despejaremos. Por
ejemplo, se observé que la mayorfa
de los judios apellidados Cohen (“sa-
cerdote”) posefan cierto tipo de cro-
mosoma Y. Concurre, ademds, que
la condicién de sacerdote, el apellido
y el cromosoma Y se transmiten de
padres a hijos exclusivamente por
la linea masculina. Pues bien, de la
variacién acumulada en los micro-
satélites de este tipo de cromosoma
Y se infiere un efecto fundador que
oper6é hace unos 3000 afios, coinci-
dente con el establecimiento de una
casta sacerdotal hebrea.

El Magreb
y la peninsula Ibérica
1 andlisis de la diversidad gené-
tica humana en poblaciones
actuales ha arrojado luz sobre nu-
merosas cuestiones histéricas, en
distintas escalas temporales y es-
paciales. Sabemos ya que la distri-
bucién y la antigiiedad de la di-
versidad genética a escala mundial
son compatibles con un origen re-
ciente y africano de la humanidad
actual. El punto de arranque, situado
en Africa, se remontaria, a lo sumo,
unos 150.000 afios atrds. Por tanto,
ni los habitantes del yacimiento de
Atapuerca ni los neandertales serfan
antepasados nuestros.

A escala continental, se debate
la proporcién de genes de origen pa-
leolitico (hace unos 30.000 afios) y
neolitico (hace 10.000) presentes en
los europeos actuales. Los genes,
por otro lado, apuntan a una fecha
antigua (unos 30.000 afios) y a un
origen claramente norteasidtico para
la colonizacién de América.

A escala regional, podemos abor-
dar también algunas cuestiones
abiertas sobre la historia de las po-
blaciones. Se cuenta aquf con la co-
laboracién de otras disciplinas; la
arqueologia, la paleoantropologia o
la lingiifstica suministran a menudo
hipétesis que, en la medida que im-
pliquen distintas historias demo-
gréficas, pueden verificarse mediante
el estudio de la diversidad genética
de las poblaciones actuales.
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Desde la genética de poblaciones
podemos abordar cuestiones que
atafien a la peninsula Ibérica (Es-
pafia y Portugal) y al noroeste de
Africa (el Magreb: Marruecos, el Sa-
hara Occidental, Mauritania, Arge-
lia y Tdnez). ;Se puede hablar de
un origen comin para ambas po-
blaciones a sendas orillas del Me-
diterrdneo? ;Quedan en las pobla-
ciones actuales rastros de un substrato
paleolitico que represente el pobla-
miento inicial de los antepasados
de las poblaciones actuales? ;Es el
mismo substrato para ambas regio-
nes? ;Cudl fue la aportacién de la
oleada de avance neolitica? ;Qué
fraccién del acervo genético magreb{
proviene de la invasién drabe? ;Po-
demos identificar la contribucién ma-
grebi a las poblaciones peninsula-
res? ¢(Es el Sahara una barrera
impenetrable al intercambio de ge-
nes entre poblaciones?

Para resolver esa gavilla de cues-
tiones sobre el poblamiento y las
relaciones genéticas entre la penin-
sula Ibérica y el Magreb, hemos re-
currido al andlisis de marcadores
clasicos, microsatélites autos6micos,
inserciones Alu, secuencias de ADN
mitocondrial, polimorfismos de un
solo nucleétido (SNP) del cromo-
soma Y y microsatélites del cromo-
soma Y en muestras de poblaciones
ibéricas, beréberes del norte, centro
y sur de Marruecos y del centro de
Argelia, 4rabes marroquies, argeli-
nos y tunecinos, y saharauis. No se
estudiaron todas las poblaciones para
todos los marcadores, aunque si se
investigé extensamente un nicleo
fundamental.

En el caso de los marcadores cl4-
sicos, recopilamos la informacién
publicada por otros equipos de tra-
bajo. En otros casos, contrastamos
nuestros resultados con los obteni-
dos por otros autores. De la inves-
tigacién realizada se desprende una
descripcién, que creemos ajustada,
de la historia de las poblaciones nor-
teafricanas e ibéricas.

Origenes remotos
de norteafricanos y habitantes
de la peninsula Ibérica
on pocas excepciones, todos los
marcadores genéticos analiza-
dos muestran una separacién clara
entre las poblaciones magrebies y

la de Espafia y Portugal, incluidas,
sin embargo, en el rango de la va-
riacién de|las poblaciones cauca-
soides (las| de origen europeo, mds
las norteafricanas y medioorienta-
les). Ahoralbien, las distancias gené-
ibéricos y el resto de
europeos son menores que entre ibé-
ricos y magrebies.

Este patrén mayoritario no se re-
fleja en todos y cada uno de los
genes analizados. Por ejemplo, en
la regi6n que lleva la informacién
para la sintesis de los antigenos de
los leucocitos humanos (HLA), los
cuales defipen la compatibilidad en
trasplantes| de 6rganos. Baséndose
en una sola regién del genoma (y
sometida a|seleccién), algunos auto-
res postularon un origen comin de
peninsulares y magrebfes. Pero la
naturaleza aleatoria de la deriva
genética y [la accién de la selecciénl
pueden producir este tipo de des-
viaciones; |para evitarlas, la inter-
pretacién debe apoyarse en la in-
formacién| conjunta del méximo
nimero pasible de genes y no en
una sola regién del genoma.

De acuerdo con nuestro anélisis
de marcadores cldsicos, las distan-
cias genéticas entre ibéricos y po-
blaciones del Oriente Medio son me-
nores que la que existe entre ibéricos
y magrebies. Se da, ademés, una
discontinuidad abrupta entre las ori-
llas septentrional y meridional en
el paisaje |genético de la cuenca
mediterrdnea, con una méixima pen-
diente en ¢l estrecho de Gibraltar.

Estas y otras consideraciones nos
llevaron a |postular que en el Ma-
greb pudo conservarse un substrato
paleolitico,|distinto del substrato pa-
leolitico europeo. Supondria ello
que, a diferencia de lo que parece
haber sucedido en Europa, la tran-
sicién al Neolitico norteafricano se
produjo sin un recambio sustancial
de genes. En esa hipétesis abunda
la cultura capsiense del Mesolitico
norteafricano, que se prolonga ha-
cia el Neolitico adoptando las nue-
vas formas de produccién, aunque
sin la dristica ruptura que se ob-
serva en gran parte de Europa. Plan-
teamiento |que viene avalado por
investigaciones con secuencias Alu
y microsatélites.

Hallamog una confirmacion directa
de la hipdtesis anterior al analizar
la filogeografia del cromosoma Y.
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Los linajes del cromosoma Y, defi-
nidos a partir de SNPs, presentan
una genealogia muy clara y una dis-
tribucién geogrifica que tiende a ser
restringida. Las frecuencias del
mismo en una regi6n difieren de
las observadas en la otra: en la penin-
sula Ibérica predominan, lo mismo
que en el resto de Europa Occiden-
tal, el linaje R1b* y sus inmediatos
derivados (el conjunto Rib3, R1b6
y R1b8), en tanto que dos tercios
de los cromosomas Y magrebies per-
tenecen al linaje E3b2*.

Tras la investigacién realizada
sobre la variacién en el cromoso-
ma Y ha quedado patente que el gru-
po de linajes R1b se encuentra sélo
en Oriente Medio y Europa. Cier-
tos linajes (R1b3, R1b6 y R1b8) se
hallan circunscritos a la peninsula
Ibérica; habrian surgido aqui a par-
tir del haplotipo fundador, sin ape-
nas dispersarse allende sus fronte-
ras. El grupo de linajes R1b, por su
antigiiedad y distribucién geogra-
fica, se habria originado en Orien-
te Medio y se habria difundido por

Europa con las colonizaciones ini-
ciales del Paleolitico superior.

El linaje magreb{ E3b2* se ha
hallado en otras poblaciones, aun-
que con frecuencias mucho meno-
res. Su antepasado més inmediato
aparece entre los etiopes. Si aten-
demos a la acumulacién de varia-
bilidad en microsatélites asociada a
E3b2*, se trataria de un linaje de
mdés de 19.000 afios de existencia.
Podemos, pues, postular un esce-
nario en que una expansién paleo-
litica desde Africa nororiental lle-
vara al Magreb los antepasados del
linaje E3b2*, que surgirfa in situ
después de la expansién. El linaje
masculino E3b2* tiene un correlato
en el linaje matrilineal mitocon-
drial U6, también de antepasados
etiopes y difusién limitada al no-
roeste de Africa, aunque no alcanza
las elevadas frecuencias de E3b2%*,
Por consiguiente, dos regiones gené-
micas independientes con filogeo-
grafias bien establecidas confirman
la singularidad magrebi y sitdan
sus raices en el Paleolitico.

El Neolitico: un avance paralelo
Se admite que la agricultura|y
ganaderfa comenzaron en Orien-

te Medio hace unos 10.500 afigs.
Esa fase prehist6rica conllevé el cre-
cimiento|y la expansién consiguiente
de la poblacién en varias direccio-
nes. Pero se debate si dicha ex-
pansién supuso un recambio gené-
tico en las poblaciones europeas| o
si se conserva en la actualidad 4n
importante substrato genético
leolitico
Neoliticg), asf como el grado en qpe
ocurrié yna cosa u otra.
Si atendemos al paisaje genético
europeo,|advertiremos un gradiente
o clina desde el sudeste hacia el np-
roeste. Asimismo, aparece otra clina
este-oeste en el norte de Africa,
desde Egipto hasta Marruecos.
es fécil dar con una explicacién
dichas clinas, pues se produjer
varios mpvimientos migratorios
esas mismas direcciones; por eje
plo, la primera colonizacién del
leolitico |y el avance del Neoliti
en Europa, o el Neolitico y las i

Tipos de polimorfismos

La variabifidad gendica se presenia en mdtples for-
mas. Con las tenlcas disponibles nos es dado
conocer distinias facelas de dicha variacin, Podemos
analizar directamante la variabilidad del ADN
Agimismo, 08 marcadores gendicos cliEicos: son los
sistemas pollimdlicos delectados en los productos de
expresiin genica. A fravee de esia segunda via, histd
ricamente antanor a la pomara, s& nos revalarn los
primércs sistemas polimaficos gandicos, por ejempla,
el da los grupos sapguineas, dascublanos an 180
Ctros marcadores cli&lcos conslsten en la varacin
de mavilidad de proteinas plasmdicas, enzimas antro-
citarfas y el sistema de antigenos leucocitarios huma-
nas (entigenos- HLA), que determinan ks compatibilidad
do 105 frasplantes.

La variabllidad o polimorfismo dal ADN posde fo-
mar varias formas, En la mé& sencilla, una determi-
nada posicin de nuestro genoma puede presantar
dos vanantes quimicas (Faras veces mds de dos) de
las cualro posioles an las gque se escribe. el alfabelo
del ADN G, A, T y C), Sa trata de un SNP (Single
Nucleaolide Folymorphism), de los gue Se calcula quo
hay unos tres millones en el gancma huméano, sa oa-
ractariza por que an una posicin conorata del
genoma puede haber una u oira-base (A o G, por
olempla),

En vez de limitarnos a una scla posicidn del
gonoma, podemos dalinir un clerto segmenta y detar-
minar su secuencia en un conjunto de individuos

geneticos

Esta eslralegin permite, adems de reconccer las-va-
riantes mxismnies en cieras posicionas, descubrir
tambig toda fa varackn gue hay an af ADN v
reconstrulr su genealogla, e decir, el proceso evaly
fivo que dio lugar & |a varabllidad observada.

Encontramos otro tipo de vardacidn gendica en
fos microsafdifes o STAR [Short Tandem Repeat
Polymorphisms), Estas secuenclas da ADN consiston
en ia repeticin en tndem de una unidad basica
de enlre 2 ¥ & nuctedidos de longitud. Presentan
una particularidad distintiva: el nimara de repelicio
nas da la-unidad béslca s muy varable entre indivi-
dugs. Por ese mofivo se han converfido en impartar-
tes marcadores eh el campo de la gendica forense
tidentificacin de perscnas y de la patemidad)

Las inserciones Aly conglituyen, por Qtimao, ofro
lipo inferesante de polimerfismo. Estas secuencias,
de unos 300 nucledidos de longited, ulilizan 8 ma-
qumaria celular de replicacidn del ADN para copiarse
a sl mismas y relnsartarss an otras parles dal geano-
ma. Las nuavas: ingercionss, o mismo que cuealguisr
otro polimorismo, pusden parderse o lijarse, pero al-
punas-de ellas s& hallan en und situackn Intarmedia.
Aungue esta tercera siluachkn 58 da con clerta fre-
cuencia, ‘es un lendneno variable de una poblacin
g-ofra, AdemdE, casc nico entre los polimorlismos
conocemos bien cud es la direccidn de la evoluciay:
normalimente, de la ausencla |estado. ancestral) & la
presencia (gstado derivado) del elementa Aly
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vasiones 4drabes en el norte de < MO

Africa.

Para nuestra fortuna, los méto-
dos que permiten datar linajes aco-
tan el intervalo de la difusién. Asi,
para el cromosoma Y en Europa
los datos indican un impacto neo-
litico menor (con estimas en torno
al 38,7 %) frente a un substrato pa-
leolitico mayor (en torno al 61,3 %)
en el conjunto europeo.

Hay razones para postular que
los linajes F*, G*, J* y J2* del cro-
mosoma Y se originaron en Oriente
Medio. Desde allf se difundieron ha-
cia el oeste por ambas riberas del
Mediterrdneo con la expansién del
Neolitico. De acuerdo con nuestra
investigacién, la frecuencia de F*
y G* es mds elevada en la penin-
sula Ibérica que en el NO de Africa;
por el contrario, J* abunda més en
el norte de Africa. Estas frecuen-
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la hipétesis de la expansién del Neo-
litico, siguiendo pautas indepen-

o G*

dientes, por ambas orillas del Me-

M52 M69

diterrdneo; la peninsula Ibérica y el
Magreb representarian los extremos
occidentales de ambas expansiones.
Colin Renfrew ha propuesto que
en el Neolitico, ademds de los ge-
nes, se propagaron varias familias
lingiiisticas desde Oriente Medio: la
familia indoeuropea hacia Europa,
la afroasidtica hacia Arabia y el norte
de Africa, la elamodravidiana ha-
cia Irdn y el subcontinente indio, y
la altaica hacia Asia central. Habria,
pues, un correlato génico de las
expansiones lingiifsticas que lleva-
ron las lenguas indoeuropeas hacia
Europa y las afroasidticas hacia el
norte de Africa. Esta hipétesis, muy
controvertida, cuenta con escaso res-
paldo en su aplicaci6n rigurosa.

|mes

M9

2 GENEALOGIA DE LOS LINAJES DEL CROMOSOMA Y. Se re-
presentan con nimeros, a lo largo de las ramas, las distintas
mutaciones puntuales conocidas (SNP y pequefias variaciones de
longitud) que han aparecido en el curso de la evolucién reciente del

cromosoma Y. En los extremos de las ramas se representan los lina-

jes o haplotipos del cromosoma Y hallades en la peninsula Ibérica y en

el Magreb. Asi, el linaje E3a* se caracteriza por contener los estados de-
rivados de los polimorfismes M42, M168, YAP, SRY ;... P2 y M2, que se han
sucedido en este orden desde el antepasado comiin de todos los cromosomas Y m
existentes {indicade con un pequeiio trazo en el extremo superior izquierdo del 4r-

bol). Ademas, se definen grupos de linajes o haplogrupos, designados con una sola le-

tra, de la A a la B; por ejemplo, el haplogrupo E contiene todos los linajes que presen-
ten el estado derivado del polimorfismo SRY,..,. Alineados en la base del arbol se
muestran {os haplogrupos representados en ambas regiones estudiadas.
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Magreb

Peninsula Ibéica

(@)

(b)

©

3. HISTORIA DE LA POBLACION y linajes del cromosoma Y en el Magreb y la
peninsula Ibérica. (@) La primera colonizacidn del Paleolitico se da indepen-
dientemente en ambas regiones; introduce en el Magreb {verde) los linajes
E3b*, E3b1* y E3b2*; en la peninsula Ibérica {rojo), los linajes R1al*, R1b*
{que ulteriormente dio lugar a R1b8), R1b3 y R1b6. En los diagramas de sec-
tores se muestra la frecuencia de dichos linajes en cada poblacién. (4) La ex-
pansién del Neolitico, desde el Creciente Fértil y en paralelo por ambas ribe-
ras del Mediterrdneo, aporta los linajes F*, J*, J2*, |* e 11b2* (azul). (¢} Los
fenéomenos migratorios implican flujo génico desde la peninsula hacia el Ma-
greb (en rojo), en sentido contrario {verde), y desde mas allé del Sahara hacia

el Magreb (malva).

Arabes y beréberes

os beréberes (o imazighen) cons-
tituyen los descendientes di-
rectos de una poblacién ancestral
que se extendia por gran parte del
norte de Africa, desde Egipto hasta
Senegal. Suman hoy 20 millones
de personas, dispersas en pequefias
minorfas de Egipto, Libia y Sene-
gal. Sin embargo, muchos habitan-
tes de Tinez, Argelia y Marruecos
se definen a s{ mismos como tales
y hablan alguna de la veintena de
lenguas beréberes, una rama de la
familia afroasidtica. El resto de la po-
blacién habla y se considera 4rabe,
y se supone descendiente de las in-
vasiones, que desde el siglo vl y
con especial intensidad en el XI,
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llevaron el Islam desde la penin-
sula Ardbiga hasta el Magreb.

Asi las cosas, podemos plantear-
nos si las invasiones 4rabes impli-
caron una aportacién demogrifica
significativa o si, por el contrario,
una elite numéricamente limitada
pero culturalmente prestigiosa con-
siguié difundir una nueva lengua y
religién, sin que ello conllevara
una aportacién de genes notable.
Para resolver tal disyuntiva hemos
de acudir al andlisis genético de
las poblaciones drabes y beréberes.

El andlisis de gran cantidad de
marcadores (inserciones Alu, mi-
crosatélites autosémicos y.polimor-
fismos del cromosoma Y) nos re-
vela una llamativa ausencia de

diferencips entre poblaciones 4drabes
y beréberes. Sélo el ADN mito-
condrial separa de los beréberes a
los drabes argelinos y tunecinos (pero
no marrdquies). Debemos concluir,
pues, qu¢ la arabizacién del Magreb
fue un fé¢némeno bdsicamente cul-
tural, en |que una reducida elite im-
puso su lengua y religién, sin que
hubiera cambios sustanciales en la
poblacién local, incluso la actual-
mente argpbéfona.

Mas alla del Sahara

La comparaci6n de la diversidad
genética con la hallada al sur
del Sahata permite rastrear el flujo
génico transahariano. En el estudio
de las inserciones Alu se advierte
con nitidez que las poblaciones mds
al sur d¢ nuestra zona de trabajo
(saharauis y beréberes del sur de
Marruecos) muestran distancias
genéticas mds cortas con las po-
blacioneq subsaharianas que las que
se dan entre subsaharianos y po-
blacioneg del norte del Magreb. Tal
comprobacién nos induce a pensar
iente de flujo génico sub-
; en el curso del mismo,
las poblaciones del sur del Magreb
habrian recibido una mayor aporta-
cién de genes subsaharianos, lo que,
dada su |posicién geogréfica y el
conocido| comercio de esclavos, pa-
rece vergsimil.

Las regiones gen6émicas con una
filogeografia bien establecida per-
miten cuantificar la aportacién sub-
sahariana. Asi, en el norte de Africa
aparecen|en bajas frecuencias (un
8% en conjunto) los linajes E1* y
E3a* del cromosoma Y, de origen
subsahariano; no se han hallado en
la peninsula Ibérica.

En el caso del ADN mitocondrial,
son de ofigen subsahariano los li-
najes L1, L2 y L3, que constituyen
una medja del 25% de los linajes
magrebies (con un rango entre 3 %
en rifeﬁ(fs y 40% en mauritanos).
En la pepinsula Ibérica, presentan
una frecuencia media del 3 %, os-
cilando eptre su ausencia en vascos
y un 6% en portugueses del cen-
tro. En e} caso de la Peninsula, es
dificil decidir si estos linajes pro-
ceden directamente de allende el Sa-
hara, trajdos con la trata de escla-
vos, o sij dada su frecuencia en el
Magreb, |legaron a Iberia via con-
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tactos a través del estrecho de Gi-
braltar.

De la comparacién entre los da-
tos del ADN mitocondrial y los del
cromosoma Y se desprende que los
linajes subsaharianos heredados por
via materna se hallan a una fre-
cuencia mas elevada en magrebies
e ibéricos que los linajes paternos,
lo que indicaria una diferencia en-
tre sexos en la movilidad de los in-
dividuos desde el sur del desierto
del Sahara. Esa observacién gené-
tica debe contrastarse con datos so-
ciales de movilidad y comercio de
esclavos.

Tréfico en el estrecho
de Gibraltar
. ué decir, por iltimo, de las
relaciones entre las pobla-
ciones magrebies y las peninsula-
res? Dejamos constancia al princi-
pio de la nitida separaci6én entre
ambas poblaciones, debido, proba-
blemente, a un substrato paleoli-
tico distinto. Ese hito temporal per-
mite la deteccién del flujo génico
a través del estrecho, asi como su
cuantificacién a partir de linajes
del cromosoma Y y del ADN mi-
tocondrial.

Las personas y, si se reproducen,
sus genes han cruzado el estrecho
de Gibraltar con distinta intensidad
a lo largo de la historia. En algunos
periodos, dicho flujo aument6. Ade-
més, se trata de una corriente bidi-
reccional, pues también se dio un
flujo génico de la Peninsula al Ma-
greb. De norte a sur, cruzaron el es-
trecho romanos, véndalos, judios y
moriscos. Los dos dltimos grupos
podrian haber difundido genes ibé-
ricos. Del sur llegaron a Hispania los
cartagineses; en el 711 arribaron los
drabo-beréberes. En el siglo xu vi-
nieron oleadas de almohades, al-
mordvides y benimerines. Los datos
genéticos no permiten precisar cudndo
se produjo el trafico. S6lo podemos
descubrir el conjunto acumulado de
los intercambios genéticos.

Como hemos comentado, el linaje
E3b2* del cromosoma Y se origind
en el Magreb, donde constituye unos
dos tercios del total. En Espaifia y
Portugal, su frecuencia se estima al-
rededor del 6 %, con minimos en el
Pafs Vasco y Catalufia y méximos
en Extremadura y Andalucfa occi-
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dental. Dado que el flujo génico del
Magreb hacia la Peninsula acarrea-
ria otros linajes, subestimariamos la
contribucién genética magrebi de
la Peninsula si s6lo considerdramos
E3b2*; corrigiendo a tenor de la fre-
cuencia de E3b2* respecto al total
de linajes del cromosoma Y, la con-
tribucién norteafricana al acervo
genético ibérico se puede estimar en
un 8 %. Al estudiar la variacién de
microsatélites dentro de este linaje,
se observa una estrecha similaridad
entre los haplotipos ibéricos y los
magrebies. La variacién observada
en haplotipos peninsulares pudo ha-
berse acumulado en un intervalo
temporal que la hace compatible con
las entradas del siglo viil y, sobre
todo, con las del siglo XII.

Por lo que respecta al ADN mi-
tocondrial, encontramos un equiva-
lente de E3b2* en U6, de origen
magrebf, aunque menos frecuente.
Se halla en un 10 % de los magrebies
y en un 1,5% de los habitantes de
nuestra peninsula. La ausencia de li-
najes maternos especificamente nor-
teafricanos a frecuencias moderadas
o elevadas dificulta la estimacidn
de la contribucién femenina magre-
bi a la peninsula; aunque existe,
obviamente.

En un sentido inverso, los cro-
mosomas Y del grupo R1b que hay
en el Magreb pueden ser de origen
europeo, si bien no podemos pre-
cisar que fuera especificamente ibé-
rico. Su frecuencia, del 2,8% en
norteafricanos, alcanza el 78,4 %
en ibéricos; ello supone una con-
tribucién europea del 3,6 % al acervo
genético magrebi. Por lo que res-
pecta al ADN mitocondrial, el li-
naje V, de origen europeo, se en-

cuentra en|una frecuencia del 6,8 %
en norteafricanos.

Conclusiohes

a historia nos recuerda las in-
tensaq relaciones culturales y
sociales que han existido, a lo largo
de los siglps, entre el Magreb y la
peninsula Jbérica (Espafia y Portu-
gal). Elites|o pueblo llano, mercade-
res o guerreros, portaban una len-
gua, una feligién, una cultura, en
definitiva. |Pero hasta ahora se nos
mostraba esquivo el impacto demo-
grifico ejefcido por esos flujos, que
los datos genéticos nos muestran
existente pgro moderado. Y todavia
se debaten los movimientos rela-
cionados con la expansién islamica.
Los datgs genéticos, con sus li-
mitaciones| han permitido trazar un
primer margo comparativo entre am-
bas orillas del Mediterrdneo, con la
reconstruc¢ién consiguiente de la
historia e jntercambios mutuos de
sus poblaciones. La genética aporta
el marco de la historia demogra-
fica, en cuylo interior hemos de iden-
tificar las pruebas de intercambios
suministradas por otras disciplinas.
Los cambios y sustituciones en
el credo r¢ligioso, en la lengua o
en los perfiles de las excavaciones
arqueoldgicas nos hablan de inte-
rrelaciones|y desplazamiento cultu-
rales. El dlcance demografico de
los procesos demograficos asocia-
dos a esas|transformaciones cultu-
rales hallan un correlato genético,
cuya magnjtud se va desentrafiando
merced al avance en el conocimiento
del genomd. Es una de las miltiples
sorpresas que la biologfa actual nos
depara.
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Summary

Phylogenetic analysis of mitochondrial DNA (mtDNA) performed in Western Mediterranean populations has
shown that both shores share a common set of mtDNA haplogroups already found in Europe and the Middle East.
Principal co-ordinates of genetic distances and principal components analyses based on the haplotype frequencies
show that the main genetic difference is attributed to the higher frequency of sub-Saharan L haplogroups in NW
Africa, showing some gene flow across the Sahara desert, with a major impact in the southern populations of N'W
Africa. The AMOVA demonstrates that SW European populations are highly homogeneous whereas NW African
populations display a more heterogeneous genetic pattern, due to an east-west differentiation as a result of gene
flow coming from the East. Despite the shared haplogroups found in both areas, the European V and the NW
African U6 haplogroups reveal the traces of the Mediterranean Sea permeability to female migrations, and allowed
for determination and quantification of the genetic contribution of both shores to the genetic landscape of the
geographic area.

Comparison of mtDNA data with autosomal markers and Y-chromosome lineages, analysed in the same pop-
ulations, shows a congruent pattern, although female-mediated gene flow seems to have been more intense than

male-mediated gene flow.

Introduction olithic times, and the expansion of farming during the
Neolithic, have modelled the genetic landscape of both

The western Mediterranean populations have experi-
enced a long, intrincated history that, too often, has
been considered separately for the African and Euro-
pean shores, or from an exclusively European perspec-
tive. Both the African and the European shores have
acted as termini of population expansions. The in-
dependent and parallel colonisation from the East of

both areas by anatomically modern humans in Palae-

*Correspondence: David Comas, Unitat de Biologia Evolu-
tiva, Facultat de Ciéncies de la Salut i de la Vida, Universitat
Pompeu Fabra, Doctor Aiguader 80, 08003 Barcelona, Spain.
Tel: +34 93 542 28 02; Fax: 434 93 542 28 44. E-mail:

david.comas@cexs.upf.es

Annals of Human Genetics (2003) 67,312-328

areas. Moreover other demographic events, such as the
expansion of the Arabisation along the Maghrib, have
also come from the East arriving in N'W Africa.
Genetic diversity studies have provided a major in-
sight into human evolution on a global scale, but they
have also been useful in regional studies. Population pro-
cesses such as expansions, migrations, dispersals and ad-
mixtures leave a footprint in the genetic composition
of the groups that allow us to trace back population
history. Several genetic markers have been analysed in
the westernmost part of the Mediterranean in order to
extricate such processes. The compilation of classical
genetic markers (Bosch ef al. 1997; Simoni ef al. 1999)
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has shown a clear genetic differentiation between the
northern and southern coasts, attributed to indepen-
dent parallel expansions along the two shores followed
by little gene flow across the Mediterranean. Neverthe-
less, there is some contradictory data, based on HLA
polymorphisms, on the degree of genetic relationship
between both coasts in West Mediterranean popula-
tions (Arnaiz-Villena et al. 1995; Comas et al. 1998).
Analyses of autosomal STRs (Bosch et al. 2000) and
Alu insertion polymorphisms (Comas et al. 2000) con-
firmed the genetic difference between both groups of
populations, also detecting some Sub-Saharan genetic
flow into NW African populations. The high-resolution
analysis of Y-chromosome biallelic and STR markers
(Bosch et al. 2001) has revealed clear genetic differen-
tiation due to a major independent Upper Palaeolithic
contribution in both areas, followed by gene flow from
the Near East during the Neolithic, and small bidirec-
tional gene flow across the Mediterranean. Several mi-
tochondrial DNA (mtDNA) analyses have focused in
the structure of Iberian populations (Bertranpetit et al.
1995; Corte-Real et al. 1996; Salas et al. 1998; Pereira
et al. 2000), of NW African populations (Rando et al.
1998; Brakez et al. 2001), and their relation to the
Canary Islands (Pinto ef al. 1996). Nevertheless, no anal-
ysis has jointly considered the population relationships
of Western Mediterranean populations using mtDNA
sequences.

The analysis of mitochondrial DNA diversity has
been one of the most successful tools applied to unravel
regional population histories. Two difterent approaches
have been followed in order to perform mtDNA anal-
yses: the sequencing of the hypervariable segments of
the non-coding part of the molecule, the control re-
gion, and the study of the coding region through high-
resolution RFLPs. The joint analysis of both kinds of
markers (control region sequences and RFLPs in the
coding region) has proven to be a powerful tool in study-
ing human diversity (Torroni et al. 1996), and has led
to the construction of robust phylogenies of mtDNA
sequences (Macaulay et al. 1999), which allow one to
elucidate human demographic scenarios.

In the present study, we have analysed the hypervari-
able segment I (HVSI) of the control region in several
Western Mediterranean populations, and have added
the information yielded by three SNPs in the mtDNA-
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coding region in order to ascribe the mtDINA variation
to specific branches of the gene genealogy. This anal-
ysis allows us to describe the genetic landscape of the
geographic region, compare it to that obtained with
other genomic regions (particularly those with a clear
phylogeography, such as the Y-chromosome), and inter-
pret it in terms of external gene flow and of exchanges
between the northern and southern shores of the
Mediterranean.

Material and Methods

Population Samples

A data set comprising sequences for the first hypervari-
able segment (HVSI) of the mtDNA control region
(positions 16024 to 16383, according to the Cambridge
Reference Sequence; CRS, Anderson et al. 1981;
Andrews et al. 1999) in populations of the Western
Mediterranean (defined as the Iberian and Italian
Peninsulas and intervening islands, southern France,
and NW Africa from Tunisia to Mauritania), was
collected from the literature and from our own analyses.
Sequences for a total of 1,719 individuals were collected
(see populations, sample sizes and references in Table 1
and Figure 1); of those, we sequenced a total of 267
unrelated individuals: 172 from North-West Africa
and 95 from the Iberian Peninsula. The N'W African
samples included 56 Saharawi, 18 Moroccans Arabs, 4
Berbers from North-Central Morocco, 47 Algerians
and 47 Tunisians. The Iberian Peninsula samples
comprised 49 Andalusians and 46 Catalans. Populations
analysed were chosen in order to generate a complete
picture of the region. These sequences are available

at http://www.upft.es/cexs/recerca/bioevo/index.htm

MtDNA Amplification and Sequencing

Total DNA was extracted from fresh blood using stan-
dard phenol-chloroform methods after digestion with
proteinase K. HVSI was amplified with primers and
methods as described elsewhere (Mateu ef al. 1997). The
amplified product was purified with the Gene Clean kit
(BIO 101) and sequencing reactions were performed
using the Big Dye Terminator (version 3.0) Cycle
Sequencing Kit, with AmpliTag® DNA Polymerase
(Applied Biosystems). The sequencing products were
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Table 1 Diversity parameters for the HVRI in several populations

Populations n k S Sequence Mean pairwise Nucleotide References
diversity differences diversity

Northwest Africa 429
Algerians 47 27 51 0.957+0.043 5.72+4.28 0.0158 1
Mauritanians 30 23 31 0.975+0.025 6.094+3.91 0.0169 2
Moroccan Arabs 50 44 68 0.993+0.007 7.04+2.96 0.0195 1,2
Moroccan Berbers 64 42 51 0.9684+0.032 4524548 0.0125 1,2
Mozabites 85 29 35 0.9424+0.058 4.734+5.27 0.0131 3
Saharawi 56 41 46 0.978+0.022 5.45+4.55 0.0151 1
Southern Berbers 50 34 38 0.94140.059 4.60+£5.40 0.0128 4
Tunisians 47 42 61 0.989+0.010 6.15+3.85 0.0171 1

Iberian Peninsula 887
Andalusians 158 106 82 0.965+0.035 4.26+5.74 0.0118 1,5,6,7,8
Basques 173 71 64 0.942+0.058 3.03+6.97 0.0084 5,8,9,10
Catalans 78 48 45 0.938+0.062 3.66+6.34 0.0102 1,5,6,8
Central Spain 50 38 49 0.953+0.047 4.59+5.41 0.0128 6,8
Galicians 103 62 61 0.939+0.061 3.31£6.69 0.0092 6,8,11
Valencians 30 24 37 0.970+£0.030 4.25+5.75 0.0118 8
Portuguese 54 38 40 0.934+0.066 3.60+6.40 0.0100 5
Nportuguese 100 67 71 0.953+0.047 4.78+5.22 0.0133 12
Cportuguese 82 62 66 0.977+£0.023 4.87+4.13 0.0135 12
Sportuguese 59 41 55 0.943+0.057 4.54+5.46 0.0126 12

Italy 411
Central Italy 83 63 61 0.974+0.012 4.78+5.41 0.0133 13
Sardinians 73 50 57 0.955+0.045 4.2445.76 0.0118 14
Sicilians 169 97 92 0.936+0.064 4.03+5.97 0.0112 15,16
Southern Italy 37 31 47 0.969+0.031 4.86+5.14 0.0135 16
Tuscans 49 40 55 0.969+0.031 5.03+4.97 0.0140 17

n: number of individuals; k: number of different sequences; S: number of variable positions. NPortuguese: Northern Portuguese;
CPortuguese: Central Portuguese; SPortuguese: Southern Portuguese. References: 1 Present study; 2 Rando ef al. 1998; 3 Macaulay
et al. 1999; 4 Brakez et al. 2000; 5 Corte-Real et al. 1996; 6 Crespillo et al. 2000; 7 Lépez-Soto et al. 2000; 8 A. Alonso (personal
communication); 9 Bertranpetit et al. 1995; 10 Richards et al. 2000; 11 Salas ef al. 1998; 12 Pereira et al. 2000; 13 Tagliabracci et al.
2001; 14 Di Rienzo & Wilson, 1991; O. Rickards (personal communication); 15 Cali et al. 2001; 16 O. Rickards et al. 2000 and

personal communication; 17 Francalacci ef al. 1996.

run in an ABI PRISM 3100 sequencer (Applied
Biosystems).

Three positions in the mtDNA coding region (10400,
12308 and 12705, according to Anderson et al. 1981)
were also determined in some of the sequenced indi-
viduals by using the SNaPshot™ ddNTP Primer Ex-
tension Kit (Applied Biosystems), as described else-
where (Comas et al. in preparation), which implements a
single-base primer extension protocol that uses labelled
ddNTPs to interrogate SNPs.

Phylogenetic Analysis

Sequence alignment was performed using the ESEE

program (Cabot, 1988). Each control region sequence
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was assigned to a given haplogroup by comparison
with the data sets where mtDNA had been typed for
both RFLPs and HVSI sequences (Torroni et al. 1996;
Watson et al. 1997; Rando et al. 1998; Macaulay et al.
1999) and the data sets of Richards et al. (2000), and
their classification scheme was used with a single mod-
ification: a few sequences bearing a transition at posi-
tion 16126 and not carrying transitions at 16069, 16294,
16296, or 16362, were classified as /T, a denomination
that should not necessarily imply that they are in a group
ancestral to haplogroups J and T. When the informa-
tion given by the nucleotide substitutions of the HVSI
in those individuals sequenced in the present study was
insufficient to assign a sequence to a given haplogroup,
three positions outside the control region (10400, 12308

© University College London 2003
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Figure1l The Western Mediterranean. Geographical location of the samples analysed: 1:
Galicians; 2: Basques; 3: Portuguese (include mixed Portuguese, Northern, Central and
Southern Portuguese); 4: Andalusians; 5: Central Spain; 6: Valencians; 7: Catalans; 8:
Sardinians; 9: Tuscans; 10: Central Italy; 11: Southern Italy; 12: Sicilians; 13: Tunisians;
14: Algerians; 15: Mozabites; 16: Moroccan Berbers; 17: Moroccan Arabs; 18: Southern
Berbers; 19: Saharawi; 20: Mauritanians. Dots represent samples sequenced in the present
work, squares represent samples pooled from the literature as well as new sequences
included, and triangles represent samples taken from the literature.

and 12705) were determined. These positions allowed
us to assign the control region sequences to three dif-
ferent major haplogroups: 10400T defines the major M
haplogroup, 12308G defines the major U haplogroup
(including the K haplogroup), and 12705C defines the
major R haplogroup, which includes a large set of hap-
logroups (H, V, J, T, U, B and F). Nevertheless, 2% of all
sequences remained ambiguous or could not be typed
for these three positions as they were taken from the
literature, and they were classified as “other”.

The networks relating HVSI sequences within some
of the haplogroups described were constructed by us-
ing a reduced-median algorithm (Bandelt et al. 1995)
as implemented in the Network 3.0 program. The dat-
ing method employed (Morral ef al. 1994; Saillard et al.

© University College London 2003

2000) is based on the average number of mutations accu-
mulated from an ancestral sequence as a linear function
of time and mutation rate. This method was also per-

formed with the Network 3.0 program.
Population Analysis

Population internal genetic diversity parameters (nu-
cleotide diversity, sequence diversity and mean pairwise
differences) were computed with the Arlequin 2000
program (Schneider et al. 1996).

Population genetic structure was tested through anal-
ysis of molecular variance (AMOVA) (Excoftier ef al.
1992), using the Arlequin 2000. Genetic distances be-
tween populations using the first mtDNA hypervari-

able region were calculated by intermatch-mismatch

Annals of Human Genetics (2003) 67,312-328
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pairwise differences according to the equation D = d;; —
(di + dj)/2 (Nei 1987), where d; is the mean pair-
wise differences between populations i and j, and dj
and dj are the mean pairwise differences within pop-
ulations i and j respectively. The distance standard er-
rors were computed by resampling nucleotide positions
with 1,000 bootstrap iterations (Efron, 1982). A prin-
cipal co-ordinate plot (Gower, 1966) was also obtained
from the distance matrix. Principal component analy-
sis was performed from haplotype frequencies using the

SPSS package.

Results

Phylogeographic Structure

Haplogroup frequencies estimated as described above
are listed in Table 2. The phylogeographic structure of
mtDNA in the Western Mediterranean can be sum-
marised as five sets of haplogroups: 1) sub-Saharan hap-
logroup L (including L1, L2, L3); 2) haplogroups J, T,
J/T; 3) haplogroups H, V, HV; 4) haplogroup U (in-
cluding K); and 5) haplogroups W, I, X, and M.

L haplogroups are relatively infrequent in Italians
(with a maximum of 8.1% in South Italians) and Iberians
(with a maximum of 6.1% in Central Portuguese). On
the contrary, L haplogroups are distributed in all North
African populations at high frequencies (from 26% in
South Berbers to 43.5% in Mauritanians) with the ex-
ception of Mozabites (12.9%) and Moroccan Berbers
(3.2%). In fact, the frequency of the L haplogroups in
Moroccan Berbers is similar to that found in Iberians
and Italians. The frequency of the L haplogroups might
represent the sub-Saharan genetic flow into the popu-
lations analysed, which has shown to be substantial in
NW Africa but very limited in European populations.

In the populations analysed, haplogroups J and T
present their highest frequencies in the Italian samples,
with values over 15%. Iberians showed a heterogeneous
frequency distribution with values that range from 6.6%
in Valencians to 18.7% in Southern Portuguese. N'W
Africans have similar J and T frequencies to Europeans,
although it is worth noting that Saharawi and Mauri-
tanians, the southern N'W African samples, differ from
the other populations in that haplogroups J and T are

almost absent.
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Haplogroup U is found in all samples analysed at con-
siderable frequencies. The most relevant aspect within
this group of sequences is the presence of haplogroup
U6, to which a North African origin has been at-
tributed (Rando ef al. 1998). Haplogroup U6 is largely
distributed among Mozabites (28.2%) and Mauritani-
ans (20%). In other NW Africans, the frequency of U6
ranges from 4.2% in Tunisians to 8% in Moroccan Arabs,
with the remarkable case of Algerians where haplogroup
U6 is absent. In Italians, haplogroup U6 is practically
absent, with only one sequence found among Sicilians.
In the Iberian Peninsula U6 distribution is sparse. It is
present in the south-western part of the Peninsula at
low frequencies (<7%), and is absent in Basques, Cata-
lans, Valencians, Central Portuguese, and Southern Por-
tuguese. Few U6 sequences are found in other popula-
tions from different geographical regions: Sub-Saharan
and NE Africa, the Middle East and the Canary Islands
(with a frequency of 14%; Rando et al. 1998, 1999). The
structure of the variation of U6 sequences is shown in
Figure 2, from which the age of U6 can be estimated at
47,000 £ 18,000 years, similar to that first estimated by
Rando et al. (1998). The network shows a clear struc-
ture in subhaplogroups within U6: U6a (characterised
by 16278T; Rando et al. 1999), U6al (characterised by
16278T and 16189C; Richards et al. 2000), and U6b
(characterised by 16311C; Rando et al. 1999). The
present Iberian and N'W African sequences are found
within haplogroups U6a and U6al, but haplogroup U6b
contains no NW African sequences and is mainly com-
posed of Canarian and Iberian sequences. Moreover,
there is a group of sequences within U6b characterised
by 16163T, which we named U6b1 (although unnamed,
this was already discussed by Rando ef al. 1999), which
presents basically Canarian sequences. The age of this
group of sequences (Canarians plus two Iberian se-
quences) is around 9,400 £ 5,500 years. The presence
of U6a and U6al haplogroups in the Iberian Peninsula
could be attributed to gene flow from NW Africa, and
the most plausible origin for U6b1 lineages in Iberia is
recent gene flow from the Canary Islands after the con-
tact between Europeans and the Canary aborigines in
the fifteenth century.

H and V represent the major group of sequences in
Iberia and Italy. H is by far the most frequent haplogroup

in western European populations, as it is in all of Europe

© University College London 2003
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Figure 2

Phylogenetic network of haplogroup U6 HVRI sequences (present data and data from Richards ef al.

2000). The size of the circles is proportional to the number of sequences. The node marked with an asterisk
indicates the ancestral sequence (16172C, 16219G). Numbers along links refer to nucleotide positions in HVRI
minus 16000; suftixes indicate a transversion. Subhaplogroups U6a and U6al, to the right in the graph, are defined
by positions 16278T and 16278T, 16189C respectively. Subhaplogroups U6b and U6b1, to the left in the graph, are

defined by positions 16311C and 16163T, 16311C respectively.

(Simoni et al. 2000a; Richards et al. 2000). It has been
suggested that haplogroup V originated and expanded
from NE Iberia (Torroni et al. 1998; Torroni et al. 2001).
In the European samples analysed, its frequency (which
includes pre-V and V proper as defined by Torroni
et al. 2001) ranges from 2.7% in Sardinia and South-
ern Italy to 10.4% in Basques, and is absent in Central
Spaniards, Valencians, and Tuscans. Except in Algeri-
ans and Tunisians, haplogroup V has been found in all
the samples analysed, with high frequencies among the
Saharawi (17.9%) and Southern Berbers (10%). In or-
der to elucidate the phylogenetic relationships between
sequences, a network of V sequences was constructed
(Figure 3). The network displayed a clear star-like pat-
tern with all V sequences found in NW Africa close

to the V sequence root type or with one or two added

Annals of Human Genetics (2003) 67,312-328

substitutions, whereas Italian and Iberian V sequences
show a wider distribution of substitutions. Out of the
five different V haplotypes found in NW Africa, three
were those that are most frequent in Europe, while only
two were specific to NW Africa. A time depth for the
haplogroup V of 13,700 £ 3,000 years was estimated
when all sequences were included, similar to previous
estimates (Torroni et al. 2001).

The last section of the mtDNA phylogeny consid-
ered includes the Eurasian haplogroups W, I, X, and
haplogroup M. Haplogroups W, I, and X are basically
found in continental Italy, and some traces are found
in Iberians, Algerians, Tunisians and Moroccan Arabs.
The M sequences found in the analysed populations
can be sorted into two different phylogenetic groups:

haplogroups M1 and M5. It has been suggested that

© University College London 2003
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Figure3 Phylogenetic network of haplogroup V HVRI sequences. The size of the circles is proportional to the
number of sequences. The node marked with an asterisk indicates the ancestral sequence (16298C). Numbers along

links refer to nucleotide positions in HVRI minus 16000.

haplogroup M1 originated in eastern Africa (Quintanta-
Murcti et al. 1999), and it is almost absent in the Euro-
pean samples analysed. Nevertheless, it has been found at
high frequencies in Algerians, and at a lower frequency
in Tunisians, Mozabites and Moroccan Arabs, showing
a slight east-west cline. On the contrary, haplogroup
M5, defined by 16129A (Bamshad et al. 2001), which
accounts for 97.3% of the M lineages in Gypsies (also
known as Roma; Gresham et al. 2001), has only been
found in Andalusians and Central Spaniards, which is
not surprising given that Spain is one of the European
countries where the Gypsy community is more numer-

ous (~ 500,000 people; Liegeois, 1994).

© University College London 2003

Population Structure of Genetic Variation

Analyses of the molecular variance (AMOVA) were per-
formed in order to detect any genetic structure within
the present sample set (Table 3). Due to the differ-
ence observed in the contribution of L lineages in the
populations studied, all the analyses described below
were performed in duplicate: with the whole set of se-
quences, and without the L sequences. When all sam-
ples were treated as a single group, 97.4% of the vari-
ance was attributed to differences within populations
and 2.6% (p < 0.01) represents differences among pop-

ulations. This fraction was reduced to 2% when the
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Table 3 Analyses of Molecular Variance (AMOVA) in West Mediterranean populations

Among groups

Among populations

within groups Within populations

Groups with L without L with L without L with L without L
All populations 2.56** 2.00** 97 .44** 98.00**
NW Africans 3.53** 4.50** 96.47** 95.50**
SW Europeans 0.62** 0.62** 99.38** 99.38**
NW Africa vs SW Europe 2.62"" 1.41* 1.48** 1.49** 95.90"* 97.10**
Iberian Peninsula vs Italy 0.06 ns 0.11 ns 0.59** 0.57** 99.34** 99.32**
Eastern vs Western NW Africa® 0.94 ns 1.96* 1.29%* 0.69 ns 97.76** 97.35"*

*(p <0.01); *(p < 0.05); ns : non-significant All the analyses were performed taking into account lineages belonging to L haplogroups

(with L) and ignoring L lineages (without L).

*Two groups: Algerians and Tunisians versus the rest of NW African populations.

L lineages were removed. Considering separately the
southern and northern populations, NW Africans are
more heterogeneous: ®gr among N'W Africans is 3.5%
(4.5% without L sequences), as compared to 0.6%
among SW Europeans.

‘When we grouped the samples according to their ge-
ographical area (SW Europeans versus NW Africans),
1.5% of the genetic variance was due to differences
between samples of the same geographical area, and
2.6% was attributable to differences between geographi-
cal areas. The variance attributable to differences among
geographical groups decreased to 1.4% when the L
sequences were removed, whereas the variance at-
tributable to differences within groups did not vary,
showing that Sub-Saharan gene flow into N'W Africa
has in part been responsible for the differences between
the two groups.

In order to establish a valid comparison between nu-
clear DNA, Y chromosomal, and mtDNA, we per-
formed an AMOVA with Alu polymorphisms (Comas
et al. 2000), the Y-chromosome lineages (Bosch et al.
2001) and mtDNA data among the same populations
from N'W Africa and the Iberia Peninsula as described
in Bosch et al. (2001). We found that the proportion of
the genetic variance that can be accounted for between
the NW African and Iberian populations for mtDNA is
0.86% (p = 0.053), 1.89% (p = 0.028) for Alu inser-
tion polymorphisms, and 35.2% (p = 0.024) for the Y
chromosome. It is not surprising to find that the results
show clear differences between male and female lineages

due to the already described sexual differential migration

Annals of Human Genetics (2003) 67,312-328

patterns for worldwide human populations (Seielstad
et al. 1998). Autosomal markers, here represented by
Alu insertion polymorphisms, show intermediate val-
ues between those found for the mtDNA and the Y
chromosome, although Y-chromosome markers exhibit
much greater differences between both geographical ar-
eas. The Y chromosome behaves as a single locus, and, as
such, it is more prone to the vagaries of random drift that
aset of independent loci such as the Alu polymorphisms.
Moreover, sex-specific population structure (restricted
gene flow with isolation) might have enhanced an initial
increase of differentiation in male lineages compared to
the other of genetic systems analysed.

When focusing in SW Europe, very small (0.1%),
non-significant differences were found between Iberi-
ans and Italians, in agreement with the large mtDNA
homogeneity described in Europe (Simoni ef al. 2000a,
2000b; Helgason et al. 2000; see also Richards et al.
2002). Within NW Africa and grouping samples fol-
lowing a geographical east-west criterion (Tunisians
and Algerians versus the other populations), no signifi-
cant differences were found between groups, and 1.3%
of the variation was attributed to differences among
populations within groups. Nevertheless, when L lin-
eages were removed, the variation attributed to differ-
ences among the two groups became significant (1.96%,
p < 0.05), and the differences within groups did not dif-
fer from zero, which points to an east-west differentia-
tion in NW Africa that may have been partially damp-
ened by gene flow from sub-Saharan Africa to both

subregions.
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Genetic Landscape

The genetic relationship between N'W Africans, Iberi-
ans and Italians was assessed through a principal co-
ordinate analysis based on the distance matrix. The plot
of the first two principal co-ordinates (Figure 4a) ac-
counts for 65.8% of the genetic variance observed. The
first co-ordinate (56.3%) separates NW African and Eu-
ropean populations, except for Moroccan Berbers who
are embedded within Europeans, placing Mozabites and
Mauritanians at one edge and Basques and Galicians
at the opposite one. When L lineages are excluded
from the analysis (Figure 4b), the plot clusters Euro-
peans, Moroccan Berbers and Southern Berbers and
even Tunisians in a group, whereas Algerians, Mozabites
and Mauritanians are more distant to this cluster.

The genetic relationships between the populations
was also assessed through a principal component analysis
based on the frequencies of the haplogroups displayed
(Richards ef al. 2002). We observed a similar general pat-
tern to that displayed in the principal co-ordinates, but
some differences were also found. The first two prin-
cipal components (Figure 5a) account for 36.3% of the
genetic variance observed and separate the NW African
populations, characterised by high frequencies of L and
U6 sequences (with absolute correlations of 0.619 for
L1, 0.887 for L2, 0.781 for L3, and 0.663 for U6),
from the rest of populations, which present high fre-
quencies of H lineages (with an absolute correlation of
0.835). The second principal component encompassed
12.1% of the genetic variance observed and separated
the Southern Italians, Tuscans and Sicilians from the
rest of the SW Europeans by their low frequencies of
K (absolute correlation of 0.458) and the presence of
J/T lineages (absolute correlation of 0.735) in their ge-
netic pool. When L sequences were removed from the
analysis (Figure 5b), the first two principal components
encompassed 33.4% of the genetic variance and sepa-
rated most NW African populations from Italians, with

the remaining populations lying between them.

Discussion

The phylogeographic analysis of mtDNA in the West-
ern Mediterranean has shown the presence of a common

set of haplogroups shared with the rest of Europe and

© University College London 2003
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the Middle East (H, J, T, U, I, W, X), plus those of
probable local origin (U6, V), and others introduced by
gene flow from the south (L) and east (M). In this re-
spect, our regional study, which has gathered published
and new samples, not previously jointly analysed, con-
firms the basic frame described by Richards et al. (2000)
for Europe and by Rando ef al. (1998) for NW Africa.
It should be noted, though, that inferring haplogroups
from HVRI sequences and three coding-region SNPs
could lead to slight imprecisions in the allocation of se-
quences to haplogroups. For instance, although we have
assigned all CRS (Cambridge Reference Sequence) se-
quences to haplogroup H, 1.5% of all CRS sequences in
West Eurasia belong to haplogroup HV* and 3.9% to U*
(Richards et al. 2000). Typing of SNP 7028 could help
in resolving this ambiguity, which nonetheless affects a
relatively small number of sequences.

An additional caveat that should be taken into ac-
count throughout the discussion is that, although we
define our area of study as the Western Mediterranean,
for some areas, such as southern France, Corsica, north-
ern Italy and the Kabyle in northern Algeria, no HVRI
sequences are available. It is likely that such missing data
would refine some of the conclusions we will reach
below.

Now, we will discuss in detail the phylogeographic
pattern for NW Africa, Iberia and Italy, and the trans-

mediterranean gene flow.

Northwest African mtDNA Landscape

The main difference, found through the mtDNA anal-
ysis, between the populations of the two geographi-
cal areas studied is the presence of sub-Saharan L lin-
eages in NW Africa compared to SW Europe, up to
the point that, if L sequences were removed from the
analyses, most NW African populations were geneti-
cally very close to SW Europeans. Since L sequences
make up almost all mtDNA lineages in sub-Saharan
Africa, and particularly in the areas just to the south
of NW Africa, the frequency of L haplogroups in N'W
Africa can be read directly as a measure of gene flow.
Thus, it can be estimated that 25.94+2.1% of the NW
African mtDNA pool has a sub-Saharan origin, un-
der the assumption of negligible back flow from N'W

to sub-Saharan Africa. A similar estimation can be
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Figure4 Plot of the two principal co-ordinate (PC) scores based on the genetic distance matrix of
NW African, Iberian and Italian samples. a) PC analysis of populations considering all sequences, and
b) PC analysis of populations without sequences belonging to haplogroups L. Abbreviations: Alg:
Algerians; And: Andalusians; Bas: Basques; Cat: Catalans; Clt: Central Italians; Cpo: Central
Portuguese; CS: Central Spaniards; Gal: Galicians; MA: Moroccan Arabs; Mau: Mauritanians; MB:
Moroccan Berbers; Moz: Mozabites; NPo: Northern Portuguese; Port: Portuguese; Sah: Saharawis;
Sard: Sardinians; SBer: Southern Berbers; Sic: Sicilians; SIt: Southern Italians; Spo: Southern
Portuguese; Tun: Tunisians; Tus: Tuscans; Val: Valencians.
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performed for Y-chromosome lineages, since E1* and
E3a* haplogroups (according to the nomenclature of
the Y Chromosome Consortium, 2002) found in N'W
Africa at a frequency of 8.0%%£2.0% (Bosch et al.
2001), are of sub-Saharan origin. The female- and male-
mediated estimates of sub-Saharan gene flow into NW
Africa are clearly different, which could be a local con-
sequence of a global trend to higher female than male
migration (Salem ef al. 1996; Seielstad ef al. 1998; Pérez-
Lezaun et al. 1999). Autosomal markers such as Alu
insertion polymorphisms also show frequency patterns
compatible with gene flow from sub-Saharan Africa into
NW Africa (Comas et al. 2000), although the absence
of a clear phylogeographic structure in that case pre-
vents the estimation of gene flow without specifying a
parental, non-admixed population for NW Africa.

Within N'W Africa, L sequences are most frequent in
Mauritanians and Saharawi, whereas their frequency is
lowest in northern populations. Alu insertion polymor-
phism analysis in N'W Africa (Comas ef al. 2000) has
also shown that gene flow from sub-Saharan Africa in
the southern part of this geographical area was more pro-
nounced. A similar genetic gradient was also observed
in NE Africa along the Nile valley from analysing Egyp-
tian and Nubian mtDNA sequences (Krings ef al. 1999),
where south-north migration (and vice versa) could be
facilitated by the Nile.

Sequence frequency and diversity, and nucleotide di-
versity, point to N'W Africa as the cradle of U6, with
an estimated age of 47,000 £+ 18,000 years. Such an
ancient age contrasts with the limited spread of U6,
which is found in N Africa, the Canaries and Iberia,
and at very low frequencies in Italy, the Middle East,
and the Sahel. This could be explained because, with
the exception of the Moslem invasions of Iberia and
Sicily, no large population expansion has been known
to originate in N'W Africa, and the gene tree structure
for U6 does not seem compatible with a strong popula-
tion expansion. U6 represents, thus, a local background
in NW Africa. Its relatively low frequency (~ 10% over-
all, although ranging from absence in Algeria to 28.2%
in the Mozabites) is in stark contrast with the high
frequency of Y-chromosome haplogroup E3b2* (64%;
Bosch et al. 2001), which may also have originated (or
expanded to such high frequency) locally in NW Africa.

This discrepancy may be the result of ancient, random,
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locus-specific drift, and/or of a male-biased bottleneck
or migration. A locus-specific effect may be evidenced
by the fact that AMOVA between Iberian and NW
African populations is much higher for Y chromosome
haplogroups than for multiple autosomal Alu insertion
polymorphisms or mtDNA. Since men contribute their
autosomes as well, the fact that population differentia-
tion as demonstrated by autosomal loci is much closer to
that for mtDNA than to that for the Y chromosome may
be taken as evidence for ancient, random, locus-specific
drift affecting the Y chromosome.

NW African populations are relatively heterogeneous
in their mtDNA sequence pools. The eastern popu-
lations (Algeria and Tunisia) may have received more
gene flow from the east, as evidenced by the frequen-
cies of M1. This haplogroup originated in East Africa
(Quintana-Murci ef al. 1999) with a frequency ~20%
in Ethiopians (Passarino et al. 1998), and declines north-
westwards (Nubians ~ 10% and Egyptians ~ 8%; Krings
et al. 1999), whereas its frequency in the Middle East is
lower (~ 3% in Jordanians from Amman, Richards ef al.
2000; ~2% Israeli Palestinians, Richards et al. 2000;
~ 2% in Israeli Druze, Macaulay et al. 1999).

The major outlier within NW Africa are the Moz-
abites, a well-known Berber isolated group in Algeria,
where drift may have altered haplogroup frequencies.

SW European mtDNA Landscape

The mtDNA homogeneity observed in Europe (Simoni
et al. 2000a and 2000b; Helgason et al. 2000, see also
Richards et al. 2002) is also seen in the present analysis
of the West Mediterranean samples, and contrasts with
the heterogeneity of NW African populations. All the
European samples present the same set of haplotypes
with similar frequencies, short genetic distances to each
other, and no clear genetic structure, up to the point
that populations from Iberia and Italy do not each form
aneat group. It should be noted that this homogeneity is
seen at the current level of phylogenetic resolution, and
that a more fine-grained structure may emerge from the
analysis of complete mtDNA sequences (Richards et al.
2002).

The most outstanding feature in the west Mediter-
ranean genetic landscape is the outlier position of Sar-

dinians and Basques shown by classical genetic markers
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(Cavalli-Sforza et al. 1994; Calatell & Bertranpetit 1994;
Cappello et al. 1996) and Y-chromosome polymor-
phisms (Caglia et al. 1997; Scozzari et al. 2001; Bosch
et al. 2001), although not so pronounced in the Basques.
Nevertheless, mtDINA data reveals no differences be-
tween these two populations and the rest of European
populations. This has also been shown in Basques by
analysis of 11 Alu insertion polymorphisms in west
Mediterranean populations (Comas ef al. 2000).

Genetic Exchange Through
the Mediterranean

Each of the subregions analysed (NW Africa and SW
Europe) shows sequences that originated on the oppo-
site shore of the Mediterranean. This is particularly clear
in the case of U6 and L in SW Europe. L sequences
are found at frequencies ~3% in Iberia and ~2.4%
in Italy. Given the relatively high frequencies of L se-
quences in NW Africa, it is not clear whether they were
contributed by the historical populations movements
from the south to the north of the Mediterranean (such
as the Moslem invasions of the 7th-11th centuries), or
whether its presence is associated with other processes
not directly linked to NW Africa. Out of 23 differ-
ent L sequences in Iberia, two were also found in N'W
Africa (as well as in sub-Saharan Africa), and 7 others
were found in sub-Saharan Africa (in a dataset com-
prising 1,158 individuals from 20 populations; Graven
et al. 1995, Pinto et al. 1996; Watson et al. 1996;
Mateu et al. 1997; Rando et al. 1998; Krings et al. 1999;
Pereira et al. 2001; Brehm ef al. 2002) but not in N'W
Africa. Treating the set of L sequences in Iberia as if it
were a population reveals genetic distances from some W
African populations, such as the Senegalese and Yoruba,
that are slightly smaller than those between L sequences
in Iberia and NW Africa. Thus, it may be the case that
gene flow from N'W Africa is not entirely responsible
for the presence of L sequences in Iberia.

This may be even clearer in Italy, where the fre-
quency of U6 is much lower than in Iberia (one out
of 411 individuals), and where none of the eight L se-
quences has been found in NW Africa. Three Italian L
sequences have been described throughout Africa, and
the remaining five are not found in > 1,000 sub-Saharan

individuals. Thus, the presence of L sequences cannot
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be attributed to migration from NW Africa, and may
instead represent gene flow from other sources, such as
the Neolithic expansion or the Roman slave trade.

In contrast to mtDNA, no sub-Saharan Y chromoso-
mal lineages were detected in Iberia (Bosch et al. 2001),
or in Italy (Rosser et al. 2000), although sample sizes
in these studies (97 and 99 chromosomes respectively)
may not be sufficient to rule out their presence at low
frequencies.

As hinted above, the presence of haplogroup U6 in
Iberia may signal gene flow from N'W Africa, and those
of the subhaplogroup U6b1 recent gene flow from the
Canary Islands. Haplogroup U6 is present at frequen-
cies ranging from 0 to 7% in the various Iberian popula-
tions, with an average of 1.8%. Given that the frequency
of U6 in NW Africa is ~10%, the mtDINA contribu-
tion of N'W Africa to Iberia can be estimated at 18%,
with a 95% confidence interval of 8%—26% (estimated
by sampling with replacement 10,000 times in popula-
tions having the same sample sizes and U6 frequencies
as Iberia and NW Africa). This is larger than the con-
tribution estimated with Y-chromosomal lineages (7%,
95% confidence interval 1%—14%, Bosch et al. 2001).
However, it should be noted that the variance due to
genetic drift is not included in the estimates, and this
may have had a larger effect on U6, which has a much
lower frequency in NW Africa than its Y-chromosome
counterpart, E3b2*. In the same way, we can estimate
the Canarian female contribution to the Iberian Penin-
sula: the subhaplogroup U6b1 is present at a frequency
of 13% in the Canary Islands, and reached a frequency
of 0.2% in the Iberian Peninsula. Thus, the mtDNA
lineages of the Canary Islands contributed 1.5%, with a
95% confidence interval 0—4.7%, to the genetic pool of
Iberia. The presence of lineages belonging to the U6b1
haplogroup in the Iberian Peninsula suggests recent gene
flow from the Canary Islands, due to recent migration
or to the enslavement and deportation of the native Ca-
narians (also called Guanches) at the time of conquest
by the kingdom of Castile (15th century).

With the present data, and in conjunction with other
loci, we have glimpsed the palimpsest history of the
Western Mediterranean; in that history, the geograph-
ical barriers imposed by the Sahara Desert and the
Mediterranean Sea might not have been strong enough

to prevent a certain degree of gene flow among already
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differentiated populations, as they were not barriers to

the flow of cultures, languages, and religions.
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Summary

Berbers live in groups scattered across North Africa whose origins and genetic
relationships with their neighbours are not well established. The first hypervariable
segment of the mitochondrial DNA (mtDNA) control region was sequenced in a total of
155 individuals from three Tunisian Berber groups and compared to other North
Africans. The mtDNA lineages found belong to a common set of mtDNA haplogroups
already described in North Africa. Besides the autochthonous North African U6
haplogroup, a group of L3 lineages characterized by the transition at position 16041
seems to be restricted to North Africans, suggesting that an expansion of this group of
lineages took place around 10500 years ago in North Africa and was spread to
neighbouring populations. Principal components and the coordinate analysis show that
some Berber groups, (the Tuareg, the Mozabite, and the Chenini-Douiret), are outliers
within the North African genetic landscape. This outlier position is consistent with an
isolation process followed by genetic drift in haplotype frequencies and with the high
heterogeneity displayed by Berbers compared to Arab samples as shown in the
AMOVA. Despite this Berber heterogeneity, no significant differences are shown
between Berber and Arab samples, suggesting that the Arabization was mainly a

cultural process rather than a demographic replacement.
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INTRODUCTION

Berbers inhabit scattered places in North Africa, from the Moroccan western
coast to the oasis Siwa in Egypt, and from Tunisia in the north to the oases in mid-
Sahara. The origin of the Berber people is not clearly established. According to the
archaeological record, North Africa was peopled since Upper Palaeolithic times
(Newman 1995). The first well-defined Palaeolithic technology, the Aterian, dates back
around 40,000 years ago, which is followed by the Iberomaurisian (~22,000 years ago;
Feremback, 1985; Close and Wendorf 1990). The archaeological record is followed by a
Mesolithic culture, the Capsian (Brett & Fentress, 1996), which gave place to the
Neolithic transition to agriculture that occurred around 9,500-7,000BC, spreading from
the Near East to Egypt (Dupanloup 1993). Berbers may be the descendants of
Mesolithic Capsian populations, and/or of the later Neolithic people who came from the
Middle East via Egypt and who possibly introduced the Afro-Asiatic languages in North
Africa (Renfrew 1991). Since then, the North African coast has known several
invasions: Phoenicians, Romans, Vandals, Byzantines, Arabs, Ottomans, Spanish and
French have occupied the territory, although their demographic impact is not well
established.

In Tunisia, the first well-known post-Neolithic invasion was that of the
Phoenicians coming from the East Mediterranean sea coast around 1,100BC.
Nonetheless, their number was estimated at the end of their kingdom to be 100,000 for
500,000 Berbers living in Tunisia (Julien 1961). The long dominations such as Romans,
Vandals and Byzantines had even a lesser demographic impact. The Arab conquest in
Tunisia started in the 7th century and was followed by a massive Bedouin immigration

during the 11th century. During this invasion, Berbers were restricted to Numidia (the
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Center and South of Tunisia). The Arab expansion largely submerged the original
Berber language and customs, except for the tribes that were forced back to the
mountains and certain villages located in Southern Tunisia. Between the sixteenth and
twentieth centuries Tunisia was ruled by Turks, Spaniards and French. Other
immigrants came from the South (Sub-Saharan Africans slaves from Sudan). All these
populations probably contributed to the present Tunisian gene pool.

Nowadays the only criterion based to distinguish the Berbers from the rest of the
Tunisian population is the language called Chelha. Berbers who speak Chelha in
Tunisia are 1% of the global population and are localized in four villages in the South of
Tunisia (Sened, Matmata, Chenini and Douiret) and in the island of Jerba.

Mitochondrial DNA (mtDNA) is a powerful tool in reconstructing
population history, because a fine-grained phylogeography has been defined for it.
This is particularly relevant in Northern Africa, which is at the crossroads of
Europe, the Middle East, and Sub-Saharan Africa, regions for which mtDNA
phylogeography is known in detail (Macaulay et al., 1999; Richards et al., 2000; Salas
et al., 2002).

Several genetic studies have been performed in North African populations,
although very few in Tunisian Berbers. The compilation of classical genetic markers
in North Africa (Bosch et al., 1997) showed a clear genetic differentiation between
East and West, attributed to human expansions from the Middle East, such as
Palaeolithic and/or Neolithic demographic expansions. Analyses of autosomal STRs
(Bosch et al., 2000) and .4/« insertion polymorphisms (Comas et al., 2000) showed
some Sub-Saharan genetic flow into NW African populations. The high-resolution

analysis of Y-chromosome biallelic and STR markers (Bosch et al., 2001) has
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revealed a clear North African genetic differentiation compared to Europe due to a
major independent Upper Palaeolithic contribution in both areas, followed by gene
flow from the Near East during the Neolithic, and small bidirecctional gene flow
across the Mediterranean. Finally, mtDNA in North Africa has been analysed
mainly in the Western coast (Rando et al., 1998; Brakez et al.,, 2001; Plaza et al.,
2003) and Egypt (Krings et al, 1999), and it is known only for a non-Berber
population in Tunisia (Plaza et al., 2003). Previous mtDNA analyses have suggested
that modern Berbers are the descendants of the earlier groups living in North Africa
in Palaeolithic times (Rando et al., 1998; Macaulay et al., 1999). The analysis of GM
and KM haplotypes in Tunisian Berbers (Chaabani et al.,, 1984) suggested some
heterogeneity within Berbers; thus the mtDNA analysis will contribute significantly
to knowledge of the genetic pool of Tunisian Berbers.

In the present study we have analyzed mtDNA HVS-I sequences in three Berber
isolates from Southern Tunisia, with the aim to evaluate the possible heterogeneity of
these Berbers in relation to genetic drift, compare them to several Arabic and Berber-
speaking populations from North Africa, and determine the gene contributions of

surrounding populations in Tunisian Berbers to trace their population history.
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MATERIALS AND METHODS

Samples

A total of 155 Berbers from Tunisia were analysed for the hypervariable
segment [ (HVS-I) of the mtDNA non-coding region. Blood samples were collected
from four villages (Figure 1): 53 from Sened (also known as Sundia), 49 from Matmata
(or Matmatia), and 53 from Chenini (Chenenaouia) and Douiret (Douiria). Chenini and
Douiret are two neighbouring villages 20 km from each other; samples from these two
villages were pooled and treated as a single population. Blood samples were collected
according to geographic and linguistic criteria: donors were Berber Chelha speakers
born in one of the four villages mentioned above. DNA extraction was performed using

a standard phenol-chloroform method.

MtDNA amplification and sequencing

The HVS-I was amplified using the primers 1.15996 and H16401 as
described in Vigilant et al.(1989). PCR products were purified with the QIAEX II
KIT (Qiagen). The sequencing reaction was performed using the Big Dye
Terminator (version 3.0) Cycle Sequencing Kit, with AmpliTaq® DNA Polymerase
(Applied Biosystems). Sequences were run in an automatic Sequencer ABI377
(Applied Biosystems). Sequence analyses were performed from positions 16024 to
16391 according to the Cambridge Reference Sequence (CRS; Anderson et al., 1981;
Andrews et al., 1999), and they are available in
http://www.upf.es/cexs/recerca/bioevo/index.htm

In addition to the control region sequence, four single nucleotide
polymorphisms (SNPs) in the mtDNA coding region (positions 10400, 10873,

12308, and 12705) were determined in those individuals that were difficult to
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classify unambiguously into haplogroups based only in the information provided
by the HVS-I. A single-base primer elongation method was used to genotype
these four positions, and primers and PCR conditions are described elsewhere
(Comas et al., submitted). Information yielded by each of the four SNPs allowed
us to assign sequences to one of four major haplogroups: 10400T defines the
major M haplogroup, 10873C defines the major L haplogroup, 12308G defines
the major U haplogroup (including the K haplogroup), and 12705C defines the
major R haplogroup, which includes a large set of haplogroups (H, V,J, T, U, B

and F).

Phylogenetic analyses

DNA sequences were aligned using the CLUSTAL V program. Sequences were
classified into haplogroups according to the nomenclature of Richards et al.(2000) and
Salas et al. (2002). Genetic diversity measures were calculated (from position 16024 to
16383) with the Arlequin package 2.0 (Excoffier et al., 1992) and compared to those in
a set of North African populations (Table 1). Analyses of molecular variance
(AMOVA) were also performed with Arlequin 2.0. Genetic distances between
populations using the HVS-I were calculated by intermatch-mismatch pairwise
differences according to the equation D = d;; — ( dii + d;;)/2 (Nei 1987), where d;;is the
mean pairwise differences between populations 1 and j, and d;; and d;; are the mean
pairwise differences within populations i and j respectively. The distance standard errors
were computed by resampling nucleotide positions with 1,000 bootstrap iterations
(Efron 1982). The distance matrix was also employed to build a multidimensional
scaling using the STATISTICA 6.0 package. Principal component and correspondence

analyses were obtained from haplotype frequencies using the SPSS package.
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The network relating HVSI sequences within some of the haplogroups
described was constructed by using a reduced-median algorithm (Bandelt et al.,
1995) as implemented in the Network 3.0 program. The dating method employed
(Saillard et al., 2000) is based on the average number of mutations accumulated
from an ancestral sequence as a linear function of time and mutation rate. This

method was also performed with the Network 3.0 program.
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RESULTS

Haplogroup assignation was performed comparing HVS-I sequences with the
data set of Richards et al (2000) and Salas et al (2002), and their classification was used.
All Chenini-Douiret sequences were classified unambiguously using the information
yielded by the HVS-I variable positions. One sequence from Sened and nine from
Matmata, that could not unambiguously be assigned into haplogroups based only on the
data from the control region, were typed for positions 10400, 10873, 12308, and 12705
in the coding region. From these, the sequence from Matmata with the following
mutational pattern 16232-16293-16356 could not be typed for these four positions due
to lack of DNA and was classified as “other”. Haplogroup frequencies are reported in

Table2.

Sequence gene pool in Tunisian Berbers

The Tunisian Berber mtDNA gene pool is constituted by sequences
belonging to several major haplogroups: the sub-Saharan African L. group, the east
African M1 haplogroup, and the West Eurasian major haplogroups N and R.

Sub-Saharan sequences, represented by haplogroups L1, 1.2, and L3, are
found in the three Tunisian Berber populations at high frequencies: 26.6% in the
Berbers from Sened, 24.3% in the Berbers from Matmata, 13.3% in the Berbers
from Chenini-Douiret, showing a large sub-Saharan gene flow among these three
Berber populations. Most of the sub-Saharan sequences found were not described
in the data sets of Salas et al. (2002), although most of them differ from an already
described sequence by one or two mutation steps. It is noteworthy the presence of

eight sequences, out of the 17 L3 sequences found in Tunisian Berbers, that harbour
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a transition at nucleotide position 16041. This transition has been shown in other
Berber and Arab samples from North Africa and its presence is negligible in other
populations (two South-Western Europeans, three West Africans and one East
African), suggesting a North African origin for this group of sequences, although a
sub-Saharan origin cannot be rejected. The network of sequences bearing the 16041
transition (Figure 2) shows a clear star-like phylogeny and a recent origin for this
group dated around 10500 years (SE 3500 years).

The M1 haplogroup, to which an East-African origin is attributed (Quintana-
Murci et al., 1999), is represented by a single sequence in six Sened Berbers (10.9%), in
one individual from Matmata, and it is absent in Berbers from Chenini-Douiret. This
sequence was found among Arabs from Tunisia but not in Algerians (Plaza et al., 2003).
This sequence was found in other populations (Quintana-Murci et al., 1999; Richards et
al., 2002) with a transversion at position 16183, which may be the result of the
hypervariable length polymorphism in the poly-C tract of the control region (Bendall &
Sykes, 1995). The presence of a single M1 sequence at high frequency in Tunisian
Berbers could be explained by gene flow from East Africa followed by genetic drift.

U6 originated in N Africa ~40,000 years ago (Macaulay et al., 1999) and is
found in Moroccan Berbers at 6-8%, reaching 28% in the isolated Mozabites from
Algeria. In Tunisian Berbers it is found at 7.6% in Sened, 2.0% in Matmata and was
absent in Chenini-Douiret; it has been found at 4.2% in Tunisian Arabs (Plaza et al.,
2003). Thus, U6 frequencies in Tunisian Berbers are relatively low and may mark an
eastward decline in the frequencies of this haplogroup. All U6 lineages found in
Tunisian Berbers belong to the U6a (characterised by 16278T), and U6al (characterised

by 16189C and by 16278T) subgroups.
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Haplogroup U/K, excluding U6 sequences, was found in 9.5% of the Sened
sequences, 10.2 % in the Matmata and 20.8% in Chenini-Douiret. Haplogroup U is
represented by Ula, U3, U5, USala, U7a, and K sequences. The high frequency of this
haplogroup in the Chenini-Douiret sample is due to the presence of eight sequences
belonging to haplogroup K. Three of them belong to the K root type, and the other five
to the haplogroup K2, which is represented by two haplotypes. Haplogroup U7a reached
a frequency of 4.1% in the Berbers from Matmata. This haplogroup is found in Middle
Eastern populations such as, Iraqis, Palestinians, Armenians, Druze and Kurds; and
some Southern and Eastern Europeans (Richards et al., 2000), but none of the already
described sequences matched with those found in the Matmata Berbers. U7a sequences
may have been integrated in Matmata Berbers after a wave of migration from the
Middle East, as they differ by only one step mutation from the U7a Middle Eastern
sequences, whereas three mutation steps separate them from the European U7a
sequences. Haplogroup U3 is mainly found in populations from the Middle East
(Richards et al., 2000), and was also reported in Chenini-Douiret Berbers at 5.7%, and
in Matmata Berbers at 2.0%. But no match was found between Tunisian Berbers and
Middle Eastern U3 sequences, nor between U3 sequences among Tunisian Berbers.

H is the most frequent haplogroup in most West Eurasian (Richards et al., 2000)
and North African (Plaza et al., 2003) populations, as well as in Tunisian Berbers,
where H sequences (and HV sequences, since sometimes they cannot be directly
distinguished neither by HVS-I nor by the four coding positions typed in the present
study, and the typing of position 7025 would be recommended) are found at a high
frequency: 28.3% in the Berbers from Chenini-Douiret, 24.5% in the Berbers from
Sened, and 26.5% in the Berbers from Matmata. Haplogroup V, which is largely

distributed in Western Mediterranean populations (6% in NW Africa, 5% in Iberian
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Peninsula, and 3,2% in Italy; Plaza et al., 2003), is displayed only in the Matmatia with
a high frequency of 16.3%. Haplogroup V is absent in the two other Tunisian Berber
populations, as it is also the case for Tunisian and Algerian Arabs. This value is
comparable with those found in the Saharawi (17.9%) and higher than those found in
the Basques (10.4%) and other Western European samples (Plaza et al., 2003). 8.2% of
the V sequences of the Matmata Berbers bear only the variant 16298C, and the rest of
the sequences bear one additional variant and did not match with previously described
V sequences (Richards et al., 2000). It is also relevant to note the high frequency of the
haplogroup HV1 (15.1%) in Berbers from Chenini-Douiret, represented by a unique
sequence.

Haplogroup J is found at very low frequencies in the three samples, and except
one Matmata sequence that can be classified into the J1 group, the rest of sequences
remain in the J root type. All the T sequences found in the present sample set, except
one individual from Sened and one from Chenini-Douiret who bear a T root type,
belong to the T1 subgroup. The distribution of haplogroup T in the three Tunisian
Berber samples is very different. The frequency of T sequences is very low in Matmata
(4.1%) and Sened Berbers (3.8%), whereas haplogroup T is represented in the Chenini-
Douiret sample by 17 individuals (32.1%) carrying six different haplotypes. Of those,
the most frequent was found in nine individuals and contains a deletion at position
16193, which was also observed in a single one-step derivative. This sequence type,
without the deletion, was shared with Moroccan Berbers, Mozabites and Egyptians, and
is also frequent in Europe and the Middle East.

Other haplogroups that are mainly found in the Middle East, are also present in
Tunisian Berbers: 8.2% of Matmata Berbers and one individual from Chenini-Douiret

belong to N1b haplogroup, and 7.5% of Sened Berbers displayed 12 sequences.
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Population structure

An analysis of the molecular variance (AMOVA) was performed with the
sample data set described in Table 1. When all populations were considered as a single
group, 4.14% of the variance was attributed to differences among populations, and
95.86% of the genetic variance was found within populations (Table 3). These
populations were more diverse than sub-Saharan and West Mediterranean populations,
where 98.8% (Salas et al., 2002) and 97.4% (Plaza et al., 2003) of the variance was
found within the respective population sets. However, this could be due to the sampling
of one or a few outlier populations that are not diluted in a high number of populations
such those used in the sub-Saharan and West Mediterranean analyses.

Several population groups based on cultural and geographic criteria were
performed in order to detect some population structure. Populations were first clustered
according to linguistic and cultural criteria (Arab vs. Berber), and AMOVA was
performed within each group. Berber populations were more diverse from each other
than Arabs were: 6.24% of the genetic variance was due to differences among Berber
samples whereas 1.54% was attributed to differences among North African Arabs.
When this two groups were confronted, genetic variation between Arabs and Berbers
was non-significantly different from 0, and 4.25% of the genetic variance was due to
differences within Arabs and Berbers. When the analysis was also performed removing
Mozabites and Tuaregs, known isolate Berbers where drift has acted strongly, the
variation among groups remains non-significant, whereas the variation within Arabic
and Berber groups decreases to 3.10% (p<0.01). This result shows that, even when
known outliers are removed, a certain degree of heterogeneity remains within groups,

whereas no genetic differences are revealed between Arabs and Berbers.
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We next classified Berber populations according to their geographical origin
(Morocco, Algeria, and Tunisia), and no significant differences were found among
groups. Nonetheless, the variance among populations of the same country was
significantly high (4.98%, p<0.01), reflecting heterogeneity among the Berber
populations of the same geographical area. Since Mozabites are known outliers that
could contribute disproportionately to interpopulation variance, they were removed
from the analysis (Table 3). The apportionment of the variance due to differences within
groups dropped to 4.79%, but were still highly significant (p<0.01).

In order to detect a possible east-west differentiation in Northwest African
samples suggested previously (Plaza et al., 2003), two geographical groups (Morocco
versus Algeria-Tunisia) were formed, pooling Arabs and Berbers (Table 3). 4.36%
(p<0.01) of the genetic variance was attributed to differences within groups, whereas no
significant differences were found between groups.

In summary, AMOVA showed that Tunisian Berbers were highly heterogeneous

populations.

Tunisian Berbers within the North African genetic landscape

Measures of genetic diversity are reported in Table 1. Berbers from Chenini-
Douiret present the lowest sequence diversity value of the geographical region
considered, even lower than the diversity presented by the Mozabites, although its
confidence interval overlaps widely with all others. However, the mean pairwise
difference in Chenini-Douiret is not lower than in other populations. This result points
to a micro geographic differentiation among the Tunisian Berbers due to genetic drift
since some of the sequences (coming from a variety of haplogroups, and hence the

relatively high average pairwise difference) have high frequencies in the sample. When
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compared with the rest of the North African samples, the two other Tunisian Berber
populations displayed haplotype diversity values that are in the range of the observed
values.

In order to establish the genetic relationship between the Tunisian Berbers
and the rest of North African populations, the genetic distance matrix between
populations based on individual sequences was represented as a bidimensional plot
by means of multidimensional scaling (MDS; Figure 3). The MDS plot isolates the
Tuareg, the Mozabites and the Berbers from Chenini-Douiret from the rest of the
populations, displaying each of them at one extreme of the plot. The Berbers from
Matmata are close to the South and Centre Moroccan Berbers, whereas the Berbers
from Sened are adjacent to Arab populations. A principal co-ordinate analysis, based
on the same genetic distance matrix yielded very similar results (data not shown).

On the basis of the frequency of haplogroups, a correspondence analysis was
performed (Figure 4). The Berbers from Chenini-Douiret are associated in the plot
with haplogroups T, and HV, the Tuareg with 1.2; and Mozabites with U6 and V,
each at one extreme of the plot, whereas the rest of populations are situated in the
centre of the plot. A principal component analysis produced similar results (not
shown). Thus, it seems that the heterogeneity detected by AMOVA is mostly

contributed by the Chenini-Douiret sample.
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DISCUSSION

The mtDNA haplogroup composition of Tunisian Berbers offered a similar
picture to that in other Northern African populations (Rando et al., 1999; Plaza et al.,
2003), with ~57% of sequences found in haplogroups of broad West Eurasian
distribution, ~26% of sub-Saharan origin, ~14% of recent Middle Eastern origin, and
~3% locally originated in N Africa (that is, U6, although the L3 lineage with a transition
at 16041 should probably be added to this category).

Few L sequences found in Tunisian Berbers were described in sub-Saharan
African samples (Salas et al., 2002), but they differ from one or two positions from
already described lineages, giving some evidence of sub-Saharan admixture.
Nevertheless, the group of sequences belonging to L3 group with the substitution at
position 16041 was also found in other North African samples, such as Moroccan
Arabs, South Moroccan Berbers, and Algerians, but no match was found with sub-
Saharan populations. This result points to a recent origin of this group of sequences,
with an estimated origin around 10500 years, rather than to an ancient sub-Saharan gene
flow. The presence of these L3 lineages and the U6 haplogroup suggests that human
populations in North Africa have experienced several population expansion processes
after the occupation of the region by anatomically modern humans, and the extant
populations are not only the result of external migrations, from the Middle East, sub-
Saharan Africa and Southern Europe into the area.

The high frequency of the East African haplogroup M1 in Sened is similar to
that in Somalians (11%; Watson et al., 1997), Nubians (10%; Krings et al., 1999), and
Ethiopians (10%; Thomas et al., 2002), nonetheless this haplogroup is represented by a

single haplotype. The same pattern is shown by other Berber samples, with single
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haplotypes reaching high frequencies, such as two sequences belonging to HV1 and T1
haplogroups in Chenini-Douiret, or two U6al sequences in the Mozabites. This result
suggests that the introduction of these sequences was followed by drift probably due to
isolation of Berber populations, which led to different haplogroup frequencies and
yielded a high degree of heterogeneity among Berber groups.

The three Tunisian Berber populations analysed for the mtDNA control
region are characterized by a high genetic heterogeneity, despite their geographic
proximity and their common culture and history. Although they are distant by ~100
Km, they present similar haplogroups but at different frequencies. Tunisian Berbers
are more heterogeneous than Moroccan Berbers, since an AMOVA within each
group shows an apportionment of the variance in Moroccan Berbers of 2.47%
(p<0.01) compared to 6.67% (p<0.01) in Tunisian Berbers. Nonetheless, when
Chenini-Douiret Berbers are excluded from the analysis, similar values to those of
Moroccan Berbers are found in Tunisian samples (3.97%, p<0.01; data not shown).
Therefore, the analyses performed point the Berbers from Chenini-Douiret as an
outlier sample within Berbers, similar to what is observed in Mozabites.
Nonetheless, the particularity of these Berber samples is not the result of the
presence of unusual haplogroups and/or sequences in the region (Plaza et al., 2003).
Therefore, the outlier position of these Berber groups may be the result of a
relatively recent isolation process that have drifted sequence frequencies to unusual
values compared to the rest of samples within the geographical area.

From the three Tunisian Berbers, the Berbers from Chenini-Douiret seem to be
the most genetically isolated group with a high West Eurasian component in their

mtDNA gene pool. This result is in accordance with studies based on the analysis of the
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polymorphic Gm system (Chaabani & Cox, 1988; Helal et al., 1988) of the Tunisian
populations, which has also a very defined phylogeography. Sub-saharan African Gm
haplotypes were present at a low frequency (0.07) among the Berbers from Chenini-
Douiret, whereas the West Eurasian haplotypes were much more frequent (0.62). The
isolation of this Berber group may explain their variant haplogroup frequencies, low
sequence diversity, and lower sub-Saharan African contribution.

The cultural differentiation present in North Africa between Berber and Arab
samples seems not to reflect genetic differences between both groups as shown in the
AMOVA analyses, and the MDS and PC analyses. If Arabs in Northern Africa were
mostly descendants of Middle Eastern Arabs, the frequencies of haplogroups such as N,
Ul, U3, U7, and HV that are much more prevalent in the Middle East than elsewhere
should be larger in N. African Arabs than in Berbers. However, the contrary is
observed: these haplogroups add up to 5% in N. African Arabs but to 10% in Berbers.
Drift in some of the more isolated Berber populations could explain this observation.
The lack of differentiation between North African Arabs and Berbers has also been
observed using other genetic markers such as classical markers (Bosch et al., 1997);
autosomal STRs (Bosch et al., 2000), Alu insertion polymorphisms (Comas et al.,
2000); and Y-chromosome lineages (Bosch et al., 2001). This pattern suggests that the
Arabization of the area was mainly a cultural process rather than a demographic
replacement of the Berber populations that inhabited the region where the Arabic
expansion took place.

The present data has failed to confirm an east-west differentiation of North
African populations as previously suggested using mtDNA sequences (Plaza et al.,
2003) or other genetic markers (Bosch et al., 1997). The present mtDNA data show a

more patchy genetic landscape of North Africa, with some Berber samples acting as
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outliers in the general North African landscape. The lack of mtDNA data of large
geographic regions like the Kabylie (Algeria) and Libya, and the large number of
Berber isolated samples considered in the present analysis may decrease the power of

finding the longitudinal differentiation shown by other studies.
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Tablel. Genetic diversity parameters in North African samples

Code

Ref.

H

Populations n n
Matmata Berbers TB M 1 49 0.964£0.021 5.05
Sened Berbers TB S 1 53 0.975+0.011 7.53
Chenini-Douiret Berbers TB CD 1 53 0.939+0.017 6.82
Tunisian Arabs Tun 2 47 0.990+0.009 6.15
Mozabites Moz 3 85 0.942+0.010 4.73
Algerian Arabs Alg 2 47 0.956+0.014 5.72
Center Moroccan Berber CBl1 2,4 64 0968+0.013 4.51
Center Moroccan Berber CB2 8 60 0.984+0.009 6.00
South Moroccan Berbers ~ SB 5 50 0.961+0.018 4.60
Moroccan Arabs MA 2,4 50 0.993+0.006 7.04
Mauritanians Mau 4 30 0.975+0.017 6.09
Egyptians Eg 6 68 0.992+0.005 7.06
Saharawi Sah 2;:4 81 0.982=+0.006 5.44
Tuareg Tg 7 26 0.985+0.014 7.10

H: sequence diversity; m: average number of pairwise differences

References: 1: Present study; 2: Plaza et al. (2003); 3: Corte-Real et al. (1996), 4 :
Rando et al. (1998), 5: Brakez et al. (2001), 6 : Krings et al. (1999), 7: Watson et al.
(1996), 8 : Thomas et al. (2002)
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Table 2. MtDNA haplogroup frequencies in Tunisia

Haplogroups TB CD TBS TBM Tunisian
N=53 N=53 N=49 Arabs?
N=47

L1b* - - 2.0 -
L1bl - 5.7 - -
Lilcl 3.8 - - -
L2* - 1.9 - 2.1
L2a 1.9 1.9 2.0 4.3
L2al - 3.8 - 4.3
L2ala 1.9 3.8 2.0 -
L2bl - - - 2.1
L3* - 1.9 16.3 2.1
L3b 3.8 3.8 - -
L3bl - 1.9 - -
L3d - - 2.0 2.1
L3el - - - 2.1
L3e2 - 1.9 - 4.3
L3f 1.9 - - 4.3
M1 - 11.3 2.0 4.3
Nl1b 1.9 - 8.2 -
12 - 7.5 - -
Y 2.1
X 2.1
pre-HV - 5.7 - -
HV 15.1 - - 6.4
H* 13.2 24.5 26.5 23.4
A% - - 16.3 -
J* 3.8 3.8 2.0 -
J1 - - 2.0 2.1
J2 - - - 2.1
T* 1.9 1.9 - -
T1 30.2 1.9 4.1 2.1
T2 - - - 2.1
T3 - - - 2.1
K* 5.7 - 4.1 4.3
K2 9.4 - - 2.1
U* - 1.9 - -
Ula - 3.8 - 4.3
U3 5.7 - 2.0 -
us* - 1.9 - -
USala - 1.9 - -
U5b - - - 2.1
Ub6a* - 1.9 2.0 4.3
U6al - 5.7 - -
U7a - - 4.1 -
Other - - 2.0 6.4

? Data from Plaza et al., 2003

132



Table 3. Analyses of Molecular Variance (AMOVA) in North African samples

Groups Among groups Among populations ~ Within populations
within groups

All populations 4.14%* 95.86**
Arabs 1.54%* 08.46%**
Berbers 6.24%* 93.76%*
Moroccan Berbers 2.47%* 97.53**
Tunisian Berbers 6.67** 93.33**
Arabs vs Berbers -0.21 ns 4.25%* 95.95%*
Arabs vs Berbers? 0.04 ns 3.10%** 06.86%*
Moroccan Berbers
vs Algerian (Moz) 4 & 4.98%* 04 425+
vs Tunisian Berbers
Moroccan Berbers
vs Tunisian Berbers -0.16 ns 4.79%* 05.37%*
Morocco vs

-0.34 ns 4.36** 95.98%**

Algeria-Tunisia

*#(p<0.01); *(p<0.05) ; ns : not significant

* Mozabites and Tuareg excluded from the Berber group
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Legends to Figures

Figure 1. Geographical location of the localities sampled.

Figure 2. Phylogenetic network of a section of haplogroup L3 bearing a transition
in position 16041. The size of the circles is proportional to the number of
sequences. Mutated sites (minus 16000) are indicated along the lines. Transversions
are indicated by the nucleotide after the number. The sequence marked with an
asterisk differs from the Cambridge Reference Sequence by transitions at positions

16041 and 16223.

Figure 3. Multidimensional scaling (MDS) analysis based on the genetic distance matrix

of North African samples. Abbreviations as in Table 1.

Figure 4. Plot of the analysis of correspondence based on the haplogroup
frequencies of North African samples. Circles represent population samples and

squares represent haplogroups. Abbreviations as in Table 1.
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ABSTRACT

African is the homeland of humankind and it is known to harbour the worldwide
highest levels of human genetic diversity; however, many continental regions,
especially in the sub-Saharan side, still remain largely uncharacterised (i.e. southwest
and central Africa). Here, we examined the mitochondrial DNA (mtDNA) variation in a
sample from Angola. The first and second mtDNA hypervariable segments as well as
the 9-bp tandem repeat on the COII/ARNA®® intergenic region have allowed us to
allocate mtDNAs to common African haplogroups. Angola lies in the southern end of
the putative western branch of the Bantu expansion, where it met the local Khoisan
populations. Angolan mtDNA lineages show a basically Bantu substrate with no traces
of Khoisan lineages. Roughly, more than a half of the southwestern mtDNA pool can be
assigned to West Africa, ~25% to Central Africa and a significant 16% to East Africa,
which points to the western gene pool having contributed most of the mtDNA lineages
in Angola, but with extensive gene flow from Southeast Africa. This implies that the
suggested eastern and western expansion Bantu expansion routes were not independent
from each other, and were connected south of the rainforest and along the southern
African savannah. In agreement with historical documentation, the analysis also showed
that the Angola mtDNA genetic pool shows affinities to the African lineages from
Brazil, the main American destination of the slavery from Angola, although not all

lineages in Brazil can be accounted for by the Angolan mtDNA pool.
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INTRODUCTION

Although the pre-colonial history of many part of Africa has been carefully
researched, little is known on the southwestern region that forms contemporary
Angola as it was before the arrival of the Europeans in the late 1400s. The area
currently known as Angola has been inhabited since prehistoric times, and Khoisan
people are thought to have been the first settlers of this territory. According to
linguistics, one of the greatest expansion processes that has modelled the African
landscape is the dispersal of Bantu languages. Current evidence suggests that the
original Bantu homeland was located in the southeastern part of Nigeria (i.e. the
Benue valley of southern Nigeria) and/or the northwestern part of Cameroon (i.e.
the grassfields of western Cameroon) (Newman, 1995). The Bantu expansion
probably coincided with the end of the Neolithic Age (about 5,000 BP) and was at
least at some stage related to the diffusion of agriculture and iron metallurgy. The
southward Bantu expansion split into two major paths: the western route expanding
to the south along the Atlantic coast; and the eastern route, north of the rainforest,
to the area of the Great Lakes, and subsequently to the south. Convergence between
eastern and western Bantu routes might have occurred at different times and places
although its extent is not well characterized. The settlement by Bantu-speaking
farmers of the southwestern side of the subcontinent began around the second
millennium B.C. , when yam-growers with Neolithic tools spread into the rainforest
of Cameroon. Farmers speaking western Bantu languages gradually occupied all of
Central Africa expanding over different sorts of terrain (coastal routes and through

the rain forest). The dispersal was favoured by the adoption of an iron-based
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technology (presumably accompanying the introduction of new crops). It is believed
that the western Bantu expansion had important consequences on the demography
of the native populations since it marks the first appearance of agriculture, which
could have increased the carrying capacity by one order of magnitude (Ammerman
and Cavalli-Sforza, 1984). Additionally, it seems that local languages were
influenced, and ultimately replaced by Bantu languages (Vansina, 1995). Khoisan
speakers may have been completely assimilated by the Bantu expansion or they may
have moved towards the south and center of the continent, where they still inhabit
part of southern Africa, including southern Angola, mostly in harsh environments
like the Kalahari desert.

In colonial times, the Portuguese started slave trade in the African Atlantic
coast buying slaves from African chiefs to work in sugar plantations in Sio Tomé
and subsequently to America. Until the Portuguese abolished the slave trade, Angola
became the source of as many as two million slaves for the Americas (Thomas,
1997). More than half of these went to Brazil, a third to the Caribbean, and from 10
to 15 percent to the Rio de la Plata area on the southeastern coast of South
America. As a result of the slave trade, the Angola territory may have lost around 4
million people (Thomas, 1997).

There is wide acceptation of the African origin of modern humans, a fact
that increases the interest of the genetic knowledge of African populations, which
show higher heterogeneity than any other geographical region and a complex
population history that genetics is helping to unravel. A large compilation of
classical markers across the African continent (Cavalli-Sforza et al., 1994) showed a

clear differentiation between North African and sub-Saharan populations (first
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Principal Component [PC]), the relationship between Ethiopian and Khoisan
populations (second PC), and the similarity between Bantu populations (third and
fourth PC). However, greater resolution has been achieved with the Y chromosome
and the mtDNA, which are both uniparental markers with highly resolved
phylogeographies. Since Vigilant et al., (1991), numerous African populations have
been surveyed for mtDNA variation, whereas fewer studies have focused in the
global African Y-chromosome variation (Scozzari et al., 1999; Underhill et al., 2000;
2001). The Y-chromosome landscape in sub-Saharan Africa has been characterized
by haplogroups A, B, and part of haplogroup E (E3a) (nomenclature from the Y
Chromosome Consortium, 2002), the last one related to the Bantu expansion and
dated around 3,000-5,000 ago (Thomas et al., 2000).

The African mtDNA landscape is dominated by lineages belonging to L
haplogroups (LO, L1, L2 and L3A; Chen et al., 1995; Watson et al., 1997; Salas et al.,
2002); other African specific non-L haplogroups are M1 (with an East African
origin; Quintana-Murci et al., 1999), and U6 (specific from North Africa; Rando et
al., 1998; Plaza et al., 2003). Several L-mtDNA lineages are present in the Khoisan
mtDNA pool (LOd and LOk; Bandelt and Foster; 1997) while others seem to have
been dispersed along sub-Saharan Africa by Bantu farmers: L.Oa (Bandelt et al., 1995;
Chen et al., 1995), L3b (Watson et al., 1997), L2, L3¢, and Lle (Alves-Silva et al.,
2000; Bandelt et al., 2001). The COII/tRNAls intergenic 9-bp deletion related to
part of the L.Oa haplogroup was also suggested as an important Bantu marker
(Soodyall et al., 1996). Salas et al., (2002) contfirmed these findings on the light of an
analysis of the African mtDNA variation as a whole, but missing the Angola region.

On the base of the composition of the Brazilian lineages available, Salas et al.,
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(2002) speculated that the western Bantu expansion likely involved more
assimilation of indigenous lineages in the forest zone (mainly in the form of Llc
lineages) than the eastern stream. They also postulated the existence of four major
founders of both West and East African origin involved in the eastern Bantu
expansion (LL0ala, .0a2, I.2ala and 1.2alb).

In the African survey of Salas et al., (2002), the overall mtDNA composition
for the continent was described, except the uncharacterised Southwest. The analysis
of Angola mtDNA could shed light to four main issues related to the African
genetic diversity. First, characterize the mtDNA gene pool of southwestern Africa,
from which little is known; second, establish the extent of the Bantu demographic
expansion in its western part and the possible admixture with Khoisan lineages;
third, determine the degree of differentiation between both Bantu expansion routes
(West and East) by comparison with the Southeast region; and fourth, determine the
contribution of Southwest Africa to the mtDNA pool of the main American

destination of Angolan slaves, Brazil.
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MATERIAL AND METHODS

Samples, mtDNA amplification and sequencing

A total of 44 unrelated individuals, whose maternal ancestors were known to be
originally from Angola, were analysed for both hypervariable segments I (HVSI) and I1
(HVSII) of the mtDNA control region, and for the COII/tRNA"® 9bp intergenic deletion
(positions, 8281 — 8289; Anderson et al., 1981). Total DNA was extracted using a
Chelex method (Lareu et al., 1994).

Both hypervariable segments were amplified in one reaction using primers
L15996 and H408 (Vigilant et al., 1989), and the amplified product was purified with
the Gene Clean kit (BIO 101). The primers used in the sequencing reaction were
L15996 and H16401 for HVSI, and .29 and H408 for HVSII (Vigilant et al., 1989).
Both hypervariable segments were sequenced with the Big Dye Terminator (version
3.0) Cycle Sequencing Kit, with AmpliTaq® DNA Polymerase (Applied Biosystems),
and the sequence products were run in an ABI PRISM 377 sequencer (Applied
Biosystems).

The 9-bp tandem repeat (CCCCCTCTA) of the COII/tRNADs intergenic
region was amplified by PCR using the primers and methods described by Comas et
al. (2004). The amplified product was run in an automatic sequencer ABI PRISM
377 and the fragment sizes were analysed with the GeneScan software analysis

package.

Phylogenetic and population analyses

Sequences from positions 16024 — 16391 and 63 — 322 (according to Anderson

et al., 1981) were used in the present analysis and are available in the following web site
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(http://www.upf.es/cexs). HVSII sequences were not determined for two individuals,
due to scarcity of DNA. The information provided by both the HVSI and HVSII was
used to classify the sequences into haplogroups according to Salas et al., (2002; cf.
Chen et al., 1995; Watson et al., 1997; Rando et al., 1998; Quintana-Murci et al., 1999;
Alves-Silva et al., 2000; Bandelt et al., 2001; Pereira et al., 2001; Torroni et al., 2001).
Following the suggestion of Richards and Macaulay, (2000) and Mishmar et al., (2003),
L1 nomenclature has been changed according to the sequence scheme appeared in Salas
et al. (2004).

Sequence diversity (h) was calculated as h = [n/(n-1)] (1- Xki=1 pi?), where p is
the frequency of each of the k different sequences in the sample, with the Arlequin
2.000 program (Schneider et al., 2000). In order to compare the present results with
other populations, data for the first mtDNA hypervariable region (positions 16090-
16365) from a number of Sub-Saharan population samples were taken from the
literature (Table 1). Several groups and samples from Mozambique (Pereira et al.,
2001; Salas et al., 2002) were pooled. Sequences from Cabo Verde islands (Brehm et
al., 2002) were also considered as a single population. Other sub-Saharan and
American samples appeared in Salas et al., (2002) were also used in parts of the
analysis such as sequence sharing. For some analyses, population samples were
grouped into major geographic areas: West, East, Central, Southeast and Southwest
Africa (Table 1; Figure 1). L. sequences from Brazil (Alves-Silva et al., 2000) were
used as an additional population sample throughout the analyses.

Population genetic structure was tested through analysis of molecular
variance (AMOVA) (Excoffier et al., 1992), using the Arlequin 2000 program

(Schneider et al., 2000). A spatial analysis of the molecular variance (SAMOVA) was
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also performed using the SAMOVA 1.0 program (Dupanloup et al, 2002) by
presetting different numbers of population groups. This approach defines groups of
populations that are geographically homogeneous and maximizes the proportion of
total genetic variance due to differences between groups.

An analysis of the correspondence was performed from haplogroup absolute

frequencies using the SPSS package.
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RESULTS

Angolan mtDINA genetic composition

Data for the HVSI and HVSII sequences, and the intergenic COIL/tRNAls
9bp deletion, are shown in Table 2. The genetic diversity found in Angola for the
HVSI (0.992+0.007), the HVSII (0.982+0.009) and both hypervariable regions
together (0.997£ 0.006) is similar to the diversity found in other sub-Saharan
samples analysed previously (Salas et al., 2002; 2004).

All the sequences obtained in the present analysis can be assigned to the
African specific L lineages (LO, L1, L2 and L3A) and have been classified into
haplogroups according to Salas et al., (2002; submitted). Angolan L0, L1, L2 and L.3
are found with a relative frequency of 13.6%, 22.7%, 29.5%, and 34.1%,
respectively.

Within L0, which includes at least four haplogroups (LLOa, L.Od, LOk and LOf),
only sequences belonging to haplogroup L.Oa, with the L.0al and L.0a2 subclades,
have been found in Angola. The Khoisan subclades L.Od and L0k, and the eastern
African subclade LOf are not found in the present sample. The presence in Angola
of the eastern African L0al subclade, which constitutes one tenth of the lineages
found in East Africa, might be due to migration from eastern/southeastern Aftica.
On the other hand, a Central origin was proposed for the LOa2 subclade and has
been associated with the COIL/tRNANs 9bp deletion (Soodyall et al., 1996). Two of
the three 1.0a2 sequences found in Angolans catried the intergenic COII/tRNADs

9bp deletion. The presence of 1.0a2 sequences in the Southwest (i.e. Angola) and
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Southeast (i.e. Mozambique; Pereira et al., 2001; Salas et al., 2002) might be
explained by migration from Central Africa.

Haplogroup L1b is known to be most frequent in West Africa (13%), and
present as well in African Americans (10%) as a consequence of the African slave
trade. Diffusion of this haplogroup seems to have been very limited in Southwest
Africa since it is represented only by two individuals (4.5%) in Angola. This
haplogroup is also scarce in Brazilian L-sequences (4.6%), where Angolan slaves
were massively imported in the 16th-19th centuries.

The presence of the ancient haplogroup Lle is mainly limited to East Africa
at a low frequency (4%). It is rare in other parts of Africa: only the subclade Lle2
has been found in two Mozambicans, one Mbuti, and one Egyptian. The single Lle
sequence type found in Angola has no match with the rest of Lle African
sequences.

The Llc haplogroup was postulated to have originated in Central Africa
towards the Atlantic Coast (Salas et al., 2002), since it has been observed at relatively
high frequencies in Central Africa as well as in African Americans (up to almost
23% in Brazilians, Alves-Silva et al., 2000), but it is rare elsewhere. As predicted, L1c
lineages are frequent in Angola (16%), with three sublineages represented: Lilcl
(4.5%), Llc2 (9.1%), and L1c3 (2.3%). Nonetheless, the network of the Llc
sequences of Sub-Saharan, African American (Salas et al,, 2002), and Angolan
lineages (data not shown), locates Angolan LL1c lineages at the tips of the branches.
This seems to suggest that southwest Africa is not the homeland of Llc. Strikingly,

no sequence matches were found between Angolan and African L1c sequence types.
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Two of the four subclades of haplogroup L2 were present in Angola: L.2a,
the most common and widespread L2 subclade in Africa, which accounts for 25%
of the Angolan lineages, and L2b (6.8%). In general, Angola presents a similar
frequency pattern of haplogroup .2 compared to West Africa, except for the lack of
I.2c lineages in Angola.

L3A includes at least L3b, L.3d, L3e, L3f, and L3g haplogroups (c.f. Salas et
al., 2002). L3e is the second most frequent haplogroup in Angola with a frequency
~21%. Four subclades of L3e are found in Angola: L3el (6.8%), L3ela (4.5%),
L3e2b (2.3%), L.3e3 (6.8%). L3e is not very abundant in East Africa (~ 3%), but it is
more prevalent in West (~11%) and Central (~20%) Africa. Eastern Bantu
expansion could have carried L3e at significant frequencies to Southeast (~15%),
and South (~11%) Africa. As suggested for the L1c haplogroup, the Angolan slaves
may have carried part of the diversity of Brazilian I.3e haplogroup during the

colonial period.

Sequence sharing

Angolan sequences were compared with the sequence dataset of Salas et al,,
(2002) and including Brehm et al., (2002). Most of the Angolan mtDNA were
already found in other sub-Saharan populations. We examined how many identical
HVSI sequences (positions 16090-16365) were shared between Southwest Africa
and the rest of the African regions, as well as with American sequences. Variation at
positions 16182-16185 and length polymorphism at the homopolymeric cytosine
stretch were not considered. A total of twenty Angolan HVSI sequences were found

in other African regions, being Southeast Africa (data pooled from Pereira et al.,
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2001 and Salas et al.,, 2002) the region with the highest number of matches with
Southwest Africa. Among these haplotypes, most were also found in other sub-
Saharan populations, and only few are only present in Southwest, Southeast and
America: one sequence (AN125, belonging to 1.2a) was shared only by Southwest
and Southeast; three (AN94, AN9, and AN54/74; belonging to L0al, L3el, and
L3ela respectively) were found in these two regions and in America, and three
haplotypes (AN37, AN5, and AN53; belonging to L.0a2, L1c1, and L3g respectively)
were shared only between Southwest and America. Only one sequence (AN40,

belonging to L.2ala) was present only in West and Southwest regions.

Angola within the African mtDNA landscape

In order to place Angolans within the sub-Saharan African mtDNA
framework, a correspondence analysis based on the absolute haplogroup
frequencies (Table 3) was performed on the main African regions. The Khoisan
(IKung and Khwe) and the Pygmy (Biaka and Mbuti) samples are outliers due to
their different haplogroup composition and sequence ambiguities in the Pygmy
samples, and, therefore, were excluded in subsequent analyses. Only sequences
belonging to the major sub-Saharan haplogroup L and M1 lineages were included in
this analysis.

The analysis of the correspondence is shown in Figure 2. The first dimension
(47.2%) separates the Southeast region from the rest of Africa, a pattern found also
by Salas et al, (2002). This region appears isolated at one edge of the plot
characterized by the LOala, L0a2, 1L0d, L1c2, L2ala, L2alb, L3el, and L3e3

lineages. The second dimension (38.7%) shows a clear separation between West and
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East Africa. The eastern populations are mainly associated with lineages such as
LOal, Lle, L3a, L.3g, and M1. Central Africa and the Southwest are placed between
the other three regions of Africa. Southwest Africans are situated in the principal
correspondence plot in between western and eastern African groups, but closer to
the west, which suggests a contribution from both Bantu expansion routes to the
Angolan genetic pool. A principal component analysis based on the relative
haplogroup frequencies was also performed (data not shown) and displayed similar

results.

Genetic variation and population structure

An analysis of molecular variance (AMOVA, Table 4) was performed on the
sub-Saharan populations used for the correspondence analysis. When all
populations were considered as a single group, 5.60% (p<<0.001) of the genetic
variance was found between populations, showing significant genetic heterogeneity
among these populations. In order to ascertain how this genetic structure was
partitioned, different grouping criteria were applied. When linguistic affiliation was
considered (Niger-Kordofanian/Afro-Asiatic/Nilo-Saharan/Portuguese-Creole), a
non-significant 0.27% of the variance was attributed to differences among linguistic
groups, which means that the genetic diversity is not structured according to
linguistic classification. When the populations were roughly classified into western
(western, central and southwestern samples in Table 1) and eastern Africa (eastern
and southeastern samples in Table 1), 4.17% (p<0.05) of the genetic variance was
attributable to geographic groups, whereas 3.12% (p<<0.001) was due to differences

among populations from the same geographical area. When the geographical area
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was defined more precisely (western, eastern, central, southwestern, and
southeastern Africa), the variance attributable to geographic groups increased to
4.84% (p<0.001), and the differences between populations within the same
geographical area decreased to 1.73% (p<0.001). Finally, if the Angolans were
grouped with the Central Africans, according to their position in the
correspondence analysis, the differences among geographical areas increased to
4.93% (p<0.001), and differences among populations within groups decreased to
1.68% (p<0.001), suggesting a close genetic relationship between Angolans and
Central Africans.

A SAMOVA was performed with the sub-Saharan African samples used in
the AMOVA in order to define groups of populations that are geographically
adjacent, and genetically homogeneous, and to maximize the proportion of genetic
variance between them (Table 5). When two groups were sought, the maximum
proportion of total genetic variance between groups (5.13%, p<0.001) was found
between the whole set of western populations (Table 1) plus Sao Tomeans, and the
rest of populations. When the number of groups is set to four or five, Angola and
Mozambique constitute one such group. The absence of any intervening sampled
population makes Angola and Mozambique topological neighbours and allows the
SAMOVA algorithm grouping them, which highlights their genetic relationship.
This result stresses the affinity between the southeast and southwest regions, both at

the end of the Bantu expansion routes.
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DISCUSSION

Angola, and the southwestern part of Africa in general, was until now a
missing piece in the African genetic puzzle. The analysis of mtDNA lineages in
Angola has been used to address four issues: (1) the characterization of the
southwestern Africa gene pool; (2) the detection of admixture between Bantu and
Khoisan populations; (3) the location of Angola in the mtDNA African landscape;
and (4) exploring the putative geographical origin of the African lineages detected in

Brazil, the main Angolan slave trade destination.

Characterization of the southwestern Africa gene pool

As expected, all lineages found in Angola belong to the major haplogroup L
(L0, L1, L2, and L3A). The Angolan mtDNA gene pool is similar to West/Central
Africans with a minor eastern component as shown in the correspondence and the
phylogeographic analyses. Moreover, AMOVA has shown that the amount of
genetic variation between groups is higher when Angolans are jointly considered
with Central Africans.

One of the most intriguing aspects of the Angolan gene pool is the Llc
haplogroup. The frequency of L1c was high in Angola (15.9%), as it was expected
since these lineages were also frequent in Brazilians and other Afro-American

samples. They have also been found in high proportion (~22%) in Central Africa.

Llc is much rarer elsewhere: from 0% in South Africa to ~5% in Southeast Africa.
A putative Angolan (Alves-Silva et al., 2000), or Central African (Salas et al., 2002)

origin for the haplogroup L1c has been postulated. Nonetheless, Angolan sequences
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fall in the tips of the Llc network far from the root sequence, and are included in
each of the three subclades of the Llc haplogroup. Moreover, none of the Llc
Angolan sequence types matches with those described in African samples. Actually,
matches for Llc sequences in African American have been mainly found in Central
Atfrica. The Central African populations sampled so far are the islands of Bioko and
Sio Tomé, which are, respectively, inhabited by an old western Bantu isolated
group, and descendants of slaves (Mateu et al., 1997). In the mainland, populations
studied are a small Fang sample (N=10) from Equatorial Guinea, and two Pygmy
samples from the Central African Republic and the Congo Democratic Republic.
Thus, most of mainland Central Africa remains to be sampled, including such large
countries as Cameroon, Gabon and the Republic of the Congo, which add up to
over one million sq. Km. and over 20 million people. A recent report (Destro-Bisol
et al., 2004) shows that most of the mtDNA sequences in a western Pygmy
population from Cameroon, the Mbenzele, belong to Llc (96.4%, being 9.1% L1c*,
29.1% Llcla*, and 58.2% L1clal); the authors suggest a local origin for the L1clal
offshoot. In the same paper, the authors find 22.5% Llc in the non-Pygmy Ewondo
(most of it L1clal attributable to gene flow from the neighbouring Mbenzele), and
6% in the Bamileke, also from Cameroon. In summary, the heartland of L1c may lie
in the still largely uncharacterised coastal facade of Central Africa (from Cameroon
to Republic of the Congo), which may correspond to a secondary focus of the
Bantu expansion, from where it may have been in part exported to the Americas. In
addition, these results confirm the role of L1c in the southwestern Bantu expansion

suggested by Salas et al., (2002) based on the Brazilian L-mtDNA composition.
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Lack of Khoisan component in Southwest Africa

Khoisan peoples might have occupied a vast territory before the Bantu
expansion, which gradually displaced or assimilated Khoisan speakers. As predicted
by Alves-Silva et al., (2000), none of the Khoisan characteristic lineages (I.LOd or
LOk) were found in Southwest mtDNA pool. In addition, note that 1.0d and L.Ok
have not been found in the large African-American survey performed by Salas et al.
(2004). In the extant Khoisan groups, IKung and Khwe (Chen et al., 2000), LOd and
LOk haplotypes constitute around the 36% and 24% respectively, of the lineages.
The probability of not finding a particular sequence that is present in a population at
a frequency fin a sample of size N is given by a=(7-f)N. Therefore, the maximum
contribution of Khoisan lineages in Angolans compatible with the observation of
the absence of L.Od and LOk in a sample of 44 Angolans would be less than 10.8%
(with a confidence of p=0.05), which is evidence for a dramatic (and almost
complete) replacement of the Khoisan maternal lineages by the Bantu people.
However, given the different carrying capacities associated with the hunter-gatherer
(Khoisan) and farmer (Bantu) lifestyles, it is expected that, even if the Bantu
absorbed all the local Khoisan people, the latter would not have contributed much
to the admixture. A larger sample is needed to obtain sufficient power to
discriminate between the two extreme hypotheses (no Khoisan admixture vs.
complete assimilation). If the African lineages in the Brazilian are taken for proxies
of the Angolan mtDNA pool (and actually, their haplogroup frequencies are not
significantly different, Fisher’s exact test, p=0.164), they could be pooled to increase
the sample size to 113. In that case, the maximum possible contribution of

Khoisans to the extant Angolan mtDNA pool would drop to 4.3%. Therefore, the
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present gene pool of Angolans is basically the result of the Bantu expansion within
the region with no contribution (or very small) by the Khoisan sequences.

Most of the lineages that are hypothesised to be dispersed by the Bantu are
found in SW Africa, such as L0Oal, L0a2, L3b, L3e, L.2ala, and L3e (Bandelt et al.,
1995; Chen et al., 1995; Watson et al., 1997; Pereira et al., 2001; Salas et al., 2002).
This fact added to the lack of Khoisan lineages in Angola, point to a basically Bantu
substrate of the extant Angolan gene pool. Thus, the Bantu expansion was clearly
more demic (in the sense of population replacement) in the southwest than in the
southeast, where remnants of ancient settlers (related to extant Khoisan) are

evident.

Angola in the African mtDNA landscape

The Southwest African lineages seem to have originated mostly from
West/Central Africa. The analysis of the molecular variance show a clear grouping
between Southwest and the Central Africa region. This result suggests a large
contribution of the western stream of the Bantu expansion after dispersion and
assimilation of indigenous lineages in the equatorial zone. The correspondence
analysis displayed a clear separation between West and East Africa, but place the
Southwest region in an intermediate position between West, East and Southeast
Africa. This suggest that the western and eastern Bantu expansions were not
independent, isolated events, but they rather met likely below the tropical forest
zone and, then dispersed through the southern areas of Africa. This is also
supported by the spatial analysis of the molecular variance (SAMOVA, Table 4),

where Angola and Mozambique are jointly clustered in all the analyses with different
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present numbers of groups, and they both constituted a separate cluster when
samples are divided in four or more groups. Besides their geographic proximity, this
reveals a genetic homogeneity between both regions and suggests that they shared a
common set of haplogroups brought by the Bantu expansion. A local differentiation
of the lineages followed by a gene flow between both regions may have also help to
maintain a close relationship between both areas. These results are also in
accordance with the African geographic landscape since the equatorial forest seems
to have acted as a strong genetic barrier and limited the interaction between both
western and eastern Bantu streams. And on the other hand, the southwest and
southeast areas are separated by the savannas, easier to cross and more densely
populated than the tropical rainforest and, therefore, more permeable to gene flow.
Following the same phylogeographic approach employed in Salas et al.,
(2002), West Africa would have contributed with ~60% of the southwestern
mtDNA composition, Central Africa with a 23% and East Africa with a significant

16%.

African mtDNA contribution to the Brazilian population

As Angola was known to provide the major number of Africa slaves to Brazil
(Thomas et al., 1997), inferences on the Angolan mtDNA composition were done
on the basis of the Brazilian mtDNA pool (Alves-Silva et al., 2000). Our results
confirm the prediction of Alves-Silva et al., (2000) on the Angolan haplogroup
composition. Brazilian and Angolan samples share a low number of sequences, as

they both displayed high haplotype diversity (0.992+0.007 for Angolans and

0.994+0.004 for Brazilians). When the Brazilian population was introduced as a
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single group in the correspondence analysis based on haplogroup frequencies (data
not shown), Brazil and Central Africa are clustered as a single group. Therefore,
although haplogroup frequencies in Brazil are roughly similar to those in Angola,
the African mtDNA pool of the Brazilian population did not came exclusively from
Angola, but is likely the result of admixture of African slaves from different colonies

distributed in West, Southwest, and Central Africa (Guinea Coast, Sad Tomé).
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Table 1. Samples used in the present study

Populations Geographic Code Sample References

Region size

Angola Southwest ~ An 44 Present study
Mozambique Southeast Mz 416  Pereira et al., 2001; Salas et al., 2002
Cabo Verde West CcvV 292  Bhrem et al., 2002

Mandenka West Mn 119  Graven et al., 1995
Fulbe West Fu 61 Watson et al., 1996
Hausa West Ha 20  Watson et al., 1996
Kanuri West Ka 14 Watson et al., 1996
Songhai West So 10 Watson et al., 1996
Tuareg West Tg 26  Watson et al., 1996
Yoruba West Yo 35 Watson et al., 1996; Vigilant et al., 1991
Senegalese West Sn 50  Rando etal., 1998
Serer West Sr 23 Rando et al., 1998
Wolof West Wo 48 Rando et al., 1998
Sudan East Su 76  Krings et al., 1999
Nubia East Nu 80  Krings et al., 1999
Kikuyu East Ki 25  Watson et al., 1996
Somali East Sm 27 Watson et al., 1996
Turkana East Tk 37  Watson et al., 1996
Ethiopian East Et 74  Thomas et al., 2000
Bubi Central Bu 45 Mateu et al., 1997

Sao Tomé Central ST 50  Mateu et al., 1997
Fang Central Fa 11 Pinto et al.,, 1996
Mbuti Central Mb 20  Vigilantet al., 1991
Biaka Central Bk 17  Vigilant et al., 1991
'Kung South Kg 67  Vigilant et al., 1991; Chen et al., 2000
Khwe South Kw 31 Chen et al., 2000
Brazil America Br 69  Alves-Silva et al., 2000
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Table 2. HVSI and HVSII sequences found in Angola. HPG, haplogroup; + presence of the 9bp deletion; nd, not determined.

AN3
AN94
AN26
AN37
AN47
ANG8
AN75
AN105
ANS
AN25
AN29
AN27
AN64
AN88
AN46
AN92
AN12
AN125
ANG9
AN72
AN17
AN86
AN45
AN71
AN23
ANS7
AN40
AN73
AN100
AN1
AN28
AN52
AN7
ANGO
AN9
AN54
AN74
AN130
AN2
AN9O
AN111
AN42
AN121

11112111121221111222111122211112122111121222111222111112211111111
6666666666666666666666666666666666666666666666666666666666666
0000011111111111111111122222222222222222222223333333333333333
3568912223446677888888901122233456666777889990001112245556669
8186344691586823235789293535604940345018673451491690724590280
ANDERSON  AATTTCTTGTGCACTCAACCCTCTGACCAACTACTCACTCCCACCCTATAGCCTCCTCTTG

.CLoLALT.TC....TGC. ... T..G.... ... T..Go.... C..T.C....... .GC. C.A.G..... C.AG..--C.
C...A..T.TC....TGC....T..G......... T..Go.... C..Too.o. ..GC...... A.G..... C.AG..--C.
........ AL T.TC....TGC. ... T..Go i e e Gl Tl T.G.......A.G..G..C.AG..--C.
........... T..Cot.TAC. .. TG CLLTo T.G.....C...G CAC.AG. .CCC.
........... T..Cool.TGC. .o T. GGl Te e T.GC. C...G.....C.AGT.C-C.
........... T..Coo..TGC. oo Te GGl T T.G.....C...G...CAC.AG..--C.
....... Coeeee e TG T LT T TGl Go.L..TCTT..C......AG..--C.
....... Coeeeee e TG T L T T T C il G .. .CTT..C......AG..--C.
L T.Cove T T..GT....Coo... T.. Go.... TCT.ACCT..... AG.G--CA
C...A. ... ..., T.CoviTowann.. C....T..GT....C........ T.C TR TCT.ACC...... AG.G--CA
________ ) O IC 2 ] O 0 I .G.....TCT.ACC......AG.G--CA
........ A TG T CLLTGL T .CLALL LT .G.....TC..ACC......AG.GC-CA
........ AT L T a sl CLUTGL LT .Cll L LCT. .G.....TCT.ACC......AG.G--CA
........ AA . T.CLLAT. ot .CLCTG. LT Cane LT .G.....TCT.ACCT.....AG.G--CA
C.o..AL ... C...Co..GT.ii ot T...T....C...T..T.T G.o.... TCT.AC....... AG..C-CA
........ L L .G...C..CT...CT.....AG..--C.
.......................... I [ .G..AC..CT...C.......G..C-C
.......................... T .TC T TT LA .G..AC.......C.......G..C-C.
C L L A .G..AC..C....CT...... G..--C.
......... Covennnt C PR N 1 C7 ISR RN I C TR — Y .G...C..C....C.......G..C-C
......... G S I U U U U S C .G...C..C............G..CCC.
..................... 0 U U C .G...C..C....C.......G..C-C
..................... L e e C . .G...C..C....C.......G..C-C
..................... L U [ S C N —— Y .G...C..C....C.......G..C-C.
.......................... O R O Y Y .G...C..C....C.......G..--C.
G T TT..TeeGaeeiiiiee e A .G...C..C....C....... G..--C.
__________________________ T TTL T TGl a oLl A .G...C..C....C.......G..C-C.
..... Al A AT Tl ToL LA .G...CT.CT...CT......G..--C.
..... Al A AT Tl L ToL LA .G...CT.CT...CT.C....G..C-C.
.CCo . O T C.. . G..--C.
______ L L Go...TCoooo.....G..—-C.
...... Comeeao...CCL..Coo T Teo.CCl ool Go.....Coo..........G..--C.
........ A GG T T Tl GolL.T.....G..G.....G..CCC.
........ 2 e L G . T.....G..G.....G..--C.
.......................... L [ Gl To....G..G.....G..C-C
.................. L ) G . T.....G..G.....G..C-C
.................. L e GolL T ..G..G.....G..C-C
.............. CTCC. . .C T T nd
.......................... L o GoolTo.....C.......G..--C.
C Toeeen T Gl Tl Cooo... G..--C.
e J T [ CTRUR [ Covuennont G..--C.
....................... CoiT e Gl nd
..... L ) IR 0 C JRPRR I ¢ .G...C..C....C.....G.G..--C.
AN53 .Gl T CT.. T T...CG...T.C.. .G..C.C..C...GG.--C. L

0000111111111112222222223333
6799445558888990003446990011
4335360122569580476473679956

CAAAGTCCTCGCATCATGTAGACA---G

12

HPG 9bp
del
LOala -
LOal -
LOal nd
LOa2 +
LOa2 +
LOa2 -
L1b -
L1b -
Llcl -
Lilcl -
L1c2 -
Llc2 nd
Llc2 -
L1c2 nd
L1c3 nd
Lle -
L2a nd
L2a nd
L2al -
L2al -
L2al nd
L2al -
L2al -
L2al -
L2ala nd
L2ala -
L2ala -
L2b -
L2b nd
L3b nd
L3d1 nd
L3d3 -
L3el +
L3el +
L3el -
L3ela -
L3ela -
L3e2b nd
L3e3 -
L3e3 -
L3e3 -
L3f -
L3g -

3g -
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Table 3. L and M haplogroup frequencies found in African regions grouped
according to Table 1

Haplogroup®  Southwest West Central East  Southeast
M1 - - - 8.7 -
LOa* - 0.3 - 1.6 0.5
LOal 2.3 0.6 1.0 7.1 0.7
LOala 4.5 0.2 2.9 2.4 8.9
L0a2 6.8 - 4.8 3.2 14.7
Lod - - - 0.4 5.1
L1lb 4.5 2.0 2.9 0.4 0.5
L1b1 - 11.7 7.7 3.2 0.7
Llc* - 0.5 1.0 - 0.7
Licl 4.5 3.7 3.8 0.4 1.4
L1c2 9.1 - 1.9 - 1.9
L1c3 2.3 0.9 9.6 - 1.2
Lle 2.3 - - 5.6 0.5
L1f - - - 1.6 -
L2a 4.5 5.9 1.9 12.7 1.4
L2al 13.6 14.5 14.4 8.7 5.1
L2ala 6.8 0.9 1.0 - 10.1
L2alb - 0.6 - - 16.4
L2b 4.5 4.9 1.0 0.8 1.4
L2c - 15.1 4.8 - 0.7
L2d - 1.1 6.7 0.4 0.7
L3a - 3.2 1.0 222 1.0
L3b* 2.3 9.0 1.0 - 1.7
L3b1 - 2.3 - 0.8 -
L3b2 - 0.6 - 1.2 1.2
L3d 4.5 8.1 1.0 0.4 5.5
L3el 11.4 0.5 9.6 1.2 10.4
L3e2 2.3 4.6 15.4 0.4 1.4
L3e3 6.8 0.6 1.0 0.4 3.4
L3ed - 5.9 1.9 1.6 0.2
L3f* 2.3 0.8 2.9 4.8 1.7
L3f1 - 1.8 1.0 3.6 0.7
L3g 4.5 - - 6.0 -

*Haplogroups classified after Salas et al. (2002, 2004)

165



Table 4. Analysis of the molecular variance (AMOVA) in Sub-Saharan populations.

Among Among populations Within
groups within groups populations
All populations 5.60%* 94.40**
Linguistic affiliation 0.27 ns 5.42%* 04.31**
Geographical area
West vs East 4.17* 3.12%* 02.71**
Five geographical areas 4.84%* 1.73%* 03.43%*
(W, SW, E, SE and Central)
Four geographical areas 4.93%%* 1.68** 93.39%*
(W, E, SE and SW+Central)
* p<0.05
** p<0.001
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Table 5. Spatial analysis of the molecular variance (SAMOVA) in Sub-Saharan
populations. Abbreviations as in Table 1.

Number Groups Amon Among Within
of g populations  populations
groups groups within groups
2 Western populations + ST 5.13%* 2.52%% 92.35%x*
The rest of populations
3 Western populations + ST 5.22 ** 2.23%* 02.55%*
Sm + Et
Ki+ Su+ Nu+ Tk + An + Mz + Fg + Bu
4 Western populations + ST 5.40 ** 1.56** 93.04**
Eastern populations + Fg
Bu
An + Mz
5 Western populations + ST 5.63 ** 1.30%* 93.07**
Bu
Su+ Sm + Et
Ki+ Nu+ Tk + Fg
An + Mz
** p<0.001
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Legend to figures

Figure 1: Location of the samples used for reference and their regional ascription.

Figure 2: Two-dimension plot of the analysis of the correspondence based on the absolute

L and M1 haplogroup frequencies of the West, East, Central, Southwest and Southeast

African populations.
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Admixture, migrations, and dispersals in Central Asia:
evidence from maternal DNA lineages
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Mitochondrial DNA (mtDNA) lineages of 232 individuals from 12 Central Asian populations were
sequenced for both control region hypervariable segments, and additional informative sites in the coding
region were also determined. Most of the mtDNA lineages belong to branches of the haplogroups with an
eastern Eurasian (A, B, C, D, F, G, Y, and M haplogroups) or a western Eurasian (HV, JT, UK, I, W, and N
haplogroups) origin, with a small fraction of Indian M lineages. This suggests that the extant genetic
variation found in Central Asia is the result of admixture of already differentiated populations from eastern
and western Eurasia. Nonetheless, two groups of lineages, D4c and G2a, seem to have expanded from
Central Asia and might have their Y-chromosome counterpart in lineages belonging to haplotype P(xR1a).
The present results suggest that the mtDNA found out of Africa might be the result of a maturation phase,
presumably in the Middle East or eastern Africa, that led to haplogroups M and N, and subsequently
expanded into Eurasia, yielding a geographically structured group of external branches of these two
haplogroups in western and eastern Eurasia, Central Asia being a contact zone between two differentiated
groups of peoples.
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Introduction
Central Asia is a vast territory that has been crucial in
human history due to its strategic location. Situated

material in Teshik-Tash,! Uzbekistan. Nonetheless, the
later expansion of Upper Paleolithic remains is far less
clear.? Classical Greek and Chinese historic records cite the

eastwards of the Caspian Sea, limited by the Hindu Kush
and Altai mountain ranges to the east and by the great
Asian Steppes to the north, this territory has been a
complex assembly of peoples, cultures, and habitats.

The area has been occupied since Lower Paleolithic
times, and there is evidence of Neanderthal skeletal
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Scythians and Sarmatians, Indo-European-speaking people
described as having European morphological traits, as the
first inhabitants occupying the region. These historic
citations raise the questions of the origin of the ancestors
of the modern settlers across the region, and of the limits
of western peoples in Asia. Several facts point to the
presence of western peoples far east in Asia, such as an
extinct Indo-European language (Tocharian) spoken during
the latter half of the first millennium in Chinese Turkestan,
the presence of mummified bodies with European facial
traits in the Xinjiang region, the description of west
Eurasian mitochondrial DNA lineages in Central Asia,®
and the suggested European affiliation of mitochondrial
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DNA sequences from ancient bones in an Eastern Chinese
site.? Besides Scythians and Sarmatians, other peoples left
their influence in the area: Greeks, Chinese, Turkic tribes
such as the Huns, and the Avars, Arabs, and others.
Physical anthropology has roughly defined Central Asian
populations as presenting an admixture of eastern and
western anthropometric traits.> There are few genetic data
about the human populations settled in the region.
Classical genetic data® have demonstrated an intermediate
position of Central Asians between the Middle East and
East Asia. As a general rule, the people inhabiting the area
are the result of admixture between differentiated popula-
tions, which has produced a high genetic diversity.>”~?
Nonetheless, recent data of Y-chromosome lineages in
Central Asia'® have shown that genetic diversity is
heterogeneous in the region, with some high-diversity
populations contrasting with much reduced levels in
others. This pattern has been interpreted as the occurrence
of several bottlenecks or founder events in the area.
Mitochondrial DNA (mtDNA) lineages have been used to
unravel past demographic scenarios due to their particular
properties. Previous mtDNA analyses in Central Asia based
on the sequence of the first hypervariable segment of the
control region® have shown that the mtDNA pool of three
populations in Central Asia (the Kazakh, the Kirghiz, and
the Uighur) is the result of admixture from east and west
Eurasia. Although mtDNA control region sequences al-
lowed the general distinction between the Eastern and
Western sources, it did not allow full resolution into
haplogroups and of the phylogeographic perspective. The
knowledge provided by complete mtDNA sequences'!~'*
and the refined definition of haplogroups both in West
Eurasia'® and in East Asia'®'7 provides a fine-grained
phylogeography of the mtDNA lineage distribution, which
might allow us to determine which mtDNA markers should

be determined to analyze the diversity of the present
Central Asian samples.

The analysis of extant central Asians allows us to test
several scenarios concerning the spread of western peoples
in Asia and their interaction with eastern peoples. In this
sense, we have analyzed 12 populations from all the major
linguistic groups in the area, and have typed both
hypervariable segments of the control region as well as
some key SNPs in order to achieve a much finer phylogeo-
graphic resolution. This will allow a more complete
description of the mtDNA diversity in Central Asia, and
its interpretation in relation to human origins and
dispersals into and out of Central Asia.

Material and methods

A total of 232 individuals from 12 different population
groups were analysed: 20 Bukharan Arabs, 20 Crimean
Tatars, 20 Iranians, 16 Dungans, 20 Karakalpaks, 20 Kazaks,
20 Khoremian Uzbeks, 20 Kyrgyz, 20 Tajiks, 20 Turkmen,
16 Uighurs, and 20 Uzbeks. Samples were collected in
Uzbekistan and Kyrgyzstan, with informed consent; in-
formation about the origin of maternal ancestors was
recorded in order to localize samples geographically, and
their locations are shown in Figure 1.

DNA was extracted from blood samples using standard
methods. Both mtDNA hypervariable regions (HVRI and
HVRII) were amplified using primers L15996 and H408,'®
and the amplification products were subsequently purified
with the GenClean (BIO101) kit. The sequence reaction
was performed for each strand, using primers L15996 and
H16401 for the HVRI, and L29 and H408 for the HVRIL,'®
with the ABI PRISM dRhodamine Terminator Cycle
Sequencing kit (Applied Biosystems) according to the
supplier’s recommendations. Sequences from positions

[ East Asian
O West Eurasian

B [ndian

Geographic location of samples analyzed in the present study. Frequencies of East Asian, West Eurasian, and Indian

Figure 1

lineages are shown in white, pale gray, and dark gray, respectively.
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tained.

The 9-bp tandem repeat (CCCCCTCTA) of the COII/
tRNAM™® intergenic region was amplified using primers
L8196 (5'-ACAGTTTCATGCCCATGGTC-3’, labeled at 5
with JOE) and H8297 (5'-ATGCTAAGTTAGCCTTACAG-3').
The cycling conditions were as follows: 94°C for 2min;
followed by 30 cycles of 94°C for 1 min, 58°C for 1min,
and 72°C for 1 min; and a final elongation step of 72°C for
Smin. The product was run in an ABI PRISM377 and
GeneScan analysis software was used to measure the
fragment sizes.

Three positions in the mtDNA coding region
(10400, 12308, and 12 705) were also determined by using
the SNaPshot™ ddNTP Primer Extension Kit (Applied
Biosystems), which consists of a single-base primer exten-
sion which uses labeled ddNTPs to interrogate SNPs. The
mtDNA region containing the three SNPs was amplified
using primers L10373 (5'-CCCTAAGTCTGGCCTATGAG-3')
and H12744 (5-CGATGAACAGTTGGAATAGG-3'), with
the following cycling conditions: 94°C for 5 min; 35 cycles
of 94°C for 30s, 55°C for 30s, and 72°C for 30s; and a final
elongation step of 72°C for Smin. The 2410-bp amplifica-
tion products were purified using the QIAquick™ PCR
Purification Kit (QIAGEN). The single-base primer exten-
sion was performed following supplier’s recommendations
using oligonucleotides H10400X (5'-TGTTTAAACTATA-
TACCAATTC-3'), L12308X (5-CAGCTATCCATTGGTCT-
TAGGCCCCAA-3'), and L12705X (5'-AACATTAATCAGTT-
CTTCAAATATCTACTCAT-3') in the same reaction. Unin-
corporated-labeled ddNTPs were removed by adding 1 U of
CIP to the primer extension products for 1h at 37°C,
followed by an incubation of 15min at 72°C to inactivate
the enzyme. Products were run in an ABI PRISM377 and
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GeneScan analysis software was used to measure fragment
sizes.

Each mtDNA molecule was assigned to one haplogroup
according to the following strategy. First, the combination
of the three SNPs in the coding region was taken into
account in order to classify the mtDNA molecules in one of
the four major groups determined in the present work: R,
U, M, or other (namely, L or N). Subsequently, the
information yielded by the control region sequence was
added in order to refine the classification into hap-
logroups'3~'7 (see Figure 2). Nonetheless, after this assig-
nation strategy, some individuals were difficult to be
classified as N or L3. For this reason, variation at position
10873, distinguishing haplogroup N from L3, was also
tested using the single-base primer extension approach
with  oligonucleotide L10873X (5-TTTTTTTTTCCA-
CAGCCTAATTATTAGCATCATCCC-3).

In order to compare the present results with other
populations, HVRI data from several European, Middle
Eastern, Indian, Central Asian, and East Asian populations
were taken from the literature: Kazaks,® Kyrgyz,® Uighurs,®,
Altaics,”! Mongolians,*>** Daur,>®* Oroqen,?* Turks,>*~2¢
Han  Chinese,!”?” Han  Taiwanese,?®  Ainu,?®
Koreans,?>?%29 Japanese,?®3° Europeans,®' Middle East-
erns,®' Caucasus populations,®** Thai,** Indians,*® Rus-
sians,3®3’ Ukrainians,®” and Siberians.?>383°

The networks relating HVRI sequences within some of
the haplogroups described were constructed by using a
reduced-median algorithm*® as implemented in the Net-
work 3.0 program. The dating method employed*! is based
on the average number of mutations accumulated from an
ancestral sequence as a linear function of time and
mutation rate. This method was also performed with the
Network 3.0 program.
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Figure 2 Phylogenetic reconstruction and geographic distribution of the haplogroups found in Central Asia. Numbers along
the links indicate substitutions (transversions are indicated by the substituted nucleotide after the number), underlined
numbers indicate recurrent events. East Asian, West Eurasian, and Indian lineages are shown in white, pale gray, and dark gray,

respectively.
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Program Admix 2.0** was used to calculate the admix-
ture proportions of the present samples based on the
frequency of the haplogroups. As putative parental popula-
tions, we used four data sets that consisted of 258 Eastern
Europeans®' (Bulgarians, Romanians, and Russians), 316
Middle Easterns®*' (Bedouins, Syrians, and Turks), 190

Northern Indians, and Pakistanis®> (regions of Uttar
Pradesh, Rajasthan, Punjab, Kashmir, Haryana, and Paki-
stan), and 263 East Asians®” (Han Chinese).

In order to detect the possible genetic structure among
populations, an analysis of the molecular variance (AMO-
VA)** was performed using the Arlequin package.**

Table 1 Haplogroup frequencies in the samples analyzed.
CT IR TU KR KU AR uz D Kz KG DU ul Total
R
Hv* 4 3 6 5 5 7 3 3 4 1 1 42
\Y% 1 1 2
J 2 2 1 1 1 2 1 1 1 12
T 6 1 1 1 1 1 1 1 1 3 17
B 1 2 1 1 1 1 7
F 1 1 1 3 1 4 11
R9 1 1 2
R* 2 1 1 3 1 1 9
u
K 2 2 1 1 1 7
U1 1 1 2 2 1 1 8
U2e 1 1 2
U2i 2 1 1 4
u3 2 2
U4 1 2 1 4
us 1 1 1 2 5
u7 1 1
M
cz 1 1
C 2 1 4 2 1 6 1 17
z 1 1 2
D (D4c) 1 6 (5) 4 2 1 3(2) 2(1) 4 1 7(2) 31(10)
G2a 1 2 1 4 8
M4 1 1
M7b 1 2 1 4
M7c 1 1 2
M8 1 1 1 3
M9 1 1
Other
I 1 1 1 1 4
w 2 1 3
N1a 1 1
N1b 1 3 4
N9a 2 2
A4 2 3 2 1 8
Y 1 1 1 3
N* 1 1 2
East — 3 9 10 6 6 9 9 9 15 11 15 102
M — 0.15 0.45 0.50 0.28 0.30 044 0.45 0.44 0.74 0.69 0.94 0.48°
West 20 17 11 10 12 14 10 11 10 4 5 1 125
M 1 0.85 0.55 0.50 0.54 0.70 0.45 0.55 0.45 0.17 0.31 0.06 0.48°
India — — — — 2 — 1 — 1 1 — — 5
M — — — — 0.17 — 0.09 — 0.09 0.09 — — 0.04°
Total 20 20 20 20 20 20 20 20 20 20 16 16 232

In D haplogroup, in parenthesis, individuals belonging to D4c haplogroup. CT: Crimean Tatars, IR: Iranian, TU: Turkmen, KR: Karakalpak,
KU: Khoremian Uzbek, AR: Bukharan Arabs, UZ: Uzbek, TD: Tajik, KZ: Kazak, KG: Kyrgyz, DU: Dungan, and Ul: Uighur, m: estimated contribution of
each region (East Asia, West Eurasia, and India) to each Central Asian population, taking into account that the Indian mtDNA pool contains also East
Asian and West Eurasian sequences, a Total contribution without taking into account Crimean Tatars.
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Results
Phylogeographic structure

A total of 232 individuals have been analyzed for the HVRI
and HVRII, for the presence of the 9-bp tandem repeat of
the COII/tRNA* intergenic region, and several SNPs in the
mtDNA coding region. Individual data are available in the
following web site (http://www.upf.es/cexs/bioevo/
index.html).

Haplogroup frequencies by population are shown in
Table 1. In all, 11 sequences were difficult to assign to a
specific haplogroup and were named after the first major
classification yielded by the coding SNPs (all belong either
to R* or N*). The haplogroups found and the positions that
define them are shown in Figure 2.

Within the present samples, no African lineages were
found. No sub-Saharan L (L1, L2, and L3) lineages*>*® were
present in Central Asian samples. Other haplogroups of
African origin, such as U6 from North Africa,*” or M1 from
East Africa,*® are not found in the present sample set.

Within major group R, mtDNA molecules analyzed
belong either to West Eurasian haplogroups (H, V, J, and
T) or to East Asian haplogroups (B, R9, and F). Within this
group of lineages, the West Eurasian haplogroup HV*
(including pre-HV, HV, and H) is the most numerous, and it
is present in all the analyzed populations except the
Kyrgyz. Two individuals belong to haplogroup V, which is
likely to be of Western Furopean origin.*® Nevertheless, the
range of haplogroup V extends far beyond Europe, into
Northern Africa®® and as far East as Central Asia.

MtDNA molecules belonging to major group U have
their origin in West Eurasia and they have been found in
most Central Asian populations. Nevertheless, Kivisild
et al®® distinguished two groups of lineages within
haplogroup U2: West European UZe and Indian UZ2i.
Within the present sample set, we have found both the
U2 groups.

In continental Asia, lineages belonging to major group M
have an Indian (M2, M3, M4, M5, and M6)°! or an East
Asian (C, D, E, Z, M7, M8, M9, M10, and M11)'>'7 origin.
Only one M Indian lineage (belonging to the M4
haplogroup) has been found in the sample set, whereas
the rest of M lineages have an East Asian origin.
Haplogroup D is the most frequent haplogroup within
this major group, followed by C lineages. Some mtDNA
molecules belonging to E and G root lineages might have
been classified as D since they are not distinguishable by
control region sequence substitutions; this is not a major
bias as all of them are of East Asian distribution.

Within D, a non-negligible fraction of sequences carry a
transition at position 16245. This group may be a clear
subclade within D, which, pending further coding-region
characterization, we suggest to call D4c. D4c is highly
frequent and diverse in Central Asia (25% in Turkmen, 10%
in Tajik, 7% in Uighur, 2.7% in Kazak, and 0.9% in Kyrgyz)
(present data and Comas et al®), and it is found at low
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frequencies, in Turks (2.1%), Daur (8.9%, only two
sequences), Mongolians (0.7%), southern Siberians
(0.7%), Han Chinese (0.6%), and Koreans (0.5%). This
group of sequences is absent in other East Asian, Indian,
and Middle Eastern samples. The structure of the variation
of these sequences is shown as a network in Figure 3, from
which an age of 25000 (SE 9600) years can be estimated.

All G lineages found in the present samples belong to the
G2a group; thus, no G1 or G3 lineages were found. In fact,
the presence of G2a lineages seems to be also restricted to
Central Asia. This haplogroup characterized by the motif
16223T, 16227G, 16 278T, and 16 362C, has been found in
Kazaks (9.3%), Kyrgyz (7.0%), Karakalpak (5.0%), Tajik
(5.0%), and Uzbek (5.0%) (present data and Comas et al’).
It has also been found in neighboring populations at lower
frequencies, such as Mongolians (1.3%), Mansi from Siberia
(6.1%, only one sequence), southern Siberians (2.4%), Ainu
(3.9%), Japanese (0.7%), Daur (4.4%, two sequences), Han
Taiwanese (3.0%), Korean (1.9%), Han Chinese (2.2%), and
the Caucasus (0.6%). The structure of the variation of
haplogroup G2a is shown in Figure 4, from which an age of
29500 (SE 7000) years can be estimated.

Other haplogroups found in Central Asia are A, Y, and
N9a, which have an East Asian origin, whereas haplogroups
W, I, Nla, and N1b have been described in West Eurasian
populations.

Admixture analysis
The presence in Central Asia of a high proportion of
sequences originating elsewhere suggests that these popu-
lations have experienced intense gene flow. In order to
quantify the apportionment of admixture in Central Asian
samples, two different approaches were followed: a phylo-
geographic approach and an admixture approach based on
haplotype frequencies. Crimean Tatars were excluded from
the admixture analysis since their geographic position
corresponds more to Europe rather than Central Asia, and
their mtDNA pool is completely of West Eurasian origin.
Taking into account the phylogeography of the hap-
logroups described for West Furasia'® and East Asia,'>''”
these can be divided into three groups depending on their
origins: West Eurasian, East Asian, and Indian (Table 1 and
Figure 1). Whereas West Eurasian and East Asian popula-
tions contain almost exclusively locally originated mtDNA
haplogroups, this is not the case for India. Then, admixture
from India would also contribute West and East Eurasian
sequences to Central Asia. Thus, estimated admixture
proportions have been corrected with the frequencies of
haplogroups of Indian (58.4%), West Eurasian (32.6%), and
East Asian (8.9%) origins in a sample from India and
Pakistan.>® Standard deviations were estimated by sam-
pling with replacement 100000 times in samples having
the same sizes and haplogroup frequencies as those in
Central Asia and India, and computing each time the
admixture proportion estimates. Considering all the
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Figure 3 Phylogenetic network of a section of haplogroup D sequences (D4c). The size of the circles is proportional to the
number of sequences. Central Asian samples are represented in black, East Asians in white, Turks in gray, and Siberians in
stripped gray. Mutated sites (minus 16 000) are indicated along the lines.

individuals as belonging to a single hybrid population, the
estimated admixture proportions are 0.48+0.04 West
Eurasian, 0.4840.04 East Eurasian, and 0.04 +0.02 Indian.
Given the sample sizes for individual populations, their
admixture proportions (Table 1) carry large standard errors
and are not discussed separately.

An admixture approach®? was performed using the
method implemented in Admix 2.0 program, considering
four putative parental populations. The apportionment for
the whole sample set was 0.11+0.24 European, 0.40+0.25
Middle Eastern (which adds up to 51% for West Eurasia),
0.45+0.05 East Asian, and 0.04+0.04 Indian. Although
this approach allowed us to use a larger number of parental
populations, the standard deviation after 10 000 iterations
is extremely high for some of the estimates.

Genetic structure of Central Asia

The genetic structure of Central Asian populations was
investigated through AMOVA. When the 12 samples were
considered as a single group, only 2.34% (P<0.0001) of the

European Journal of Human Genetics

genetic variance was attributed to differences among
populations. When samples were grouped according to
language families (Afro-Asiatic, Altaic, Indo-European, and
Sino-Tibetan), the fraction of the genetic variance found
among groups was not significant different from O
(P=0.817), whereas differences found among populations
within language groups were statistically significant (2.9%,
P<0.0005), showing that the genetic variation found in
the mtDNA was not structured according to language
affiliation.

Discussion

The mtDNA genetic landscape of Central Asia contains
four main differentiated lineage groups according to their
phylogeographic origin: (i) a group of lineages originating
in West Eurasian and comprising almost half of the mtDNA
sequences in Central Asia; (ii) East Asia lineages, making
almost the other half of lineages, (iii) two putatively locally
expanded haplogroups, of East Asian origin, D4c and G2a,
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Figure 4 Phylogenetic network of haplogroup G2a. The size of the circles is proportional to the number of sequences.
Central Asian samples and Mongolians are represented in back, East Asians in white, samples from the Caucasus in gray, and
Siberians in stripped gray. Mutated sites (minus 16 000) are indicated along the lines.

accounting for a ~8% of the total sequences, and (iv) a
tiny fraction of sequences of Indian origin.

We have detected some groups of sequences mainly
restricted to this geographical area. This is the case of
haplogroups G2a and D4c. The fact that these groups of
lineages are localized in Central Asia at higher frequencies
than in neighboring populations could be explained as a
result of genetic drift during founder events that could
have raised its frequency in this geographical area. Never-
theless, the high diversity found in Central Asia within
both groups of sequences (Figures 3 and 4) supports an
ancient origin of the founder mutations (around 30000
and 25000 years), an expansion of these lineages in
Central Asia, and subsequent dispersal to neighboring
populations. These ancient events represent ancient ex-
pansions originated in Central Asia and might have their Y-
chromosome counterpart in lineages belonging to haplo-
type P(xR1a) that has a high frequency in Central Asia and
is dated to ~40000 years.8 There is, thus, a fraction of the
gene pool that can be considered Central Asian specific,
which could reflect the remnants of the oldest peopling by
modern humans.

Besides the specific cases of G2a and D4c lineages, no
other lineages seem to have expanded in Central Asia, and
the majority of lineages found have an Fastern or Western

origin, which are two mtDNA pools that do not overlap.
This fact implies that both genetic pools were already
differentiated when they met in Central Asia. Thus, the
geographic distribution of mtDNA lineages in Europe and
Asia is not compatible with a Central Asian origin of both
mtDNA pools, in agreement with previous data.’

The presence of western sequences in Central Asia
prompts the question of the eastern spread of western
influence in Asia. The analyses performed of the ancient
sites of Liangchun* (2500 years old) and Yixi®? (2000 years
old), eastern China, concluded that there was a drastic shift
from a European-like population 2500 years ago, through
an intermediate population 2000 years ago, to the present-
day East Asian populations. Liangchun sequences are
difficult to assign to haplogroups due to the short mtDNA
sequence analyzed, and their ascription to the Western
Eurasia gene pool has been challenged®® up to the point
that the latter authors do not interpret any Liangchun
sequence as Western. On the other hand, most Yixi
sequences belong to extant East Asian haplogroups such
as D, C, or F, which suggests that the genetic composition
of the 2000-year-old Yixi site presented no genetic traces of
western influence. The genetic influence of western
peoples across Asia is obvious in Central Asia, but there is
no evidence of its presence in the easternmost regions

D
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since no traces are found in extant or ancient East Asian
populations. Even if Tocharian, an Indo-European lan-
guage, was present in Eastern Asia, there is no evidence,
from extant genetic variation in maternal lineages, of the
Western Eurasia genetic contribution.

The presence of western and eastern sequences found in
Central Asia leaves open questions about the mode and
tempo of the generation of this admixture of lineages. Two
scenarios could have produced this mtDNA pattern in
Central Asia:

(a) Western peoples inhabited Central Asia and were
partially replaced by Eastern peoples, Central Asia
being a hybrid zone.

(b) Central Asia has been a ‘contact zone’ between two
differentiated groups of peoples who originated in east
and west Eurasia, respectively.

The revision of the ancient sequences from China®® and
the finding of specific Central Asian sequences clearly
support the second. G2a and D4c haplogroups are ‘twigs’
(according to the terms devised by Kivisild et al'”) belong-
ing to the East Asian G and D ‘limbs’ of the M ‘trunk’. The
estimated ages of these haplogroups (around 30000 and
25000 years) point to the ancient presence of at least two
different East Asian ‘limbs’ in Central Asia.

Kivisild et al'’ showed considerable differences in the
mtDNA lineages found in East Asia, A, C, D, G, Y, and Z
being the haplogroups forming the pool of lineages in the
northeast, whereas B and F were predominant in the
southeast. Karafet et al,” analyzing Y-chromosome markers,
showed a closer genetic relationship between Central Asia
and northeast Asia than with southeast Asia. Nevertheless,
our mtDNA results show the presence of haplogroups
represented in both northeast and southeast Asia, suggest-
ing that the demographic scenario within Central Asia has
been even more complex than previously stated.’

Contrary to the structure shown in Y-chromosome
lineages in Central Asia, where 24% of the genetic
variation could be attributed to differences between
populations,'®mtDNA diversity is not structured, as shown
by the AMOVA analysis. This discrepancy between the two
uniparental genomic regions in Central Asia is in agree-
ment with previous data in the region,” and as a global
trend in which higher female than male migration has
been observed.>*

It is interesting to stress the lack of geographic structure
of the basal branches of the non-African mtDNA (hap-
logroups M and N, called ‘limbs’'”), and a clear phylogeo-
graphy in more external branches (haplogroups or sub-
haplogroups; ‘twigs’'’) supports the existence of an
ancestral population where the two main groups of
lineages diverged. This could be related to the presence of
a ‘maturation phase’, presumably in the Middle East or
eastern Africa, of modern humans before the Upper
Paleolithic expansion all across Eurasia, as proposed by
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the fossil evidence®® and other genetic data.>® The lack of
basal limbs in Central Asian samples and the presence of
lineages belonging to external branches within the mtDNA
phylogeny suggest that the mtDNA diversity found in
Africa did not have its ‘maturation phase’ in Central Asia,
and the diversity found in the region is mainly the result of
admixture of already differentiated populations. The lack
of mtDNA basal root types in Central Asia contrasts with
the results of Y-chromosome analyses. Whereas the
majority of extant Y lineages in Europe and Siberia appear
to have expanded from the Middle East via Central Asia,®
the lack of deeply rooting mtDNA clades in Central Asia
does not support the hypothesis that Central Asia is the
maternal source population for the Upper Paleolithic
colonization of Europe. This discrepancy might be the
result of different sexual migration patterns in Central
Asia, as noted above. Additional data from autosomal
markers, such as SNP or SNPSTR haplotypes,®” need to be
gathered in order to clarify the genetic role of Central Asia
in the settlement of modern humans in Europe and Siberia.
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Introduction

La Réunion is one of the Mascarene Islands (Mauritius, Réunion and Rodriguez)
located in the Indian Ocean, 690 Km east of Madagascar (Figure 1). The island is one of
the overseas French departments with over 700.000 inhabitants (INSEE, Institut
National de la Statistique et des Etudes Economiques, 1999). The island was
uninhabited until settled by the French in 1642, although it was previously known to the
Arabs and was first visited by the Portuguese in the early 16th century. There were in
the island, in 1678, 46 men (44 French and 2 Portuguese) and 37 women (8 French, 15
Malgasy, and 14 Indo-Portuguese). The increase of population was the result of slave
trade mainly from Madagascar, Mozambique, India, Senegal and Guinea. When slavery
was abolished in 1848, a great influx of Indians from the Malabar Coast came to fill the
vacancies created by newly freed slaves on plantations. Afterwards, there was a
substantial immigration of Indians and Chinese from Canton. The present day
inhabitants constitute a mixed population descendant of French settlers and East

Africans, Indians, and Indochinese.
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There are no population genetic studies performed in the Mascarene Islands and
the only reference is the genetic analyses done in Madagascar. La Réunion is the
Mascarene island closest to Madagascar, which archaeological and linguistic evidences
suggest that its original settlers came from Indonesia around the fourth century AD and
Africans arrived later (Vérin, 1986), although the opposite hypothesis has been also
postulated (Ferrand, 1908). Nuclear genetic analyses on the beta-globine gene have
shown that Malgasy individuals present a major component derived from central and
east African populations, in particular, Bantu-speaking Negroids, although an
Asian/Oceanic and Caucasoid components are present (Hewitt R, AmJHumGenet
58:1303-1308). The mtDNA analysis in Madagascar has shown that a Polynesian
component is present mixed with African lineages (Soodyall Nat Genet. 1995
Aug;10(4):377-8).

Mitochondrial DNA (mtDNA) and Y chromosome have been used to elucidate
past demographic scenarios due to their particular properties. The maternal and paternal
contributions unravelled by mtDNA and Y-chromosome markers respectively, have
been analysed in a large number of human population studies. The joint analysis of the
non-coding region sequence of the molecule (i.e. the control region) and SNPs on the
coding region has allowed establishing the phylogeography of mtDNA lineages.
Moreover, the recent availability of complete mtDNA sequences in worldwide samples
provides us the information needed to locate the origin of most mtDNA lineages. On the
other hand, the phylogeny and new nomenclature provided by biallelic markers have
allowed locating the geographic origin of Y-chromosome lineages even with a greater
detail.

In order to describe and quantify the origins of the genetic components in the mixed

population of the Réunion island, we have sequenced both hypervariable segments and
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four SNPs located in the coding region of the mtDNA, and we have also typed several
biallelic and STR markers in the Y-chromosome. This analysis will allow unravelling
migrations, settlements and dispersal routes that formed the extant population of La

Réunion.
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Material and Methods

DNA from a total of 41 non-related individuals from La Réunion was extracted
from blood samples using standard methods. All individuals were analysed for the
mtDNA and the 17 males included in the sample were analysed for the Y-chromosome.

The 9-bp tandem repeat (CCCCCTCTA) of the COII/tRNA™"® intergenic region
and four positions in the mtDNA-coding region (10400, 10873, 12308 and 12705,
according to Anderson et al., 1981) were also genotyped as described elsewhere (Comas
et al., submitted). Both mtDNA hypervariable regions (HVRI and HVRII) were
amplified using the primers, PCR conditions, purification methods and sequencing
profile as described previously (Comas et al., in press). Sequences from positions 16024
— 16391 and 63 — 322 respectively (according to Anderson et al., 1981) were used in the

present analysis and are available in the following web site (http://www.upf.es/cexs). In

order to compare the present results with other populations, data for the first mtDNA
hypervariable region (positions 16024-16383) from several population samples were
taken from the literature.

Sequence diversity was calculated as [n/(n-1)] (1- =, pi), where p is the
frequency of each of the k different sequences in the sample, with the Arlequin 2.000
program (Schneider et al., 2000).

Y-chromosome biallelic polymorphisms were typed in a hierarchic manner using
three different multiplex reactions. All male individuals were analysed for markers
MS89, M172, M69, M201, M170, M9, 1212 and M 145 (multiplex I). Subsequently, those
individuals assigned to clade K (M9 derived) according to the Y Chromosome
Consortium (2002) were further characterized for markers M173, M45, SRY831, M207,

M17 and PN25 (multiplex II). Finally, those individuals belonging to clade DE (YAP
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derived branch) were further characterized for markers M96, P2, M123, M75, M78,
MS81, M33 and M35 (multiplex III). Amplification in multiplex was carried out in a two
step PCR using only locus-specific amplification primers with a common 5’-end
universal sequence at very low concentration and adding a high concentration of
universal zip code primers after 15 cycles. Conditions and amplification primer
sequences were slightly modified from Paracchini et al. (2002) except for markers M69,
M201, P2, M207, PN25, and M75 for which new amplification primers were designed
(Bosch et al., in preparation) and for polymorphisms 12f2 and SRY 10831 whose primer
sequences were modified from Blanco et al. (2000) and Whitfield et al. (1995)
respectively, by adding universal code sequences at the 5’ end. The afore mentioned
biallelic markers were typed by a single-nucleotide primer extension using the
SNaPshot Multiplex Kit (Applied Biosystems) following manufacturer’s instructions.
Oligonucleotide sequences will be available elsewhere (Bosch et al., in preparation). In
order to compare the present results with other populations, Y-chromosome data from
African (Cruciani et al., 2002), South Asian (Underhill et al., 2000; Kivisild et al.,
2003), and European (Semino et al., 2000) populations were used.

Amplification of 11 YSTRs was performed within two multiplex reactions
(MS1: DYS19, DYS388, DYS390, DYS391, DYS392 and DYS393; and EBF:
DYS385, DYS389, DYS460, DYS461, DY S462 and amelogenin) as described in Bosch
et al. (2002). PCR products were mixed with 400HD ROX standard and run on a
ABI3100. Allele analysis and designation was carried out using haplotyped reference
controls and the GeneScan Analysis Software v.3.7. Allele nomenclature in table 3
follows nomenclature used in the Y-STR Haplotype Reference Database

(http://ystr.charite.de).
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Nine Y-STR loci haplotypes were searched in the YSTR database (Roewer et al
2001, Kayser et al. 2002, Lessig et al 2003) using the Worldwide Search option. As of
17™ December 2003, it contained 19,443 haplotypes in a set of 172 populations, 93
within Europe, 35 from Asia including North and South Caucasus, Iran, Pakistan, Iran
and Northern India, plus four African populations from Cameroon, West Africa, Egypt,
Mozambique. If no match was found, all haplotypes differing by one repeat at one locus

were investigated.
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Results

MtDNA lineage classification

The joint analysis of four SNPs within the coding region (10400-10873-12308-
12705), the 9bp deletion of the COII/tRNA™"® intergenic region and the sequence of
both hypervariable segments of the mtDNA control region (HVRI and HVRII) allowed
us to define a total of 18 different mtDNA lineages in the present sample set (Table 1).
The 9bp deletion was typed as it is a useful marker to trace migrations out of southeast
Asia and the Pacific (Redd et al., 1995), although the deletion might have arose several
times as it has also been found in African populations (Soodyall et al., 1996).
Nonetheless, the 9bp deletion was not found in the present sample. The sequence
diversity found (0.896%0.030) is reduced compared to other African populations due to
the fact that lineages LRNOS and LRNO9 are found in ten and eight individuals
respectively. One lineage (LNRO7) is found in four individuals, two lineages (LRNO06
and LRN13) are found in three individuals, while the rest are unique.

As a result of the refined phylogeography knowledge available for the mtDNA
molecules, the present lineages were classified in four broad geographical regions:
Africa, India, East Asia, Europe (Table 1). Indian lineages constitute the major
contribution to the maternal genetic pool in La Réunion (~44%), followed by East Asian
(~ 27%), European (~19%) and African lineages (~10%).

Within haplogroup M, the east and central Asian sub-haplogroups D, E, G, C, Z,
M7, M8, M9, and M10 constitute the bulk of M lineages (Kivisild et al., 2002; Yao et
al., 2002). The phylogeny of haplogroup M in Indian populations differs profoundly

from that observed in east and central Asian populations (Bamshad et al., 2001), where
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M2, M3, M4, M5, and M6 are found. Moreover, sub-haplogroup M1 has been found in
East Africa (Quintana-Murci et al., 1999). Since the classification of sequence LRN09,
belonging to haplogroup M, was difficult to refine taking into account the control region
sequence, positions 7598 and 10384 of the mtDNA coding region were determined by
direct sequencing in several individuals, and confirmed their adscription to haplogroup
E1 (Kivisild et al., 2002). Therefore, in the present analysis, Indian lineages belonging
to haplogroups M2 and M6, and East Asian lineages belonging to M7c, D5a and E1
haplogroups are found.

Four lineages belonging to the major African L haplogroup (Watson et al., 1997;
Chen et al., 2000; Ingman et al., 2000; Salas et al., 2002) have been found in La
Réunion. These L sequences (L1bl, L2al, L3b, and L3e1) have a wide African
distribution.

The N super-haplogroup is constituted by different group of lineages with a
heterogeneous distribution: N1, N2 , W, and I have a west Eurasian distribution
(Richards et al., 2000); whereas N9, Y, and A have an East Asian origin (Yao et al.,
2002). Moreover, sub-haplogroup X, has been found distributed at low frequencies
across Eurasia and even in the Americas (Brown et al., 1998). In the present sample set
only one sequence belonging to haplogroup I has been found.

The R haplogroup has also a Eurasian distribution: R9, B, and F sub-
haplogroups are found in East Asia, whereas H, V, J, and T are the most frequent sub-
haplogroups in west Eurasia. Only one F lineage is present in La Réunion.

Finally, haplogroup U is not present in eastern Asia, but is frequent in European
populations and among Indians, although Indian U lineages differ substantially from
those observed in Europe (Kivisild et al., 1999). Sub-haplogroups U2i and U7 constitute

more than 90% of Indian U lineages, whereas U5 is the most frequent one in Europe.
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Besides these European and Indian sub-haplogroups, U6 has been found in North Africa
(Rando et al., 1998; Plaza et al., 2003). In the present analysis, European (U2¢) and

Indian sequences (U21) have been found.

MtDNA sequence sharing

The African contribution is scant with only four lineages. In order to find shared
sequences with other African populations, the compiled data from Salas et al. (2002)
and Brehm et al. (2002) was used. LRNO1, belonging to haplogroup L1b, was also
found in one Fang and one Brazilian. LRN02 was found in one Bubi and one individual
from Cabo Verde only differ in position 16092 and was classified within haplogroup
L2a. LNRO3 was found in four Fulbe and two Senegalese, and classified as L3b.

Indian lineages found in the Réunion were compared to sequences reported in
Mountain et al. (1995), Kivisild et al. (1999), and Bamshad et al. (2001). LRNO06, found
in three individuals from La Réunion and classified as M6, is found in three Lobana
individuals from the Indian region of Punjab. The two lineages classified as U2i are
found in one Lambadi individual from Andra Pradesh (LRNO07); and one Bogsa from
Uttar Pradesh, and two individuals from Andra Pradesh (LRNOS). It is noteworthy that
the most frequent lineage in La Réunion, classified as M2, (LRNO5) is not found in the
data set used for comparison.

East Asian lineages were compared to a data set of published sequences (Horai
et al., 1996; Lum et al., 2000; Fucharoen et al., 2001; Yao et al., 2002). Lineages
LRNO09, LRN10 and LRN12 were not found in the data set used for comparison.
LRN10 and LRN12 lineages belong to haplogroups D5a and F respectively, which are

widely spread in continental Asia. No matches were found for sequence LRN09, which
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belong to haplogroup E1 and has been far only in Southeast Asia (Ballinger et al., 1992;
Kivisild et al., 2002). Lineage LRN11, haplogroup M7c, deserves a special mention.
Although it is not found in mainland Asia, except for a southeastern Asian individual
(Thai, Fucharoen et al., 2001), it is found in the southeast Asian islands (Borneo, Java,
Philippines) and Central-Eastern Micronesia, but it is not found neither in Western
Micronesia nor in Polynesia (Lum et al., 2000).

The European lineages, represented by sequences belonging to sub-haplogroups
H, J, T1, I, and U2e, are found at high frequencies in Europe and are scattered across
Europe with no defined pattern. Nevertheless, the frequency pattern observed in La

Réunion differs from that observed in Europe (Richards et al., 2000).

Y-chromosome lineages

The Y-chromosome biallelic markers analysed in the 17 males of the sample
classify them into six different branches or clades of the Y phylogeny: 11 chromosomes
belong to R1b (PN25 derived), two to KxP (M9 derived and M45 ancestral), and one
single chromosome to each of the rest of clades: E3b3 (M123 derived), R1al (M17
derived), I (M170 derived), and G (M201 derived).

On the basis of the global geographical distribution of the Y chromosome
biallelic haplotypes (or haplogroups) found in the Reunion Island, the origins of these
chromosomes were investigated (Table 2). African Y chromosomes are quite distinct
and specific African haplogroups are not found in the Reunion sample. Although the
haplogroups found widely overlap in their geographical distribution between Europe
and India, it is also true that their frequencies are not the same in the two regions: Y

chromosomes belonging to clades R1b, G and I are more frequent in Europe than in
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India, while the contrary is true for Rlal and KxP. In order to ascertain with greater
confidence the origin of these Y chromosomes, a search was conducted of their STR
haplotypes against a world-wide Y STR database (http://ystr.charite.de). Matching
patterns are shown on Table 3. In summary, 14 out of 17 chromosomes are well
represented in Europeans while apparently absent in the south Asian samples of the Y-
STR database. It is tempting to ascribe a European origin to these chromosomes. As for
the remaining lineages, the two KxP chromosomes lacked any matches but one-step
mutation derivatives were found in Han Chinese. Finally, the only E3b3 chromosome
also did not present any matches but one-step mutation derivatives were present in
Europe and Asia. Therefore, we may conclude that the Y chromosomes analysed from
the Reunion Island come mostly from Europe with a sizeable Asian component. Given
the small sample size, we have not attempted to quantify these admixture components

or to generalize these conclusions.
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Discussion

The analysis of maternal (mtDNA) and paternal (Y chromosome) lineages in the
island of La Réunion has demonstrated that the extant population of the island is a
melting pot of peoples that have settled in the island after its first colonization by the
Europeans in the 17" century. The extant mtDNA gene pool in La Réunion is roughly
composed by ~ 44% Indian, ~27% East Asian ~19% European, and ~10% African
lineages, whereas the paternal contribution is mainly European although it is difficult to
quantify due to the small sample size analysed.

Focusing in the mtDNA, the Indian contribution is the most frequent, although
the diversity within this group of lineages is very low due to the large number of
individuals who bear the same lineage. The entrance of these lineages in the island
might be the result input of slaves from the Portuguese colonies such as Goa, and the
influx of south Indians from the Malabar coast who came to fill the vacancies created by
newly freed slaves on sugar cane plantations.

The African sequences found in the present sample are also found in some West
African populations and not found in the closest continental African coast, Mozambique
(Pereira et al., 2002; Salas et al., 2002), suggesting that the influx of African sequences
might have been introduced directly by slavery from western Africa or through
Madagascar.

It is worth to note the case of lineages LRN(09 and LRN11, whose origin can be
traced to South East Asian islands or Micronesia. In Madagascar, a substantial Pacific
substrate is found and these lineages might have arrived to La Réunion from

Madagascar, also via slavery and perhaps with other lineages of African origin. The
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other two East Asian lineages might have arrived to the island with the Chinese
migration.

The present analysis shows a clear bias of maternal and paternal lineages in La
Réunion. This differential sexual pattern has also been observed in other human
populations, such as the population of Brazil (Carvalho-Silva Am J] Hum Genet),
suggesting that the female and male contributions to extant populations have been
different not only in number, being the migration rate higher in females than males as a

general pattern (Seielstad et al., 1998), but also in origin.
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Table 1. MtDNA lineages in La Réunion

Lineage N 10400 10873 12308 12705 HVRI sequence ? HVRII sequence b Haplogroup
African
LRNOI 1 C A T C 111 126 187 189 223 239270278 293 311 73 146 151 152 182 185T 189 247 L1ibl
LRNO2 1 C A T C 092 223 278 294 309 390 73 146 152 195 L2al
LRNO3 1 C A T C 093 223 278 362 73 L3b
LRNO4 1 C A T C 093 223 311 327 73 150 185 189 L3el
Indian
LRNO5 10 T A T C 086 148 223 259 278 319 73 150 200 M2
LRNO6 3 T A T C 223 231 311 356 362 73 M6
LRNO7 4 C G C T 051 206C 230 311 73 U2i
LRNO8 1 C G C T 051 93A 154 206C 230 311 73 309.1 309.2 U2i

East Asian
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LRNO09
LRN10
LRNI11
LRN12
European
LRN13
LRN14
LRNI15
LRN16
LRN17

LRN18

1

O o o o a O

> > > P

> o> > > QO Q

@)

O O

T

QO o O

—

T

221223 291 362 390

164 182C 183C 189 223 266 362

223 295 362

266 278 304 309 356

051 129C 179 182C 183C 189 362

05193 129C 179 182C 183C 189 362

126 163 186 189 294

069 126

183 311

93129223 311 355 391

73 309.1

73 150 207 309.1 309.2

73 146 199 309.1

73 152

73 114 152 217 263 310

73114 152 217 263 310

64 73 152 195 309.1

73 295

CRS

73 199 204 250 309.1

M- El

M-D5a

M7c

U2e

U2e

Tl

Position numbers according to the CRS (Anderson et al., 1981). Unless indicated, substitutions are transitions.

* Position numbers are given without the prefix “16”

® Insertion of one or two cytosines are indicated by “.17 and “.2” respectively. All sequences have 263G and 315.1
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Table 2. Y-chromosome lineage frequencies (%) found in La Réunion and comparison

with different population samples.

La Réunion® Africa’ Pakistan-India® India® Europe®  French®
Y-chromosomes 17 (N) 473 88 325 1007 22
R1b 64.7 (11) - 6.8 6.5 2.0-88.9 52.2
KxP 11.7 (2) 0.6 14.8 0.6 0-41.7 -
Rlal 5.9() 13.1 31.8 27.1 3.7-60.0 -
I 5.9 (1) - ; - 22-448 174
G 5.9 (1) - 8.0 03  0-30.1 -
E3b3 5.9(1) - 34 - 2.2-258 8.7

? Present results

® Haplogroup frequencies in Africa were obtained pooling all African populations

analysed in Cruciani et al 2002 except Arabs, Berbers and Ethiopian Jews. R1b and

KxP within Africa were actually confined to Cameroon population samples.

“Underhill et al., 2000
dKivisild et al., 2003

¢ Semino et al., 2000
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Table 3. Y-STR haplotypes found in La Réunion and matches within Europe, Asia and

Africa in the Y STR database (http://ystr.charite.deT).

HG 9 Y-STR haplotype® La Reunion Europe Asia Africa
N=17 N=13,253 N=2,912  N=328
Rlal 16-13-31-25-10-11-13-12/14 1 1 Ukraine - -
R1b 14-13-29-24-10-13-13-11/14 1 171 1 Iran -
14-13-29-24-11-12-13-11/14 1 12 - -
14-13-28-24-10-13-13-11/14 1 20 - -
14-13-29-24-11-?-7-11/14 1 491 8 Caucasus,
2 Turkey
?7-12-28-24-11-14-13-11/14 1 6 - -
14-13-29-24-10-13-14-11/14 1 12 - -
14-14-30-23-11-13-13-11/14 2 35 - -
14-13-29-24-10-13-14-11/14 1 12 - -
15-13-30-24-10-13-13-11/14 1 8 - -
14-13-29-23-11-11-13-12/14 1 1 Northern 1 North
Germany Caucasus
E3b3 13-12-30-23-10-11-13-15/17 1 1 N Spain 1 Turkey -
(1 step) (1 step)
KxP 15-13-32-23-11-13-12-12/19 1 - 1 Han -
(1step)
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16-12-29-25- 9-13-12-13/20 1 - 1 Han -
(1 step)
I 16-12-28-22-10-11-13-14/14 1 3 - -

G 14-12-29-22-10-11-14-14/15 1 9 - -

“DYS19-DYS3891-DYS38911-DY S390-DY S391-DY S392-DY S393-DY S385I/11

?: not determined
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I. Les poblacions de ’oest del Mediterrani

L’analisi del genoma mitocondrial a les poblacions de I'oest del Mediterrani ha
permes caracteritzar la composicié dels llinatges materns de les poblacions al Nord
oest d’Africa i al Sud oest del Mediterrani, detectar i quantificar el flux genétic a cada
banda del Mediterrani, i comparar els resultats obtinguts amb els patrons genetics
trobats amb altres marcadors genctics com els marcadors classics, els microsatel lits

autosomics, els polimorfismes d’insercié Alu, i els polimorfisme del cromosoma Y.

El substrat genétic de les poblacions del Nord oest d’Africa i del Sud oest del
Mediterrani tenen en comu tota una serie d’haplogrups que es troben majoritariament a
la resta d’Europa i de 'Orient Mitja (H, J, T, U, I, W, X), fet que posa de manifest que
aquestes poblacions tenen un origen comu recent, diferent del d’altres regions
geografiques properes com per exemple I'Africa sub-Sahariana. De tota manera,
s’observen diferencies en alguns dels haplogrups a ambdues ribes del Mediterrani, a

més de migraci6 sub-Sahariana al nord d’Africa tal com s’exposara seguidament.

I.1. Heterogeneitat genctica de les poblacions del nord-oest

d’Africa.

La principal diferencia entre els dos grups de poblacions és la preséncia
de Thaplogrup sub-saharia 1. al nord d’Africa. Hem quantificat en un 26% la
contribuci6é sub-sahariana al poo/ genctic de les poblacions del nord d’Africa, mentre
que es troben en un ~3.0% a la Peninsula Ibérica i en un ~2.4% a Italia.. Els llinatges

materns sub-saharians dintre del nord-oest d’Africa tenen una distribucié en gradient:
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Les poblacions de Poest del Mediterrani

les poblacions situades en una posici6 més meridional del nord-oest d’Africa, els
mauritans, saharauis i berbers del sud del Marroc presenten 43.5%, 34% i 26% de
sequiencies L, respectivament, mentre que aquestes freqiiencies es troben en un ~3.0%
1un ~13% en els berbers del nord del Marroc i en els mozabites. El mateix patr6é s’ha
pogut observar amb el polimorfisme de les insercions Alu (Comas i col laboradors.
2000), on un flux geénic sub-saharia ha tingut més impacte en les poblacions més
meridionals del nord-oest d’Africa. I estima de la preséncia dels llinatges sub-saharians,
ET* i E3a* del cromosoma Y, mostra que ~8.0% dels llinatges paterns al nord-oest
d’Africa tenen un origen sub-saharia (Bosch i col laboradors. 2001). La contribucié
més elevada (26%) del llinatges femenins sub-saharians a la poblacié del nord-oest
africa és consequencia d’una diferéncia entre sexes en el patré de migracié des del sud
del desert del Sahara. Aquesta diferencia segueix una tendencia global on, per raons
segurament socio-culturals, la dona ha migrat més que lhome (Seielstad i
col 1laboradors. 1998; Pérez-Lezaun i col laboradors. 1999, entre d’altres).

També s’ha pogut detectar un flux génic provinent de I’Africa de
I'est mitjangant la presencia de ’haplogrup M1. L’origen de I’haplogrup M1 es troba a
PAfrica de I’Est (Quintana-Murci i col laboradors., 1999) i s’han detectat freqiiéncies
més elevades d’aquest haplogrup a la part més oriental de ’Africa del nord-oest: a
Algeria amb una frequiencia de 12,8% 1 a Tunisia amb un 4.0%. Per la resta de les
poblacions estudiades, només s’ha trobat en arabs del Marroc amb un 2.0% i en
mozabites amb un 4.7%. Pero les frequencies dels haplogrups en els mozabites,
coneguts com a grup berber aillat, s’han de considerar amb precaucié ja que poden
haver estat molt afectades per la deriva genctica. Algeria presenta una frequencia de
seqiiencies M1 semblant a les que es troben en els Etiops (10%) 1 en els Nubis (8%)
(Krings i col laboradors. 1999).

El llinatge caracteristic del Nord d’Africa és Phapogrup UG
(Rando 1 col laboradors. 1998). Tot i aixi, s’ha detectat en baixes frequencies en les

poblacions estudiades: de 0% a Algeria fins a 28.2% en els mozabites. L’haplogrup U6
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també es troba a la Peninsula Ibeérica (~2.0%), a Italia (0.1%), a les illes Canaries,
(13%), a Orient Mitja, (<1.0%), i a ’Africa sub-sahariana (<2.0%). La limitada difusi6
de ’haplogrup U6 ofereix un contrast amb la seva antiga edat estimada al voltant dels
47 000 £ 18 000 anys. El fet que I’haplogrup U6 no hagi estat mai associat amb grans
expansions poblacionals podria explicar aquesta distribucié. L’Gnica expansié de
poblacions coneguda des del Nord d’Africa fins a la Peninsula Ibérica i Sicilia va ser la
invasi6 arab al segle VII i va tenir un impacte demografic molt limitat (Camps, 1998).
L’equivalent de I’haplogrup UG, el llinatge E3b2* amb un origen al Magrib representa
2/3 dels llinatges masculins al nord-oest &’ Africa (Bosch i col 1aboradors. 2001), fet
que posa de manifest altre cop la diferencia en els comportaments migracionals entre
sexes, fent que hi hagi gran dispersio en els llinatges mitocondrials pero no en els del
cromosoma Y.

Tot aquest conjunt de diferencies en els llinatges mitocondrials en les
poblacions del nord-oest africa provoquen certa heterogeneitat en les poblacions
analitzades que contrasta amb l'alta homogeneitat observada en les poblacions

CU.I'OpC@S.

I.2. Homogeneitat genctica de la poblacions del sud-oest

europeu.
Front a I’heterogeneitat genetica de les poblacions del nord-oest
d’Africa s’ha de destacar I’homogeneitat genética de les poblacions del sud-oest d’
Europa. Les poblacions de la Peninsula Iberica i de la Peninsula italiana presenten una
homogeneitat genctica similar a la que es pot observar per la resta de les poblacions
curopees tant pel mtDNA (Simoni i col laboradors. 2000a; 2000b; Helgason i
col laboradors. 2000; Richards i col laboradors, 2002) com per marcadors genetics

classics (Cavalli-Sforza 1 col laboradors, 1994) i el cromosoma Y (Semino i
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col laboradors. 2000; Quintana-Murci i col laboradors. 2003). Aquesta homogeneitat
ha estat explicada per l'origen recent de les poblacions europees que malgrat tenir un
origen al Paleolitic Superior, han estat profundament influides per 'onada neolitica des
de I’Orient Mitja, encara que el grau d’influéncia d’aquesta onada esta en discussio.

Els resultats obtinguts amb el mtDNA, conjuntament amb els
dels polimorfismes d’insercions Alu (Comas i col laboradors. 2000), difereixen dels
observats amb els marcadors genetics classics (Cavalli-Sforza i col laboradors. 1994;
Calafell i Bertranpetit 1994; Cappello i col 1laboradors. 1996), 1 amb els polimorfismes
del cromosoma Y (Caglia i col laboradors. 1997; Scozzari i col laboradors. 2001; Bosch
i col laboradors. 2001) on els bascos 1 els sards apareixen com dos poblacions
gencticament diferents de la resta de les poblacions europees. Aquest fet podria
explicar-se per la major migracié femenina, la qual cosa explicaria I’homogeneitat
observada pel mtDNA, pero no pot explicar aquesta homogeneitat mostrada pels
marcadors autosomics tipus Alu.

Els haplogrups majoritaris trobats al sud-oest de Europa son els
haplogrups: H (50% a la Peninsula Ibeérica ; 47% a Italia) que és també el més frequent
a Buropa; U (13% a la Peninsula Iberica; 9% a Italia); i T (7% a la Peninsula Iberica;
12% a Italia). L’haplogrup V, pel qual s’ha proposat un origen a la Peninsula Ibérica
(Torroni i col 1aboradors. 1998; 2001), presenta un rang de frequencies des del 2.7% en
cls sards fins 10.4% en els bascos. Pero també s’ha detectat al nord oest d’Africa amb
freqiiencies elevades en els saharuis (18%), 1 els berbers del sud del Marroc (10%).
Mitjangant un network filogenétic vam poder determinar que el origen del haplogrup V
és clarament europeu, encara que és dificil designar un origen geografic d’aquest
haplogrup dins 'Europa meridional. El fet de trobar altes freqtiencies de ’haplogroup

V en algunes poblacions del nord-oest africa pot explicar-se per deriva genica.
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L.3. Deteccié de flux genic a través de les dues ribes del
Mediterrani.

Entre els llinatges detectats al nord oest d’Africa i al sud oest d’Europa
alguns son especifics de una banda del Mediterrani. Per tant la seva presencia a I’altre
riba del Mediterrani permet la deteccié de flux genic cap a una banda o laltre del
Mediterrani. S’han pogut detectar flux genctics des de la riba sud del Mediterrani cap a
la riba nord i viceversa amb els haplogrup U6 i V. Les seqiicncies U6 presentes a la
Peninsula Ibérica i a Sicilia pertanyen a llinatges d’origen diferent. S’han trobat
sequiencies especifiques dels sub-haplogrups U6a 1 U6al; i dels sub.-haplogrups U6b i
UGb1. Els haplogrups U6a i U6al sén especifics del Nord d’Africa, perod el haplogrup
UG6b1 s’ha trobat unicament a les illes Canaries i a la Peninsula Iberica. Per tant, les
freqiiencies dels haplogroup U6a, U6al, i U6bl permet detectar i quantificar flux
génics provenint de ’Africa del Nord i de les illes Canaries. S’estima les poblacions del
nord oest d’Africa van contribuir en 18% a la composicié dels llinatges mitochondrials
de les poblacions de Peninsula. En comparacid, els llinatges del cromosoma Y
especifics del Nord oest (E3b2%) d’Africa componen 7% del llinatges masculi de la
Peninsula Iberica. La presencia del llinatge U6b1 podria explicar-se per una migracio
recent dels Guanches (natius de les illes Canaries) durant el regne de Castilla al segle
XVI. Aquesta aportacié genctica de la illes Canaries al pool genetic mitocondrial s’eleva
en un 1.5%. De la mateixa manera, el flux genic de la banda nord cap a la banda sur del
Mediterrani s’ha detectat 1 quantificat mitjangant el haplogrup V. El haplogrup europeu
V es troba en una freqiiencia del 6.2% en les poblacions del Nord oest d’Africa, i el
llinatge europeu R1b del cromosoma Y en una freqiiencia del 2.8%.

Els resultats obtinguts amb I’analisi del mtDNA ens permeten concloure
que el mar Mediterrani i el desert del Sahara no semblen haver actuar com fortes

barreres al flux génic entre les poblacions de ’oest del Mediterrani.
g p
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1.4. Els berbers de Tunisia

Els descendents de la poblaci6 autoctona del Nord d’Africa, els betbers,
estant presents avui en dia a Egipte, Libia, Senegal, Tunisia, Algeria, i Marroc. Les
poblacions arabs i berbers es distingeixen només pel criteri lingliistic. Existeixen fins a
30 llengties berber 1 20 milions de berberofons. Els berbers de Tunisia parlen el Chelha
1 representen el 1% de la poblacié global tunisiana. Es troben en quatre pobles del Sud
de Tunisia, Sened, Matmata, Chenini, i Douiret; i a I'llla de Jerba. L’analisi de les
poblacions berbers del Sud de Tunisia ens ha permes caracteritzar la seva composicio

genética, i comparar-la amb la de la resta de les poblacions del Nord d’Africa.

I.4.a. Els llinatges mitocondrials dels Berbers de Tunisia

Els grups berbers analitzats estan separats per pocs quilometres de
distancia geografica, pero es caracteritzen per una alta heterogeneitat genectica.
Presenten freqiiencies molt diferents dels mateixos haplogrups.

La majoria de les sequiencies (~57%) dels berbers de Tunisia tenen
un origen a l'oest d’Eurasia (la majoria d’haplogrups dins el super-haplogroup R),
~24% dels llinatges provenen de I’Africa sub-sahariana (haplogrups L1, 1.2, 1.3), ~16%
de I'Orient Mitja (haplogrup N, U3, U7, HV), 1 ~3% so6n autoctons de 'Africa del
Nord (haplogrup U6). Entre les seqiiencies 1.3 trobades, un 50% duen una transicié a
la posici6 16041. L’origen recent d’aquest grup de seqiiencies (1320013900 anys), la
seva preséncia en altres poblacions nord africanes i la seva escassa preséncia a I’Africa
sub-sahariana semblen indicar un origen nord africa d’aquest grup de seqiiencies, i no
una aportaci6 antiga per flux génic sub-saharia.

El poo/ genctic dels berbers de Tunisia es caracteritza per la preséncia
d’una freqiiéncia elevada d’haplotips unics. Es el cas, per exemple, de I’haplogrup M1
que es troba en una freqiiencia del ~11% en el berbers de Sened pero que esta

representat per una unica seqiiencia. També s’observa el mateix patrd en els berbers de
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Chenini-Douiret amb les sequencies de Thaplogrup HV1 1 T. La presencia de
freqiiencies elevades d’haplotips tnics en les poblacions berbers de Tunisia indica
Pefecte de la deriva genctica que altera les frequencies dels haplogrups. Aquest patrd
genctic es correspon amb la historia demografica d’aquestes poblacions que es van
refugiar en la regions muntanyoses del sud de Tunisia per escapar a la dominaci6 arab.
Aquesta deriva genctica consequent a l'aillament de les poblacions berbers de Tunisia
ha provocat la heterogeneitat genctica observada en els berbers de Tunisia. Entre els
diferents grups berbers de Tunisia, els berbers de Chenini-Douiret apareixen com els
més aillats geneticament. Es el grup que presenta el component eurasiatic més elevat en
el seu pool genetic, 1 la més baixa diversitat genetica. El cas dels berbers de Chenini-
Douiret és similar al dels Mozabites on la deriva genetica conseglient a I'aillament

poblacional ha provocat un augment en freqiiéncia de algunes variants de sequéncies.

I.4.b. Els berbers de Tunisia en el context genetic del Nord
d’Africa.

La composicié haplotipica dels llinatges mitocondrials dels berbers
de Tunisia és molt semblant a la que s’ha pogut observar en les poblacions del Nord
d’Africa amb un fort component eurasiatic, una aportacié genetica sub-sahariana amb
Phaplogrup I, i la preséncia de Ihaplogrup UG especific de P'Africa del Nord. La
comparacié entre berbers de Tunisia, d’Algeria i del Marroc mitjangant un AMOVA
(analisi molecular de la variancia) mostra que no hi ha cap diferencia significativa entre
els diferents grups berbers perd que existeix una heterogeneitat elevada (4.86%,
p<0.01) dintre dels grups berbers. Aquesta heterogeneitat s’explica en gran part per la
presencia de grups berbers com els Mozabites, i berbers de Chenini-Douiret on la
deriva genetica ha tingut un fort impacte genctic. La comparacié entre poblacions arabs
1 berbers, mitjancant els analisis de AMOVA, MDS (multidimensional scaling), i PC

(components principals), revela una major heterogeneitat dels berbers pero cap
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diferéncia significativa entre els grups arabs 1 berbers. Aquest resultat confirma
I'absencia de diferéncia genctica revelada anteriorment amb els marcadors classics
(Bosch 1 col 1aboradors. 1997), els microsatel lits autosomics (Bosch i col laboradors.
1999), els polimorfismes d’insercions Alu (Comas i col 1laboradors, 2000), i els llinatges
del cromosoma Y (Bosch i col laboradors, 2001). Aquesta manca de diferéncia entre
poblacions arabs i berbers confirma la hipotesi de que I'arabitzacié del Magrib va ser

un fet basicament cultural amb poc impacte demografic.
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II. La poblacié d’Angola.

La poblacié d’Angola, i en general el sud-oest del continent africa, fins a la
present tesi no s’havia caracteritzat gencticament. Aquesta regié forma un peca
important en el paisatge genctic africa. Angola va contribuir a la historia de les
poblacions humanes per dos grans esdeveniments. El primer és Pexpansié Bantu que
va tenir un impacte cultural (i segurament demografic) important sobre la poblacid
original d’Angola, i de tota I’Africa sub-sahatiana, els Khoisan. El segon esdeveniment
correspon a la formacié de les poblacions d’America a I'época de 'Europa colonial
durant la qual Angola va proporcionar dos milions d’esclaus al Brasil. I’analisi del
mtDNA de la poblacié angolesa ha permes determinar la composicié genetica del sud-
oest d’Africa, quantificar 'impacte de les migracions Bantu sobre la poblaci6 original
d’Angola, situar Angola en el paisatge genctic mitocondrial africa, i deduir la

contribuci6 dels llinatges del mtDNA angolesos a la poblacié del Brasil.

II.1. Caracteritzacié6 dels llinatges mitocondrials de la

poblacié angolesa.

Totes les sequiencies de mtDNA trobades a Angola es classifiquen dins
els haplogrups LO, L1, L2, 1 L3A, especifics de ’Africa sub-sahariana. La composicio
genctica de la poblacié d’Angola, basada en les frequencies d’aquests haplogrups, és
genéticament semblant a les poblacions de I’Africa del Centre i de I'oest. Les analisis
filogenetiques dutes a terme donen suport a una proximitat genetica més important
amb les poblacions de I’Africa Central.

Una de les expectatives era trobar una gran proporci6 de llinatges L1c a Angola,
ja que és un component important del poo/ genctic de la poblacié del Brasil i s’havia
proposat un origen angolés pels llinatges Llc trobats al Brasil (Alves-Silva i

col laboradors. 2000). Salas i col laboradors (2002) van suggerir un origen a I’Africa
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central de lhaplogrup Llc on la seva freqiiencia s’eleva fins un 22%. Com era
d’esperar, Angola presenta un frequencia elevada (15.9%) de llinatges Llc, pero cap de
les sequencies Llc angoleses estan compartides amb les seqiiencies Llc trobades a la
resta de Africa. La integracié de les seqiiencies L1c d’Angola en un nemork filogenétic
construit a partir de totes les seqliencies L1c africanes (Salas 1 col laboradors. 2002) ens
ha permes descartar un possible origen angolés de I’haplogrup Llc. Un estudi recent
(Destro-Bisol i col laboradors. en premsa) sobre els llinatges del mtDNA a les
poblacions del Camerun, ha revelat que més del 95% de les seqiiencies de mtDNA
trobades a la poblacié pigmea de Camerun (Mbenzele) i 22% d’aquelles en la poblacio
no pigmea (Ewondo) pertanyen a ’haplogrup Llc. Per tant, el origen de haplogrup
Llc, ja suggerit per Salas i col laboradors (2002) i recolzat amb els presents resultats,
podria situar-se a ’Africa central en les regions de Camerun, Gabon i la Republica del

Congo que encara no s’han caracteritzar gencticament.

I1.2. L’expansi6 Bantu i el seu impacte genetic a les

poblacions Khoisan

L’altre aspecte rellevant d’aquest estudi era d’intentar discriminar entre
dos hipotesis sobre 'expansié Bantu: una assimilacié completa de les poblacié Khoisan
o bé un desplagament de les poblacions Khoisan sense intercanvi genic. En la mostra
estudiada no s’ha trobat cap seqiiencia, 1.0d i LOk, caracteristiques dels llinatges
mitocondrials Khoisan. La contribucié maxima dels Khoisan a la poblacié Angola
s’estima en un 10.8% (amb un interval de confianca del 0.05) i correspon a un
reemplacament dels llinatges mitocondrial Khoisan per els llinatges Bantu. Pero la mida
de la mostra (44 individus) no és suficientment gran com per poder discriminar entre
una assimilaci6 total del Khoisan o entre una abséncia d’intercanvis genics entre les

dues poblacions. L’absencia de llinatges mitocondrials Khoisan i la presencia de la
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majoria dels llinatges Bantu (Bandelt i col 1laboradors. 1995; Chen i col laboradors.
1995; Watson i collaboradors. 1997; Pereira i col laboradors. 2001; Salas i
col laboradors. 2002) indiquen que la poblacié angolesa esta formada per un substrat

genctic basicament Bantu.

IL.3. Angola en el paisatge mitocondrial africa

Els llinatges del mtDNA de les diferents regions d’Africa descrits en el
estudi de Salas i1 col laboradors (2002) ens han permes situar Angola en un context
genetic africa més ampli. L’analisi molecular de la variancia (AMOVA) mostra que una
agrupacié d’Angola amb la regié del Centre d’Africa resulta en un augment de la
variacié genética entre les diferents regions d’Africa (4.93, p<0.001). Aquest resultat
suggereix una major contribucié de la migracié Bantu oest al poo/ genctic d’Angola. Per
una altra banda, I'analisi de correspondéncies, basat en les frequéncies absolutes dels
haplogrups, situa Angola en una posici6 intermedia entre les regions oest, est i sud-est
africanes. Aquests resultats indiquen que les dues expansions Bantu no s’han produit
de forma independent siné que possibles contactes i intercanvis entre les dues
poblacions s’han produit entre les dues expansions Bantu. A més, la clara separacid
entre I'oest i Pest d’Africa en el analisi de correspondéncies suggereix que lintercanvi
s’hauria produit un cop les poblacions del sud-oest i sud-est es van diferenciar,
segurament per la barrera de la selva tropical. I’analisi espacial de variancia molecular
(SAMOVA) revela una relativa homogeneitat genctica entre les dues regions, Angola i
Mogambic, més properes geograficament. Deixant de banda la situacié geografica,
Angola ha rebut una major influéncia de 'expansié Bantu oest, mentre que I'expansio
Bantu est ha tingut un impacte major a Mogambic. Pero la proximitat geografica entre
les dues ha permes I'intercanvi dels diferents llinatges mitocondrials i ha reduit les

diferencies entre els dos pools genetics. Aquestes dades genetiques concorden amb el

227



La poblacio d’Angola

paisatge geografic africa: la selva tropical sembla haver actuat com una forta barrera
geografica resultant en una clara separacié entre les regions est i oest africanes. En
canvi, les sabanes que separen el sud-oest i el sud-est d’Africa ha estat més facils de

creuar 1 han estat més permeables als moviments poblacionals.

II.4. La contribuci6é genetica d’Angola a la poblacié del

Brasil.

L’aportaci6é de gran nombre d’esclaus angolesos a la poblacié del Brasil
suggereix un paper important d’Angola en la composicié genctica dels brasilers. La
comparacié de seqiiencies de mtDNA revela que les dues poblacions comparteixen
molt poques seqliencies ja que totes dues presenten una gran diversitat genetica:
0.992%0.007 pels angolesos 1 0.994£0.004 pels brasilers. En canvi les freqiieéncies dels
haplogrups trobats a Brasil i Angola sén bastant similars. Pero, Brasil forma un sol
grup amb les poblacions de PAfrica central quan s’efectua un analisi de
correspondeéncies. Aquest resultat suggereix que la poblacié del Brasil és el resultat
d’una barreja genética entre els esclaus provinents de les diferents colonies de I’Africa

sub-sahariana situades a Sad Tomé 1 al llarg de la costa de Guinea.
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II1. Les poblacions de ’Asia Central.

I.’Asia Central ocupa una posicié estratégica, a la frontera entre les poblacions
europees de loest 1 la poblacions asiatiques. Ha sigut Pencreuament de nombroses
rutes comercials, i de cultures i de poblacions. El poblament d’aquest ampli territori és
el resultat d’'una barreja de poblacions, i aquesta complexitat es reflecteix en la
composicio genetica de la seva poblacié.

I’analisi del genoma mitocondrial en 12 poblacions d’Asia central revela que
aproximadament la meitat del seu substrat genctic esta format, a grans trets, per
llinatges originaris a I'oest eurasiatic i I'altre meitat esta constituida per llinatges de
I’Asia de I’est. Els llinatges asiatics presents a ’Asia Central sén comuns tant al nord-est
com al sud-est asiatic. Aquest resultat i la diferéncia genctica entre el nord-est i el sud-
est d’Asia descrita per Kivisild i col laboradors (2002) confirmen la complexitat del
poblament de ’Asia Central. Els haplogrups de 'oest trobats a I’Asia Central estan
dispersos per tota Europa i I’'Orient Mitja. La preséncia de I’haplogrup V a I’Asia
Central indicaria un possible contacte entre les poblacions de I’Europa del nord-oest i
les de I’Asia Central, com també ho indica els llinatges del cromosoma Y (Zetjal i
col 1aboradors. 1997).

Deixant de banda aquest gran gruix de llinatges de I’est i 'oest d’Eurasia a les
poblacions de I’Asia Central, en el present treball s’han definit alguns llinatges que
poden haver-se originat a ’Asia Central (6% per dos haplogroups, D4c i G2a) i una
petita proporcié (<5%) de seqiiencies d’origen a I'India. Els dos grups de seqiiéncies
D4c i G2a estan presents gairebé exclusivament a I’Asia Central, encara que també es
troben a baixes freqiiencies en algunes poblacions veines. La representacié en un
networke  filogenetic dels llinatges D4c 1 G2a mostra la gran diversitat d’aquestes
seqiiencies en les poblacions de ’Asia Central i la estima de la seva edat (~25.000 anys
per Phaplogrup D4c; 1 ~30.000 anys per haplogrup G2a) indiquen que va haver-hi una

expansio antiga al Paleolitic superior d’aquests llinatges a Asia Central, amb una
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dispersié posterior cap a les poblacions veines. S’ha pogut observar el mateix patrd
amb els llinatges R1a del cromosoma Y (Wells 1 col 1aboradors. 2001): s’estima un edat
de 40.000 anys amb una localitzacié restringida a I’Asia Central.,

La presencia a I’Asia Central de seqiiéncies de loest eurasiatic qiiestiona la
influencia dels pobles de loest curasiatic a Asia: quins sén els limits d’aquesta
influéncia de P'oest eurasiatic? I’analisi de DNA antic en restes fossils procedents de
jaciments de I'est de la Xina (Wang i col 1aboradors. 2000; Oota i col laboradors. 1999)
d’antiguitats entre 2500 1 2000 anys, va suggerir en un comen¢ament que la poblacié
inicial d’aquesta regi6 era similar a la poblacié de l'oest eurasiatic i que posteriorment
va ser substituida per poblacions de Test. Pero la reanalisi de les dades (Yao i
col 1laboradors. 2003) ha revelat ’'absencia de sequéncies d’origen de I'oest eurasiatic en
aquests estudis de DNA antic. Per tant, I’extensié de les poblacions de l'oest eurasiatic,
clarament presents a I’Asia Central, no hauria assolit la regi6 més oriental del continent.

Els presents resultats ens permeten posicionar-nos sobre les hipotesis previes
que s’havien suggerit respecte al procés generador de la co-existencia de seqiiencies de
Poest i de ’est a Asia Central. Va ser I’Asia Central una zona ocupada inicialment per
poblacions de 'oest que van ser gradualment reemplacades per poblacions de I'est, o
bé aquesta regié ha estat una regié6 de contacte de dues poblacions gencticament
diferenciades? I’analisi filogeografica de les seqiicncies de mtDNA revela que els
haplogrup G2a i D4c, especifics de I’Asia Central, formen part dels haplogrups de
PAsia de I’est G i D respectivament (Kivisild i col laboradors. 2002). A més, P'antiga
presencia de G2a 1 D4c (~30.000 1 ~25.000, respectivament) déna suport a la hipotesi
d’una zona de contacte entre les poblacions europees i asiatiques des de la ¢poca del
Paleolitic. Per una altre banda, vam intentar determinar quina dinamica poblacional va
generar la preséncia dels llinatges d’origen europeu i asiatic a I’Asia Central. Ta co-
existencia dels dos tipus de llinatges es pot explicar per migracions d’un conjunt de
poblacions europees 1 asiatiques en poc temps (moviment de grans grups poblacionals),

o bé per un flux genic constant de Poest 1 de I'est durant moltes generacions. L alt grau
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de diversitat genetica dins de cada grup de sequencies dona suport a la segona
possibilitat.

Els llinatges del cromosoma Y (Zetjal i col laboradors. 2002) descriuen un gran
diversitat genética a I’Asia central amb zones de molt baixa i molt alta diversitat
genetica. Aquestes dades també indiquen que la estructura patriarcal de les poblacions
ha accentuat l'efecte produit per el fenomen de coll d’ampolla patit per algunes
poblacions. En canvi, 'abséncia de estructura genetica del mtDNA en les poblacions
d’Asia Central mostra un patré de migracié diferent entre homes i dones de I’Asia

Central, fet ja suggerit en un estudi anterior (Pérez-Lezaun i col laboradors. 1999)
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IV. La composicié genética de I’Illa de 1a Reunid

LLa composicié genctica de I'illa de la Reunié és un bon exemple de barreja de
poblacions diferenciades. Es té coneixement historic de la barreja d’africans, malgaixos,
indis, xinesos 1 europeus a I'illa, encara que la proporcié de cada contribucié és dificil
de determinar. El coneixement de la filogeogratia dels llinatges mitocondrials, i en
aquest cas particular també dels del cromosoma Y, ha permes fer la quantificaci6
d’aquestes poblacions parentals. Segons les dades del mtDNA, la composicié de
llinatges materns és d'un 44% d’origen indi, un 27% est asiatic, un 19% europeu i
finalment un 10% africa. Les seqiiencies africanes que es troben a la Reuni6é sén molt
diverses 1 els seus origens es remunten a localitzacions molt diferents dins del continent
africa, la qual cosa reforca la idea de que la presencia de llinatges africans és resultat del
trafic d’esclaus de diferents punts del continent africa i no de migracié directa de la
costa est africana. La presencia de llinatges provinents del Pacific a la Reuni6 suggereix
que aquests van arribar a I'illa a través de migraci6 des de I'illa veina de Madagascar, la
poblaci6 inicial de la qual és d’origen indonesi.

Un aspecte interessant del poblament de I'illa de la Reuni6 és I'asimetria sexual
observada gracies a la comparacié de llinatges masculins i femenins. Malgrat el baix
nombre de llinatges masculins analitzats en el present treball, la gran majoria sén
d’origen europeu, fet que contrasta amb la composicié del mtDNA. Aquest fet posa de
manifest que les diferencies sexuals que observem en les poblacions actuals no només
son quantitatives (hi ha hagut una major mobilitat femenina) siné que també apunten a
una diferéncia qualitativa en les poblacions barrejades (diferents origens en les

contribucions masculines i1 femenines).

Ianalisi poblacional generalitzat del mtDNA iniciat als anys 90, ha permes

respondre qliestions relacionades amb l'origen de la nostra especie, la colonitzacié de
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diferents continents i regions geografiques, 1 'origen de poblacions més especifiques.
L’acumulacié d’informaci6 al llarg d’aquesta decada de seqiiencies de control i de
RFLPs en diferents poblacions ha possibilitat 'establiment d’una filogeografia forca
acurada dels llinatges mitocondrials humans. S’ha posat de manifest la necessitat de no
limitar ’analisi del mtDNA dnicament a P'estudi de la regi6é de control o d’alguns SNPs
de la regi6 codificant, siné que cal combinar ambdues estratégies i augmentar el
nombre de marcadors analitzats. Actualment, els estudis poblacionals del mtDNA
s’han de centrar en I'analisi de la regié de control juntament amb una amplia bateria de
SNPs a la regié codificant, i finalment, en un futur no gaire llunya, tal com ja han
comencgat a fer alguns treballs, I'analisi poblacional del mtDNA es fara mitjancant

Pestudi de seqliencies completes.
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